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Preface

This book is about the novel and promising field of the physics of cancer, which has
become the focus of many biophysical research groups all over the world. The book
aims to present several biophysical approaches used in cancer research. The major
findings that contribute significantly to the field are presented from a biophysical
point of view. The intended readership includes everyone interested in cancer
research, especially those readers studying biological physics, physics or tumor
biology. The book is suitable for upper undergraduate, graduate, doctoral and
postdoctoral students, senior scientists, lecturers, principal investigators and pro-
fessors. I wrote this book because I was kindly invited to by IOP Publishing and
because there is currently no such book available in any format. Many parts of it are
supported by figures that I have drawn myself or designed. I hope that the book will
promote understanding of why the physics of cancer is so important for cancer
research. All types of readers, including students and researchers, can use the book
to be guided through the physics of cancer. Every chapter is a complete part, with
references and further reading suggestions. The book also has a glossary that will
help the reader to follow the book easily. I hope that this book will help to establish
the physics of cancer as an essential part of cancer research.
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Preface for second edition

Since the appearance of the first edition of Physics of Cancer, I have received many
suggestions and really helpful comments. Therefore, I decided to write this second
edition of the book, which was offered to me by IOP Publishing. In January 2018 I
began writing this second edition in the evenings and at the weekends, again without
any support of the University of Leipzig. In particular, I have completely revised the
second edition in terms of language, an increase in the number of figures, the
inclusion of four novel chapters and seven partly new chapters, and each original
chapter has been fully updated. The novel chapters are

• Actin filaments during matrix invasion
• Microtubules during migration and matrix invasion
• Nuclear deformability during migration and matrix invasion
• The active role of the tumor stroma in regulating cell invasion

Thus, the size of the book has grown so much that it has proven best to split it into
two volumes. The two volumes now contain six parts. I hope that the broader scope
of the two volumes of the second edition of Physics of Cancer will attracted more
readers from even more research fields.

Claudia Tanja Mierke
Machern, May 2018
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Part I

Introduction to tumor biology from a
biophysical point of view



Part 1 of this book helps readers get into the field of physical cancer research by first
introducing them to the broad field of tumor biology. Moreover, the book explains
important aspects of classical tumor biology from a biophysical point of view and
hence provides the basis for understanding the following three parts of this book.
Whenever possible, the book criticizes the restrictively tumor-biological viewpoint
available in many review articles on classical cancer research and includes the
missing biomechanical aspects and principles. Finally, the book contains state-of-
the-art physical cancer research and integrates it into the classical field of tumor
biology by addressing physical concepts and principles as well as hypotheses and
theories.



IOP Publishing

Physics of Cancer, Volume 1 (Second Edition)
Interplay between tumor biology, inflammation and cell mechanics

Claudia Tanja Mierke

Chapter 1

Initiation of a neoplasm or tumor

Summary
Chapter 1 presents the classical, tumor-biological viewpoint on the initiation of a
tumor, and its further growth and proliferation, and points out the importance of the
process of neoangiogenesis for reduced hypoxia in solid primary tumors, and their
enhanced tumor growth and malignancy. A normal cell undergoes genetic mutations
and epigenetic alterations and transforms into a malignant and aggressive cancer
cell. The process of malignant cancer progression impacts cancer cell behavior and
mechanical properties and supports the propagation of the main steps of cancer
metastases in detail. The malignant transformation is associated with an accumu-
lating loss of tissue homeostasis and enhanced perturbations of the entire structure
and architecture of tissues causing the functional phenotypes of cancer cells, such as
highly invasive cancer cells. The motility of cancer cells constitutes the focus, in
particular their ability to transmigrate through barriers such as basement mem-
branes and the endothelial-cell layers of vessels. Classical movement or sorting
theories discuss and represent the importance of cancer cell properties for providing
cellular motility or stalled behavior in cooperative networks such as tissues or
spheroids. The hallmarks of cancer are presented from a biophysical point of view
and the still missing mechanical aspect is addressed and included as a novel
hallmark. Finally, mechanical properties profoundly affect the migration and
invasion of cancer cells, and hence represent a critical aspect for the establishment
of an altered mechanical phenotype in a distinct cancer type. The mechanical aspects
are revisited throughout the later chapters of this book and hence chapter 1 builds
the basis for understanding these chapters.

1.1 Initiation of a neoplasm, tumor growth and neoangiogenesis
What promotes the initiation of a neoplasm? What evokes tumor growth and thus
malignant progression of tumors? Why can a nonvascularized tumor only grow to a
restricted tumor size and not grow further? Why is vascularization of a tumor so
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important for its survival and malignancy? Why is tumor angiogenesis called
neoangiogenesis? All these questions will be answered in the following sections of
chapter 1.

1.1.1 Initiation of a neoplasm and tumor growth

The onset of a neoplasia starts as a complex scenario in a complicated process
consisting of multiple steps that basically involve alterations in proto-oncogenes and
tumor suppressor genes. In particular, proto-oncogenes are activated, while tumor
suppressor genes are inactivated (Knudson 1971). Proto-oncogenes consist of a
group of genes transforming normal cells to cancerous cells when they are mutated
(Adamson 1987, Weinstein and Joe 2006). Typically, mutations in proto-oncogenes
stay dominant; the mutated proto-oncogene is called an oncogene. Proto-oncogenes
encode proteins related to cell division stimulation, inhibition of cell differentiation
and reduction of cell death (Weinstein and Joe 2006). These processes promote
normal human development and help to maintain tissues and organs. However,
oncogenes regulate the elevated production of these proteins, causing increased cell
division, suppression of cell differentiation and omission of cell death (figure 1.1).
All these effects create up the phenotypes of cancer cells. For this reason, oncogenes
are regarded as a potential molecular target for anticancer drugs.

Five to six independent mutational events usually contribute to the formation of
human solid tumors, whereas three to four mutational events involving different
genes are sufficient to cause leukemias in humans (Thomas et al 2007). In animals,
carcinogenesis can be induced by chemical mutagens such as 7, 12-dimethylbenzan-
thracene (DMBA) (Balmain and Brown 1988) and a simultaneously administered
chemical promotor to stimulate the growth of mutated cells such as 12-O-
tetradecanoylphorbol-13-acetate (TBA), which belongs to the group of phorbol

Mutated Cell

Oncogene
expression

Hyperplasia
Carcinoma

Tumor stroma

Normal epithelium

Basal lamina

Figure 1.1. Initiation of a carcinoma. A mutation of a cell leads to the expression of an oncogene, which causes
a hyperplasia. The hyperplasia develops to a carcinoma, which alters the surrounding microenvironment that
is then termed the tumor stroma.
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esters (Slaga 1983). First, precancerous papillomas are formed over a period of
months and then they progress to skin carcinomas. DMBA may lead to a mutation
in codon 61 of the H-ras oncogene, but still the growth needs to be stimulated by
TPA (Slaga 1983, Balmain and Brown 1988). Chemical carcinogenesis in animals
such as mice is used to model skin carcinogenesis, which is divided into three phases:
initiation, promotion and progression (Moolgavkar and Knudson 1981). In addition
to chemical mutagenesis, virus-induced mutagenesis is also able to cause carcino-
genesis. In particular, a single oncogene is able to facilitate tumor formation by
infection with some rapidly transforming retroviruses, such as Respiratory
Syncytical Virus (RSV) (Temin 1988). However, the virus may also carry two
different oncogenes that work together in order to cause a neoplastic phenotype
(Temin 1988). An example is an avian erythroblastosis virus carrying the erbA and
erbB oncogenes (Damm et al 1987). Transformation studies using nonimmortalized
cell lines showed cooperation between the myc protein in the nucleus and the ras
protein associated with the cytoplasmic-membrane site (Wang et al 2011) in
transforming rat embryo fibroblasts. The cooperation between SV40 large T product
and the mutated H-ras gene is necessary to transform ‘normal’ human epithelial cells
and fibroblast cells, if these cells constitutively express the catalytic subunit of the
telomerase enzyme (Wang et al 2011). Thus, these cells display a complex pattern
leading to the neoplastic transformation of human cells. Taken together, the
interplay between two different types of oncogenes (nuclear and cytoplasmic) has
been demonstrated several times but is not strictly necessary for the malignant
transformation of cells. For example, single myc oncogene expression leads to
multiple genetic alterations that facilitate tumor formation. This results in increased
incidence of clonal neoplasia and subsequently primary tumors (Wang et al 2011).
Other events are necessary for neoplasia and subsequently tumor formation.

The onset and progression of human neoplasia is associated with the activation of
oncogenes and the inactivation or complete loss of tumor suppressor genes. Due to
the high variability of tumor types, the mechanisms of oncogene activation are
highly variable. The common feature is that the activation of oncogenes leads to
genetic alterations of cellular proto-oncogenes. This is generally associated with an
advantage in cellular growth. Three genetic mechanisms for the activation of proto-
oncogenes in human neoplasms are possible: mutations, gene amplifications and
chromosome rearrangements (figure 1.2). All of these lead to alterations of the
proto-oncogene structure or to an increase in the expression of the proto-oncogene.
Given the multistep nature of the neoplasia process, we expect that more than one
mechanism accounts for the formation of human tumors through alteration of the
numbers of cancer-associated genes. For the whole expression of the neoplastic
phenotype and the total capacity to metastasize, a combination of the activation of
proto-oncogenes and the inactivation or loss of tumor suppressor genes is necessary
(Adamson 1987, Weinstein and Joe 2006). In particular, first, the mutations are in
critical regulatory domains or regions of the gene and mediate structural alterations
(figure 1.2). Examples are retroviral oncogenes that have deletions contributing to
their activation (Temin 1988). There can also be substitutions (called point
mutations), which means only a single amino acid is altered within the protein
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(Temin 1988). Second, gene amplification is increased by expansion of the copy
numbers of a single gene, providing resistance to growth-inhibiting drugs (figure 1.2)
(Temin 1988). Third, chromosomal rearrangements can occur, as frequently
observed in hematologic malignancies, soft-tissue sarcomas and certain solid tumors
(figure 1.2) (Temin 1988). In the Burkitt lymphoma, chromosomal translocations are
often observed and less pronounced chromosomal inversions have been detected
(Dalla-Favera et al 1982). In the latter case, chromosomal breakpoints between two
genes support these inversions. This may then lead on the one hand to transcrip-
tional activation of certain proto-oncogenes and on the other hand to the fusion of
genes, for example in chronic myelogenous leukemia (CML) (Lozzio and Lozzio
1975).

Although there is much variability in the pathways for the initiation and
progression of tumors in humans, numerous studies of different types of malignancy
have revealed the multistep character of human cancer. All the above-mentioned
mechanisms for initiating a neoplasm and promoting tumor progression may affect
the mechanical properties of cancer cells and subsequently alter their physiological
function in a certain microenvironment, for example they may become more motile
compared to nontransformed ‘normal’ cells.

1.1.2 The primary tumor changes from normoxia to hypoxia

The transformation of normal cells to cancer cells is additionally guided by
alterations of the oxygen concentration in the primary solid tumor. During the
excessive growth of a primary solid tumor such as a carcinoma, a local environment
for the constituent cancer cells is created that is defined by the rapid establishment of
an oxygen gradient, which has the lowest oxygen levels at the tumor’s center of mass

Activation of
protooncogenes

Loss of tumor
suppressor genes

ATGCCTTGGGAATTACCGGTT

Point mutations in critical
regulatory domains

Gene amplification

ATGCCTTGGGAATTACCGGTT
ATGCCTTGGGAATTACCGGTT
ATGCCTTGGGAATTACCGGTT
ATGCCTTGGGAATTACCGGTT

1

2

3

Chromosomal
rearrgangements

Mutation

Figure 1.2. Three genetic mechanisms leading to the activation of proto-oncogenes and a loss of tumor
suppressor genes: gene mutation, gene amplification and chromosome rearrangement.
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and increases towards the outermost tumor regions (figure 1.3). These dramatic
alterations of the tumor’s growth conditions evoke the adaption of cancer cells to
these environmental changes. One adaption of the cells is the reprogramming of the
energy metabolism, which has hence been regarded as a new hallmark of cancer
(Hanahan and Weinberg 2011). Inside the primary tumor mass, cancer cells sense
altered conditions and display in turn enhanced or decreased activation and
expression of molecules. Moreover, the deregulated proliferation leads to chronic
and uncontrolled growth of cancer cells that is essential for ongoing neoplastic
diseases such as cancer. As the proliferation of cancer cells is increased, the energy
metabolism requires an adaption in order to increase the production of elevated
levels of substrates for cell growth and division that serve as cellular food. Under
physiological conditions, normal, healthy cells grow and proliferate by processing
primarily glucose under aerobic conditions, which leads first to the production of
pyruvate through the glycolysis cycle that operates in the cytoplasm of the cells and
second the production of carbon dioxide in the mitochondria. Conversely, cells of
the interior of the tumor mass need to grow under anaerobic conditions that are used
by prokaryotic cells such as bacteria to perform fermentation processes such as
anaerobic glycolysis.

Pericytes

High interstitial pressure

Tumor blood vessels

High pressure area

Increased solid pressure

Necrosis

Hypoxia

Tumor cell growth
Primary tumor

Aerobic glycolysis

Lymphatic vessels

Extracellular matrix fibers

Figure 1.3. Primary tumors change from normoxia to hypoxia. Inside the tumor the oxygen content is low
(hypoxia conditions). Aerobic glycolysis is performed by the cancer cells. The tumor growth is high and causes
a high pressure area inside the tumor, which in turn exerts an increased solid pressure towards the tumor
microenvironment. Inside the tumor are tumor blood vessels (red) and lymphatic vessels (green).
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Cancer cells of the primary tumor mass still prefer the process of glycolysis for
energy generation, whereas pyruvate degradation in the oxygen-requiring mitochon-
dria is prevented. The cancer cell’s energy metabolism is characterized by its
restriction to purely glucose metabolism via glycolysis (figure 1.3), which was
initially described by Otto Warburg and termed aerobic glycolysis (Warburg
1930, 1956a, 1956b). The transition of cancer cells’ energy metabolism to undergo
aerobic glycolysis is established and is now known as a novel hallmark of cancer,
termed the reprogramming of energy metabolism. The transition seems to be at first
glance unexpected, as the cancer cells have chosen to perform energy metabolism
with an approximately 18-fold lower efficiency of ATP production compared to
ATP generated by an oxidative phosphorylation in the mitochondria that is based
on the citrate acid cycle. How can the cancer cells compensate for the lower
efficiency of glycolysis-based ATP generation? In fact, cancer cells can even out the
inefficiency by up-regulation of glucose transporters such as GLUT1, which
increases glucose import into the cytoplasm (DeBerardinis et al 2008, Hsu and
Sabatini 2008, Jones and Thompson 2009). Based on the increased uptake of
glucose, elevated intracellular glucose levels are found in numerous human cancer
types. The glucose uptake can be measured via the uptake of a radiolabeled analog
of glucose as a reporter, such as 18F-fluorodeoxyglucose (FDG), using positron
emission tomography (PET) (Haberkorn et al 1991, Vesselle et al 2000).

The glycolytic energy generation is associated with enhanced levels of activated
oncogenes such as Ras and myc and connected to mutations in tumor suppressor
genes such as TP53 (DeBerardinis et al 2008, Jones and Thompson 2009). The
alterations in tumor suppressor genes of cancer cells favor those mutations providing
increased capacity for cell proliferation, suppression of cytostatic controls and
overcome apoptosis, with each of the three representing hallmarks of the malignant
progression of cancer (Hanahan and Weinberg 2011). Under hypoxic conditions the
dependence on glycolysis is even more pronouncedly promoted and thus largely
enhanced in various tumors (figure 1.3). The hypoxia response causes, through a
multifactorial signaling cascade, an increase in the amount of glucose transporters
and many enzymes of the glycolysis cycle (DeBerardinis et al 2008, Jones and
Thompson 2009, Semenza 2010a). Subsequently, the Ras oncogene and hypoxia
both individually increase the levels of the HIF1α and HIF2α transcriptions factors,
which then enhance the glycolytic production of ATP (Kroemer and Pouyssegur
2008, Semenza 2010a, 2010b). To date, it is still not yet known why cancer cells
switch their energy metabolism from mitochondrial oxidative phosphorylation
dependent ATP energy production to the rather inefficient glycolytic ATP energy
production. A hypothesis states that the increased glycolysis leads to glycolytic
intermediates, which can act themselves in various biosynthetic signaling pathways
such as the generation of nucleosides and amino acids (Potter 1958, Vander Heiden
et al 2009). In turn, the generation of these products induces the biosynthesis of
biomacromolecules and entire organelles that are essential for building new cells.
The Warburg-dependent metabolism seems to be utilized in diverse fast proliferating
tissues such as embryonic tissues and manifests its role in large-scale and fast
biosynthesis programs that are active in cells undergoing increased proliferation.
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In distinct tumors, two subpopulations of cancer cells are identified that are
distinguishable in their generation of energy. First, one subpopulation uses the
Warburg-dependent metabolism (termed the Warburg effect) that is identified by
increased secretion of lactate and, second, the other subpopulation employs lactate
as a primary substrate for main energy generation by utilizing specific parts of the
citrate acid cycle (Semenza 2008, Feron 2009, Kennedy and Dewhirst 2010). Both
subpopulations act together in symbiosis, as the first subpopulation of hypoxic
cancer cells requires glucose for energy generation and produces lactate that is
secreted as waste into the surrounding environment. Lactate is endocytosed by the
second subpopulation to utilize it for the highly efficient oxygenated energy
production. This symbiotic mechanism still needs to be identified for different
cancer types, however, it is not a unique feature of primary tumor growth, as muscle
cells utilize the same mechanism for energy production (Semenza 2008, Feron 2009,
Kennedy and Dewhirst 2010). Oxygenation in solid tumors ranges from normoxia to
hypoxia, which is altered by continuous and varying fluctuations in time and space
(Hardee et al 2009) that is manifested in the disordered nature of the tumor-
neovasculature depending on assembly and disassembly as well as its dynamically
changing architecture. Altered energy metabolism is a characteristic feature of
cancer cells and has been established as another basic and potential core hallmark of
cancer, as aerobic glycolysis can be seen as another phenotype of cancer cells evoked
by oncogenes facilitating cell proliferation (figure 1.3) (Hanahan and Weinberg
2011). Support for determining energy metabolism as a hallmark of cancer is based
on the finding that activating (gain-of-function) mutations in enzymes of the citrate
acid cycle, such as isocitrate dehydrogenase 1/2 (IDH), are found in gliomas and
several other human tumors (Yen et al 2010). Mutations of IDH can be identified
within cells and selected as distinct cell clones, which still possess a reproducibly
altered energy metabolism. However, it is not clear whether the core hallmark of
an altered energy metabolism is independent of other core hallmarks such as
decreased genome stability, increased angiogenesis and invasion, which can addi-
tionally lead to elevated oxygenation and increased stability of HIF-1 transcription
factors (Reitman and Yan 2010). Therefore, the hallmark of altered energy
metabolism is regarded as an emerging hallmark, which continues to demonstrate
its importance in cancer progression, but there remains the question of whether it is
independent of other core hallmarks.

1.1.2.1 Heterogeneity in primary solid tumors
Within solid tumors exist enormous heterogeneity that is reflected in the easily
detectable heterogeneity of circulating tumor cells (CTCs) and subsequently in the
emergence of multiple spreads of single new tumor seeds (figure 1.4). One
representative example for the heterogeneity of the primary tumor mass is prostate
cancer, which contains a heterogeneous tumorigenic cell mass of different cancer cell
clones (Andreoiu and Cheng 2010, Cooper et al 2015). The metastases formation of
prostate cancer cells is usually based on polyclonal seeding of several diverse cancer
cell clones (figure 1.4) (Gundem et al 2015). However, there exist opposite
approaches that propose development of metastases through conserved so-called
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driver lesions in targeted organs or tissues (Kumar et al 2016). The identification of
driver lesions is promising in selecting specific treatments based on predicted
molecular vulnerabilities in the patient for an immediate and positive treatment
response. These personalized treatments are based on the finding that the
susceptibility of the individuals to specific therapeutics is based on malignancies
with a specific alteration, whereas all other patients will not respond to the
treatment. The existence of a broad diversity in genomic aberrations and treatment
responses of equal histological cancer classifications favors the personalized
treatment approach (Perou et al 2000, Tannock et al 2004, Frattini et al 2013,
Sato et al 2013, Verhaak et al 2013). The strategies of individualized treatments are
based on distinct molecular biomarkers. As there is a large genetic instability in
cancer cells, the monoclonality of these cancer cells may be lost upon adapting a
genetic heterogeneity during the progression of cancer (Zhang et al 2016). The
heterogeneity can exist firstly between the primary tumor and secondary meta-
stases, secondly among various metastatic lesions and thirdly within the primary or
secondary solid tumors (figure 1.4). Since the heterogeneity of tumors is manifested
in diverse protein functions, the diagnosis and treatment of the tumors must be
precise and efficient. To determine and monitor tumor heterogeneity, CTCs are
easily analyzed to identify the mutations and alterations in gene expression for
each individual patient (Zhang et al 2016).

Somatic mutations

Blood vesselsCirculating
tumor cells

Primary tumor

Epigenetic plasticity

Secondary
tumors

Dissimination
of tumor cells

Figure 1.4. Somatic mutations occur and induce the development of a primary tumor. Tumor cells migrate out
of the tumor into blood vessels (circulating tumor cells), which can undergo several further mutations. Hence
the tumor cells represent many subsets of populations exhibiting different properties, which is termed
epigenetic plasticity.
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1.1.2.2 Development of hypoxia
The hypoxic nature of solid primary tumors is a major feature of multiple
epithelially originated tumors (Wilson and Hay 2011) and subsequently a conse-
quence of inefficient and dysfunctional vascularization of the tumors (figure 1.5). In
addition, tumor endothelial vessels are often leaky and even consist of cancer cells
within the endothelial-cell vessel lining that mimic endothelial-cell function and
morphology by adapting their gene expression pattern such as VE-cadherin and
PECAM-1 expressions, which all contribute to the chaotic and heterogeneous
organization of the vessels in tumors and their nearby microenvironment (figure
1.5). In line with this, the branching of the vessels is irregularly distributed and the
vessels contain abnormal shunting, resulting in heterogeneous blood flow (figure 1.5)
(Carmeliet and Jain 2011), which then manifests endogenous hypoxia gradients
within the entire solid tumor that contain extremely low partial pressure levels of
oxygen (pO2) in distinct regions of the primary tumor mass (Li et al 2007). In
succession, the primary tumor can adapt its metabolism to the reduced oxygen
levels, which creates a cell-layered metabolite gradient in the tumor tissue. In
summary, the vascular heterogeneity of the vessels causes extracellular oxygen
gradients (or pO2), which alter the intravascular pO2 and subsequently affect the
metabolic consumption rate of cancer cells and stromal cells within the entire tissue
including tumor stroma. Finally, the combination of all events causes pO2 and
metabolite gradients inside the tissue, which have a major impact on the behavior of
cancer cells.

1.1.2.3 Alterations of the ‘normal’ pH gradient in primary solid tumors
Under physiological and pathological conditions, living cells and tissues regulate
their production or chemical conversion of acids or bases through chemical reactions
(Roos and Boron 1981). As cells perform respiration and thereby produce CO2 and
lactic acid, they are producing an acidic intracellular microenvironment, which
decreases the intracellular pH (pHi) over time, if the environmental fluid is not

PECAM-1
VE-cadherin

Endothelial cancer cell

Endothelial cell

Vessel leak

Vessel flow

Altered flow

Figure 1.5. Leaky tumor blood vessels. Inside of the primary tumor blood vessels are formed by tumor
endothelial cells and cancer cells mimicking endothelial cells by expressing endothelial marker proteins such as
VE-cadherin and PECAM-1. Many vessels are leaky, which means there are some endothelial cells missing in
the vessel lining, which alters the blood flow.
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exchanged. In contrast to a pure solution, living matter such as cells and tissues is
divided into compartments by semi-permeable lipid-bilayer membranes. Due to the
semi-permeable nature of these membranes, the passage of selected molecules helps
to establish pH differences between the compartments (figure 1.6). The strategy of
cells for the regulation of pHi is based on a balance between the internal production
of acids (or bases) and an equal efflux of acids (or bases) across the cell’s membrane
into the surrounding environment, which represents a corrective flux (figure 1.6).
However, human tumors preferentially grow around blood vessels up to an outer-
most distance of 200 μm. Beyond this distance the cancer cells become necrotic,
which has been revealed by histological analysis of tumor samples (figure 1.5)
(Thomlinson and Gray 1955). Due to the enhanced metabolism of cancer cells and
long diffusion distances, a gradient of O2 tension is established across the tissue
(Vaupel et al 1989). Low (below 1%) O2 tension is present in tissues of patients with
increased metastasis and hence poor survival rate (Hockel et al 2001), which
indicates hypoxia as a hallmark of malignant cancer progression. Cancer cells
require the ability to sense and respond to microenvironmental factors, which in turn
guide the somatic evolution of cancer cells. Under hypoxia, HIF acts as a
transducing molecule between the O2 tension gradient and cellular effects. The
identification of pH sensors responsible for cancer disease progression has revealed
to be difficult, as it is not easy to distinguish between physiological pH sensors from
the numerous proteins simply binding H+ ions (Schonichen et al 2013).
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Figure 1.6. (Top) Semi-permeable membrane and venting of metabolically produced acids and the regulation
of intracellular pH. H+ efflux across the cell membrane is driven by H+-monocarboxylate transport (MCT)
activity. The pH of a normal cell is 7.2 (extracellular 7.4) and can be either 7.4 or 6.5 to 7.0 in cancer cells. The
diffusion of lactate and H+ is required for MCT activity. (Bottom) CO2 can diffuse through the cell membrane.
CO2 hydration can be spontaneous and enhanced by exofacial carbonic anhydrase (CA) enzymes. To regulate
the intracellular pH, cells can passively vent HCO3

− to maintain a neutral pH.
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Due to hypoxia, the biological view on cancer has changed (Harris 2002) and
numerous hypoxia-inducible genes facilitated by the hypoxia-inducible factors
(HIFs) such as HIF1α (Wang et al 1995) have been revealed that regulate the
switch of the citrate acid cycle-based metabolism to a glycolytic metabolism, which
is termed the Warburg effect (Warburg 1930). Tumor hypoxia has been established
as a research topic and reveals promising knowledge for understanding etiology,
providing more precise diagnosis and novel treatment developments (Harris 2002,
Semenza 2003). In addition to other tumor environmental factors, extracellular
acidity has manifested as a hallmark of cancer (Wike-Hooley et al 1984, Tannock
and Rotin 1989, Gillies et al 1994). In contrast to the low extracellular pH (pHe), the
intracellular compartment has been detected to be alkaline (Griffiths et al 1981).
Unlike in solid tumors, this specific transmembrane H+ distribution, in which the
extracellular space is acidic and the intracellular space is alkaline, is highly unusual
for healthy tissues. How can solid tumors produce low pHe within certain limits and
manage at the same time to provide an alkaline pHi? How does the specific
transmembrane pH distribution account for malignant cancer progression?

In healthy differentiated epithelial cells, is the intracellular pH (pHi of 7.2) that is
slightly lower than the extracellular pH (pHe of 7.4). Inside a primary tumor the pH
can change dramatically depending on the pO2 content and the access of metabo-
lites: a normal pH gradient can be altered to a higher pHi of 7.4 (Webb et al 2011) or
a lower pHe of 6.5–7.0 (figure 1.6) (Stuewe et al 2007, Gallagher et al 2008, Hashim
et al 2011). In particular, alterations of the pH within cancer cells are due to
enhanced expression and/or activity of ion pumps and ion transporters such as H+

ATPases (Martinez-Zaguilan et al 1993), Na+–H+ exchanger NHE1 of the SLC9A
family (McLean et al 2000) and monocarboxylate–H+ efflux cotransporters MCT1
and MCT4 or the SLC16A family (Pinheiro et al 2008) that control the efflux of H+,
causing the high pHe. During hypoxia, based on the increased activity of the
carbonic anhydrases CAIX and CAXII, the hydration of extracellular CO2 to
HCO3

− and H+ is elevated (Chiche et al 2009, Swietach et al 2009). The reduced
blood flow velocity and the decreased oxygen levels at the early stages of solid
primary tumors seem to cause the switch from a citrate acid cycle-driven to a
glycolysis-driven metabolism (Gatenby and Gillies 2004). Based on the glycolytic
metabolism there exists an enhanced flux of carbons around the primary tumor that
cause an acidification of the extracellular pH, which is enhanced in luminal
structures (Barathova et al 2008). There are pO2, pH and metabolite gradients
around primary tumors, which in alter the behavior of cancer cells and thus cause
the broad heterogeneity within tumors.

When cells sense an alkaline pHi, they proliferate (Pouyssegur et al 1982), enter
the cell cycle for cell division (Turchi et al 2000, Putney and Barber 2003),
differentiate (Wang et al 1997), migrate (Klein et al 2000, Lagana et al 2000),
impair apoptosis (McConkey and Orrenius 1996) and experience rearrangements of
the chromosomes, including additions and deletions, termed clastogenesis (Morita
et al 1992), and subsequently support the malignant transformation of cancers
(Gillies et al 1990, Reshkin et al 2000) including cancer metastasis. Due to the
complexity of these diverse processes, the observed pHi sensitivity of tumors seems
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to require numerous H+-binding molecular switches. The sensing of the pH is not
restricted to the cytoplasm, since H+ sensing G-protein-coupled receptors (Ludwig
et al 2003) and H+ sensing ion channels (Waldmann et al 1997, Glitsch 2011) enable
cells to adapt to pH changes of the tumor environment. During the progression of
cancer, cells accumulate genetic alterations through positive selection by their
microenvironment (Nowell 1976, Fang et al 2008, Gillies et al 2012). The
extracellular acidity is a complex phenomenon regulated by diffusion distance,
buffering, metabolic rate and membrane transport, represents a major selection
pressure and thereby has become a prominent cancer hallmark, as several mutations
are found in genes or gene regulators for H+/H+-equivalent transporters, pH sensors
or molecules acting in acid-yielding metabolic processes (Fang et al 2008). In
particular, poor prognosis for cancer patients has been associated with low pHe,
which shows that acidity characterizes a distinct cell population possessing appro-
priate pH sensing mechanisms and a regulatory apparatus to facilitate drug
resistance such as the drug doxorubicin (Gerweck et al 1999, Raghunand et al
1999). Cancer cells and possibly even tumor stromal cells (Koukourakis et al 2006)
can control the pHe by altering the direction and rate of pH-change for adaption of
the selection pressure for optimized progression of cancer disease. Moreover, the
higher acid yield of the glycolysis per produced ATP compared to mitochondrial
respiration provides a possible explanation for the preferred Warburg effect in
cancer disease (Gatenby and Gillies 2004). In conclusion, the plasticity of the pHi

regulation and the large variety of protein pH sensitivity mechanisms enable cancer
cells to utilize pH as a selection pressure, whereas normal host cells cannot adapt to
such a microenvironment due to their genetic stability. Hence, the pH may serve as a
possible target for cancer therapy.

1.1.3 Neoangiogenesis

Neoangiogenesis occurs in a tumor of a certain size and enhances its malignancy
state. This process of neoangiogenesis in a tumor is called tumor angiogenesis
(Chaplin et al 1999). A tumor without a vascular system or nearby blood vessels will
stop growing. This indicates that the process of angiogenesis is necessary for a tumor
to overcome the restriction in size to a maximal diameter of 1–2 mm (Folkman et al
1963). This means that a tumor without angiogenesis is of small size and hence not
malignant. Finally, the tumor will probably cause no damage to surrounding or
hosting organs. In particular, tumor angiogenesis is the proliferation of endothelial
cells lining blood vessels that break through the tumor and grow to novel vessels in
order to supply the cancer cells of the inner tumor mass with nutrients and oxygen
(figure 1.5) (Gimbrone et al 1972, 1974). The vessels can also serve to remove waste
products, such as toxic substances that reduce tumor proliferation (Folkman et al
1963).

The onset of tumor angiogenesis begins with a cancerous tumor consisting of cells
that secrete molecules to their surrounding microenvironment of ‘normal’ host
tissue, such as the extracellular matrix of connective tissue. The signaling molecules
activate genes in the cells of the microenvironment to produce proteins promoting or
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inducing the growth of new blood vessels (Gimbrone et al 1974). The gradients of
these signaling molecules are most commonly directed around the primary tumor
and thus the new vessel expands in the direction of the tumor in order to grow and
migrate into it (Gimbrone et al 1974). This behavior indicates that tumor growth
needs angiogenesis.

A pioneering experiment was performed to test the importance of angiogenesis, in
which a cancerous tumor from an animal was removed and a ‘normal’ healthy organ
from an animal of the same strain not carrying a tumor was isolated. Some cancer
cells from the isolated tumor were injected into the healthy organ and cultured in a
glass chamber containing a nutrient solution that was pumped into the organ to keep
it healthy. After one or two weeks only small tumors had formed, no larger than
1–2 mm in diameter and without any connection to the organ’s vascular system
(Gimbrone et al 1974). This result indicated that without angiogenesis the tumor
stops growing at an early stage and at a diameter of 1–2 mm.

The process of angiogenesis is regulated by the amount of activating and
inhibitory proteins. The number of inhibitors is normally significantly higher than
the number of activators, leading to the inhibition of vessel growth (Otrock et al
2007). In the case of blood vessel injury or organ growth, the quantity of angio-
genesis activators increases, whereas the number of inhibitory proteins decreases,
leading to neoangiogenesis by the division of the vascular endothelial-cell lining of
‘older’ blood vessels. The outgrowth of these endothelial cells is the onset of new
blood vessel formation (Otrock et al 2007). The walls of blood vessels consist of
vascular endothelial cells that normally do not divide, but if they do, they perform
this on average every three years upon stimulation through angiogenesis (Otrock
et al 2007). Angiogenesis does not just occur in tumors, it may occur normally during
developmental stages and growth; if it occurs within a developing embryo, it needs to
build up a primitive network of capillaries, veins and arteries, and this is called
vasculogenesis (Patan 2004). At later stages angiogenesis can remodel this network
by creating new blood vessels and capillaries that build up the circulatory system.

A basic experiment was conducted in order to discover which molecules are
involved in inducing angiogenesis and what their origin is. Are these molecules
provided by the cancer cells of the neoplasm or the primary tumors themselves, or
are they rather produced from the surrounding tissue microenvironment? The
experiment was performed by implanting cancer cells in a chamber with a
membrane that served as a permeable border for molecules, but not for cells, which
could not pass through (Gimbrone et al 1973). The result was that angiogenesis was
induced in the regions surrounding the implant, indicating that small activating
molecules exerted from the cancer cells passed through the membrane and induced
angiogenesis in the local microenvironment (Gimbrone et al 1973). Key players in
the angiogenesis process are vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF), which are produced and secreted from cancer cells
within the primary tumor in the local microenvironment. Endothelial cells possess
receptors on their cell surface for these two molecules that bind and induce a
signaling cascade in order to transmit a signal in the endothelial cell’s nucleus
(Bergers et al 2003, Mierke et al 2011). In the nucleus several genes are now
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transcribed, which are necessary to facilitate new endothelial-cell growth and
subsequently new vessel formation. In particular, the activation of endothelial cells
through VEGF and bFGF induces several consecutive steps for building new blood
vessels (Gimbrone et al 1973, Patan 2004). The first event is the production of matrix
metalloproteinases (MMPs), which can degrade the surrounding extracellular
matrix when released into the microenvironment (Patan 2004). The degradation
of the extracellular matrix leads to the existence of a space where endothelial cells
can migrate to and divide in order to form hollow tubes and finally mature blood
vessels (Patan 2004).

Other inhibitors of angiogenesis exist, such as angiostatin, endostatin, interferons
and tissue inhibitor of metalloproteinases (TIMPs) such as TIMP-1, -2 and -3
(Ribatti 2009). These substances are very promising for inhibiting tumor growth.
Unfortunately, only endostatin reveals such therapeutic effects on cancer growth as
the primary tumor disappears after several rounds of treatment (Eder et al 2002). In
addition, no resistance effect to endostatin treatment was observed in mice after
repeated treatments. Moreover, it has been suggested that these inhibitors are able to
reduce the speed of cancer metastasis. Whether this hypothesis holds true has been
analyzed by injecting different types of mouse cancer cells under the skin of mice.
The cells were grown for up to two weeks and then the primary tumor was removed
by surgery. The mice were monitored for weeks to assess whether they developed
secondary tumors (metastases). Normally, the mice form up to fifty visible tumors that
spread in the lungs even before the primary tumor resection, whereas mice treated
with angiostatin displayed on average only 2–3 tumors, indicating an approximately
twenty-fold reduction in the spreading rate (metastasis) of the cancer cells from the
primary tumor (Kirsch et al 1998, Bergers et al 1999). Why do certain metastases
remain dormant for years? One possible answer is that no angiogenesis has occurred
and thus no further tumor growth has evolved, since blood vessels are missing
(Gimbrone et al 1974). An explanation for this result may be that certain primary
tumors secrete angiostatin into the blood fluid, inhibiting blood vessel growth
throughout the whole body in other tissues. Then, the preliminary tiny tumors are
no longer visible and cannot grow into secondary tumors, unless the primary tumor is
removed and the angiostatin is no longer released into the blood fluid.

In addition to the above-mentioned role of TIMP-1 as an inhibitor of pro-
tumorigenic matrix metalloproteinases, TIMP-1 has recently been reported as a pro-
metastatic factor that is strongly associated with poor prognosis in many cancer
types (McCarthy et al 1999, Kuvaja et al 2007, Cui et al 2015). There seems to be a
disparity between this finding and the inhibitory function of TIMP-1, but this new
function of TIMP-1 is independent of and additional to its inhibitory function.
TIMP-1 can signal as a molecule regulating cancer progression. In particular, it has
been found that in lung adenocarcinoma cells an increase of exogenous and
endogenous TIMP-1 up-regulates microRNA-210 (miR-210) by using an CD63/
PI3K/AKT/HIF-1-dependent signal transduction pathway (Wang et al 2014, Cui
et al 2015). This miR-210 belongs to the short RNAs that regulate the expression
levels of other genes and is strongly linked to the hypoxia pathway; to be more
specific, TIMP-1 induced P110/P85 PI3K-signaling and the phosphorylation of
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AKT. This then induces an increase of hypoxia-inducible factor-1α (HIF-1α) protein
levels, together with an increase of HIF-1-regulated mRNA expression, and
subsequently the up-regulation of the microRNA miR-210 is facilitated. If
TIMP-1 is overexpressed in cancer cells, miR-210 accumulates in exosomes in vitro
and in vivo (Cui et al 2015). In turn, these exosomes induce tube formation activity in
human endothelial cells of the umbilical vein (HUVECs), as indicated by the
enhanced angiogenesis activity in A549L-derived tumor xenografts (Cui et al 2015).
In summary, TIMP-1 has a new pro-tumorigenic signaling function that may
explain why elevated TIMP-1 levels are found in lung cancer patients and why
these are associated with poor prognosis for the patients.

The network of proteases, their inhibitors, and effector molecules is balanced and
is a determinant of tissue homeostasis. For example, imbalances of this network and
the tissue homeostasis caused by elevated levels of the host tissue inhibitor TIMP-1
increase the susceptibility of target organs to support metastasis by activation of the
hepatocyte growth factor (HGF) pathway (Schelter et al 2011). In addition, up-
regulated expression of HIF-1α is associated with cancer progression and has been
found to induce HGF-signaling through the up-regulation of the HGF-receptor Met
via a canonical means of stress induction, for example lack of oxygen (Hellman et al
2002). However, it has long been supposed that there is a connection between
TIMP-1, HIF-1α and HGF-signaling in the promotion of metastasis. Indeed, it has
been reported that HIF-1α and HIF-1-signaling were enhanced during the liver
metastasis of L-CI.5s T-lymphoma cells in syngeneic (genetically identical, or
sufficiently identical and immunologically compatible to permit transplantation)
DBA/2 mice overexpressing TIMP-1 (Schelter et al 2011). Moreover, the addition of
recombinant TIMP-1 to L-CI.5s cells in vitro induced HIF-1α and HIF-1-signaling.
In line with this, the knock-down of HIF-1α within L-CI.5s cells did not induce
HIF-1α and HIF-1-signaling and thus the cells were not invasive. In vivo experi-
ments showed that HIF-1α knock-down pronouncedly impaired Met receptor
expression and Met receptor phosphorylation, reducing liver metastasis (Lee et al
2008). Moreover, the HGF-dependent TIMP-1 induced phosphorylation of Met and
thus the increased invasiveness in vitro were facilitated by HIF-1α (Comito et al
2011). Finally, increased levels of TIMP-1 in the local microenvironment of cancer
cells caused metastasis by inducing HIF-1α-dependent HGF-signaling. The finding
that there is a connection between the protease inhibitor TIMP-1 and the stress-
related factor HIF-1α is novel and impacts on the tissue homeostasis regulating
cancer metastasis (Schelter et al 2011).

The hypothesis that interfering with the process of angiogenesis restricts tumor
growth was further supported by genetic studies of mice lacking the two genes, Id1
and Id3. The absence of these two genes inhibits angiogenesis. Angiogenesis-
deficient mutant mice were injected with mouse breast cancer cells and observed
for tumor growth. There was indeed only a short period of tumor growth and even
then the whole tumor vanished completely after several weeks, resulting in the mice
becoming healthy again (Li et al 2004). However, if cancer cells of the lung are
injected into these angiogenesis-deficient mutant mice, the results are slightly
different. In particular, the lung cancer cells develop slow growing tumors in these
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mice. Moreover, these tumors do not to spread to other organs and thus do not form
metastases, resulting in a prolonged lifetime for these tumor-bearing mice compared
to normal mice carrying tumors (Li et al 2004).

As these experiments were very promising, the following question was raised. Can
the inhibition of angiogenesis slow down or prevent the growth and spread of a
tumor even in humans? To answer this question many angiogenesis inhibitors
belonging to different categories have been tested to cure cancer patients. Among
these inhibitors are those inhibiting endothelial cells in a direct manner, whereas
other inhibitors block the angiogenesis signaling cascade or abolish the endothelial
cell’s ability to degrade the surrounding extracellular matrix (Lee et al 2011, El-
Kenawi and El-Remessy 2013). In more detail, one class of inhibitors, for example
endostatin for angiogenesis, contains molecules that directly inhibit the endothelial
cell’s growth. Another inhibitory drug is combretastatin A4, which induces
apoptosis (programmed cell death) specifically in endothelial cells, whereas other
drugs can interact with cell-surface receptors such as integrins and subsequently
destroy selectively proliferating endothelial cells (figure 1.7) (Ding et al 2011, Wu
et al 2015). A second group of angiogenesis inhibitors is composed of molecules that
interfere with steps in the angiogenesis signaling cascade of humans, for example
anti-VEGF antibodies inhibiting the binding of growth factors to VEGF receptors
(figure 1.7). One anti-VEGF monoclonal antibody, bevacizumab (Avastin), has
been demonstrated to impair tumor growth and thus extend the survival of cancer
patients. A third agent is interferon-alpha (IFNα), which can counteract the
production of basic fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) and thus impair the initiation of the growth-factor-driven
signal transduction cascade (figure 1.7) (Frey et al 2011).
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Figure 1.7. Five groups of angiogenesis inhibitors.
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The fourth group of angiogenesis inhibitors contains substances that are directed
against the endothelial produced MMPs (figure 1.7) (enzymes that initiate the
breakdown of the local microenvironment). Since the breakdown of the surrounding
extracellular matrix is required for the migration of endothelial cells into surround-
ing tissues and the endothelial-cell proliferation for the outgrowth of new blood
vessels, inhibitory drugs targeting endothelial MMPs have impaired angiogenesis
and hence tumor growth and malignant tumor progression.

A fifth group of drugs is being investigated intensively for inhibition of angiogenesis
and subsequent tumor growth; these drugs are either nonspecific or not clearly
understood, for example carboxyamido-triazole (CAI), which is an inhibitor of
nonvoltage-gated calcium channels, works by inhibiting the calcium ion influx into
all kinds of cells, including endothelial cells (figure 1.7). As this restriction of calcium
uptake specifically suppresses the growth of endothelial cells, it is expected that such a
general mechanism can also affect other cell types and many other cellular processes.
What is still not under discussion? The mechanical impact of endothelial cells on the
mechanical properties of cancer cells and their function. This is described in more
detail under transmigration, a process in which cancer cells can migrate through an
endothelial-cell monolayer in order to migrate into or out of blood or lymph vessels.

What role do the biomechanical properties of the primary tumor play in tumor
angiogenesis?
In addition to the aforementioned growth factors and cytokines regulating neo-
angiogensis, the mechanical properties of a primary tumor can also facilitate
endothelial vessel growth within the tumor to increase the size of the primary tumor
and cause the malignant progression of cancer. The tumor stiffness and the high
interstitial pressure within the primary tumor blocks the diffusion of metabolites
(Jain 1987). In turn, the tumor can regulate cellular angiogenesis in order to induce
neoangiogenesis within the primary tumor. In particular, the local vascular system in
the tumor microenvironment is induced by the outgrowth of new capillaries from
pre-existing vessels to grow in the primary tumor in order to supply the proliferating
cancer cells with metabolites (Ruddell et al 2014). Even within the tumor, the
maturation and remodeling of new microvessels needs the perfect coordination of
many diverse processes in the microvasculature (figure 1.8) (Klagsbrun and Moses
1999). For the induction of new blood vessel sprouts, the pericytes located around
endothelial vessel linings must be moved from the branching vessel. Then, the
endothelial-cell basement membrane and extracellular matrix surrounding the blood
vessels must be degraded and restructured by MMPs (figure 1.8) (Kraeling et al
1999). In the next step, the new extracellular matrix is synthesized and secreted by
neighboring stromal cells (Lu et al 2012). This newly designed extracellular matrix,
together with several soluble growth factors, evokes the migration and proliferation
of neighboring endothelial cells (figure 1.8). In the last step, endothelial cells build up
a monolayer that results in a tube-like structure. Next, mural cells such as pericytes
wrapping microvessels and smooth muscle cells wrapping large vessels are recruited
to the nonluminal surface of the novel endothelial-cell lining (figure 1.8). The
remaining uncovered vessels regress, showing that the process of angiogenesis is
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highly ordered and strongly regulated, as quiescent mature endothelial cells within
the endothelial-cell lining of vessels need to divide and branch out of an existing
vessel by omitting excessive endothelial growth. Thus, cell–cell and cell–matrix
adhesions of endothelial cells are crucial for normal survival within vessels and for
tumor neoangiogenesis.

In tumors, the ‘tumor’ endothelium is dysregulated regarding hypoxia and
chronic growth-factor stimulation (such as vascular endothelial growth factor
(VEGF)): tumor blood vessels possess irregular vessel diameters, are fragile, leaky
and the blood flow is abnormal, suggesting that the tumor endothelium regulates
tumor growth and metastasis. In particular, chaotic networks of the endothelium
lacking the normal hierarchical arrangement of artery–arteriole–capillary have been
found (Warren et al 1978, Konerding et al 1999). This leads to a poor stability of
tumor endothelial vessels, together with lower numbers of pericytes, which are even
less tightly attached to tumor endothelial cells than they are to normal endothelial
cells (Baluk et al 2005). Vessel stability has a major impact on the blood flow and its
directionality, which can be measured even at single-capillary resolution in primary
tumors (Kamoun et al 2010). The blood vessel density increases during early tumor
formation, but decreases in larger tumors. The tumor vessel system itself can serve as
a marker for malignant tumor progression as the poor quality of tumor vessels with
irregular pericytes on the vessel wall and multiple basement membranes are
associated with cancer metastasis (McDonald and Choyke 2003, Nagy et al 2009).

Tumor endothelial cells are identified and isolated using cell-surface markers such
as PECAM-1 (CD31) (Hida et al 2004), Intracellular Cell Adhesion Molecule 2
(ICAM-2) (Dudley et al 2008) and CD146 (St Croix et al 2000), which are all still
markers of endothelial cells from all vascular beds (capillary, venous, arterial and
lymphatic). Among the isolated tumor endothelial cells are the normal endothelial

Endothelial tip cell

Figure 1.8. New sprouting of blood vessels. An endothelial cell becomes activated and forms a tip cell of a new
vessel branch. The extracellular matrix needs to be degraded as well as the basement membrane. Additionally,
the pericytes need to be removed. The neighboring endothelial cells proliferate and form a stalk which grows as
a new vessel sprout into the tissue.
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cells of the host organ. Defective, discontinuous endothelial monolayers have been
detected in tumors where the gaps within the endothelial layer are filled with cancer
cells mimicking endothelial cells as they express VE-cadherin (Maniotis et al 1999).
Tumor endothelial cells have a high turnover rate and are more motile than normal
endothelial cells located in healthy tissues. All this may contribute to the numerous
gap formations in tumor endothelia. Moreover, even the intercellular cell–cell
junctions are loosely formed, as well as the basement membranes, which results in
large holes in the monolayers. These holes are assumed to be the entry sites for cancer
cells to migrate through the human body and subsequently to metastasize at targeted
sites. How these abnormalities of the tumor endothelial blood vessels are caused is not
yet understood. Tumors are in fact dysfunctional organs: metabolic pathways are
corrupted, cancer cells withdraw their microenvironment of nutrients by secreting
toxic waste products such as lactate into their local tumor microenvironment, and
tumors render local microenvironments areas of nonperfusion, leading to hypoxia. In
this ‘abnormal’ microenvironment it is likely that abnormal endothelial vessels grow
within the tumor (Merlo et al 2006). In line with this, most primary tumors produce
high concentrations of vascular endothelial growth factor-A (VEGF-A), which serves
as a potent vasodilator that is able to cause fluid leakage and high interstitial
pressures, abnormal branching morphogenesis of the endothelium as well as small
gaps in the endothelial monolayer (Nagy et al 2009). VEGF stimulates the
endothelium, leading to a breakdown of the entire endothelial barrier function.
Within a tumor, the vessels are squeezed and compressed by surrounding cancer cells,
which causes external mechanical tension, strain and may finally alter the blood flow,
leading to abnormal endothelial walls (Padera et al 2004, De Val and Black 2009).
What is the function of these abnormal endothelial cells within the tumor? Do
abnormal endothelial cells promote tumor growth and cancer progression to support
metastasis? The interaction between tumor endothelial cells and other cell types such
as leukocytes may indeed be altered by the endothelial-cell abnormalities within the
tumor vasculature. In more detail, special adhesion molecules may be decreased on
the cell surface of the tumor endothelial cells, helping primary tumors to escape
immune surveillance due to impaired crosstalk between T-lymphocytes and the
endothelial vessel linings (Griffioen et al 1996, Dirkx et al 2006). This hypothesis
can be further supported by a study showing that the penetration and efficacy of
primed T-lymphocytes used for tumor immunotherapy was increased by the addition
of proinflammatory cytokines, up-regulating ICAM-1 and VCAM-1 on the tumor
endothelial cells (Garbi et al 2004). More support is provided by the detection of
leukocytes at the periphery of tumor vessels that secret factors such as endothelial-cell
growth factors and cytokines required for tumor angiogenesis (Dudley et al 2010). In
addition, it has been demonstrated that proinflammatory cells such as macrophages
facilitate metastasis (Qian and Pollard 2010).

1.2 Malignant progression of cancer (metastasis)
The worst outcome for a cancer patient is that the cancer has formed metastases.
The process of metastasis involves many consecutive steps as well as some optional
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side steps or side pathways. Basically, each neoplasm has in principle a possibility of
metastasizing, but not all of them do. The potential of cancer metastasis is related to
the special microenvironment, the aggressiveness of a special subtype of cancer cell
within the primary tumor and the start of medication, for example resection of the
primary tumor before metastasis has occurred and subsequently some chemo- or
radiotherapy. Nonetheless, there are still cases in which the metastasis has started and
it finally leads to the death of the cancer patient, although the patient has undergone
chemo- or radiotherapy. Indeed, metastasis is the main cause of cancer deaths and no
major progress has been made to reduce the number of cancer-related deaths.

Thus, many cancer research projects are needed on this particular subject that
start from an alternative prospective and from another viewpoint than that of the
classical one of tumor biologists. Here, the novel viewpoint of a biophysicist
investigating cancer research should be helpful to overcome classical barriers and
to reach novel ground. Thus, a new field called simply ‘physics of cancer’ has
become increasingly important in cancer research and many researchers are
interested in this novel viewpoint. In the following, the metastasis cascade is
described briefly from a biophysical viewpoint.

What kinds of mechanisms are present in the malignant progression of cancer?
Based on the biological and molecular mechanisms that cause primary tumors, a
clear picture can be drawn, but for the mechanisms causing the subsequent invasion
and metastasis no clear picture arises and many aspects remain elusive. Research to
generate conceptual outlines for cancer malignancies and their causes has begun.
However, the new physics of cancer field has arrived to try to fill the gap and bring
another dimension to cancer research in order to understand why certain cancers
become malignant and metastasize and others do not. There is a classical under-
standing of how metastatic dissemination of cancer cells occurs, called the invasion-
metastasis cascade (Fidler 2003). This cascade involves the local invasion of primary
cancer cells into the vascular system, such as the blood or lymph vessels (intra-
vasation), their transport through the whole body via the vessel flow, their
accumulation in microvessels of distant tissues, their possible transmigration
through the vessel lining (extravasation), their invasion of the parenchyma of
targeted tissue and their building of micrometastatic cell clusters that may eventually
grow to macroscopic metastases. This process is called colonization and is the
starting point for the worst outcome of cancer (figure 1.9).

What determines the ‘early determination’ of a primary tumor?
A major point is the timing of the individual cancer cell’s acquisition of the capacity
to invade and finally metastasize. Can every cancer cell within a primary tumor
reach the ability to become malignant? Or does only a small subpopulation of cancer
cells in this tumor gain the ability to invade the surrounding tissue and metastasize?
What about the majority of cancer cells within a primary tumor, do they have an
identical ability to invade and metastasize, or different abilities? If the ability to
invade and metastasize is identical, it is suggested that the acquisition of this ability
occurs early in tumor development. In contrast, if only a small subset of cancer cells
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acquires this ability to invade and metastasize, they must have obtained this in a
later phase of the primary tumor formation and thus cancer progression.

How can this issue be addressed in an experiment? One possible approach is to
analyze whether there is a subpopulation that can be found by clonal expansion
favoring successivemutationand after several selection cycleswewill obtain subclones.
An alternative way of obtaining subclones is selection for a special marker, such as a
cell–matrix or cell–cell surface receptor through cell sorting. Another alternative is
sorting for special mechanical properties, such as the deformability of cancer cells that
may support tumor pathogenesis through the selection of an aggressive cancer cell
phenotype. A big problem of the model is: why should an invasive or metastatic
phenotype be an advantage for a cell confined within the primary tumor?

Indeed, it seems to have no advantage for the primary tumor at first glance. This
suggests that the occurrence of metastasis is not a phenotype of the primary tumor
selected by the formation of the primary tumor (Bernards and Weinberg 2002).
Instead, there seems to be another phenotype that may arise as an inadvertent
consequence of the acquisition of alleles providing an advantage for the growth of
the primary tumor mass. This finding means that the alleles behave pleiotropically
by encoding a selected phenotype of the primary tumor (growth and survival of the
initial tumor) and an unselected phenotype (malignant tumor progression, including
invasiveness and metastatic behavior). However, there may be another possibility,
that the selection of highly invasive and metastatic cancer cells arises from the

Invasive cancer cell

Non-invasive cancer
cells with cell-cell
adhesions

Basal membrane

Invasion

Spread of
cancer cells

Adhesion

Transport  via blood
or lymph vessels

Adhesion

Primary tumor

Invasion

Secondary
tumor
(tissue)

Basement 
membrane

Secondary
tumor (vessel
lumen)

Extracellular
matrix

Extravasation

Intravasation

Figure 1.9. Cancer metastasis cascade.
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microenvironment that is the tumor itself or the surrounding extracellular matrix. In
particular, the selection process may be driven by cellular mechanical properties that
are altered within the cells of the primary tumor (Huang and Ingber 2005) and also
of the surrounding microenvironment (Lokody 2014). This view is supported by the
complexity of the cellular invasiveness and the metastatic cascade that completes the
early steps of the primary tumor formation. In line with this, the question may be
raised as to whether the metastatic traits require several accumulated mutations that
complete the variety of genetic lesions causing the primary tumor formation.
However, there is some evidence that the metastatic dissemination of cancer cells
does not rely on the acquisition of additional genetic lesions beyond those of the
primary tumor. There exist mutations that are drivers of biological phenotypes and
mutations that are passengers, solely reflecting the increased mutability of the cancer
cell’s genome and thus representing random genetic background noise of the
primary tumor (Wood et al 2007).

In the following, the proposition that metastasis-specific mutations acquired
during malignant cancer progression have a role is argued against. The first
argument is that the prognosis of primary tumors, including their ability to
metastasize, can be determined by analyzing the gene expression profile of the
tumors. In particular, the gene expression profiles are altered by acquired somatic
mutations and promotor methylation events that a normal cell has not acquired
during its differentiation. In order to analyze the transcription patterns of primary
breast carcinomas using gene expression arrays, it was possible to predict which
primary tumors would undergo a malignant progression and which would stay
nonmalignant (van de Vijver et al 2002, Fan et al 2006). However, this prediction is
not always possible and includes some errors. If this method for predicting the
malignant tumor progression works, it implies that the mechanisms regulating
cancer metastasis require a majority of neoplastic cells in a primary tumor to display
an altered expression profile. This is in contrast to the finding that only a small
number of neoplastic cells in the primary tumor have the ability to metastasize,
suggesting that additional parameters may drive malignant cancer progression, and
finally metastasis, such as mechanical alterations to these metastatic cells. Moreover,
the metastatic spread of cancers seems to be determined in the early phase of cancer
progression in order to be expressed in the majority of cells in the primary tumor
(Bernards and Weinberg 2002).

A second argument for the early determination of the cells’ ability to show a
metastatic spread in the primary tumor is that only the early passage of human
mammary epithelial cells cultured in a defined culture medium and transfected with
a defined set of genes, such as the SV40 virus early region (specifying the large T and
small t oncoproteins), the hTERT gene (encoding the catalytic subunit of the
telomerase holoenzyme) and a Ras oncogene developed metastasis, whereas the
same cells cultured in a different medium did not. In particular, these two cell culture
populations exhibit different gene expression patterns and upon transformation with
one of the three genes (see above) developed histopathologically distinct tumors: the
first is a squamous cell carcinoma and the second is an invasive ductal adenocarci-
noma of the breast (Ince et al 2007).
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These results support the idea that the differentiation program of the normal cell
of origin is a strong determinant for the behavior of cancer cells upon trans-
formation. The expression patterns of the two transformed human mammary
epithelial cell types are closely related to those of their respective normal precursors
and display relatively minimal similarity to one another. This may be a reason why
one type of tumor, the invasive ductal carcinoma, metastasized to the lungs, whereas
another type, the squamous cell carcinoma, did not metastasize (Ince et al 2007).
Both types of tumor had undergone the same set of experimentally introduced genes
representing somaticmutations, but they still had differentmetastasizing abilities. This
finding shows that the differentiation state of the normal cell of origin plays a major
role in determining the metastatic spread of a tumor. In summary, the properties of
the normal cell of origin that is the progenitor of all the neoplastic cells of a primary
tumor determine whether its offspring will have the ability to metastasize.

Another example is normal human melanocytes that have been transformed with
the same oncogenes. The transformed melanocytes (the model of spontaneous
melanomas) built up primary tumors with a large number of metastases in different
targeted organs (Gupta et al 2005). Thus, the differentiation program of the normal
cell of origin has a strong impact on the probability of metastasis occurring.

A third argument for the lack of metastasis-specific genes is that the same set of
genetic lesions (mutations) in the genomes of primary cancer cells is generally found
in the genomes of their derived metastases (Jones et al 2008).

Thus, the driving force for metastasis is not based on specific genetic lesions that
are evolved during the multistep formation of a primary tumor. Instead, the
dissemination of cancer cells from a primary tumor occurs as a side-effect of the
primary tumor formation and does not seem to be a property achieved during the
multistep process of primary tumor formation.

How is the invasiveness determined and how does metastasis arise?
It has been established that a complex invasion-metastasis cascade is necessary.
What drives metastasis, if there are no additional mutations required beyond those
necessary for the formation of the primary tumor? A classical tumor-biological
answer would be that cancer cells utilize complex biological programs used by
normal, healthy cells and organismic physiology. In many steps of the morpho-
genesis of normal cells the epithelial–mesenchymal transition (EMT) plays an
important role (Thiery 2002) (figure 1.10). In more detail, several distinct morpho-
genetic steps involve the local migration of epithelial cells as well as their migration
to distant sites during embryonic development. However, normal epithelial cells are
incapable of these translocations, evoked by active movement, as they only move
laterally in the epithelial plane while maintaining adhesion to the underlying
basement membrane or basal lamina. Under certain conditions, there is a special
case when these epithelial cells acquire active movement and invade the extracellular
matrix: the shedding by epithelial cells and the switch to mesenchymal properties. In
summary, EMTs play an important role during embryogenesis during gastrulation
and emigration of cells to distinct targeted sites within the embryo (Thiery 2003).
EMTs are induced by a number of transcription factors (TFs) that are transiently
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active during special stages of embryogenesis and at specific sites within the embryo
(Batlle et al 2000, Yang et al 2004, Gumbiner 2005, Hartwell et al 2006, Thiery and
Sleeman 2006, Peinado et al 2007). The down-regulation of the TF expressions leads
to the reversion of EMT, the so-called MET, so that the cells are now back in the
epithelial state (the ground state), whereas the mesenchymal state seems to be the
activated state. As EMTs occur at specific sites of the embryo, they need to be
induced via the local microenvironment, for example neighboring cells and extrac-
ellular matrix-protein signals, suggesting that EMT-inducing TFs may be regulated
by the neoplastic cell’s local extracellular-induced signaling. However, these descrip-
tions do not show the relevance of EMT during cancer progression, but two aspects
of cancer cells support the relevance of EMT induced by TFs. First, many
phenotypes of embryogenic cells are imitated by aggressive and invasive cancer cells.
Second, numerous embryonic TFs, such as Slug, Snail, Twist, Goosecoid, SIP-1,
FOXC2 and ZEB1, which regulate EMTs during embryogenesis, are also detected in
human cancer cells and their expression correlates with the aggressiveness of these
cancer cells (figure 1.10).

Moreover, most of the TFs were identified during the investigation of the
development of model organisms, such as Xenopus and Drosophila. As these
results are transferable to humans, these TFs must be strongly conserved in the
genomes of distantly related animals, indicating their critical roles in the embryo-
genesis of diverse organisms. All these observations lead to the suggestion that
TFs enable carcinoma cells to obtain highly malignant properties, such as cell
invasiveness, resistance to apoptosis and secretion of proteases that degrade
extracellular matrix confinement. Furthermore, the EMT and hence the expres-
sion of these TFs is not restricted to initial embryonic development, it also plays a
prominent role in wound healing processes in adults and re-epithelialization
processes (Savagner et al 2005).
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Figure 1.10. Epithelial to mesenchymal transition (EMT). Individual and undifferentiated malignant cancer
cells and/or small clusters of malignant cancer cells that are frequently located in the tumor stroma and near
the invasive front of the primary tumor.
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What role does the induction of EMT-inducing TF expressions play?
As described above, various EMT-inducing TFs act during embryogenesis upon
certain signals from nearby cells. Thus, it seems to be the case that the same type of
signal (for example, Wnts and Hedgehogs, members of the transforming growth
factor beta family, as well as the ligands of tyrosine kinase receptors) affects various
carcinoma cells during malignant cancer progression. In particular, none of these
ligands has the capacity to trigger EMT alone, but the combination is able to induce
EMT of cancer cells. The exact rules are still under intensive investigation. It has
been suggested that during cancer progression these signals for EMT are provided
by the tumor-associated stroma containing mesenchymal cells. These stromal cells
originate from the stroma of the tissue in which the tumor grows or are directed from
the bone marrow, which generates many distinct types of mesenchymal progenitor
cells and releases them into the circulation so that they are available for local
recruitment by carcinoma cells (Direkze and Alison 2006). Indeed, these cells are
then located in the tumor-associated stroma and subsequently differentiate into a
variety of mesenchymal cell types, such as myofibroblasts and endothelial cells.
Additionally, there might be EMT-inducing signals that are not released by the
tumor stroma of early stage tumors. During tumor progression the tumor stroma
grows and is activated (reactive) in a similar way to tissues exposed to active wound
healing processes or chronic inflammatory processes. What role do the mechanical
properties of the tumor stroma play? In most biological and medical studies this
question is simply omitted and in the physics of cancer field this topic is still under
investigation.

In addition to EMT induction, the tumor stroma may have another impact on the
behavior of cancer cells outside of the primary tumor, further enhancing cancer cell
motility and guiding cancer cells towards their targeted tissue (called secondary
sites). On their way to the targeted tissue cancer cells migrate through other vastly
different nontumor-associated tissues. At these secondary sites, the stroma is not
altered compared to the primary tumor associated stroma through permanent
stimulation by cancer cells and may hence not have these activated states that
induce further EMT. Thus, EMT will be reversed and the cancer cells reassemble to
a neoplasm that has similar properties to the primary tumor. However, it has been
suggested that the absence of mesenchymal phenotypes in cancer metastasis
disproves the idea that cancer cells must undergo an EMT to disseminate from
primary tumors (Rhim et al 2012). This is in contrast to the argument that the
reversibility of the EMT may have finished, so that the cancer cells returned to their
ground state (of zero motility) in these secondary tumors. As heterotypic signals can
induce EMT in carcinoma cells, these cells do not need to undergo additional
mutations in order to become highly aggressive and invasive. Hence, primary
carcinoma cells are able to perform EMT if the extracellular signals for EMT are
recognized. What variable factors define whether cancer cells within a primary
tumor will undergo an EMT? Is it really the appropriate mix of heterotypic signals
that must be detected by cancer cells and that is essential for their EMT? It has been
suggested that the differentiation program of the normal cell of origin represents one
critical determinant of this responsiveness to the different signals regulating EMT as
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this program is supposed to set the stage for the malignant progression of cancers.
Accumulated somatic mutations and promotor methylations during primary tumor
progression also favor the responsiveness to EMT-inducing signals. However, the
exact mechanism of the EMT induction and reversion is still not well understood,
although many factors have been identified as regulating EMT. What role do
mechanical properties play in inducing EMT? There is currently no answer, as this is
still under intensive investigation. As these malignant features are manifested due to
signals from activated stroma, they are not thought to be the objects of selection
leading to primary tumor formation. In particular, the somatically generated alleles
provide the responsiveness to these signals, whereas the alleles selected during
primary tumor formation directly specify malignant features. Thus, the expression
of highly malignant features occurs as an accidental consequence of the initial
actions of alleles that are ‘unrelated’ to the phenotypes of cell invasion and cancer
metastasis.

When carcinoma cells undergo an EMT, they adopt mesenchymal phenotypes,
invade the ‘activated’ surrounding tumor stroma and then move into adjacent
normal tissues outside the primary tumor borders during metastasis; they are
nearly indistinguishable from normal mesenchymal cells. This raises the question
of whether the EMT is solely an artifact. There are at least two arguments against
this. The first argument is that most carcinoma cells undergo EMT incompletely,
for example E-cadherin and cytokeratins are down-regulated and mesenchymal
markers such as N-cadherin, vimentin and fibronectin are up-regulated (Schramm
2014). The coexistence of epithelial and mesenchymal markers may provide
evidence for this hypothesis. The second argument is that carcinoma cells, which
have undergone EMT, express certain markers not expressed by ‘true’ mesenchy-
mal cells and may be detectable within the normal tissue as aggregates (Van
Aarsen et al 2008).

The impact of the EMT and invasion during the progression of the metastasis cascade
How do these pleiotropically acting EMT-inducing TFs enable cancer cells to
succeed in invasion and the metastasis cascade? These TFs also provide increased
resistance to apoptotic cell death, cell movement, secretion of matrix degrading
enzymes and tissue invasiveness (Jiang et al 2014). Can a single TF enable the
metastatic cascade? Can this disseminated cancer cell survive in the new micro-
environment, where it does not fit in and to which it is not adapted? The success rate
for building up a secondary tumor is relatively low. One reason may be the poor
adaptation of the cancer cell to its target site. Thus, the growth from micrometastasis
to a macroscopic metastasis and hence colonization is a rare event as only one out of
thousands succeeds. It has emerged that the colonization is not a problem, it is rather
the increased resistance to apoptosis that is critical for the metastasis cascade. Are
the steps of the metastatic cascade governed by one of the TFs? If this holds true, all
the multiple steps of the metastatic cascade would appear to be quite simple when
regulated by one TF or a small group of them. However, the regulation of these TFs
would then be highly critical in order to keep them under controlled tissue
homeostasis.
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Is there a special type of permanent EMT?
Cancer cells have been found locked in the mesenchymal state, not displaying any
plasticity (Gregory et al 2011). This result indicates that the reversion to an epithelial
phenotype is no longer possible. How may this irreversible EMT be caused? Possible
explanations for this are: genetic or other biochemical alterations, or altered
mechanical properties of cells due to their microenvironment or stimulation. In
recent decades it has turned out that cell-surface protein E-cadherin has a prominent
role in mediating cell–cell adherence junctions between neighboring epithelial cells
(Tania et al 2014). This role has determined E-cadherin as a typical, canonical
epithelial marker. In line with this, the promoter of the E-cadherin encoding gene
exhibits binding sites for several EMT-inducing TFs that are able to repress
E-cadherin transcription (Cano et al 2000, Comijn et al 2001, Bolos et al 2003).
E-cadherin repression seems to be one of themain functions of theseTFs.However, via
an unknown mechanism cytokeratin expression is down-regulated, whereas various
mesenchymal genes are up-regulated or induced (Tania et al 2014). Taken together,
E-cadherin expression is a main target of the regulation by EMT-inducing TFs.

By contrast, certain tumors show alterations in E-cadherin expression, containing
point mutations or deletions in the E-cadherin gene that lead to a production of
truncated or unstable proteins (Kanai et al 1994). Another associated change of
functional E-cadherin is that the cytoplasmic proteins that usually serve to physi-
cally link E-cadherin to the actomyosin cytoskeleton are translocated (Kam and
Quaranta 2009) and hence rapidly degraded (Gerlach et al 2014). An exception is
β-catenin, this molecule can survive by escaping phosphorylation by the non-
phosphorylated glycogen synthase kinase-3β (GSK-3β) and hence proteosomic
degradation (Gerlach et al 2014). The GSK-3β is hyperphosphorylated by Akt
kinases and thus is inactive. The free β-catenin can localize to the nucleus when it is
associated with a T-cell factor group of TFs and together with other signals triggers
a large number of downstream target genes that are mostly involved in the
regulation of the EMT switch (Onder et al 2008). In particular, gene expression
analysis has been shown that the loss of E-cadherin leads to the induction of multiple
transcription factors, such as Twist. Twist in turn is necessary for the loss of
E-cadherin and finally induces metastasis, indicating that the loss of E-cadherin in
primary tumors facilitates metastatic dissemination through transcriptional and
functional alterations (Onder et al 2008). However, in principle there is a permanent
EMT as cancer cell lines exist that are able to stay in their mesenchymal phenotype.

Is there an imperfect or partial EMT?
There exists a lot of evidence that the classical EMT is imperfect, as the cells are only
partially transformed in several cancer types. In order to answer this question, the
concept of tumor budding needs to be addressed, as it may represent a distinct type
of imperfect or partial EMT (figure 1.10) (Grigore et al 2016).

The concept of tumor budding
A phenomenon called tumor budding has been observed in various cancers. The
histological phenomenon of tumor budding is characterized by individual and
undifferentiated malignant cancer cells and/or small clusters of malignant cancer
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cells that are found frequently in the tumor stroma and mostly near the invasive
front of the tumor (figure 1.11) (Van Wyk et al 2015, De Smedt et al 2016, Koelzer
et al 2016). As the tumor budding phenomenon has been correlated with poor cancer
outcomes, it has been proposed to mirror the EMT (Almangush et al 2016). The
budding phenomenon of tumors has been initially observed in stomach cancer (Imai
1960) and refined in various other cancer types such as tongue, larynx, breast, stomach,
colon, rectum, cervix and colorectal cancer (CRC) (Morodomi et al 1989, Hase et al
1993). Before the tumor budding can be used routinely as a marker for cancer
progression, it requires clear definition, standardized assessment and applicability and
clinical significance to distinct cancer types (Grigore et al 2016). Similar to the tumor
budding phenomenon, a phenomenon has been found in experimentally induced colon
cancers in mice that have been treated with dimethylhydrazine-dihydrochloride
(Gabbert et al 1985). The invasive front of the tumor is characterized by a dramatic
disorganization of its architecture that is characterized by a loss of glandular aspect in
differentiated carcinomas and a loss of trabecular aspect for undifferentiated carcino-
mas and associated with cellular dedifferentiation. Finally, these alterations select
isolated cancer cells with a uniform phenotype that is independent of main tumor mass
differentiation (figure 1.11). Is the tumor bud level correlated with imperfect or partial
EMT, as indicated by the connection with tumor proliferation, quiescence and
stemness? As coexpression of epithelial and mesenchymal marker genes in many
tumor buds can be readily observed, can tumor budding represent the hybrid epithelial/
mesenchymal phenotype that performs collective cell migration?

Indeed, the tumor bud phenotype possess features that are associated with cellular
motility, such as the decrease of cell junctions and impaired basement membrane,
the presence of cytoplasmic microfilaments and pseudopodia, and altered cellular
shapes. All of which lead to the hypothesis that the entire tumor budding process at
the invasive front facilitates the migration of cancer cells out of the primary tumor
mass and their invasion of surrounding tissues (Gabbert et al 1985). In line with this,
in surgical resections of colon cancer, dedifferentiated malignant cancer cells are
detected that migrate far beyond the invasive front as either individual single cells or
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Figure 1.11. Tumor budding.
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collective cell clusters. In particular, single cells exert at their migration front
cytoplasmatic perturberances similar to lamellipodial protrusions, whereas a cluster
of cells possess one large cytoplasmatic flap at their leading edge. These features
characterize cellular motility (Carr et al 1986).

Tumor budding implies that the cluster of neoplastic cells is still connected to the
primary tumor, which is not true for 2D histological tissue sections (Amato et al
1994). However, in 3D reconstructions of serial tissue sections from various cancer
types, it has been revealed that tumor budding is not a static process and hence it
seems to be rather dynamic as the tumor exerts multiple fingerlike projections (figure
1.11) (Carr et al 1986, Bronsert et al 2014). These projections consist of numerous
cells, which can at a later time point be disconnected from the primary tumor mass
or rupture into small cell clusters. Hence, while 2D sections imply the disconnection
between a tumor bud and the primary tumor, 3D reconstructions draw a clear
picture of a cocktail of growing tumor buds still connected to the tumor mass and
others are clearly detached from the primary tumor.

How is tumor budding defined, identified and quantified within tumor tissue?
The general principles of tumor buds are discussed in a CRC model, as it is the first
cancer type in which tumor budding has been systematically investigated. However,
the methodology for assessing tumor budding is not standardized and hence differs
widely in several aspects. First, the definition of the budding structure is not unique,
as different cut-off values exist. Second, the identification of budding structures
depends on the staining method such as hematoxylin and eosin (H&E) staining or
pan-cytokeratin antibody immunostaining. Third, the final identification of budding
structures is performed by exclusion of similar, but not bud-like structures. Fourth,
regions are defined, such as assessment across the entire tumor or in the regions
containing maximal budding structures. Fifth, instrument parameters such as
magnification and field-of-view size vary. Sixth, the quantification of tumor budding
can either use descriptive and subjective patterns or semi-quantitative determination
of relative size, such as the ratio between the width of the tumor budding region and
the width of the invasive front and quantitatively counting of the buds. Seventh, the
settings for the critical prognostic values vary. Eighth, the application of the
methods to primary lesions of tumors also vary.

However, sometimes in routine H&E tissue section staining it is difficult to
distinguish tumor budding from similar bud-like structures. These difficulties are
present under distinct conditions such as: abundant inflammatory regions at the
invasive front containing activated lymphocytes, macrophages or dendritic cells;
ample stromal reaction at the invasive front that can build artificial stromal buds;
fragmented tumor glands caused by abundant inflammatory infiltrate that appear as
bud-like structures, and tumor budding seems to be inversely correlated with the
degree of inflammation (Max et al 2016); bud-like artifacts based on retraction
around fragmented tumor glands; and tumor tissue fragments surrounded by an
ample mucinous extracellular matrix—these are also similar to buds. The first two
points can be easily addressed by performing a cytokeratin immunostaining. The
latter three points should be excluded from the scoring, as it is not yet precisely
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defined (Mitrovic et al 2012). The other points should be solved by precisely defined
parameters and improved data aquisition.

Imperfect or partial EMT
The EMT transition represents a multistep cellular phenotype switch that can be
dynamically reversed. In particular, epithelial cells reduce their intercellular adher-
ence junction dependent cell–cell adhesion and become migratory and invasive,
similar to mesenchymal dependent cells (figure 1.10) (Kalluri and Weinberg 2009).
The EMT and the reverse process, the mesenchymal-epithelial transition (MET), are
both transitions occurring under physiological conditions such as embryonic develop-
ment, wound healing and tissue repair. Under pathological conditions, the EMT
activation is a hallmark of malignant cancer progression such as metastasis (Kalluri
and Weinberg 2009, Micalizzi et al 2010, Nieto 2013). The classical EMT is
characterized by a decrease of cell-surface E-cadherin and an increase of mesen-
chymal markers such as vimentin, N-cadherin, α-smooth muscle actin or fibronectin,
which is associated with the reduction of the internal apical-basal polarization of
epithelial cells. Since E-cadherin sequesters β-catenin at cell–cell adherence junctions,
a decrease in E-cadherins and subsequently a decrease in membranous levels of β-
catenin evokes the nuclear translocation of β-catenin and subsequently the activation
of the Wnt/β-catenin signal transduction pathway during EMT progression
(Schmalhofer et al 2009). Increased amounts of one or more of the EMT-promoting
TFs, such as ZEB1, ZEB2, SNAI1 (Snail), SNAI2 (Slug), TWIST, GSC and
FOXC2, usually accompany the progression of the EMT (De Craene and Berx 2013).

The EMT and MET transitions are not usually a full transition as a switch
between purely epithelial and purely mesenchymal phenotypes (Nieto 2013), it is
rather a multiple state process that can range from purely epithelial to purely
mesenchymal through one or even more intermediate and hence imperfect pheno-
types. These not yet fully defined intermediate phenotypes are also referred to as
intermediate, incomplete, imperfect, metastable or partial EMT as well as hybrid
epithelial/mesenchymal or similar phenotypes (Leroy and Mostov 2007, Lundgren
et al 2009, Savagner 2010, Eades et al 2011, Futterman et al 2011, Jordan et al 2011,
Morbini et al 2011, Bednarz-Knoll et al 2012, Jung et al 2012, Huang et al 2013,
Lu et al 2013, Tian et al 2013, Bastos et al 2014, Sampson et al 2014, Umbreit et al
2014, Zhang et al 2014, Hong et al 2015, Jia et al 2015, Ribeiro and Paredes 2015,
Savagner 2015, Schliekelman et al 2015, Steinway et al 2015).

When partial EMT is reported, experiments have been performed at a cell
population level, which are compared to experiments at a single-cell level. Thereby
it needs to be answered whether the partial EMT represents first, a mixed cell
population containing epithelial andmesenchymal cells, second, a pure cell population
consisting of a single type of hybrid epithelial/mesenchymal cells (E/M) or, third, a
mixed cell population containing various different cell types such as epithelial,
mesenchymal and hybrid E/M cells. Additionally, several theoretical models of
EMT propose a hybrid E/M phenotype at a single-cell level (Lu et al 2013, Steinway
et al 2015, Tian et al 2013,Hong et al 2015, Jia et al 2015). In linewith this, fluorescence
activated cell sorting of certain cell lines have identified a subpopulation of cells
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exhibiting both epithelial and mesenchymal markers (Grosse-Wilde et al 2015, Hong
et al 2015). In addition, lung cancer cells can stably exhibit a hybrid E/M phenotype at
a single-cell level over multiple culture passages (Jolly et al 2016). Cells exhibiting
a hybrid E/M phenotype can provide adhesion (an epithelial trait) and migration
(a mesenchymal trait) at the same time and hence perform collective cell migration.
Hence, cells migrate collectively during the process of wound healing (Arnoux et al
2005), the mammary morphogenesis (Watanabe et al 2014) and during cancer as
clusters of circulating tumor cells (Sarioglu et al2015) and thereforemanifest thehybrid
E/M phenotype and encompass tumor buds for a collection of cells.

How can EMT be identified from imperfect or partial EMT? The magnitude of
alterations in the epithelial and mesenchymal marker levels are suitable for
distinguishing the type of EMT. The perfect EMT is driven by a complete loss of
cell-surface expressed E-cadherin, which is associated with a so-called cadherin
switch from E-cadherin to N-cadherin. In contrast, the coexpression of an epithelial
marker (usually E-cadherin) and a mesenchymal marker within a single cell is
regarded as a reliable procedure to characterize a hybrid E/M phenotype. In lung
cancer cell lines such as A549, LT73 and H460, the coexpression of SNAI2 and
E-cadherin have been detected and characterize different subpopulations such as
epithelial, hybrid E/M and mesenchymal cell populations (Andriani et al 2015). A
breast cancer cell line HMLER has been sorted through the expression of both an
epithelial surface marker CD24 and a mesenchymal stem-cell marker CD44 and
hence displays the cells have the CD24+/CD44+ phenotype (Grosse-Wilde et al
2015). The mathematical remodeling predicts that the coexpression of ZEB and
E-cadherin in cells produces a hybrid E/M phenotype (Lu et al 2013). In line with
this, H1975 lung cancer cells have been revealed to coexpress E-cadherin and
vimentin stably over months (Jolly et al 2016) and metastatic brain tumors have
been found to coexpress E-cadherin and vimentin within single cells (Jeevan et al
2016). Despite the unclear stage of the coexpression within a single cell or a
population of cells, relative levels of E-cadherin and vimentin at a population level
have been used to group cells into epithelial, partial EMT and mesenchymal types
(Park et al 2008, Huang et al 2013, Schliekelman et al 2015). However, it remains
elusive whether these groups contain the hybrid E/M phenotype.

Connection between tumor budding and imperfect or partial EMT
The phenomenon of tumor budding is mostly detected at the invasive leading edge
of the primary tumor, as there is increased detachment of distinct cancer cells from
the tumor mass (Lugli et al 2009, Van Wyk et al 2015, De Smedt et al 2016, Koelzer
et al 2016). Indeed, the cell-surface localization of E-cadherin is decreased in
numerous tumor buds such as in buds of CRC (Bronsert et al 2014), esophageal
cancer (Niwa et al 2014), pancreatic ductal adenocarcinoma (Masugi et al 2010,
Kohler et al 2015), head and neck cancer (Wang et al 2011, Almangush et al 2014,
Attramadal et al 2015), lung cancer (Yamaguchi et al 2010) and invasive ductal breast
cancer (Liang et al 2013). Indeed, decreased expression of E-cadherin on the cell
surface is a hallmark of EMT (Mitrovic et al 2012), hence tumor buds are suggested to
be EMT-like (Liang et al 2013). Do tumor buds mirror full or partial EMT?
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There is rarely evidence connecting tumor budding and EMT such as the purely
mesenchymal phenotype. One weak piece of evidence has been found in the
connection of tumor budding with EMT in CRC ahead of the invasive front, as
cells exerted protrusions similar to lamellipodia (Carr et al 1986). In esophageal
squamous cell cancer high tumor budding event occurrence has been correlated with
EMT (Niwa et al 2014). In line with this, in pancreatic ductal adenocarcinoma,
tumor budding is associated with both decreased E-cadherin and increased vimentin
amounts, which seems to be the morphological feature of EMT (Masugi et al 2010).
However, there may still be some staining artifacts, which have not ruled out
precisely.

However, there is most commonly an association of tumor budding with partial
EMT. In pancreatic ductal adenocarcinoma, the cell-surface expression of E-
cadherin and membrane localization of β-catenin in tumor buds are decreased at
a cell population level compared to a cell population in the tumor center. In
contrast, the amount of vimentin within tumor buds did seem to correlate inversely
with the amount of E-cadherin (Kohler et al 2015). Moreover, only a few tumors
display vimentin expression, indicating partial EMT occurrences in pancreatic
ductal adenocarcinomas (Kohler et al 2015). However, in invasive ductal breast
cancer and tongue squamous cell carcinoma, the tumor bud cells displayed
decreased E-cadherin on their cell surface and higher cytoplasmic vimentin levels
than tumor cells of the center (Wang et al 2011, Liang et al 2013) indicating that
high budding is associated with reduced membrane E-cadherin levels and increased
cytoplasmic vimentin levels. In addition, in various tumor types such as CRC, liver
metastases of CRC, pancreatic ductal adenocarcinoma, lung adenocarcinoma and
invasive breast ductal cancer, no single-cell migration events have been detected,
which either means single migrating cells are not present or the event is very rare
(0.000%–0.003% of the total amount of cancer cells) (Bronsert et al 2014). Therefore,
cancer cell invasion may be driven apart from single-cell migration also by collective
migrating cells, which in turn requires the persistence of intercellular epithelial
adherence junctions. Moreover, these findings suggest that not all cells switch to
purely mesenchymal cells supporting imperfect or partial EMT. Other EMT-related
markers further support the association of tumor budding and partial EMT. In
tumor buds of lung cancer, reduced levels of membranous β-catenin have been
observed (Taira et al 2012), whereas in CRC and oral squamous cell carcinomas,
tumor buds possess decreased levels of miR-200 family members (Paterson et al
2013, Jensen et al 2015) that are efficient inhibitors of ZEB1/2 (Gregory et al 2008,
Gregory et al 2011, Huang et al 2015). Tumor buds also show increased levels of the
extracellular matrix glycoprotein laminin-5γ2 (Yamaguchi et al 2010, Almangush
et al 2014, Okado et al 2015), which is expressed at the leading edge (Kainulainen
et al 1998) of collectively migrating cells during the wound healing processes
(Micalizzi et al 2010), and hence supports additionally the connection with partial
EMT (Watanabe et al 2014). On the one hand, reduced levels of epithelial markers
support the connection of tumor budding with perfect EMT and on the other hand
increased amounts of mesenchymal markers support the connection of tumor
budding with imperfect or partial EMT.
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Tumor buds of breast carcinoma and oral squamous cell carcinoma possess
higher vimentin (Liang et al 2013) and fibronectin levels (Jensen et al 2015),
respectively. Solely a fraction of oral squamous cell carcinoma performs a full
‘cadherin switch’ from E-cadherin to N-cadherin (Attramadal et al 2015). Moreover,
tumor buds of lung cancer display increased ZEB1 expression (Brabletz and
Brabletz 2010, Lu et al 2013, Jolly et al 2015) compared to cancer cells of the
main tumor mass (Taira et al 2012). In pancreatic ductal adenocarcinoma tumor
buds, ZEB1 is significantly increased, whereas β-catenin is still not increased in the
nucleus (Galván et al 2015). Tumor buds of oral squamous cell carcinoma possess
increased amounts of ZEB1 proteins compared to cancer cells of the tumor mass
center. However, these levels are still lower than those in adjacent stromal cells
(Jensen et al 2015). This detected trimodal distribution of ZEB is further supported
by the hypothesis that the miR-200/ZE double negative feedback loop reveals the
three phenotypes such as epithelial (high miR-200 and low ZEB), mesenchymal (low
miR-200 and high ZEB), and hybrid E/M (intermediate miR-200 and intermediate
ZEB) (figure 1.12 (Lu et al 2013)). In summary, all these studies propose a
mesenchymal phenotype for tumor buds, but contrary the results indicate a partial
EMT phenotype. To resolve the question of whether tumor bud cells exhibit a
mesenchymal or an imperfect or partial EMT phenotype, more quantitative
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Figure 1.12. Regulation of EMT by ZEB1 and miR-200. The three phenotypes, epithelial (high miR-200 and
low ZEB), mesenchymal (low miR-200 and high ZEB) and hybrid E/M (intermediate miR-200 and
intermediate ZEB), of cancer cells can be adapted.
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measurements are required. A main question is yet to be answered: is it possible to
detect a ‘real’ single-cell hybrid E/M phenotype in tumor bud cells?

In esophageal squamous cell cancer, the primary tumors with increased tumor
budding displayed in tumor bud cells decreased cell-surface expressed E-cadherin and
increased cytoplasmic vimentin using immunostaining, while primary tumors with
low budding displayed increased cell-surface expressed E-cadherin and nondetectable
vimentin in their cytoplasms (Niwa et al 2014). In pancreatic ductal adenocarcinoma,
increased tumor budding is associated with decreased E-cadherin and increased
vimentin levels, but still E-cadherin is stained positively in the majority of the cells
(Masugi et al 2010), which provides support for a hybrid E/M phenotype.

Tumor buds of oral squamous cell carcinoma contain reduced cell-surface
E-cadherin and elevated cytoplasmic vimentin levels that have been detected at
the cell population and the single-cell level (Attramadal et al 2015). Additionally, in
various tumor types such as CRC, liver metastases of CRC, pancreatic ductal
adenocarcinoma, lung adenocarcinoma and invasive breast ductal cancer, the tumor
bud cells exhibit reduced cell polarity, reduced levels of E-cadherin (decreased cell
surface membrane localization compared to increased cytoplasmic E-cadherin) and
increased levels of nuclear ZEB1 within single cells (Bronsert et al 2014). As single-
cell migration is hardly detectable and the hallmarks of EMT, such as spindle-like
shape, reduced E-cadherin and increased ZEB1, levels are usually not present even
among tumor bud cells, hence all these results may just point out the collective
migration of cell clusters that display a hybrid E/M phenotype indicating imperfect
or partial EMT and no full mesenchymal phenotype (Bronsert et al 2014). Do
molecular events exist that drive the process of tumor budding? Is there an
explanation for the proposed connections of EMT with tumor budding? Indeed,
several EMT initiating pathways such as TGF-β and Wnt have been shown to be
active in tumor budding processes (De Craene and Berx 2013, Dawson et al 2014,
Dawson and Lugli 2015, Goodall 2011, Jensen et al 2015). What about the
association of tumor budding at metastatic sites?

Proliferation and stem cells in tumor budding connects to imperfect or partial EMT
In CRC, tumor buds possess decreased nuclear Ki-67 levels indicating decreased
proliferation and increased nuclear p16INK4, cyclin D1 and β-catenin levels
(Palmqvist et al 2000, Jung et al 2001, Jass et al 2003) in comparison to the levels
within the main tumor mass (Palmqvist et al 2000, Jung et al 2001). Since the these
markers correlate at a cell population and a single-cell level (based on serial sections)
in contrast to cells of the main primary tumor mass exhibiting opposite levels (Jung
et al 2001), it has been proposed that an increase in p16INK4 levels leads to
sequestering of Cdk4 in the cytosol, which then enables nuclear cyclin D1 to bind
Cdk2 preventing thereby the binding of cyclins A and E to Cdk2 and finally resulting
in decreased tumor bud proliferation (Jass et al 2003). Cells in the tumor buds are
mainly less- or nonproliferating cells (Rubio 2008). In line with this, in breast cancer,
the tumor bud cells possess decreased Ki-67 levels as compared to the main tumor
mass cells (Liang et al 2013). In lung cancer, tumor bud cells contain decreased
nuclear amounts of geminin (a key cell-cycle regulator) compared to cells of the
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main tumor mass, which represents an alternative explanation for the co-occurrence
of decreased E-cadherin and β-catenin amounts under nonproliferative conditions in
cells undergoing budding (Taira et al 2012). Similarly, tumor bud cells of CRC
display decreased levels of the apoptosis markers caspase-3 and M30 (Dawson et al
2014) as well as decreased levels of the proliferative marker Ki-67 (Brabletz et al
2001). These results indicate that tumor buds are nonproliferating and hence
quiescent, which additionally contribute the possible involvement of EMT in tumor
budding. There are at least three supportive points. First, the ‘go-or-grow’
(proliferation or migration) hypothesis is confirmed (Hatzikirou et al 2012), as it
has been demonstrated in a developmental context (Matus et al 2015), in which the
invasive phenotype needs a cell-cycle arrest. Second, the induction of EMT is able to
induce cell-cycle inhibition and acquires resistance to apoptosis (Sanitarias et al
2002, Vega et al 2004, Robson et al 2006, Lovisa et al 2015) and, third, the
overexpression of miR-200 facilitating MET can restore the process of apoptosis
and anoikis, which is a cell-death phenomenon triggered by the detachment from the
extracellular matrix (Radisky 2011). This issue needs further in-depth investigation.

Tumor buds contain increased levels of stem-cell surface markers such as CD133
(Lugli et al 2012) and aldehyde dehydrogenase 1 (Luo et al 2012), indicating that
cancer stem-cell like features are associated with tumor budding. Tumor budding
cells expressing aldehyde dehydrogenase 1 are directly accounted for aggressiveness
and lower overall survival rate (Lugli et al 2009). Theoretical approaches (Jolly et al
2014, 2015) and experimental approaches (Swetha et al 2011, Goldman et al 2015,
Grosse-Wilde et al 2015) addressing the interplay between EMT and cellular
stemness have both reported that cells displaying a partial EMT phenotype can
be more stem-like compared to either purely epithelial or purely mesenchymal cells.
Hence, the connection between tumor budding and imperfect or partial EMT is
further strengthen. Therefore, tumor buds at the invasive edge of a primary tumor
are termed migrating cancer stem cells (Brabletz et al 2005).

1.2.1 Spreading of cancer cells and collective cell behavior

The onset of malignant progression starts with the spreading of cancer cells from the
primary tumor into the surrounding microenvironment. The principles behind this
phenomenon are not yet clear. Several questions remain unanswered. How do these
malignant and highly aggressive cancer cells manage to migrate out of the primary
tumor where intercellular junctions usually exist between adjacent cancer cells?
What does the differential adhesion hypothesis contribute to the understanding of
how certain cancer cells migrate out of the primary tumor? Do these special cancer
cells walk out by a mechanism called jamming? Do these ‘highly aggressive’ cancer
cells possess different mechanical properties, such as cellular deformability?

Differential adhesion hypothesis (DAH)
The differential adhesion hypothesis (DAH) was initially postulated by Foty and
Steinberg (figure 1.13) (Steinberg 1970, 1978, Foty and Steinberg 2004) and provides
a physical explanation for the spontaneous liquid-like tissue segregation, mutual
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envelopment and sorting-out behaviors of embryonic tissues and embryonic cells.
The key idea behind this hypothesis is that the aggregation of cells underlies
equivalent thermodynamic principles as the behavior of drops of a liquid. Thereby
the degree of cell adhesion between neighboring cells is seen similar to the degree of
molecule-to-molecule contact and hence the cell aggregates behave as if they have
contractile surfaces. An alternative explanation is that the cell aggregates possess
contractile surfaces based on increased actomyosin contraction of the cell-surface
parts that are not subject to cell–cell adhesion (Harris 1976). The DAH has been
successfully tested by Steinberg using seven different cell lines that have been
chemically dissociated and pair-wise cocultured in all possible combinations (figure
1.13). The DAH theory predicts that if cell line one sorted out in the interior of the
coculture spheroid with cell line two and cell line two sorted out in the interior of
the coculture spheroid with cell line three, cell line one will sort out in the interior of
the coculture spheroid with cell line three. The sorting out of cells is based on the
cell’s adhesiveness, which means that the more adhesive cells are in the interior of the
coculture spheroid. In particular, cell line one is more adhesive than two and two is
more adhesive than three. This behavior is termed transitivity (figure 1.13) and is a
partial order relation, as not absolute values of adhesiveness are determined.

Another key experiment for the confirmation of DAH has been the application of
a centrifugal force or the application of pressure towards cell aggregates (Phillips
et al 1977, Phillips and Steinberg 1978). The stronger the resistance of the cells in the
aggregate is to flattening, the more the cells are sorted out in the interior of the
coculture spheroid experiments. Cell rounding is associated with active contraction
and hence cell aggregate flattening can be seen as work against adhesion.

The DAH was reported previously to depend upon tissue affinities (Holtfreter
1939, Townes and Holtfreter 1955). In particular, the DAH explains the segregation,
envelopment and sorting-out behaviors and the rounding-up of irregular embryonic
tissue fragments as rearrangements of cells that seek to decrease the cell population’s
adhesive-free energy, whereas the overall cell–cell bonding events increase. This
thermodynamic hypothesis has been formulated based on experiments comparing

Figure 1.13. Differential adhesion hypothesis (DAH) for the segregation of two cell populations that have
been mixed together.
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the behavior of cell populations during the cell sorting process and mutual tissue
spreading, with expectations based upon each of the hypotheses, but it cannot
explain these processes (Steinberg 1962a, 1962b, 1962c, 1963, 1964, 1970). However,
a main question here is whether thermodynamics can be applied to living cells. Up to
now, only the DAH makes correct predictions. Analysis of embryonic tissues
capable of morphogenetic behavior revealed that these tissues could be characterized
macroscopically as elasticoviscous liquids whose elemental components are motile,
mutually adhesive cells. In tissues, cells first quickly stretch, but then cells gradually
slide by one another. Ultrastructural and mechanical studies of rearranging cell
aggregates were able to confirm these findings (Gordon et al 1972, Phillips et al 1977,
Phillips and Steinberg 1978, Steinberg and Poole 1982, Forgacs et al 1998).

Extension of DAH by surface tension
Multiple cell–cell adhesion molecules have been identified such as N-CAM and
L-CAM (Edelman et al 1963) as well as various cadherins (Takeichi 1988), which
reduce the importance of the amount of one single cell–cell adhesion molecule for
providing cell–cell adhesion strength differences. In addition to the amount of
distinct cell–cell adhesion molecules, they may differ in the cell–cell adhesion
strength, which is another variable for the DAH. The explanation for the resistance
to flattening was that distinct cadherins facilitate the binding of cells of the same type
and the amount of the contractile strength causes the interior or more outside
locations of the cells within the aggregate, indicating that contractile strength has
been measured. These finding have been reproduced by computer simulations
(Brodland 2002) and are termed the differential interfacial tension hypothesis
(DITH) (figure 1.14).

Figure 1.14. Extension of DAH by surface tension, termed the differential interfacial tension hypothesis
(DITH). Single-cell tension (left) and weakly (middle) and strongly adherent cell pairs (right) at force
equilibrium.
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The relative surface tensions of two immiscible liquids determine which liquid will
envelop the other. The DAH concludes that the mutual spreading ability of tissues
(Phillips and Davis 1978, Davis 1984, Foty et al 1994, 1996, Davis et al 1997) is
specified by their relative surface tensions (Steinberg 1970), which was proved by
newly developed tissue surface tensiometers. Thus, using these surface tensiometers
it has been shown that in every mutually adhesive tissue pair tested, the tissue with
lower surface tension always envelops that with higher surface tension. Moreover, it
has been reported that this behavior is independent of the identities of the adhesion
molecules used by the interacting cells (Foty et al 1994, 1996, Duguay et al 2003).
What has to be confirmed by experiment is the postulation that the tissue surface
tensions underlying mutual tissue segregation, spreading and cell sorting are
obtained solely from the intensities of the cell–cell adhesions building up these
tissues. Indeed, it has been suggested that cells sort out because of a different
cadherin expression level, for example N-cadherin (Foty and Steinberg 2005).

Using nonadhesive mouse cell lines (L-cells) for insertion of multiple copies of the
P-cadherin cDNA, it has been shown that the mixing of two cell clones with different
copy numbers of the P-cadherin cDNA sorted out the cell clone with the most copies
to the interior of the aggregate (Steinberg and Takeichi 1994). However, the
contractility strength has unfortunately not been considered and, thus, the presented
confirmation of the DAH is still not undisputable. From the biological point of
view, the differences in the cDNA copies in the transfected cells do not need to
correlate with the cell-surface expression of P-cadherin on the cell’s surface.

There is still a fundamental question to be answered: where is the directional
information that initiates and coordinates the orientation of cell-layer movements in
embryonic development stored? In zebrafish embryos, the pulling forces of cell–cell
adhesions have been determined using atomic force microscopy (AFM) and
compared to the forces required for the cell aggregate flattening (Puech et al 2005,
Krieg et al 2008). Thus, the self-sorting ability of early embryonic cells is not
facilitated exclusively by pure differential adhesion, it rather employs other
processes, which have been shown by direct force measurements. Moreover, these
force measurements lead to the suggestion that cellular cortical tension plays a role
in cell sorting during restructuring processes, however, the epithelial cell wrapping
dominates the cell sorting of enveloped mesenchymal cells (Green 2008). As the
DAH is still under debate, another theory, the differential surface contraction (DSC)
model has been proposed, in which the cortical tension (force generated inside the
cells parallel to the cell’s membrane surface) and not the cell–cell adhesion drives the
process of cell sorting (figure 1.15) (Harris 1976).

Both the DAH and the DSC theories agree that cell sorting is based on the same
forces facilitating developmental processes such as gastrulation, neurulation and
other physiological rearrangements during embryonic movement. In particular,
both theories support the idea that the majority of cancer cells differ from normal
equivalents in the same properties that drive the sorting out of the cells to interior or
exterior locations in a cell aggregate such as a primary tumor (Danowski and Harris
1988, Foty and Steinberg 2004).
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Cells are not passive material, which is pulled around by rearrangements such as
the spatial enlargement of cell–cell adhesions that ignores the cell–cell adhesions’
strength. It is a misconception that only conservative and reversible forces, which do
not continuously expand energy, can enable cells to gravitate to consistent end
results through exhibiting multiple series of intermediate geometries. Cells of the
body can manage to crawl actively, which seems similar to amoebae movement. The
cells pull themselves towards novel adhesions and leave older adhesions of the rear
behind. The cells are not passively transported or pulled around by forces, such as an
attraction to substrates such as glass, plastic or extracellular matrix proteins, as was
predicted a long time ago (Weiss 1961, Carter 1967, 1970). The supporters of
‘differential adhesion’ do not take into account that the calculations of the
‘reversible work of adhesion’ are not valid when the cells are actively migrating
and are not passively pulled around by enhanced cell–cell adhesions.

The DAH theory was revisited by Foty and Steinberg (2005) and some points
proved to be still right. First, cell sorting is driven by combinations of physical
properties of distinct cells. Second, the same properties of cells drive the gastrulation,
neurulation and rearrangements of organs within the body. Third, one quantita-
tively variable causes during a sorting out process the final location of cell types
inside or outside of a coculture aggregate and exerts a force towards the cells that
then exhibit a rounded shape and resistance to flattening. However, the actomyosin

Figure 1.15. Cell surface tension depends on the cell cortex, cadherin adhesion and subsequently actomyosin
contraction. The actin cytoskeleton underneath the cell membrane can adopt two major configurations: first, a
dynamically polymerizing network typical of expanding protrusions or, second, a rigid system containing
bundles of contractile actomyosin fibers. The protrusive activity favors the formation of cadherin contacts.
Cadherin–catenin complexes become associated with diverse actin regulatory proteins such as Arp2/3 that
induces actin dynamics and protrusive activity (dynamic feedback loop) (left). However, strong cortical
contractility is antagonistic to cell adhesion which impairs focal adhesion formation and destabilizes or
disrupts existing focal adhesions (right). Actomyosin structures are associated with maturing adhesions that
anchor cadherin clusters and then reinforce adhesion (middle).
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contractility plays a role in this sorting out process, whereas there is no regulatory
role for the cell–cell adhesiveness. Anatomical shapes and arrangements are able to
evoke the counterbalance of forces. However, there exists a misunderstanding of
thermodynamics here, as cellular forces can be regarded as ‘reversible works of
adhesion’. It seems to be true that counterbalance is involved. However, active forces
can also be counterbalanced either against each other or against so-called conserva-
tive and reversible forces such as elastic stretching evoked forces. Do these counter-
balanced forces really exist? If yes, how can they measured and are they reversible?
The mechanical stability of organs has been investigated and a model, based on
tensegrity structures, has been presented and refined (Ingber 1997, Levin 2002,
Beloussov 2012). In order to achieve geometric stability, it is adequate to have pairs of
opposed forces (of equal strength) that are counterbalanced, only when a distinct
shape exists. All imbalances require to be set back towards a stably balanced shape.
This phenomenon is called ‘shape homeostasis’ (Andersen et al 2009). As active
feedback controls are usually over-correct, which may be partly a hyper-restoration
phenomenon, it evokes necessary embryonic cell rearrangements (Beloussov 2012).

Extension of DAH by surface tension to embryogenesis-dependent cell sorting
As the DAH has limitations for describing cellular behavior such as cell sorting, the
DAH is extended by surface tension (Amack and Manning 2012). Embryogenesis
needs a proper cell sorting process and compartmentalization of various, distinct cell
types. However, the DAH seems not be suited for all cancer cell lines such as the
human MDA-MB-231 breast cancer cells sorting out in a coculture spheroid with
the human MCF-10A mammary epithelial cell line (Pawlizak et al 2015). An
explanation for the observed non-DAH sorting out behavior of MDA-MB-231 cells
is yet to be provided. Physics-based theories have explained in vitro studies of cell
sorting and tissue surface tension. However, this approach has been extended, as
adhesive molecules may even act as signaling molecules facilitating the local reorgan-
ization of the actomyosin cytoskeleton.Moreover, cells at the boundary of a cell cluster
beginning as identical cells undergomechanical polarization. The extensionof physical
models by mechanical polarization enables us to explain why in vitro cell sorting
experiments differ from in vivo situations and may help to solve differences in the
magnitudes of tissue surface tensions. However, new studies are needed to solve the
issue of how mechanical polarization and tissue boundaries are related.

How are cells guided in their motion inside a developing embryo? How do cells
know how to behave when they reach their targeted position? A programmed
chemical signal (a so-called morphogen) can guide cells, whereas under other
conditions cells self-organize. The cell sorting and tissue layering behaviors are
similarly stable. When two different types of dissociated embryonic tissues are
homogeneously mixed, they start spontaneously to sort out into layers. What
regulates the cell sorting process in tissues?

Application of the differential adhesion hypothesis to cells
Partially, this behavior can be answered by the DAH, which proposes that each type
of embryonic tissue possesses its own individual and unique tissue surface tension
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(TST) guiding the sorting out of tissues similar to the fluid surface tension regulating
how immiscible liquids demix and hence differences in TST are based on different
cell–cell adhesion (figure 1.15) (Steinberg 1963). As intercellular interactions cannot
really be investigated inside a living embryo, DAH has been investigated primarily
using in vitro approaches. In order to investigate the intercellular forces within
cellular aggregates in vitro, a surface tension-like quantity, termed effective surface
tension, can be determined, which provides a precise explanation for the sorting
behavior of the cells even in tissues and colonies, where cells alter their mechanical
phenotype actively at locally distinct positions. There remain important questions
that have not yet been clearly addressed. What is the impact of single-cell properties
such as cell adhesion and membrane-associated cortical tension on the entire TST?
What relation exists between in vitro analyses and in vivo tissue layering and
compartmentalization during embryonic development? An approach to answer the
first question seems to be, at first glance, simple. Cells within a tissue can be treated
similarly to molecules within a fluid. In a fluid, the surface tension is first correlated
with the depth of the interaction potential between the molecules, which is termed
‘adhesion energy’, and second with the interaction area between the molecules.
Hence, for the cellular scenario, the TST is approximately equal to the cell adhesion
energy per interaction area. The adhesion energy can also be seen as the cell’s
mechanical energy that depends on cortical tension, adhesion expression and
elasticity and contributes to the mechanical polarization at the boundaries. The
mechanical energy of cells can exactly explain the cell shapes of clusters or spheroids
in in vitro cell culture assays and even in epithelial layers in vivo, where fluctuations
and cell divisions occur (Staple et al 2010, Maître et al 2012). Hence, it can be
hypothesized that TST is the mechanical energy that needs to be spent by moving
cells to the boundary in order to increase tissue surface area. Moreover, it has been
reported that when cells at the boundary are mechanically polarized, the overall
mechanical effect on the entire tissue is of the same amount as if they had
additionally cell–cell adherence junctions compared to cells of the interior
(Manning et al 2010).

As cell–cell adhesion in tissues is pronouncedly facilitated by cadherin cell-surface
receptors, it has been suggested that the TST is equal to the energy required to
rupture a single cadherin bond multiplied by the total number of cadherin bonds per
unit interaction area. Indeed, the TST has been found to be proportional to the
surface cadherin amounts (Foty and Steinberg 2005). In contrast, the measured
magnitude of TST in cell aggregates is approximately 1 × 10−3 N m−1 and hence is
four orders of magnitude lower than the predicted adhesion energy per unit area of
approximately 1 × 10−7 N m−1, as the rupture energy of a single cadherin bond is
approximately 10 kT (or 10−19 J) and ten cadherins are located within a square
micron of a typical cell membrane (Evans and Yeung 1989, Youssef et al 2011,
Maître et al 2012). Why is there such a large difference? Based on in vitro
measurements, it is hypothesized that the cell sorting process correlates more
strongly with the magnitude of the cortical tension of a single cell, which is
generated by active actomyosin contractility rather than purely cell adhesion
(Harris 1976, Brodland 2002, Krieg et al 2008, Youssef et al 2011). Hence the
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membrane cannot be treated separately from the underlying cytoskeleton, such as
the actomyosin cytoskeleton. When including these points, the TST is proportional
to a so-called ‘effective adhesion’.Moreover, the TST seems to be driven by boundary
mechanical polarization rather than by the mechanical energy of adhesive bonds.
In addition, when the mechanical polarization is indeed regulated by cadherin
signal transduction, it may explain why TST depends on the amount of surface
cadherins and correlates with the actomyosin-dependent cortical tension of cells.

What is the mechanical polarization of boundary cells?
The discrepancies may rely on the crude assumption that all cells in an undiffer-
entiated tissue are nearly identical and hence a single cell reflects the properties of the
entire tissue. These discrepancies can be resolved by assuming that cells at the tissue
boundary are different compared to cells of the interior tissue regions, which is based
on the hypothesis that boundary cells actively alter their mechanical properties and
hence become mechanically polarized (Trepat et al 2009, Liu et al 2010). Using a
traction force imbalance method (TFIM), the precise amount of forces that a cell
transmits through cell–cell adherence junctions within cell clusters or monolayers of
adherent cells on 2D substrates without confinements, can be analyzed
(Maruthamuthu et al 2011). Dissimilar to laser ablation (Hutson et al 2003) or
micropipette aspiration (Maître et al 2012) approaches, TFIM does not allow any
assumptions about cellular mechanical properties. Instead, TFIM quantifies the
mechanical polarization in individual cell pairs or triplets (Maruthamuthu et al
2011). As hypothesized, the cells are able to arrange their adhesive and cytoskeletal
structural and functional network in a manner that the tension forces and actin
network density are increased underneath external interfaces of doublets or triplets
of cells compared to cells embedded within internal interfaces.

In larger coherent populations of initially fully identical cells on flat 2D surfaces,
they can be described by a so-called effective surface tension (Mertz et al 2012).
Similarly, the traction forces are primarily localized in close proximity to the
boundary of the entire cell population and hence boundary cells are mechanically
polarized. In line with this, cells on the surface of 3D zebrafish embryonic explants
exhibit increased apical-basal actin polarization despite the expression of epithelial
markers at later time points and their ability to become subsequently differentiated
(Krens et al 2011). Thus, various cell types in different microenvironments can sense
their localization at a boundary and respond to this cue by inducing mechanical
polarization. What are the driving factors of the mechanical polarization of
boundary cells? Cadherins are supposed to act as signaling molecules that regulate
nearby actomyosin dynamics and facilitate cell polarization. Moreover, cadherin-
driven cell–cell adhesion induces the Rho family guanosine triphosphatases to impair
the actomyosin contractility nearby the cell–cell contact interface, whereas at the
boundary no actomyosin contractility decrease occurs (Yamada and Nelson 2007).
In larger cell aggregates, the cortical tension is supposed to be impaired at the
interface of all cell–cell contacts of cells located inside a confluent tissue monolayer.
In contrast boundary cells display impaired cortical tension only along internal cell–
cell interfaces that drives their mechanical polarization (Mertz et al 2012). In addition
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to the small amount of mechanical energy in single and small cadherin bonds,
cadherin signaling seems to be a major factor in driving boundary polarization.

Does mechanical polarization exist in in vivo systems?
Is the tissue layering in an embryo also driven by the mechanical polarization of the
boundary cells? Indeed, boundary polarization seems to present in vivo, as it has
been shown in Drosophila embryos that the actomyosin cytoskeletal network is
crucial in the maintenance of the compartment boundaries (Monier et al 2011). In
particular, clonal cells exhibiting an increased adhesion form an actomyosin cable at
the clone interface (Laplante and Nilson 2006). Can the mechanisms of the
mechanical polarization between cells be modeled in in vitro cell culture systems
that are essential in the formation of tissue boundaries in embryos? Indeed, tissue
intercalation and compartmentalization in vivo only partly correlate with in vitro cell
sorting or TST measurements (Ninomiya et al 2012). In more detail, in vitro sorting
seems to be driven by short time-scale interactions between external parts of the
adhesion molecules, whereas in vivo the intercalation is facilitated by long time-scale
spatial cadherin reorganization and cortical tensions. Indeed, some in vivo studies in
the Xenopus embryo are based on dense, intercalating tissues, in which the cell–cell
adherence junctions are mature and stable over a long time-scale. In in vivo processes
within zebrafish, cells are not so densely packed and hence can exchange their
neighbors quickly similar to germ-layer progenitor cells during the shield stage
(Schoetz et al 2008, Arboleda-Estudillo et al 2010) and hence these short time-scale
interactions seem to be crucial for in vitro cell sorting processes.

Indeed, the boundary mechanical polarization may explain the in vivo results and
unite results obtained in in vivo and in vitro systems. When the surface tension is
regulated by the long time-scale boundary polarization, the cadherin density on the
cell surface may not affect the surface tension in the absence of internal cytoplasmic
domains interacting with the actin cytoskeleton. It can be hypothesized that in vivo
at cell–cell interfaces, the individual cells are not mechanically polarized, although
individual tissue boundaries can polarize in in vitro cell culture fluids. Hence, this
behavior may provide an explanation for the discrepancy between differential TST
and cell intercalation. Cells in vivo are within structural networks composed of an
extracellular matrix and interact with them, which possibly affects the boundary
polarization and subsequently the cell sorting.

In order to refine the model and hypothesis, new techniques and experiments need
to be thought out to analyze the cytoskeletal organization of cells within tissue
boundaries, quantify interfacial tensions and forces in vivo and reveal signaling
pathways involved in mechanical polarization.

The phenomenon of mechanical polarization needs to be demonstrated in 3D
tissues that are formed by identical and undifferentiated cells similar to the 2D
experiments. In more detail, the actin and myosin reorganization at the boundary of
a cell aggregate needs to be investigated using fluorescent labeling. Similarly, the
mechanical polarization at the boundaries between two tissue types in vivo and in
vitro should be analyzed. Are the actin and myosin concentrations higher underneath
the cell surface at the interface of two adjacent tissue types? If yes, is the interaction
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between two cells less pronounced at a two-tissue interface displaying mechanical
polarization? What are the differences between the actomyosin reorganization at
two-tissue interfaces compared to the tissue–cell culture fluid interfaces?

In order to answer these questions, experimental approaches are required to exactly
quantify interfacial tensions within two different tissues. The laser ablation method
can be utilized to analyze tensions in 2D epithelial layers, whereas the tissue interfaces
are distinct in 3D tissues, which still cannot be analyzed. TFIM is an alternative
approach for the quantification of interfacial tensions between two tissue types and
helps to identify whether these tensions are based on actomyosin or cadherin
dynamics. Other approaches for interfacial tension analysis involve molecular force
sensors (Grashoff et al 2010) or membrane fluctuation analyses (Betz et al 2009,
Tambe et al 2009).

Can extracellular signals trigger the mechanical polarization of boundary cells?
Several signaling pathways have been shown to be involved in tissue boundary
formation in vivo (Rodriguez and Basler 1997, Xu et al 1999, Rohani et al 2011). The
Hedgehog signaling pathway has been shown to facilitate the myosin activity and
trigger expression of cadherins at tissue boundaries in Drosophila. Can the alter-
ations of Hedgehog signaling pathway remodel the actomyosin accumulation during
the formation of the boundary? What are the downstream effects of the mechanical
polarization? The polarized cytoskeletal activity requires alterations in cellular
morphology and enables cells to undergo differentiation, when located at tissue
boundaries.

The limits of physical theories for collective phenomena and the formation of
patterns are that even the localization and transport of adhesion molecules affects
these processes in vivo (Ninomiya et al 2012). Hence a physical model needs to be
created that includes the mobility effect of adhesive molecules on cellular shapes
and/or forces and the inverse. In particular, these models must also address a
broader range of mechanical effects at boundaries including the differences in cell
protrusivity and even the presence of oriented cell divisions. However, an inter-
polation between short time-scale mechanical interactions, which are present in
tissues with highly mobile cells, and long time-scale interactions, which play a role in
dense tissues with mature contacts. Thus, collective mechanical interactions seem to
be a mechanism for strong cellular movements and actomyosin reorganization at
cell boundaries are hypothesized to contribute to these mechanical interactions.
However, the upstream signaling pathways of the actomyosin reorganization may
reveal more insight into the tight regulation during embryonic development or the
malignant progression of cancer.

Cell jamming
Cell jamming has been observed during studies of inert soft condensed matter. In
particular, spontaneous intermittent fluctuations, dynamic heterogeneity, coopera-
tivity, force chains and kinetic arrest are the hallmarks of the glass transition
supposed to be associated with jamming (figure 1.16) (Liu et al 1995, Liu and Nagel
1998, 2010, Bi et al 2011, Garrahan 2011, Trappe et al 2001, Vitelli and van Hecke
2011). Although jamming remains debatable and not very well understood, the
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concept has become a focus of much research as it tries to unite understanding of a
broad range of soft matter forms, such as foams, pastes, colloids, slurries and
suspensions, which can flow in some situations but jam in others.

The same hallmarks can be found in the dynamics of cell monolayers. These
dynamics conform quantitatively to the Avramov–Milchev equation, which
describes the rate of structural rearrangements (Angelini et al 2011) and shows the
growing length- and time-scales that are quantified using the more rigorous four-
point susceptibility (Berthier et al 2005, Tambe et al 2011). As inert and living
condensed systems’ dynamics are constrained by many of the same physical factors,
the assertion of cell jamming may be suitable. In more detail, looking at the basic
unit such as a living cell, a foam bubble or a colloidal particle, they all include
volume exclusion (two particles cannot occupy the same space at the same time),
volume (size) (Zhou et al 2009), deformability (Mattsson et al 2009), mutual
crowding, mutual caging (Segre et al 2001, Schall et al 2007), mutual adhesion or
repulsion (Trappe et al 2001) and evoked mechanical deformation, such as stretch or
shear (Wyss et al 2007, Trepat et al 2007, Krishnan et al 2009, Oliver et al 2010). In a
cell monolayer, the cells move more freely as their size, crowding, stiffness or mutual
adhesion decreases, or as their motile forces or imposed stretch become greater.
However, as adhesion or crowding increases, or as motile forces decrease, cellular
rearrangements might slow, cooperativity will increase, and the monolayer will be
topologically frozen and all cells will be caged by their neighboring cells (figure 1.16)
(Ladoux 2009, Angelini et al 2010, Wilk et al 2014, Tambe et al 2011, Angelini et al
2011). It seems that the jamming hypothesis can unify the effects of diverse
biological factors that have been considered to be separate and independent of
each other.

There are still major open questions in cell biology: when and why is a cell inside a
confluent epithelial layer quiescent and fixed in place, and when and why does it

p0 > 3.81 fluid like p0 < 3.81 solid likep0 = p0
* 3.81 critical point

jamming transition

p0 = cell cortical tension

Figure 1.16. Cell jamming transition. The contractile energy associated with the cell–cell boundary acts to
decrease the cell–cell contact perimeter, whereas the adhesive energy associated with the cell–cell boundary
acts to increase the cell–cell contact perimeter. The sum of these opposite effects is the net line tension that
spans along cell–cell junctions.
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instead adopt the ability to become motile and migrate over large distances in a
cooperative and collective manner, such as multicellular packs, swirls, streaks and
clusters? The collective cell migration of the epithelial layers is critical for
physiological processes such as development and wound healing or pathological
processes such as chronic inflammation and cancer cell migration and invasion.
How the collective migration of cell clusters is driven is still not well understood.
Collective scenarios are important in physiological processes such as wound repair
after tissue injury, embryonic development such as gastrulation, epiboly as well as
morphogenesis and in pathological processes such as cancer cell invasion through
the healthy tissue environment (Fischer et al 2015, Munjal et al 2015, Zheng et al
2015, Pattabiraman et al 2016). However, an overall physical description for
understanding collective cellular events is not yet available.

Most conceptual frameworks are focusing on the individual and separated role of
each underlying factor or a few of them and hence may not be able to describe the
behavior of a cellular collective that covers strong and complex physical and
molecular interactions. To close this gap, the concept of cell jamming needs to be
addressed, which predicts that solely a small set of factors regulate a cellular
collective that jams and hence becomes rigid, similar to a solid, or unjams and hence
flows similar to a fluid. The two gateways to cellular migration, the unjamming
transition (UJT) and the EMT share at first glance superficial similarities, but at a
closer look the similarities seem to vanish (figure 1.17).
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Figure 1.17. Comparison of unjamming to jamming transition and epithelial to mesenchymal transition.
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Is cell jamming still speculative in cancer cell invasion? Epithelial cells form the
lining of the inner and outer surfaces of all organs and body cavities and hence build
a strong barrier towards the exterior environment to protect, separate, sense,
transport, secrete and absorb for the entire organ. Under quiescent conditions,
each epithelial cell fulfills physiological functions at a fixed spatial localization and
hence is tightly connected to the underlying basement membrane and tightly bound
to its nearest neighbors. Even under disturbance by an immediate neighbor cell, a
cell still will not move far. However, the same cell manages to mobilize and migrate
over large distances, similar to developmental processes. An epithelial cell within a
confluent layer can migrate, but not as an individual cell, it rather is part of a
coordinated and cooperative cellular collective (Holmes 1914, Arboleda-Estudillo
et al 2010, Das et al 2015, Haeger et al 2015). Within these collective migration
processes, the underlying physical and molecular factors may largely vary. As the
interactions among these factors are strong and highly complex, the collective
cellular migration is not yet clearly understood. Does a physical integrative frame-
work exist to cover all these factors? The epithelial layer performs collective cellular
behavior, which seems to be similar to the transition between the fluid-like and solid-
like phases of matter (Szabó et al 2006, Farhadifar et al 2007, Angelini et al 2011,
Vicsek and Zafeiris 2012, Kim and Hilgenfeldt 2015). A focus lies on the jamming to
unjamming transition. Indeed, the epithelial cellular collective has the capability for
switch-like alterations, as in certain circumstances they are solid-like and virtually
frozen and in others they are fluid-like and highly mobile (Fredberg 2014, Kim and
Hilgenfeldt 2015). By only modest alterations in its physical properties, the collective
achieves a large range of adaptability and physiological scope.

The two collective phases: the fluid-like versus solid-like phase
How can an epithelial layer become solid-like and be in a jammed phase? Without
any gaps or voids within the cell layer, each cell is surrounded by neighboring cells
and hence physically caged by those neighbors. However, the strength of such a cage
has a finite limit and represents an effective energy barrier. This energy barrier needs
to be overcome when a cell escapes its cage and, thereby, successfully undergoes a
cellular rearrangement with its neighboring cells. When the barrier is so strong that
it is rarely overcome, the cell is effectively fixed in its position and hence trapped in
its cage. Hence, this behavior leads to a so-called glassy solid, which has been
identified to correspond to stable tissues consisting of homeostatic epithelial cell
packing (Sadati et al 2013). When the energy barrier is overcome by increased
cellular propulsive forces or the energy barrier is reduced or even abolished, the cell
escapes its cage more easily. In various cellular collectives, the characteristic time
and length scales for these cellular rearrangements have been determined (Angelini
et al 2011, Nnetu et al 2013, Garcia et al 2015, Park et al 2015b). These events can
promote cellular rearrangements among neighbors and the entire collective in order
to unjam and flow (Bi et al 2015, Park et al 2015b, Bi et al 2016). The unjamming of
a confluent cell layer may be helpful to migrate into unfilled space to heal a wound,
during embryonic development, morphogenesis or the invasion of malignant cancer
cells into a healthy tissue (Serra-Picamal et al 2012, Haeger et al 2014, Bazellières
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et al 2015, Das et al 2014, 2015, Fischer et al 2015, Zheng et al 2015). However, cell
jamming and unjamming events are connected to cellular shapes and their alterations.

Cell shape alterations towards adoption of a honeycomb phenotype
There exists a similarity between the structure of an epithelial cellular collective and
a soap foam (Thompson 1917), which leads to the simplest view of the epithelial cell
shape in a cellular collective, the ‘honeycomb conjecture’ (figure 1.17). Hence it has
been suggested that any partition of the plane into cells with equal area must possess
a net cellular perimeter, which may be achieved by exhibiting a regular, hexagonal
honeycomb tiling (Hales 2001). Compared to the hexagonal honeycomb structure,
all other configurations tiling the plane into cells of equal areas, such as triangles,
squares, parallelograms, necessarily possess a greater net perimeter. In addition, if the
cell perimeter is based on lowest energy levels, the honeycomb configuration represents
the optimal packing at minimal energy cost. For this configuration, the tiling of the
cell plane is regular and hence ordered, the ratio of cell perimeter to the square root of
cell area results in a nondimensional index of cell shape close to 3.72 (figure 1.17).

How are cell shape and cell proliferation related?
Indeed, epithelial sheets try to adapt such a regular honeycomb configuration as the
mature Drosophila imaginal disc. Ongoing cellular divisions and apoptosis in a cell
layer provide a strong disordering influence on the shape and packing of the cells.
These events systematically alter through cellular arrangements the honeycomb
packing to a polydisperse packing with irregular polygons spanning four-sided to
nine-sided cells, but still keep preferentially a hexagonal shape (Gibson et al 2006,
Farhadifar et al 2007). Cell division orientates along the long axis of the interphase
cell (Hertwig 1893), which facilitates both stress relaxation and isotropic growth
without the transduction of local mechanical signals (Wyatt et al 2015). Tricellular
junctions in the Drosophila epithelium represent a polarity cue for geometry and
mechanical stress that is provided by the dynein-associated protein Mud (Bosveld
et al 2016). Not all epithelial events need to be restricted to one single plane such as
in the presumptive enveloping layer on the zebrafish embryonic surface, in which cell
divisions that are oriented in-plane versus out-of-plane evoke alterations of the
epithelial cell shape and are log-normal distributed (Xiong et al 2014). In the airway
epithelium, overcrowding based on proliferation and migration facilitates Piezo1-
dependent extrusion and spreading of living cells out of the initial cell plane
(Eisenhoffer et al 2012). Hence the regular honeycomb structure of tissues seems
to be rather unusual, when the cells proliferate and undergo apoptosis, as tissues
then usually display a polydispersity of cellular shapes and their location is not
confined within one single plane.

How are cell shape, cell–cell adhesion and cell sorting connected?
In order to explain collective cell migration and cell transitions between fluid-like
and solid-like phases, the cell within the cellular layer can be modeled in several
ways, such as a self-propelled particle, as a member of a swarm and even as a distinct
locus on a fixed grid interacting energetically with other nearby loci (termed the
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cellular Potts model) (figure 1.18) (Graner and Glazier 1992, Glazier and Graner
1993, Henkes et al 2011, Vicsek and Zafeiris 2012, Basan et al 2013, Garcia et al
2015). Regarding the rearrangements of cells within a tissue, each model revealed
some major insights, however, none of these models can predict the physical
determinants of the cell shape and its relationship to the cell jamming phenomenon.
Morphogenetic movements such as invagination, evagination and layer spreading
seem to be based on alterations in cell–cell adhesions (Townes and Holtfreter 1955).
The DAH has been used to explain the cell sorting process during tissue morpho-
genesis (Steinberg 1970, 2007). In order to explain the associated alterations of the
cell shape and cellular rearrangements of cell neighbors within a tissue without the
formation of gaps, epithelial layer dynamics can be mathematically modeled using a
continuous and complete tiling of the cell-layer plane (Sulsky et al 1984). In this
model, each polygonal cell is based on mutual cell–cell adhesion energies that are
presented as a mutual surface tension. The equilibrium relies on a force balance at
each vertex, at which point the cell–cell adherence junctions are formed. These
theoretical approaches are termed vertex models (figure 1.19) (Alt et al 2017).

A unified physical description of epithelial mechanics is provided by a theory
combining physical forces within a cell layer with cellular motions, which in turn exert
these forces (Sulsky et al 1984). A unifying description has been suggested to be helpful,
but has yet only been provided theoretically (Tambe et al 2011). Cellular stresseswithin
a continuous cell layer and their distributions have been determined, such as the
distribution of traction stresses exerted by each single cell on its substrate and of both
normal and tangential stresses exerted by each cell toward its neighbors across their
cell–cell adherence junctions (Trepat et al 2009, Tambe et al 2011, Trepat andFredberg
2011, Kim et al 2013, Bazellières et al 2015). However, only limited systematic
connections between cellular stresses and cellular motions have been identified.

Far beyond any boundary, each cell within a collective seems to migrate along a
trajectory, in which the shear stresses exerted to neighboring cells across mutual

Figure 1.18. Cell-surface interaction and cellular Potts model. Each of the three cells fill several lattice sites and
interact with one another or the medium. The strength J of the interaction depends on the two cell types T1
and T2 and on the cell medium (the microenvironment).
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cell–cell junctions are minimized (termed plithotaxis), whereas cells in close proximity
to a cell-free void, exert a traction stress on their substrate that is aligned toward the
void (termed kenotaxis) (Tambe et al 2011, Trepat andFredberg 2011,Kim et al 2013).

How are cell shape, cell jamming and the vertex model related?
In the vertex model, each cell in the plane possesses a preferred value of its cell–cell
contact perimeter (termed the perimeter set point, P0) and departures from this set
point require a so-called spring-like energy penalty (Brodland 2002, Farhadifar et al
2007). It may be useful to separate the perimenter into two competing contributions
(Brodland 2002, Farhadifar et al 2007,Maître et al 2012, Fletcher et al 2014). First, the
contractile forces are associated with the cell–cell adherence junctions acting to
decrease the perimeter of the cell–cell adherence junction. Second, the adhesion
between cells at their cell–cell adherence junctions acts to enhance the perimeter.
Indeed, the two effects are opposite and competitive. The net effects on the cell
perimeter, such as the junctional contraction and inversely the junctional adhesion,
can be presented as an aggregate line tension with either positive or negative values.
When contraction is dominant, the net line tension exhibits positive levels, whereas
when adhesion is dominant, the net line tension exhibits negative levels (Brodland
2002, Farhadifar et al 2007). Each cell seems to have a preferred value of its projected
area, termed the area set point A0 and changes from its set point can necessitate a so-
called spring-like energy payment. This payment was originally attributed to elastic
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Figure 1.19. 2D and 3D vertex models for tissue mechanical properties. (A) Schematic drawing of an epithelial
tissue. Cytoskeletal components generate forces inside cells and to the basement membrane. In apical vertex
models in 2D (B) and in 3D (C) the epithelial cells are represented by the shape of their apical surfaces
(polygons). (D) In 2D lateral vertex models, the cells are represented by their lateral cross-sections. (E) In 3D
vertex models the tissue is represented by its apical and basal geometry. (F) Four parameters such as external
forces, edge length, surface area and volume pressure regulate the vertex displacement. The tissue is in
mechanical equilibrium when the forces acting on all vertices is zero.
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deformations of the cellular body (so-called height elasticity), whereas it in fact
includes alterations in active cellular tension that persists without viscoelastic
relaxation over long time-scales (Vincent et al 2015) and also increases with increasing
cell density (Zimmermann et al 2016). So far it has not been seen that adhesion of the
cell basal site to the cell substrate need to be addressed additionally. For each cell in a
continuous layer, all these factors yield a total energy that is given by:

= − + −E K A A K P P( ) ( ) . (1.1)A P0
2

0
2

The pre-factors KA and KP present spring-like coefficients for either alterations in
area (cell projected area) or perimeter. The theoretical analysis of these systems
revealed that fluid–solid transitions together with characteristic alterations of the
cellular shape can be observed (Farhadifar et al 2007, Kim and Hilgenfeldt 2015).
Moreover, a formal analysis has been performed and hence established the existence
of critical behavior that is correlated with a jamming transition between a fluid-like
and a solid-like phase (Bi et al 2015, 2016, Park et al 2015b). In particular, three
parameters facilitating the fluid to solid transition have been revealed and combined
in a unified jamming phase diagram (figure 1.20). The first parameter is p0 = P0/
√A0, which is important for the following three reasons. First, p0 is a dimensionless
factor and can be regarded as a simple index for the preferred cell shape. Second, p0
is additionally a material property of the cell, as it depends on the ratio between cell–
cell adhesive stress and cellular cortical tension (Farhadifar et al 2007, Bi et al 2015).
Third, there exists a discrete or critical value of p0, termed p0* = 3.81, at which a
transition between the fluid-like phase and the solid-like phase of the cellular
collective can be observed (Bi et al 2015, 2016, Park et al 2015b):

p0 < 3.81 fluid-like
p0 = p0* = 3.81 critical point and jamming transition
p0 > 3.81 solid-like

Jammed

Unjammed

Shear stress (load)

Temperature

1/ Density

Glass transition

Out of equilibrium

In equilibrium

Figure 1.20. Jamming phase diagram.
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In a cell, p0 can be altered due to changes in cell–cell adhesion or cortical tension
or a combination of both and also various underlying factors. However, the theory
predicts a preserved transition, when p0 is approaching the numerical value p0* ≈
3.81. The preferred cell shape p0 may be comparable to or may differ from the
actually attained cell shape. The attained cell shape can be described by a shape
index q = P/√ A. It has been predicted by the jamming theory that when p0 < 3.81,
the cell layer becomes solid-like and jammed (Bi et al 2015). Then each cell is
trapped in a cell shape that is different from its preferred shape with q ≈ 3.81.
However, when p0 > 3.81, the cell layer becomes fluid-like and unjammed and hence
each cell is now free to adapt its preferred shape and subsequently q is equal to p0.
The solid-to-fluid transition is performed when cells ‘wet’ (or adherently contact)
each another more than they pull on each another and vice versa. The second
parameter within the jamming phase diagram addresses cellular propulsion. These
propulsive forces are exerted toward the substrate by the cell layer, fluctuate in space
and in time, and are highly cooperative (Trepat et al 2009, Angelini et al 2011,
Tambe et al 2011). In order to refine the theory the so-called self-propelled Voronoi
model (SPV model) has been revealed and used to predict a motility-facilitated
unjamming transition (Bi et al 2016). In particular, the Voronoi model predicts that
propulsive forces can become sufficiently large to overcome energy barriers and
subsequently unjam the layer (the SPV model is addressed in more detail below).
Moreover, the SPV model shows that when motility-facilitated unjamming occurs,
the shape factor q indeed exceeds the critical value close to 3.81. The third and last
parameter addresses the persistence of propulsive forces and how the persistence
increases the propulsive force-dependent effects. The propulsive forces are usually
directionally persistent and hence have a higher impact than those forces that are
random in their direction. In conclusion, this model describes that the jamming
transition is based on three natural parameters such as the preferred cellular shape
(p0), propulsion and persistence, and organizes them into a unifying jamming phase
diagram. Indeed, the heterogeneity within the cell layer is based on various effects
and is proposed to impact the transition in terms of sharpness and can also lead to
other considerations such as the development of a perspective for the airway
epithelium, which is not yet a mainstream view.

On the one hand, there is agreement that the cellular collective will evolve an
amorphous solid-like glassy phase (Angelini et al 2011, Garrahan 2011, Tambe et al
2011, Garcia et al 2015, Nnetu et al 2012, 2013, Pawlizak et al 2015), whereas on the
other hand, the mechanism(s) behind this tendency remain unclear. In addition to
the mechanism of cell jamming, the behavior of cells may be based on contact-
facilitated inhibition of cellular movement (Zimmermann et al 2016), enhanced cell
packing density (Henkes et al 2011) or even cell packing density independent, but
still dependent on elevated cell–cell frictional stresses that are based on the
maturation of adhesive bonds (Garcia et al 2015). Moreover, it has been proposed
that within the maturing cellular layer, the frictional stresses emerge at the levels of
cell–cell adhesion and cell–substrate adhesion, and they couple to velocities by
restricting the velocity correlation length. The theory is based on the formation and
breaking of adhesive bond linkages, however, it does not include nonfrictional
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stresses or the effect of the competition between adhesive forces and cortical tension.
Finally, a perspective into the mechanism underlying cellular jamming is provided
that is complementary to the jamming transition. There remain open questions:
What are the dominant mechanisms of collective cellular migration? What impact
does cell jamming behavior have on collective cellular migration?

Self-propelled particle (SPP) model of a persistent random walk
As the jamming process occurs also in inert and nonbiological matter, such as
particulate systems including granular materials, polymers, colloidal suspensions
and foams, when their packing density is increased over a distinct critical value and
glass transitions are observed when the fluid is cooled below a distinct transition
temperature. These phenomena are described by the jamming phase diagrams (Liu
et al 2010, Trappe et al 2001). Hence self-propelled particle (SPP) models have been
utilized to describe dense biological tissues (Belmonte et al 2008, Henkes et al 2011,
Sepulveda et al 2013, Garcia et al 2015, Soumya et al 2015, Szabo et al 2006). These
SPP models are similar to those for inert particulate matter, as cells are described as
disks or spheres interacting with an isotropic soft repulsive potential. However,
unlike Brownian particles in a thermal bath, these self-propelled particles perform
persistent random walks. SPP models typically undergo a glass transition from a
diffusive fluid state to an arrested sub-diffusive solid state, which is driven by firstly
the strength of self-propulsion (Henkes et al 2011, Ni et al 2013, Garcia et al 2015)
and secondly the packing density φ (Henkes et al 2011, Fily et al 2012, 2014, Ni et al
2013, Berthier 2014). Similar to thermal systems, a jamming transition is observed at
a critical packing density φG, but is altered by the persistence time of the random
walks (Henkes et al 2011, Ni et al 2013, Berthier 2014, Fily et al 2014). During
various biological processes, a tissue still remains at confluence (packing fraction
equal to unity), while it is able to reversely switch between a liquid-like and a solid-
like state. In wound healing processes, cells can collectively organize to build a so-
called moving sheet without altering their packing density (Kim et al 2013), and
similarly during vertebrate embryogenesis, mesendoderm tissues exhibit a more
fluid-like behavior than ectoderm tissues, while both tissues still display a packing
fraction equal to unity (Ben-Isaac et al 2015).

It has been reported that the well-studied vertex model for 2D confluent tissues
(Nagai and Honda 2001, Farhadifar et al 2007, Hufnagel et al 2007, Manning et al
2010, Staple et al 2010, Bi et al 2016,) undergoes a rigidity transition in the limit of
zero cell motility (Bi et al 2015). Interestingly, the rigidity of the tissue vanishes at a
critical balance between the cortical tension and the cell–cell adhesion. The rigidity
transition is driven sensitively by the cell shapes, which are well defined in the vertex
model. However, the vertex models are useful, but have their limitations in not
incorporating the cell motility.

Self-propelled Voronoi (SPV) model
The SPV model represents a hybrid between the vertex model and the SPP model
(figure 1.21) (Bi et al 2016) and is suitable to describe the cell jamming or unjamming
behavior of cells. Cellular motion within dense tissues regulates several biological
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processes such as embryonic development and malignant progression of cancer and
these tissues are supposed to exhibit collective glassy behavior. For quantitative
predictions about glass transitions in tissues, the self-propelled Voronoi (SPV) model
is applied, which simultaneously addresses polarized cell motility and multibody
cell–cell interactions within a confluent tissue excluding cell-free gaps. Moreover,
this model predicts a jamming transition from a solid-like to a fluid-like phase,
which is regulated by three parameters: the migration speed of single cells, the
persistence time of single-cell migration tracks and a target shape index defining the
competition between cell–cell adhesion and cortical tension (Doyle et al 2013).
Contrary to traditional particulate glasses, a structural order parameter can be
measured that identifies the entire jamming surface as a function of model
parameters. Indeed, a continuum soft glassy rheology model seems to predict the
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Propulsion (cell self propulsion forces)
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Figure 1.21. Self-propelled Voronoi (SPV) model. (A) The cell displacement map in the SPV model for a fluid
close to glass transition over a certain time corresponding to a distinct structural relaxation. (B) Jamming
phase diagram adapted to cells. The unjamming to jamming transition depends on three parameters such as
propulsion, persistence of propulsion and preferred cell shape.
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transition precisely in the limit of small persistence times, whereas it still fails in the
limit of large persistence times. All of which helps us to reveal the nature of the
collective solid-to-liquid transitions that are seen in embryonic development and
malignant progression of cancer assumed to driven by ‘tissue’ EMT.

Can a continuum model be applied for glass transitions in tissues?
The continuum hydrodynamic equations of motion have been revealed by coarse
graining SPP models in the dilute limit, however, no continuum model for dense
active matter near the glass transition exists. A simple trap (Monthus and Bouchaud
1996) or soft glassy rheology (SGR) (figure 1.22) (Sollich 1998) model seems to be a
suitable continuum approximation for the phase behavior in the large Dr Brownian
regime, whereas it fails in the small Dr limit. For large Dr, the particle behaves like a
Brownian particle with an effective temperature Teff = v0

2/2μDr (Fily and Marchetti
2012). Moreover, this mapping becomes exact when Dr → ∞ at fixed ‘effective
inertia’ (μDr)

−1 (Fily et al 2014). In particular, similar to granular systems (Abate
and Durian 2008, Cecconi et al 2003), the effective temperature in SPP is
predominantly based on kinetic effects. Hence, the temperature seems to scale
quadratically with the velocity:

∝T cv . (1.2)eff 0
2

Fromaphysical point of-view, this effective temperature provides the amount of energy
that individual cells canutilize to vibratewithin their cage (or synonymously trap).How
can the trap depths (or energy barriers) betweenmetastable states be determined? In the
Brownian regime with large Dr, there exists no cellular dynamical mechanism to
rearrange collectively and hence the rearrangements are proposed to be small and local.

The statistics of energy barriers have been analyzed for local rearrangements
using the vertex model at equilibrium conditions (Bi et al 2014). Using the 2D vertex

Energy level

Time

Soft glassy rheology

Figure 1.22. Soft glassy rheology (SGR) model. Schematic representation of the SGR model that describes the
glassy and weak power law behavior of soft disordered materials such as cells or foams.
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model, local rearrangements have been found to occur via so-called T1 transitions
(Weaire and Hutzler 1999). Using a trap model (Monthus and Bouchaud 1996) or
the SGR framework (Sollich 1998), these statistics have been employed to calculate
an analytic prediction for the glass transition temperature Tg as function of p0
without any fit parameters (Bi et al 2016). Does the SGR prediction for the glass
transition still functions for the SPV model with large Dr? Hence, data points of
glassy states from the SPV model are compared with the glass transition Tg line (Bi
et al 2014). Indeed, it has been demonstrated by one fitting parameter c (the
proportionality constant) that the SPV data for Dr = 10−3 are in agreement with the
SGR prediction, as Teff ∼ v0

2 and the glass transition line scales as Tg ∼ p0* − p0 for
p0 ≪ p0* and Dr → 0, the glass transition line scales as v0 ∼ (p0* − p0)

0.5 within these
limits. Why is the effective temperature SGR model suitable? Similar to SPP models
for spherical active Brownian colloids, the angular dynamics of each single cell can
be treated independently of cell–cell interactions and the angular dynamics of other
neighboring cells. Additionally, an alignment interaction connecting the angular and
translational dynamics seems to alter this behavior. Finally, an SGR/trap model
prediction has been precisely analyzed in a glassy system, as dissimilarly to common
glass models, all trap depths can be listed for local transition paths within the vertex
model. However, for small Dr values, collective normal modes are regulating cell
displacements and thus energy barriers for localized T1 transitions are likely to be
irrelevant in this regime. There exists a deviation (L2-norm) between glass transition
lines in the SPV model and T1-based SGR prediction as a function of Dr, as indeed
SRG cannot work in the small Dr limit. How can the theory for collective modes be
altered to include small Dr values?

It has been shown with a minimal model that confluent tissues with cell motility
display glassy dynamics at constant density. This model provides a quantitative
prediction for how the fluid (unjamming) to solid (jamming) transition in biological
tissues depends on parameters such as cell migration speed, the persistence time
associated with directed cell movement and cell mechanical properties, which are
dependent on adhesion and cortical tension. The cell shape index is as a structural
order parameter a simple parameter that indicates jamming transition. Moreover, a
simple analytic model, which is based on localized T1 rearrangements, can precisely
predict jamming transition in the limit of large Dr. However, the prediction fails in
the limit of small Dr, as collective normal modes regulate the instantaneous particle
displacements. This model provides various experimentally verifiable predictions
regarding cell shape and tissue mechanics: The order parameter q = 3.81 represents a
structural signature for the glass transition even in tissues, where significant cell
motility or dynamics occur, which indeed has been found in epithelial lung tissue
(Park et al 2015b). What about other tissues? In proliferating MDCK monolayers
(Deforet et al 2014) and the convergent extension in fruit fly development (Etournay
et al 2015), similar shapes have been determined supporting the order parameter.
Where does the order parameter breakdown? In the limit of decreasing cell motility,
the shape and pressure fluctuations are abolished when the jamming transition is
approached from the solid side and are still zero in the fluid. A finite motility v0 still
evokes such fluctuations in the fluid phase, as confirmed by cellular stresses and
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pressure calculations in the SPV model (Yang et al 2014). Cell motility and
alterations in cellular stress and pressure within cell monolayers need to be
investigated at least in 2D motility assays near the unjamming transition.
Moreover, it needs to be assumed that the local velocity of the monolayer is very
small above the transition, which can be modeled by particle image velocimetry
(PIV). The proliferation of cells causes an increase in cell density in confluent tissues
and hence needs to be addressed, which is associated with a decrease in individual
cell motility v0, through contact inhibition of movement. If proliferation is dominant
and alterations of the ratio between A0 and P0 are negligible, proliferation is
supposed to facilitate the unjamming to jamming transition (Deforet et al 2014).
However, this needs to be refined precisely. In tissues with low v0 values at all times
(Puliafito et al 2012), the SPV model predicts that the proliferation can cause both
jamming or unjamming, which relies on the orientation of cell divisions decreasing
or increasing the cell shape anisotropy (Bi et al 2016).

The spatial correlations and fluctuations of the cell displacement field such as
swirl sizes (Poujade et al 2007, Angelini et al 2010, 2011, Petitjean et al 2010, Garcia
et al 2015) are predicted to increase when a tissue is close to the glass transition from
the fluid side. In line with this, based on a particle-based model this prediction has
been verified for a single cell type (Garcia et al 2015). The SPV model tracks cell
centers and hence has two degrees of freedom for each cell and in the limit of zero
cell motility it performs the same rigidity transition as the vertex model that has two
degrees of freedom per vertex (Bi et al 2016). An ‘active vertex model’ has been
tested, in which active motile forces are included in the vertex model vertices and
thereby it still shows a robust glass transition defined by the well-known shape order
parameter q. Hence a deeper universality has been suggested and needs to be tested.
Why do confluent models, such as vertex and SPV models and particle-based models
such as Lennard-Jones glasses and SPP models, lead to differences?

In SPP models it has been hypothesized that the location of the glass transition
packing density ϕG at zero motility (which is the density with dynamics ceasing in
the limit of v0 → 0) determines the value of noise, Dr (Fily and Marchetti 2012,
Berthier 2014). Moreover, the jamming and glass transition are not regulated by the
same critical point in nonactive systems (Ikeda et al 2012, Olsson and Teitel 2013),
which is not true for the SPV model, as the glass transition point p0* shifts with Dr at
finite values of v0, in the limit of nearly zero motility, all glass transition lines merge
into a single point in the limit v0 → 0 that is p0* = 3.81. Hence SPV models seem to
be more appropriate for various biological tissues. SPP models are based on two-
body interactions depending only on particle center positions, whereas instead both
SPV and vertex models naturally incorporate contractility, which is a key property
of living cells, and include the inherently multibody nature of cell–cell forces
dependent on shape deformations. Dissimilar to equilibrium vertex models, SPV
models include cell motility and they are easier to simulate in 3D.

A confluent cell can be modeled as a Voronoi tessellation of the plane (Li and Sun
2015). An important difference of the Voronoi model is that cell–cell adhesion
included through a potential which is quadratic in the distance between cell centers
(Li and Sun 2015) is similar to particle models. Stronger cell–cell adhesion seems to

Physics of Cancer, Volume 1 (Second Edition)

1-57



be associated with stiffening of the tissue, which is a common feature for particle-
based models. Can the Voronoi tessellation be used in active systems? Contrary in
SPV models, adhesion is included through coupling of shape energy to cell
perimeter. In particular, enhanced cell–cell adhesion (or reduced cortical tension)
causes a larger value of p0 and renders the tissue to be more compliable and hence
softer. Other shape-based models of confluent tissue dynamics will lead similarly to
the glass transition such as the cellular Potts model (Szabo et al 2010, Kabla 2012,
Durand and Guesnet 2016) and the modified SPP model (Garcia et al 2015), when
the cell’s motile force is decreased below a certain threshold, the motion of cells
transit from diffusive to sub-diffusive motion, which is similar to the glass transition
in the SPV model by decreasing the value of v0.

In the vertex model, cell volume is usually assumed to be fixed, which is
appropriate in developmental systems such as Drosophila (Gelbart et al 2012,
Kasza et al 2014) and zebrafish (Manning et al 2014), whereas epithelial tissue cells
can display volume fluctuations (Zehnder et al 2015a, 2015b). Thus, volume
fluctuations need to be incorporated in the vertex model or the SPV model, as these
alterations in the cell volume represent another source of active shape fluctuation and
hence may lead to jamming or unjamming of the tissue locally and pronouncedly
shift the overall location of the rigidity and glass transitions. In the SPV model, cell
polarity proposed to be regulated by simple rotational white noise (Bi et al 2016).
Even more complex mechanisms for cell polarity may be included such as external
chemical or mechanical cues by coupling v0 and n̂i to chemoattractant or mechanical
gradients and allowing waves or other pattern formation mechanisms to interact with
the jamming transition (Fredberg and Trepat 2012). Similarly, simple alignment rules
(the so-called Vicsek model) may evoke collective flocking modes regulating glassy
dynamics (Vicsek et al 1995). As mentioned before, the inclusion of cell–cell friction
that regulates collective dynamics in particle-based tissue models seems to be a
suitable extension of the SPV model (Garcia et al 2015). The SPV model includes
viscous frictional coupling between the cell to the 2D substrate and cell–cell adhesion
and thereby enters as a negative line tension on interfaces (Bi et al 2016). A frictional
force between cells proportional to the length of the edge shared two cells can be
integrated into the SPV model in analogy to particulate glasses, where these local
friction forces can alter the location of the jamming or glass transition as well as the
nature of spatial correlations within a glass (Henkes et al 2010, Silbert 2010). How
are the unjamming transition captured by the SPV model and the EMT related in
predicting the cell spread out of a primary solid tumor mass into the surrounding
healthy tissue environment? Indeed, the EMT involves pronounced alterations in
cell–cell adhesion and cytoskeletal composition, which are inducing alterations in cell
shape and cell motility. Hence, it is supposed that the spread of cells from the primary
tumor mass is not simply driven by an enzymatic breakdown of the basement
membrane. It seems to be the case that the spread of the cancer cells from the primary
tumor mass is facilitated through distinct alterations of mechanical properties of both
individual cancer cells and the surrounding tumor stroma (Wong et al 2014).
Subsequently, the collective unjamming revealed the initial step towards essential
mechanical alterations for cancer cell spreading out of primary solid tumors.
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As primary tumors and cancer cell lines are known to be heterogeneous regarding
their genomic and proteomic phenotype, it has been shown for cancer cell lines that
there exists a mechanically heterogeneous phenotype containing subpopulations of
stiff and soft cells with various degrees of active contractility (Mierke et al 2011a,
Mierke et al 2011b, Mierke 2013a). The jamming phase diagram predicts that soft
cells exhibit mesenchymal phenotypes, seem to have higher values of p0 and hence
are supposed to unjam and migrate to primary tumor boundaries more effectively
than their stiff cells. Therefore, the analysis of the effects of tissue heterogeneity on
the distributions of cellular rigidity and migration speeds seems to be useful for
defining novel tumor invasion strategies and subsequently cancer metastasis.

Jamming behavior in healthy and asthmatic airway epithelium
The ideas of the jamming concept can be revisited for asthmatic airway epithelium.
How can this jamming framework and the jamming phase diagram help to reveal
the pathogenesis of asthma? In particular, asthma involves epithelial injury repair
responses, which appear mostly aberrant and dysregulated (Lambrecht and
Hammad 2012). Among these dysregulated processes are nuclear factor κB (NF-
κB), sonic hedgehog (shh) and Wnt, or even growth-factor signaling pathways
(Knight et al 2004, Holgate 2008). During fetal lung development, all these factors
contribute to the activation of the epithelial–mesenchymal trophic unit (EMTU),
which consist of opposing layers of epithelial and mesenchymal cells (Evans et al
1999). In asthma disease, the EMTU becomes reactivated and seems to be partly
responsible for progressive diminishing of lung function and structural remodeling
of the lung wall, promoting goblet-cell hyperplasia, thickening of the basement
membrane, sub-epithelial angiogenesis and airway smooth muscle hypertrophy as
well as hyperplasia (Roche et al 1989, Huber and Koessler 1922, Lazaar and
Panettier 2003, Homer and Elias 2005, Durrani et al 2011). Dysregulations of these
processes are evoked by a cascade of immune and inflammatory events such as type
2 inflammation. Hence most current asthma based on type 2 inflammation therapies
may not be suitable. In particular, although inflammation might be a major disease
modifier in asthma, it may not be the core abnormality (Fahy 2015), which may be
structural abnormalities within the lung cell, such as the airway smooth muscle cell
or the airway epithelial cell. In line with this, it has been found that chronic exposure
to low doses of endotoxin even protects against allergic asthma by induction of the
protein A20 in airway epithelial cells, which indeed shows an essential and key role
of the airway epithelium in the pathogenesis of asthma (Schuijs et al 2015).
Additionally, the airway epithelium is important in aberrant airway remodeling
by purely mechanical events such as bronchoconstriction, in which the airway
epithelium is compressed and hence buckled into a rosette pattern. Indeed, these
compressive stresses have the capacity to induce a cascade of mechanotransduction
processes regulating the airway remodeling in the absence of ‘classical’ airway
inflammation (Tschumperlin et al 2004, Grainge et al 2011, Park et al 2015a).

Could cell jamming be an unappreciated factor? If yes, is the cell jamming
behavior in some innate or in some systemic ways different in cell layers from
nonasthmatic and asthmatic donors? Indeed, the dynamic and structural signatures
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of the jamming transition have been determined in human bronchial epithelial cells
(HBECs) from nonasthmatic and asthmatic donors (Park et al 2015b). The differ-
entiation and repair processes that occur in the maturing or injured airway
epithelium in vivo are modeled using in vitro cell culture models with an air–liquid
interface (ALI) to mimic well-differentiated pseudostratified HBEC layers (Whitcutt
et al 1988, Dvorak et al 2011). As these HBEC layers mature and differentiate, the
speed maps of regional cellular motions show a transition from a mobile fluid-like
and unjammed phase to an immobile solid-like and jammed phase. The jamming
transition has been observed in cells from nonasthmatic donors between 6 and 8
days of the ALI culture, whereas the jamming transition in cells from asthmatic
donors is delayed until day 14 (Dvorak et al 2011). When the mature and fully
jammed nonasthmatic HBEC layer is mechanically compressed (similarly as in
bronchoconstriction) during asthma, the layer is immediately unjammed and rejams
very slowly over 36–48 h. Hence, in cells derived from nonasthmatic and asthmatic
donors, the jammed phase corresponds to a mature and quiescent layer with full
barrier function (Park et al 2015b). The unjammed phase is related to the immature
and active layer, as well as the mature layer under but mechanical compression and
the delayed transition to jamming in asthmatic donor cells. Indeed, the vertex model
propose that the measured cell shape parameter q approaches p0* ≈ 3.81, when the
cell layer is close to jamming. In HBEC layers from nonasthmatic donors, the
median q reaches the value of p0* on day 8, when the layer jams, whereas in asthmatic
donors, p0* is reached on day 14, when the layer jams. In addition, there exists a
substantial degree of variability in the q between individual cells, but the origin of the
variability is elusive, but can reflect cell-to-cell variability or dynamical heterogeneity.
Subsequently, in the jammed layer that gets unjammed by compression, q increases
substantially in response to compression, when it unjams (Park et al 2015b). Finally,
these results confirm the prediction of a structural signature of the layer jamming and
provide an explanation for the delay of the jamming in asthmatic cells.

Are EMT and UJT both real?
The EMT is the change of a polarized epithelial cell within a cell layer to a
mesenchymal phenotype that is associated with increased production of extracellular
matrix, resistance to apoptosis, enhanced migratory capacity and increased inva-
siveness into tissues (Hay 1995). The reverse process is termed mesenchymal-to-
epithelial transition (MET) (Kalluri and Weinberg 2009). Biological markers of
EMT are extensively studied, such as the enhanced activity of transcriptional factors
including TWIST, SNAI and ZEB families, the decrease of epithelial cell junction
proteins such as E-cadherin and the induction of mesenchymal proteins such as
vimentin (Thiery et al 2009). As the mesenchymal phenotype is required for the
initiation of cell migration and invasion of epithelial cells, the EMT has been
associated with invasion of carcinoma cells and cancer metastases (Pattabiraman
et al 2016). Hence, it has been proposed that the EMT is dispensable for carcinoma
cell invasion and metastasis (Fischer et al 2015, Zheng et al 2015). In more detail, in
genetically engineered mouse models of pancreatic ductal adenocarcinoma, a loss of
either Twist1 or Snai1 does not affect the progression of cancer nor metastasis
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formation in the lung and liver (Zheng et al 2015). The overexpression of miR-200
impairing Zeb1 and Zeb2 expressions, and thus restricting cells to maintain the
epithelial phenotype, does not affect metastasis in lungs within murine models
(Fischer et al 2015). In conclusion, EMT increases chemoresistance, whereas it has
no effect on cellular motility or the metastatic potential. In addition, overexpression
of Twist1 promotes the dissemination of breast cancer cells and thereby needs the
expression of E-cadherin (Shamir et al 2014). Hence, cancer cells can adapt
migratory dynamics and invasion, the EMT seems not to be required. Hence the
EMT and the unjamming transition (UJT) are seen as alternative ways for cell
migration, although both start from a quiescent, polarized and epithelial state. As
the morphological and molecular requirements for the EMT are high, those for the
UJT may be less high and hence are preferred. However, whether and to what extent
the UJT is independent of the EMT or partial EMT still remains to be fully
understood (Tam and Weinberg 2013).

Critical view on UJT
Does the concept of cell jamming and unjamming help us? For airway epithelium in
asthma patients, the time-scale (days or weeks) needed to jam the maturing HBEC
layer in vitro seem to correlate with the period of recovery from an asthmatic
exacerbation in vivo (Petheram et al 1979, Jenkins et al 1981). A mechanistic role for
rejamming in the recovery process or for unjamming (or delayed jamming) in an
asthmatic exacerbation cannot be provided. Hence, it is still not clear whether
rejamming, unjamming or delayed jamming can be precipitating factors. Some
questions remain open. Are the jamming dynamics observed in HBECs in vitro
(Park et al 2015b) similarly present in the bronchial epithelial layer in vivo? If yes, do the
alterations in jamming dynamics between HBECs in asthmatic versus nonasthmatic
patients drive asthma pathogenesis by defining a core hallmark of abnormality in
asthma (Fahy 2015) or are they simply an effect? The jammed phase describes a
quiescent, stable and homeostatic state of mature healthy epithelium, in which the cell
layer is notmotile and hence solid-like, whereas the unjammedphase is a dynamic state
of injured epithelium, in which the layer is motile and hence fluid-like.

In carcinomas, most metastases are based on circulating multicellular tumor cell
clusters (CTCs) and retain most often an epithelial phenotype during metastases
formation (Aceto et al 2014, Fischer et al 2015, Zheng et al 2015). The transbarrier
crossing of CTCs and their migration from the primary solid tumor to the distant
metastatic niches seems to require the maintenance of an epithelial phenotype
(Cheung and Ewald 2016). The existence of epithelial phenotype throughout all
stages of the metastasis abolishes the concept of EMT. What is the underlying
alternative physical process for the initiation and support of migration? Cell
jamming has been found in vivo using murine cancer models (Haeger et al 2014).
Can the three following (sub)hypotheses be experimentally confirmed?

First, at the primary tumor site, the migration of a leader cell and following cells
through surrounding solid tissues is facilitated by the transition of the cells from a
solid-like jammed phase to a fluid-like unjammed phase. Second, when the vascular
system is entered, CTCs are formed and are exposed to destabilizing mechanical
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effects, such as blood-borne shear stresses, and thereby the CTCs seem to stabilize
themselves by undergoing a re-transition to a solid-like jammed phase. Third, when
the CTCs found their targeted metastatic site, they unjam (Au et al 2016) to induce
collective cellular invasion into noncancerous solid tissue. The process of metastasis
has been hypothesized to utilize EMT and its inverse MET and hence this hypothesis
can be compared with the alternative hypothesis that metastasis requires that events
are driven by less drastic transitions between solid-like (jammed) and fluid-like
(unjammed) phases of the cell layer, during which strong collectivity and an epithelial
phenotype are maintained. It is therefore interesting that counterintuitively, the
phenomenon of enhanced cell–cell adhesion induces unjamming and vice versa.

Each axis of the jamming phase diagram is a determinant of the jamming
transition, whereas it is simultaneously altered by multiple underlying molecular
and physical factors, which in turn may alter other axes. Based on this crosstalk and
even associated pleiotropic effects, it can be proposed that there is no single key
regulatory molecule for cell jamming or unjamming. In particular, all axes of the
jamming phase diagram need to be taken into account. Additionally, the effects of
friction between cells and the contact-driven inhibition of locomotion within a
jamming phase diagram have yet to be ruled out precisely (Garcia et al 2015,
Zimmermann et al 2016). In addition to bioinformatics approaches, how cell
jamming in epithelial cell layers is controlled needs to be figured out and hence
key molecules are required to be identified. Moreover, we need to determine the
extent to which the quiescent epithelial layer is jammed and whether the unjamming
of this layer and hence the collective migration of the cells are prerequisites for
physiological processes such as pattern formation, tissue remodeling and wound
repair. Under these processes, an individual cell of the unjammed collective is
regulated cooperatively through chemical and mechanical cues from its cell neigh-
bors. During pathophysiological processes such as aberrant repair of the asthmatic
airway wall or malignant progression of cancer such as metastasis, unjamming may
be seen as a malfunction, such as the breakdown of cooperative agreements that
individual cells adopt upon their initial assembling into a multicellular collective
during organogenesises. From an evolutionary and biological point of-view, it has
been supposed that these agreements must be conserved and also deeply rooted in
generic physical processes expressed by inert soft matter and only utilized by earliest
multicellular living soft matter (Newman 2012). Among these generic physical
processes is the jamming transition between the fluid-like and solid-like phases of
cellular collectives (Garrahan 2011, Zhou et al 2013, Fredberg 2014). Finally, when
cell jamming as a biological mechanism has early evolutionary roots, the dynamics of
cell signal transduction and cell jamming seem to be intertwined in a manner such
that both need to be considered for understanding the entire mechanism.

The jamming phase diagram
As jamming phase diagrams are known from inert soft matter (Liu et al 1995,
Trappe et al 2001), these effects may also play a role in the living systems within a
supposed jamming phase diagram (figure 1.21). In particular, we have the first axis
for cellular crowding (expressing the inverse as the reciprocal of cellular density with
infinite density in the origin). On the second axis we have the cell–cell adhesion
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(expressed as a reciprocal with infinitely sticky cells mapped to the origin). On the
third axis we display the effects of cell motile forces. Additional axes may be
possible, for example for imposed stretch or shear loading (Trepat et al 2007,
Krishnan et al 2009), cellular volume (Zhou et al 2009), cellular stiffness (Mattsson
et al 2009) and substrate stiffness (Krishnan et al 2011, Angelini et al 2010), but
often they are not available. In a phase diagram with multidimensional space, the
origin, and regions near the origin, are jammed and rearrangements are not possible
as each cell is fully caged (confined) by its neighbors, or even glued to its neighbors,
or it cannot generate the necessary driving motile force. However, away from the
origin, especially along certain trajectories, structural rearrangements are possible
with increasing probability. Unjamming can take place if cells are stretched,
undergo apoptosis or are extruded from the monolayer; these all lead to a decrease
in cell density (Eisenhoffer et al 2012). In line with this, if adhesive interactions are
weak enough, or if the stretch becomes large enough in order to rupture cell–cell
adhesions, the unjamming mode of the cellular system is preferred. Unjamming is
present if motile forces are strong enough to pull individual cells away and dissociate
from neighboring cells to reach a loose and disaggregated system.

An example is MCF-10A human breast cancer cells that overexpress ErbB2, which
promotes proliferation and cell crowding, pushing the system towards a glassy and
jammed state, whereas the overexpression of the potential tumor-associated and
L1-CAM interacting protein 14-3-3ζ degrades cell–cell junctions, moving the system
out of the jamming state towards a fluidized and unjammed state. Another example is
hepatocyte growth factor (HGF) facilitated scattering of MDCK cells leading to the
disruption of cadherin-dependent cell–cell adherence junctions depending upon inte-
grin adhesion and the phosphorylation of the myosin regulatory light chain (MRLC)
(de Rooij et al 2005). All these findings fit perfectly into the jamming phase diagram.

Uniting biology and physics
The binary alternatives of jammed and unjammed states are not the only possibil-
ities. In inert systems the jamming phase diagram includes fragile intermediate states
with possibly no less relevance to the biology of the monolayer (Bi et al 2011, Vitelli
and van Hecke 2011). The jamming hypothesis states that specific events at the
molecular scale necessarily modulate and respond to cooperative heterogeneities
caused by jamming at a much larger scale of organization, but specific events at the
molecular scale can never by themselves explain these cooperative large-scale events.
In this physical view the specific molecular events are ignored or they belong to an
integrative framework that was unanticipated and overwritten.

This leads to novel questions that have not been asked before. Does an epithelial
monolayer build a solid-like aggregated sheet displaying excellent barrier function
with little possibility of cell invasion or escape due to the phenomenon that the
constituent cells are jammed (Eisenhoffer et al 2012)? Do certain specific cell
populations become fluid-like and hence permissive of paracellular leakage, trans-
formation, cell escape or cell invasion due to the phenomenon that they become
unjammed? Do the formation of pattern and wound healing processes require that
the cells are in an unjammed state (Serra-Picamal et al 2012)? If the answer is yes,
what represents the critical physical threshold? What are the signaling events at the
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level of gene expression and signaling and the resulting physical changes that favor
or hinder the jamming of cells? One possibility may be force-dependent thresholds
and novel pathways that regulate cellular polarization (Prager-Khoutorsky et al
2011), but can these thresholds and pathways work in collective processes? However,
trials targeting adhesion molecules in order to decrease tumor progression have been
reported to be ineffective, indicating that migration events are somehow repro-
grammed to maintain invasiveness through morphological and functional dediffer-
entiation (Friedl and Wolf 2003, Friedl et al 2004, Rice 2012). Does jamming allow
certain cancer cell subpopulations to unjam, awake from dormancy and thus evolve
so as to maintain invasiveness by selection for adhesive interaction, compressive
stress and cyclic deformation? Each of these complex questions cannot be answered
solely by physics or biology. One possibility seems to be to combine these
approaches to answer these important questions and reach new horizons in cancer
research by incorporating the physics of cancer.

1.2.2 Single-cell migration of cancer cells into the microenvironment

The motility of cells in three-dimensional (3D) extracellular matrices is a prerequisite
for tissue assembly and regeneration, immune cell trafficking and diseases such as
cancer. In more detail, the process of metastasis depends on the migration of single
cancer cells that migrate out of the primary tumor. The migration of cancer cells
through the extracellular matrix of connective tissue is a cyclic process comprising
multiple steps, including: (1) the actin polymerization-dependent protrusion of
pseudopods at the leading edge; (2) the integrin-mediated adhesion to the extrac-
ellular matrix; (3) the contact-dependent degradation of the extracellular matrix
evoked by its cleavage through cell-surface proteases; (4) the actomyosin-facilitated
contraction of the cell’s body, increasing longitudinal tension; and (5) the retraction
of the cell’s rear part followed by the translocation of the whole cell body
(figure 1.23) (Doyle et al 2013). All these steps describe only one specific mode of
migration that can be chosen by metastatic cancer cells: the protrusive mode
(Maruthamuthu and Gardel 2014). However, there are still other modes of cancer
cell migration, such as the blebbing mode (Laser-Azogui et al 2014). Which mode of
migration is favored by a certain type of cancer cell and how the choice of mode is
altered by the specific microenvironmental conditions are still under discussion. In
addition, there is an intermediate lobopodial migration mode, so far only detected
for fibroblasts, and it has been suggested that cancer cells also choose this under
certain circumstances. Hence, further investigation is required to determine whether
cancer cells are able to use this fibroblastoid lobopodial mode.

The ability of cancers to metastasize depends on the cell’s ability to migrate to
and invade connective tissue, adhere, and possibly transmigrate through a barrier
such as basal membrane and the endothelium. However, what determines a special
mode of invasion and how the appearance or the switch between the different modes
is regulated is not yet understood. In more detail, the invasion mode is supposed to
play an important role for the regulation of the basement membrane or endothelial
barrier-crossing transmigration potential of cancer cells and has a major impact on
their invasion speed.
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How powerfully a migrating and invading cell overcomes the different obstacles
found in dense 3Dmatrices depends strongly on its mechanical properties and how it is
able to generate and transmit its protrusive forces. Hence forces and material
properties determine which mode of invasive cell migration is favored for a special
cancer cell type or cancer cell subpopulation. Indeed, it has been established that
cancer cells with certain mechanical properties such as contractile force transmission
and generation are able to invade 3D extracellular matrices more efficiently than less
contractile cancer cells (Mierke et al 2008a, Mierke et al 2011). Nonetheless, what kind
of migration is chosen when cells try to squeeze through narrower spaces, such as
vascular endothelial-cell walls? In this special case of transmigration blebbing motion
may be more favorable. Additionally, in preliminary experiments it has been found
that the stiffness of the plasma membrane drastically softens in primary human
mamma and human cervix carcinoma cells, favoring the blebbing process of cell
migration (figure 1.24). Thus, one may hypothesize that the mechanical properties and
the type of force generation of cancer cells determine their invasion mode andmay also
regulate the switch between the different migration modes. The following questions
remain unanswered. What are the major mechanisms that regulate the invasion mode
of cancer cells? What role do microenvironmental properties such as the mechanics and
structure of the extracellular matrix play regarding the migration mode of cancer cells?
In order to investigate this, one needs to dissect the crosstalk between the invasion
modes and the environmental confinements such as mesh or pore size, stiffness of the
entire cell, the plasma membrane and the extracellular matrix, and the proteomics of
the cellular adhesion machinery as well as the extracellular protein composition.

To understand the interaction between invading cancer cells and their micro-
environmental confinement and why certain cancer cells use a particular invasion
mode such as blebbing or protrusive modes, the following major questions should be

Figure 1.23. 2D migration model.
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answered. What roles do the influence of cytoskeletal stiffness and cell contractility
play regarding the invasive cell motility? To what extent do these factors favor either
the protrusive or blebbing-based migration modes of cancer cells? How does the
stiffness of the plasma membrane impact on the cellular invasive behavior, such as
protrusive or blebbing-based motion? How strongly do adhesive cancer cells differ
from weakly adhesive cells with respect to their preferred invasive motility modes? Is
the blebbing mode of invasion preferred by small mesh sizes of the microenvir-
onmental confinement, such as the connective tissue matrix scaffold, whereas the
protrusive mode is supported by large mesh sizes? Can the blebbing or protrusive
modes of cancer cells support transmigration through barriers such as vascular
endothelial-cell linings and basal membranes?

Knowing the answers will contribute significantly to the understanding of how
cancer cells utilize a certain invasion mode in order to migrate through the 3D
microenvironment and what role the material properties of cancer cells and their
microenvironments play. Moreover, these data will help to reveal the respective
contributions of the mechanical properties of cancer cells and their microenviron-
ments in supporting the invasive behavior of epithelial-derived carcinomas, in
particular metastasis.

Malignant cancer progression involves the process of metastasis, which makes it a
systemic disease that leads to death. The complex process of metastasis is composed
of many steps, which follow a linear propagation. The metastatic cascade can be
delayed by stopping at special steps in order to start again after some relapse time in
which the aggressive cancer cells are dormant. How this phenomenon is regulated or
induced is not yet well understood and thus needs further investigation. The
metastatic cascade begins with the spreading of cancer cells from the primary tumor
(dissemination), which migrate into the surrounding tumor microenvironment that
is locally ‘transformed’ by the primary tumor (Bizzarri and Cucina 2014). Then these
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cancer cells transmigrate into blood or lymph vessels (intravasation) through the
basal membrane and endothelial barriers, they are transported through the vessel
flow, adhere to the endothelial-cell lining, grow and build up a secondary tumor
(Al-Mehdi et al 2000). Thereby the new tumor is initiated either in the blood or
lymph vessel, or cancer cells possibly transmigrate through the endothelial vessel
lining (extravasation) into the extracellular matrix of the connective tissue. In the
latter case, these cancer cells then migrate further into the targeted tissue, divide and
form a secondary tumor, which means that the primary tumor has metastasized.

During the last two decades, the typical migration modes, such as mesenchymal
and amoeboid motion, have been investigated (Friedl and Wolf 2003, Wolf et al
2003a, Taddei et al 2014). To date, these migration modes have not been clearly
defined. Although these migration modes are reported to be a mechanistically well-
described concept, they are solely a morphological description of the migration
mode rather than an exactly defined and hence distinguishable invasion mode
(Laemmermann and Sixt 2009). This needs to be clarified in order to compare the
migration modes and to define their occurrence and regulation. In particular, we will
analyze whether a cancer cell prefers a certain mode of invasion and which
mechanical phenotype defines this mode exactly and makes it distinguishable
from the other invasion modes. The term amoeboid is not precisely defined, as
migrating cells with roundish shape are categorized as amoeboid without analyzing
the mechanistic aspects of their cytoskeletal remodeling dynamics and their
mechanical forces. In line with this, a definition of amoeboid migration has been
based on the cell morphology, adhesiveness and proteolytic remodeling of the
microenvironment for the interstitial migration of leukocytes (Wolf et al 2003b,
Sabeh et al 2009). Proteolytic degradation is linked to the amoeboid migration mode
depending on cellular deformability (Sabeh et al 2004, Wolf et al 2007, Rowe and
Weiss 2009). In addition, proteolytic degradation is also associated with interstitial
invasion of mesenchymal cells into collagen-rich and hence dense 3D extracellular
matrices, and these mesenchymal cells migrate by using proteolytic and non-
proteolytic degradation through narrow constrictions. Important questions remain
unanswered. How do cellular forces such as contractile or protrusive forces facilitate
the switch between the different invasion modes? How does the definition of
protrusive or blebbing-based invasion modes fit into this scenario?

In previous studies the mechanical analysis was centered solely on actomyosin
mechanics, whereas regulatory aspects of the actomyosin networks or the mechanical
impact of other cytoskeletal elements such as actin-crosslinkers, or intermediate
filaments such as vimentin are still elusive (Brown et al 2001, Laevsky and Knecht
2003, Tooley et al 2008, Xu et al 2005). In particular, a connection between the
actomyosin cytoskeleton and the intermediate cytoskeleton has been proposed, but
the proteins mediating this linkage have not yet been discovered (Seltmann et al 2013).
However, understanding the regulatory function of these cytoskeletal factors in well-
defined migration models will be necessary and will encourage understanding of the
diverse mechanics involved in the different migration modes. There are still many
open questions that should be answered. Which types of physical invasion strategies
can cancer cells utilize and are they indeed derived from leukemias or fibroblasts?
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How do cancer cells facilitate the switch between different invasion modes, such as the
protrusive and blebbing-based modes? How fast is this switch and is it permanent?
How are these two ‘novel’ invasion modes related to the classical epithelial–
mesenchymal transition that supports the invasive behavior of cancer cells?

Despite these open questions regarding the cellular migration of cancer cells, a
general conceptual model has been developed for how a lamellipodium can support
protrusive cell motility. In more detail, actin filaments polymerizing below the
leading edge of the cell membrane generate a pushing force (like a thermal ratchet)
towards the cell membrane required for the formation of cellular protrusions. The
surface tension of the cell membrane is able to oppose the free anterograde
expansion (outward) of the actin network and thus actin filaments are then pushed
back into the cytoplasm of the cell, which is detectable as a retrograde (inward) flow
of actin (Ponti et al 2004, Gardel et al 2008, Mierke 2014). In more detail, cell–
matrix adhesion receptors such as integrins connect the internal cytoskeleton to the
external extracellular matrix through focal adhesions containing focal adhesion
proteins such as vinculin (Mierke et al 2008b; Mierke et al 2010), focal adhesion
kinase (Mierke 2013b), paxillin (Schaller 2001) and talin (Ziegler et al 2008, Das et al
2014). These adhesive contacts ensure that the retrograde-directed forces, which are
enforced by actomyosin contraction, are transformed into outward locomotion of
the cell’s body in the migration direction (clutch hypothesis) (Vicente-Manzanares
et al 2009). Taken together, the basic concept of the lamellipodial motion relies on
cellular mechanics. In particular, the actin polymerization facilitates the formation
of membrane protrusions. This particular migration mode of cancer cells is defined
as the protrusive mode. Apart from these lamellipodium-supported outward forces,
filopodia-like extensions are required for cell invasion, which are suggested to be
more force sensing rather than force generating, as well as invadosomes, which are
needed for 3D invasion of tissue barriers (Ridley 2011). Lamellipodial-driven
motion has predominately been investigated on two-dimensional (2D) substrates
(figure 1.24). Recent studies have found that many aspects differ significantly in
three dimensions, supposing that the results obtained in 2D assays should be
confirmed in 3D assays (Mierke et al 2010, Meyer et al 2012, Mierke 2013b).

One alternative way for cancer cells to migrate without protrusive forces is
migration through membrane blebbing. Blebs are cellular spherical extensions that
are instrumental for cell migration in developmental processes as well as diseases like
cancer. These cellular blebs are anterior cellular extensions and devoid of actin
filaments. For a long time, they have only been considered to be exclusively a
hallmark of apoptosis (Mills et al 1998). In the last decade, they have become a
hallmark for a special migration mode (Charras et al 2006, Charras and Paluch
2008, Paluch and Raz 2013). The phenomenon of blebbing has been seen in 2D
(Yoshida and Soldati 2006) and 3D migration assays (Charras and Paluch 2008). In
particular, the intracellular hydrostatic pressure generated by actomyosin contrac-
tion causes (1) the rupture of the actin cortex (Tinevez et al 2009) and/or (2) the
rupture of the focal adhesion protein mediated linkage between the actin cytoske-
leton and the cell membrane (Charras et al 2006). These two proposed mechanisms
depend on the cellular mechanics. In particular, if the membrane loses its mechanical
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anchor to the extracellular matrix, the intracellular pressure facilitates the formation
of a membrane bleb (Charras and Paluch 2008). These mechanisms are difficult to
determine, as they may act in combination. The blebbing lifecycle is divided into
three phases: initiation, growth and retraction. The membrane bleb grows until a
new actin cortex is reassembled, which then may also contract, repeating the whole
blebbing cycle (Charras and Paluch 2008). The site of the bleb initiation during
migration has not yet been discovered. The cellular blebbing strategy of cells is
physiologically relevant in motility, in which the cells migrate by a directed and
persistent motion (Blaser et al 2006). Moreover, membrane blebbing may alter the
surface tension of the cell membrane and subsequently the mechanical properties of
the entire cell.

However, the precise mechanisms when cancer cells use either the protrusive or
the blebbing-based invasion mode and how cancer cells can switch between these
two are not clear. Furthermore, what impact does the microenvironmental confine-
ment have on the determination of the invasion mode? What we know is that in
tissue and cell cultures, several cells are able to switch between blebbing and
protrusive motility due to microenvironmental confinements, in response to genetic
alterations or pharmacological drugs (Laemmermann and Sixt 2009, Diz-Munoz
et al 2010, Poincloux et al 2011). A clear definition of the individual conditions for
the switch between these two invasion modes has not yet been postulated.

However, the key points for analysis of the blebbing migration compared to the
protrusive mode are the effect of the cell–matrix adhesion, matrix geometry, matrix
mechanics and the regulation of the signaling processes between the front and the
rear of a motile cell. For both motility modes, the blebbing and the protrusive mode
of migration depend on stabilized cell–cell or cell–matrix adhesions (Renkawitz and
Sixt 2010). The cell adhesion provides stability and has a broad physiological
importance, but seems to be significantly diminished in fast-migrating amoeboid
cells such as immune cells, which are able to migrate through the tissue in the
blebbing and in the protrusive migration mode (called synonymously lamellipodial
mode) (Laemmermann and Sixt 2009). For example, the slow mesenchymal move-
ment of cells through the extracellular matrix, which relies completely on focalized
cell–matrix adhesions, is a solely protrusive migration mode.

Another important feature of cellular motility is the dimensionality of the
surrounding microenvironment in which the cells will migrate; this is supposed to
have a broad impact on the motility of cells (Mierke et al 2010, Rubashkin et al 2014),
and in particular, the blebbing and protrusive migration modes may occur on 2D
substrates and in 3D microenvironments. A main difference that has been reported
between 2D and 3Dmotility assays is that 3D, but not 2D, microenvironments support
cellular motility and invasion under minimal adhesion forces and thus decreased
adhesion strength (Friedl and Wolf 2010). Moreover, how cellular polarity supports
cellular motility in 2D and 3D migration systems and whether cellular polarity is
exclusively associated with the protrusive migration mode are not yet known.

In addition, it has been found that cells migrate by forming cylindrical-shaped
lobopodia with protrusions containing multiple tiny blebs at their tips, which
might be an intermediate invasion mode between the blebbing and protrusive
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modes (figure 1.24) (Petrie et al 2012). Until now, this lobopodial mode has only
been described for fibroblasts, whether cancer cells are also able to use this
intermediate invasion mode has not been determined in a more precise way. The
classical method to analyze cell migration was to use 2D migration systems. On
these planar substrates the cells form flat lamellipodia, whereas when seeded into
3D collagen matrices of noncross-linked bovine collagen type I these cells exert
some kind of 3D lamellipodia, the so-called invadopodia. In several reports
invadopodia have been associated with the proteolytic degradation of the
extracellular matrix (Destaing et al 2011, Linder et al 2011). However, if the
collagen fibers are crosslinked, the cells start to migrate further in a lobopodial
mode, in which they sense the mechanical properties of the surrounding micro-
environment, such as the elastic properties of the matrix’s scaffold. In particular, if
the 3D matrix stiffness is low then the cells utilize a lobopodial mode of invasion,
whereas the actomyosin contraction causes stress hardening of the extracellular
matrix that may automatically activate the blebbing mode, where cells need to
squeeze through the pores of the extracellular matrix. Finally, it can be summar-
ized that the stiffness of the local microenvironment is not the major driving factor
in lobopodial-based migration. It seems that it is rather the shape of the stress–
strain curve that is the driving factor, as lobopodia are only formed in linearly
elastic microenvironments such as the skin and the cell-derived matrix, and not in
noncross-linked 3D collagen matrices showing strain stiffening, where the for-
mation of lamellipodia is promoted (protrusive invasion mode) (Petrie et al 2012).
These findings are in contrast to the hypothesis that matrix stiffness increases
lamellipodia/invadopodia-driven cancer cell invasion (Levental et al 2009, Alcaraz
et al 2011, Pathak and Kumar 2013, Mouw et al 2014). There are still open
questions, for instance regarding the stabilized functional polarity of cells that
perform persistent directional migration, and how cells manage to sense linear
elasticity and distinguish it from pure strain stiffening. How is the extracellular
proteolysis of the matrix confinement connected or associated with lobopodial
migration? Do cells migrating in a lobopodial mode secrete extracellular matrix
proteins such as fibronectin to remodel their microenvironment? Can cells other
than fibroblasts, for example cancer cells, use this lobopodial migration?

However, matrix geometry has been suggested as a means to determine the
invasion strategy of cancer cells (Tozluoglu et al 2013). In addition, matrix
geometry, surface tension and cell–cell coupling through adherence junctions may
play a major role in selecting the optimal and efficient migration mode under specific
constraints (Maître et al 2012, Campinho et al 2013).
Another mode of migration is the degradation of the extracellular matrix
Another important mode of migration is the one in which the cancer cells degrade
the surrounding extracellular matrix in order to migrate deeper into it (figure 1.25).
What we have discussed up to now is that cancer invasion is a multistep process,
which regulates the interplay between cancer cells and the underlying mechano-
transduction signaling processes towards the surrounding extracellular matrix. This
results in morphologically well-defined cancer invasion strategies. As refined by the
microenvironment, in mesenchymal tumors such as melanoma and fibrosarcoma,
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either single-cell or collective invasion modes can be detected. What regulates such
plasticity of mesenchymal invasion programs on the mechanical and molecular
levels is still not well studied. Do tissue properties regulate the switch of invasion
modes? To investigate this issue, spheroids of MV3 melanoma and HT1080
fibrosarcoma cells are embedded and cultured into 3D collagen fiber matrices of
varying density and stiffness and analyzed for their migration type. In addition, the
migration efficacy is analyzed with the MMP-dependent collagen degradation
enabled or pharmacologically inhibited. It has been suggested that with increasing
density of the collagen matrices, and dependent on the ability to proteolytically
break down collagen fibers and provide track clearance, but independent of matrix
stiffness, cells are able to switch from a single-cell to a collective mode of invasion
(Haeger et al 2014). The conversion from single cell to collective invasion included
the gain of cell-to-cell adherence junctions, supracellular polarization and possibly
joint guidance along the pre-defined cellular migration tracks. In general, the
network density of the extracellular matrix regulates the type of invasion mode
used by mesenchymal cancer cells. It has been observed that fibrillar, high porosity
extracellular matrices enable the dissemination of single cells, whereas dense
extracellular matrices induce cell–cell interactions, a leader-to-follower cell behavior
leading to collective migration with obligatory protease-degradable migration.
Taken together, these results show that the plasticity of cancer invasion modes in
response to the extracellular matrix properties such as matrix porosity and confine-
ment plays an important role in providing the efficient invasion strategy, thereby
recapitulating invasion patterns of mesenchymal tumors in vivo. In particular, the
conversion from single to collective cell invasion due to increasing extracellular
matrix confinement favors the concept of cell jamming as a guiding principle for the
migration of certain cancer cell types such as melanoma and fibrosarcoma into dense
connective tissue.
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Figure 1.25. Matrix degradation.
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Even when migrating as a collective cluster of motile cells, each individual cell
undergoing the cellular collective senses signals or gradients in order to mobilize
physical forces. These forces themselves regulate local cellular motions fromwhich the
collective cellular migrations subsequently arise. However, these forces cannot explain
spontaneous noisy fluctuations (even large ones). In particular, the implicit assump-
tion is linear causality in which systematic local motions, on average, are caused by
local forces, and these local forces are in turn evoked by local signals. A novel
hypothesis states that strong and dominantmechanical events are not solely local.This
indicates that themechanical causality cascade is not so linear, and thefluctuationsmay
not be seen as noise, they are rather an essential feature of thismechanism.Fluctuations
and nonlocal cooperative events defining the cellular collectivemotion are described by
the process of cell jamming. Cellular jamming can even unite several factors, including
cellular crowding, force transmission, cadherin-dependent cell–cell adhesion, integrin-
dependent cell–substrate adhesion, myosin-dependent motile forces and contractility,
actin-dependent deformability, proliferation, compression and cell stretch, which have
been reported, but still mostly act separately and independently.

1.2.3 Distinct features of the collective migration phenotype of cancer cells

During the process of cancer metastasis, the migration of single cells out of the
primary tumor plays a role. However, in the malignant progression of cancer, cancer
cells can also migrate collectively into the surrounding tissue microenvironment of
primary tumors that causes the infiltration of the nearby tissue or organ with
transformed cancer cells. When does collective migration and not individual single-
cell migration play a role? What are the differences between collective and single
migration of cells? The chemical composition and physical properties of the
microenvironment regulate proliferation, differentiation and apoptosis of cells in
the long term. In order to become motile and migrate through a 3D extracellular
matrix environment, the cells need to adapt immediately to the physical properties of
the environment. The interactions between cells and the extracellular matrix are
facilitated by focal adhesions through the clustering and activation of integrins by
fibrillary extracellular matrix proteins. As the cells in collective interact with their
neighboring cells, intercellular adhesive structures such as tight junctions, cadherin-
based adherence junctions and desmosomes. Indeed, cell–matrix and cell–cell
adhesions facilitate mechanosensing the transduction of mechanical cues into
biochemical signals (outside–in-signaling) and in turn the transmission of
intracellular generated forces to the surrounding extracellular matrix (inside–out-
signaling). Migrating cells sense through these adhesive structures the mechanical
properties of their local environment, hence adapt in turn their own mechanical
properties and exert forces needed for their movements in confinements representing
a bidirectional response. The collective migration of cells is partly highly similar to
the migration of single cells, but due to the connections with neighboring cells in a
cluster, tissue sheet, spheroid or tumor it need to be taken into account that cell–cell
adhesion strength and mechano-coupling between migrating cells are critical deter-
ments for migration speed and efficiency (de Pascalis and Etienne-Manneville 2017).
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The collective migration is performed under physiological conditions such as
developmental processes, shaping of tissues and wound healing processes. In
particular, collective migration is the coordinated movement of cell groups, cell
sheets or streams. Under pathological conditions, collective migration is crucial for
the malignant progression of various tumors (Friedl et al 2004). Similar to the
migration of single cells, collectively migrating cells can adapt to mechanical
alterations. In addition, the collective migration is dependent on several parameters
such as crowding (cell density), cohesion (adhesion strength) and constraints such as
boundary conditions evoked by the extracellular matrix environment (Doxzen et al
2013). Finally, the cells sense and adapt to environmental cues including neighbor-
ing cells during the collective migration (figure 1.26).

Mechanical properties of collectively moving cellular groups
Similar to single-cell migration, collectively migrating cell groups sense the bio-
chemical and physical properties of their microenvironment. Migrating collectives
cannot still not be treated as a group of independent and single cells moving with the
same speed and directional persistence. Moreover, the collective migratory behavior
leads to an efficient migration that acquires distinct features (Mayor and Etienne-
Manneville 2016). Based on the communication between neighboring migrating cells
and the directional persistence of the movement of each individual cell depends on
its immediate neighbors (Vicsek et al 1995, Szabo et al 2006). When cells migrate
collectively, they are mechanically and chemically connected via cell–cell adherence
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Figure 1.26. Collective migration. The three main types of collective invasion are cell cluster migration with
one leader cell, multiple leader cells or tumor bud formation.
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junctions and through the actin cytoskeleton (Mayor and Etienne-Manneville 2016).
Hence, the cells affect the behavior of neighboring cells and alter the supracellular
front–rear polarity of the migrating collective. Subsequently, a hierarchy inside the
group has emerged by selecting a group of leaders sensing the mechanical and
chemical cues of the environment and initiating collective cell migration. Leader
cells alter following cells through the phenomenon of mechanical coupling. As cells
within the migrating group additionally impact each other, there may occur the
phenomenon of contact inhibition of locomotion (termed collective guidance) which
will not be addressed here further (Theveneau et al 2013, Scarpa et al 2015, Scarpa
and Mayor 2016, Zimmermann et al 2016). How can cells collectively adjust their
forces? How can cells sense and transduce the mechanical properties of their
neighbors? These questions still remain unanswered.

How are the forces transmitted in migrating collectives?
Using micropillars, the forces in collectively migrating Madin–Darby canine kidney
(MDCK) cells have been determined. In particular, the tractions (with an average
force of 5 nN) are mainly exerted at the cell front and perpendicular to edge of the
monolayer. Thus, the migration is based on the pulling of the leader cells onto
the substrate and not based on pushing of the follower cells (du Roure et al 2005).
The strongest traction forces are applied at the leading edge, but in epithelial cell and
endothelial monolayers, traction forces are still observed hundreds of micrometers
within the monolayer (Raupach et al 2007, Trepat et al 2009, Tambe et al 2011,
Serra-Picamal et al 2012). In contrast, using a silicone wrinkling, temperature-
sensitive substrate it has been demonstrated that tractions are rather limited to the
first row of leader cells in MDCK cell monolayers (Yokoyama et al 2016). However,
cells far away from the leader cells exert smaller forces than the leader cells, whereas
the tractions within the monolayer are heterogeneous as the cells are not synchron-
ized their cell-cycle stage and hence tractions fluctuate continuously over time
(Serra–Picamal et al 2012). Although leader cells provide biochemical and mechan-
ical cues to following cells, cells inside the monolayer can even slow down, migrate
in different directions or create swirls (Petitjean et al 2010, Vedula et al 2012, Reffay
et al 2014). The distribution of forces within a cell monolayer is dynamic and
fluctuating based on alterations in cell–substrate adhesion and contractility (Ng et al
2014). These local variations may promote the polarization of cells and the exertion
of tractions in other directions than those of the global movement during the entire
migration time. Subsequently, tractions need to be regulated by migration speed and
also other local parameters such as cellular polarity (Notbohm et al 2016). During
collective cell migration the cell layer is under global tensile stress and hence forces
are transmitted at large scale, which is due to the unbalanced distribution of
tractions between leader and following cells (Trepat et al 2009, Tambe et al 2011,
Serra-Picamal et al 2012). Although the leaders and the following cells act against
each other, the entire monolayer still migrates forward as the leader cells exert the
strongest forces. The leader cell forces are in the range of up to 100 nN, which is still
not sufficient to pull the entire monolayer. Hence, a mechanical ‘X-wave’ propagates
continuously from the leader cell front to the back of the monolayer in order to
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deliver information on the mechanics and polarity towards the following cells during
collective migration (Serra-Picamal et al 2012). The coordinated behavior of the
following cells is required to align their traction forces with the general velocity of
the entire cell group (Basan et al 2013).

Using monolayer stress microscopy (MSM) the distribution of stresses (σ) within
in the monolayer are heterogeneous, with large regions of tensile (positive) stresses
and regions of weak compressive (negative) stresses, which fluctuate over time. In
more detail, stresses are defined by their components such as the shear stress (σxy
and σyx) tangent to the surface and the normal stress (σxx and σyy) perpendicular to
the surface. In biological systems, these stresses correspond to the tangential and
perpendicular forces transmitted to cell–cell junctions by neighboring cells. During
collective cell migration, cells within the monolayer migrate in the direction that
possess the shear stress minimum and the normal stress maximum. The tendency of
collective migrating cells within a monolayer to migrate along the orientation of
maximal principal stress is termed plithotaxis (Tambe et al 2011, Trepat and
Fredberg 2011). Thereby, leader cells induce traction forces on following cells and
shear stress on neighboring cells, which transforms initially local forces into
coordinated and polarized traction forces promoting plitothaxis (Zaritsky et al
2015). The tumor suppressor and regulator of the Hippo pathway merlin is
suggested to be crucial for plithotaxis of epithelial cells through Rac1 alterations
(Das et al 2015). When leader cells start their migration, Rac1 is activated at the
cell’s front. The leader cells pull on the following cells to facilitate the release of
merlin from adherence junctions and subsequently induce the polarized activation of
Rac1 in the following cells. The transmission of forces within a group of cells is
mainly facilitated by adherence junctions (Tambe et al 2011, Trepat and Fredberg
2011). To investigate the mechanical role of adherence junctions between neighbor-
ing cells migrating collectively on extracellular matrix proteins, cells can be plated as
doublets, which represents the smallest possible group on adhesive micropatterns
that is clearly not a model for collective cell migration. In particular, a pair of
endothelial cells can withstand forces at cell–cell junctions of approximately
100–120 nN perpendicular to the cell–cell contact (Liu et al 2010, Maruthamuthu
et al 2011). In addition, different adherence junction proteins may alter the physical
parameters regulating the monolayer kinematics and/or forces. In MCF-10A cells,
P-cadherin and E-cadherin display altered responses to mechanical stress using
magnetic tweezers. In particular, E-cadherin facilitates the adaption of the cells to an
extracellular force through the activation of a mechanotransduction pathway via
vinculin, whereas P-cadherin cannot reinforce adherence junctions. These two
proteins are competing for the same mechanotransduction pathway, as P-cadherin
can indeed rescue the loss of E-cadherin phenotype (Bazellier̀es et al 2015).
However, the specific role of each cadherin in providing intercellular stresses during
collective migration is not yet resolved. The diverse expression of cadherins during
EMT or tumor invasion may enable cells to migrate and invade collectively through
a cadherin-dependent regulation of forces (Friedl and Mayor 2017). In a carcinoma
model, cancer associated fibroblasts (CAFs) can pull cancer cells to induce collective
invasion, due to a heterophilic interaction between the N-cadherin of CAFs and
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E-cadherin of cancer cells, which then actively reacts to forces and induces the
polarization of CAFs (Labernadie et al 2017).

1.2.4 Transendothelial migration of cancer cells

What impact do transmigrating and invasive cancer cells have on the biomechanical
properties of the endothelial-cell lining?

The role of endothelial cells in the regulation of cancer cell invasiveness into 3D
extracellular matrices is not yet fully understood. Moreover, the coordination and
regulation of cancer cell transendothelial migration may be a complex scenario,
which is not yet fully characterized. In numerous or almost all previous studies, the
endothelium acts as a barrier against the migration and invasion of cancer cells
(Al-Mehdi et al 2000, Zijlstra et al 2008). In more detail, the endothelium decreases
pronouncedly the invasion of cancer cells and subsequently metastasis (Van Sluis
et al 2009). Contrary to these studies, several recent reports propose a novel
paradigm in which endothelial cells regulate the invasiveness of special cancer cells
by increasing their dissemination through vessels (Kedrin et al 2008) or even by
increasing the invasiveness of cancer cells (Mierke et al 2008a). Although special cell
adhesion molecules have been identified to facilitate tumor–endothelial-cell inter-
actions and subsequently support metastasis formation, the role of endothelial cells’
mechanical properties during the transmigration and invasion of cancer cells is not
well understood. However, it has been supposed that the altered mechanical
properties of endothelial cells can support one of the two main functions of the
endothelium in cancer metastasis, regulation of tumor growth and metastasis. First,
endothelial cells act as a barrier inhibiting transmigration and, second, they serve as
an enhancer for cancer cell invasion. How this behavior of endothelial cells is
actually regulated is not yet known. Moreover, the conditions that determine
whether the endothelium acts as an enhancer or a repressor of cancer cell trans-
migration are still elusive. A main biochemical pathway of the tumor–endothelial
interaction has so far been reported to involve cell adhesion receptors and integrins
such as platelet endothelial-cell adhesion molecule-1 (PECAM-1) and αvβ3 integrins
(figure 1.27) (Voura et al 2000). As integrins facilitate a linkage between the
extracellular matrix and the cell’s actomyosin cytoskeleton (Neff et al 1982,
Damsky et al 1985, Riveline et al 2001), the outside–inside connection is facilitated
through the mechano-coupling focal adhesion and cytoskeletal adaptor protein
vinculin (Mierke et al 2008b). In particular, this connection determines the amount
of cellular counter-forces that maintain the cell shape, cell morphology and cell
stiffness (Rape et al 2011). Finally, an overall biomechanical approach investigating
the endothelial barrier breakdown in the presence of cocultured invasive cancer cells
is still elusive. Microrheological measurements, such as magnetic tweezer micro-
rheology, have been adequate for determining the endothelial cell’s mechanical
properties, such as cellular stiffness during coculture with invasive or noninvasive
cancer cells compared to mono-cultured endothelial cells (Mierke 2011). Indeed, the
endothelial cell’s stiffness is influenced during the coculture by cancer cells, depend-
ing on their aggressiveness. In particular, highly invasive human breast cancer cells

Physics of Cancer, Volume 1 (Second Edition)

1-76



influence the mechanical properties of cocultured microvascular endothelial cells by
lowering the stiffness of endothelial cells, whereas noninvasive cancer cells have no
effect on endothelial-cell stiffness (Mierke 2011). Whether a direct cell–cell contact
between endothelial cells and cancer cells is necessary is still under intensive
investigation. In addition, the nanoscale particle-tracking method is used for
diffusion measurements of actomyosin cytoskeletal-bound beads serving as intra-
cellular markers for structural changes of the intercellular cytoskeletal scaffold. As
expected, this method has turned out to be suitable to analyze actomyosin-driven
cytoskeletal remodeling dynamics (Mierke 2011). Thus, the cytoskeletal remodeling
dynamics of endothelial cells are reported to increase in coculture with highly
invasive cancer cells, when the coculture is performed by direct cell–cell contact,
whereas they are unchanged by coculture with noninvasive cancer cells (Mierke
2011). Finally, these results demonstrate that highly invasive breast cancer cells, but
not less invasive breast cancer cells, actively alter the biomechanical properties of
cocultured endothelial cells. Thus, these findings may provide an explanation for the
dramatic breakdown of the endothelial barrier function of vessel walls.

What impact do the biomechanical properties of cancer cells have in intravasation?
During the entry into and the exit from the blood or lymph vessels, cancer cells
experience pronounced morphological shape changes, which are regulated by
contractile forces transmission and the generation or cytoskeletal remodeling
dynamics, which empower them to migrate through endothelial cell–cell adhesions.
The cytoplasm of a cell is regarded as a highly complex system that behaves like an
elastic material such as a spring at high deformation rates, whereas at low
deformation rates it acts like a viscous material such as honey that exhibits a yield
stress (Wirtz 2009). In particular, cellular elasticity mirrors the ability of the
cytoplasm to restructure and remodel upon the application of external stresses

Figure 1.27. Transendothelial migration. A cancer cell in the blood vessel is transported through the vessel
flow, rolls on the endothelium (tethering), attaches to it and exerts an invadopodium through the endothelial-
cell layer and the basement membrane into the extracellular matrix. The cancer cell interacts via PECAM-1
and integrin αvβa3 interactions with the neighboring endothelial cells. The interendothelial cell–cell adhesion is
mainly facilitated through hemophilic PECAM-1 or hemophilic VE-cadherin interactions.

Physics of Cancer, Volume 1 (Second Edition)

1-77



such as forces. In turn, the cellular viscosity describes the capability of the cytoplasm
to flow upon external shear stresses. Thus, cancer cells possess viscoelastic properties
prepared to react to all kinds of mechanical stimulation from their local micro-
environment. The MMP-facilitated degradation of the extracellular matrix is only to
a certain degree a rate-limiting step for the invasion speed and migration efficiency
of cancer cells, instead the deformability of the interphase cell nucleus is decisive, as
it is the largest organelle within the cell (Friedl et al 2010). Moreover, the nucleus is
at least ten-fold stiffer than the soft cytoplasm of cancer cells (Dahl et al 2004, Tseng
et al 2004). In particular, the elasticity of the cellular nucleus depends on the
mechanical properties of the nuclear lamina underneath the nuclear envelope
consisting of intermediate filaments (Dahl et al 2004), the chromatin organization
(Gerlitz and Bustin 2010) and special linker proteins connecting the nucleus and the
cytoskeleton via LINC complexes (Crisp et al 2006, Lee et al 2007, Hale et al 2008,
Stewart-Hutchinson et al 2008). The precise nucleus position within the cell body is
important for many cellular processes such as cell motility and invasion through
narrow pores of the extracellular matrix. LINC complexes consist of special proteins
that span over the nuclear envelope and mediate mechanical connections between
the nuclear lamina and the cytoskeleton (Crisp et al 2006). In more detail, these tight
connections between the nucleus and the cytoplasm are facilitated by interactions
between SUN domain-containing proteins such as SUN1 and SUN2 and Klarsicht
homology (KASH) domain-containing proteins at the outer nuclear membrane such
as nesprin 2 and nesprin 3, which are able to bind actin directly as well as indirectly
(Starr et al 2001, Starr and Han 2003, Technau and Roth 2008, Lei et al 2009).
Subsequently, the loss of LINC complex components leads to nuclear shape defects, a
softening of the nucleus and the cytoplasm (Lammerding et al 2004) and has a major
impact on the cellular motility on 2D substrates (Lee et al 2007, Hale et al 2008).
Although mutations of nesprins and lamins A/C have been found in breast cancer
(Wood et al 2007), their role in the 3Dmotility of cancer cells is not yetwell understood.

In line with this, the mechanical properties have been shown to be softer in cancer
cells compared to normal, healthy cells and thus are associated with an increased
metastatic potential (Guck et al 2005, Bloom et al 2008, Roesel et al 2008). The
softer cytoplasm of aggressive cancer cells can be explained as a loss of cytoskeletal
organization. The softening of the cytoskeleton should be further investigated in in
vivo models for cancer metastasis and in a 3D extracellular matrix invasion assay.
The development and major improvement of novel biophysical methods such as
nanoscale particle tracking, magnetic tweezer microrheology, traction force meas-
urements in 3D, optical cell stretching and twisting microrheology will help to
develop stiffness measurements that can be carried out directly in animal models or
3D environments (Bausch et al 1999, Guck et al 2005, Raupach et al 2007, Wirtz
2009, Legant et al 2010). The knowledge of the values of these mechanical properties
may be used as a biophysical diagnostic marker of cancer and the determination of
the metastatic potential (Cross et al 2007). Currently, there is no clue as to why
aggressive cancer cells should be softer than nontransformed healthy cells. One
hypothesis is that the invasion of cancer cells through 3D extracellular matrices and
transendothelial migration needs precisely regulated mechanical properties. If the
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cancer cells are too stiff to deform themselves or too soft to generate and transmit
forces to their microenvironment, they may no longer be able to squeeze through the
pores of highly crosslinked collagen fibers of the connective tissue. It has been
suggested that the mechanical properties of invasive cancer cells may depend on the
current cell-cycle phase, the impact of neighboring cells, the regulatory role of the
connective tissue’s physical properties, cytokine or chemokine concentration around
the cell, growth-factor stimulation, receptor ligands and receptor shedding enzymes,
membrane surface tension, and membrane domains such as lipid rafts and their
mobility. Indeed, single-cell measurements have consistently revealed that individual
cancer cells display a wide range of mechanical properties. These findings indicate
that only a certain subtype of cancer cells is able to migrate and to intravasate into
the endothelial-cell lining of blood or lymph vessels. These special invasive cancer cells
possess mechanical properties that facilitate cancer cell motility in connective tissue
and intravasation into blood or lymph vessels. These invasive properties of cancer cells
aswell as theirmechanical properties are stably associated even over a huge number of
passages in cell culture, after injection into animals and re-isolation from animal
tumor models. How can physical properties of cancer cells such as stiffness be passed
on from generation to generation? When these physical properties are based on
genomic mutations, they can be altered by the addition of pharmacological drugs in
order to regulate the proteins affecting cellular mechanics, invasion and trans-
endothelial migration. In more detail, cancer cells are supposed to vary their
mechanical properties according to their progression level in the metastatic process.

Moreover, it is suggested that the optimal mechanical properties for the invasion of
cancer cells into the surrounding tumor stroma near the primary tumor are different
from those for the majority of stationary cancer cells within the solid primary tumor.
In particular, these special mechanical properties seem to be essential for the cancer
cells to overcome the steric restrictions of 3D extracellular matrices such as the
extracellular matrix or endothelial vessel walls. Hence, the mechanical properties of
cancer cells need to be adopted during the metastatic process in order to react to the
altered environmental properties. Cancer cells must overcome microenvironmental
restrictions to reach the next step of the metastatic process. These alterations in the
mechanical properties of cancer cells seem to be regulated by biochemical gradients
(Tseng et al 2004), interstitial flow rates (Swartz and Fleury 2007) and neighboring
cells such as the endothelial cells lining the vessel wall (Mierke 2011).

The impact of shear stress on endothelial lining and transmigrating cells
During their travel through the blood or lymphoid system, cancer cells experience
external dynamic forces, immunological stimulation and collisions with other cell
types, such as red blood cells, and interact with the endothelial lining of the vessels.
All of which may have an impact on the survival of motile cancer cells and the
cancer cells’ capacity to metastasize in targeted organs. Those circulating cancer
cells that have been able to withstand fluid shear stress and immunosurveillance can
adhere to the endothelial-cell monolayer of the vessel, transmigrate and invade
distant organs and then enter targeted tissues. However, only a small and specialized
subtype fraction of the cancer cells survives and generates metastases, whereas the
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majority of the cancer cells die or remain dormant within the vessels or tissues
(Fidler et al 2002).

Upon entry into the circulatory system (intravasation), the migration path and
cell fate of a cancer cell is influenced by a number of physical and mechanical
parameters: the flow rate and the diameter of the blood vessels as well as the
interplay between shear flow and intercellular adhesion leads to the abolition of
cancer cell movement in larger vessels. In more detail, the shear stress arises between
adjacent layers of the blood fluid (of certain viscosity) moving at different velocities:
the velocity of a liquid in a cylinder (the blood vessel) is maximal in the center, but
zero at the border of the cylinder. The total shear stress is the product of fluid’s
viscosity and shear rate. The blood fluid behaves as a Newtonian fluid at shear rates
higher than 100 1 s−1, with a shear stress that increases linearly with the shear rate.
In contrast to cylinders, the maximum shear stress is experienced at the vessel wall.
The shear flow influences the translational and rotational motion of cancer cells and
regulates the orientation of cancer cells as well as the speed of receptor–ligand
interactions during cell adhesion. What we do not yet know is whether the shear flow
induces the deformation of cancer cells or even affects the magnitude of adhesion.
Moreover, the impact of the shear flow on the viability and proliferation rates of
cancer cells is not yet well understood.

The extravasation of cancer cells from blood or lymph vessels
If a cancer cell within the vessel lumen wants to exit, it must first adhere to the
endothelial blood vessel lining. There are two proposed mechanisms of cancer cell
trapping: physical arrest (called occlusion) and the cell adhesion. Which of these two
mechanisms is preferred depends on the actual diameter of the blood vessel.

Physical arrest means that a cancer cell intravasates into a vessel whose diameter is
less than that of the cancer cell’s diameter. Thus, the cancer cell arrests within the vessel
by mechanical trapping (physical occlusion). Circulating cancer cells of epithelial
origin are normally larger than 10 μm in size, hence physical occlusion only plays a role
in small vessels, such as capillaries smaller than 10 μm. In line with this, cancer
cells have been found at branches in blood vessels of the brain. In particular, cancer
cells’ extravasation through the endothelium and finally their metastasis has been
analyzed in vivo by intravital microscopy using a mouse model (Kienast et al 2010).

In the cell adhesion mechanism, the extravasation of a cancer cell from a large
blood vessel possessing a vessel diameter that is larger than that of the cancer cell
initially requires the adhesion of the cancer cell to the endothelial vessel wall through
intercellular cell–cell adhesion. The probability of getting caught in a large vessel is
the collision frequency between membrane-bound receptors on the surface of the
cancer cells and endothelial ligands exposed on the surface as well as the residence
time, which depends on the shear force and adhesive forces between the circulating
cancer cell and the endothelial vessel lining (Zhu et al 2008).

During their journey within the vessels, cancer cells are exposed to translational
and tangential velocity. In particular, the translational velocity of a cell traveling
through the vessel is always larger than the surface tangential velocity, which leads
to a rolling (slipping) motion relative to the endothelial vessel wall. The slipping
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motion increases the binding rate (depending on the rotation rate of the cancer cell)
between a single receptor on a cancer cells in the blood stream and ligands on the
surface of endothelial cells lining the vessel wall (Chang and Hammer 1999). The
total adhesion strength is defined by the tensile strength of the particular receptor–
ligand connection and the number of receptor–ligand interactions involved, whereas
possible cooperative effects are excluded (Niessen and Gumbiner 2002, Duguay et al
2003). What can help to reveal the cooperative effects? The further development and
invention of biophysical methods for measuring the mechanical properties of
ligand–receptor bonds may help to distinguish between single-molecule affinity
and multimolecular avidity exactly (Marshall et al 2003, Huang et al 2010). In
particular, the kinetic and mechanical properties, such as the tensile strength of a
single receptor–ligand connection, regulate whether a bond will form at a certain
shear stress and subsequently lead to cell adhesion. The initiation of a receptor–
ligand-dependent adhesion of cancer cells to the endothelium is facilitated by
selectins under shear stress and requires a sufficient fast binding rate, sufficient
tensile strength in order to resist the dispersive hydrodynamic force and a slow
rupture rate of receptor–ligand bonds. Thus, this all helps to promote the formation
of additional receptor–ligand interactions. As integrins have slower binding rates
than selectins, they are only able to bind after selectin–ligand mediated cancer cell
binding. Finally, these integrin receptors have cooperative effects: for example,
integrin clustering leads to the formation of multiple bonds and hence to strong
adhesion of cancer cells (Hynes 2002).

Cancer cells are supposed to escape immune surveillance through association with
platelets when migrating through the blood vessels (McCarty et al 2000). This
association may additionally provide guidance for the extravasation step of cancer
cells (McCarty et al 2000). Nonetheless, the role of these platelets in promoting
cancer metastasis is still not clearly understood and thus needs further investigation
through using an established mouse model (Gasic et al 1968, Camerer et al 2004).
There are still open questions. Are cancer cells masked by platelets in the blood
stream in order to be protected from immune response reactions such as the
clearance by phagocytosis? Can platelets support the cancer cell’s adhesion to the
endothelial vessel lining? Does the secretion of VEGF by platelets alter the vascular
hyperpermeability and subsequently the extravasation of cancer cells? What is the
reason for having leukocytes in close neighborhood to metastatic and highly
aggressive cancer cells? Why do transmigrating cancer cells use similar mechanisms
as transmigrating leukocytes, such as neutrophils? What regulates the specificity of
cancer cells to metastasize exclusively in targeted organs and not in other sites (Weiss
2000, Fidler 2003, Steeg 2006, Jacob et al 2007)? There are currently at least three
hypotheses. The first is the one called the seed and soil hypothesis, which states that a
cancer cell will only metastasize to a tissue site where the microenvironment is
suitable and favors cancer cell survival and secondary tumor growth (Paget 1989).
The second is called the mechanical hypothesis and is based on structural
restrictions; this states that the process of cancer metastasis occurs at sites related
to the directional pattern of blood flow, as the blood fluid flows from most organs to
the heart, then to the lungs by the venous system and back via the arterial system
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(Weiss 2000). The third is called the stiffness hypothesis, which states that cancer
metastasis occurs only at sites where the mechanical properties of the targeted tissue
are similar or even equal to the mechanical conditions of the primary tumor.

Does the endothelial cell’s actomyosin cytoskeleton serve as a migration grid for
transmigrating cancer cells?
In the classical view, the endothelial-cell monolayer of vessels acts as a barrier and as
such it is a key rate-limiting step for the transmigration, invasion and metastasis of
invasive cancer cells (Zijlstra et al 2008). The endothelial vessels wall is commonly
presented as a strong tissue barrier towards the dissemination of cancer cells
(Wittchen et al 2005). However, recent reports demonstrate a novel role for the
endothelial vessel wall, in which the endothelial-cell lining increases the invasiveness
of special cancer cells. In the first report, breast cancer cells display enhanced
dispersion through hematogeneous dissemination in close neighborhood to blood
vessels (Kedrin et al 2008). In the second report, the invasiveness of certain cancer
cell lines is endothelial-cell-dependent and is even enhanced for special cancer cell
types (Mierke et al 2008a). Nevertheless, the process of cancer cell invasion has been
investigated in numerous research studies, but the molecular and mechanical
mechanisms of cancer cell transendothelial migration are not yet well understood.

The intravasation of cancer cells in the vessels includes as a physical process the
interaction of at least three cell types: the special invasive cancer cell, the nearby
macrophage and the opposing endothelial cell. This interaction will engage the
mechano- and biochemical-transduction cytoskeletal properties of these three
neighboring cells. To reveal whether signals from cancer cells stimulate endothelial
cells, a 3D coculture assay with a collagen fiber matrix can be used in which the real-
time intra-endothelial signaling events evoked by invasive cancer cells or macro-
phages are analyzed and compared to mono-cultured endothelial cells (Khuon et al
2010). In more detail, this assay involves the assembly of a vasculature network in a
3D collagen matrix using endothelial cells expressing a fluorescent resonant energy-
transfer-based biosensor that reports the activity of myosin light chain kinase
(MLCK) inside the endothelial cell in real time (Chew et al 2002). As expected,
endothelial cells sensed their environment, such as the 3D collagen fiber matrix,
mechanically. Indeed, the 3D microenvironment induces lumen formation in
endothelial cells, which then display basal–apical polarity in the proper orientation
supported by α4 laminin deposition. As suggested, invasive cancer cells are able to
alter the MLCK-mediated actomyosin function in the surrounding underlying
endothelium. Subsequently, cancer cells are able to transmigrate through the
endothelial-cell monolayer in at least two ways: by a transmigration mode using a
transcellular path (through neighboring endothelial cells) or by a transmigration
mode using a paracellular (though endothelial cell–cell junctions) path (Khuon et al
2010). When cancer cells use a transcellular mode to invade, they trigger MLCK
activation inside the endothelial cell, which correlates with enhanced local phos-
phorylation of the myosin-II regulatory light chain (RLC) and endothelial myosin
contraction. This has been functionally investigated using endothelial cells express-
ing an RLC mutant that cannot be phosphorylated; thus, the transcellular modes of
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cancer cell intravasation are reduced. Finally, the transcellular transmigration mode
is indeed used and can be characterized: (1) invasive cancer cells undergo trans-
cellular migration; (2) cancer cells undergoing the transcellular transmigration mode
induce transient and local MLCK activation as well as myosin contraction of
adjacent endothelial cells at the transmigration site and subsequently tissue invasion;
and (3) the transcellular transmigration path depends on the phosphorylation of
myosin-II RLC. In summary, these findings demonstrate that the endothelium plays
an active rather than a passive role in supporting cancer cell intravasation.

1.2.5 Secondary tumor in targeted tissues

If a secondary tumor occurs in the progression of cancer disease, the primary tumor
has metastasized in a targeted tissue. How the tissue specificity is determined is still
elusive and under debate. It is still commonly held that the hypothesis formulated by
Stephen Paget in 1989 holds true, in which the process of metastasis depends on a
crosstalk between special cancer cells (the seeds) and the specific microenvironments
of organs (the soil) (Paget 1989). In established reports it is stated that the metastatic
potential of a cancer cell depends on its interactions with the homeostatic factors
that facilitate primary tumor-cell growth, survival, angiogenesis, invasion and
metastasis. What major findings are most likely to answer the question of why
certain cancer cells metastasize in a special target organ? It is suggested that the
mechanical properties of the primary tumor tissue are similar to those of the targeted
tissue (Kumar and Weaver 2009). In order to see how these mechanical properties fit
into the process of metastatic cancer progression, we need to discuss the classical and
established hallmarks of cancer.

1.3 Hallmarks of cancer
In the last 25 years, many medical and biological aspects of the field of classical
tumor biology have been investigated and much effort has been put into this field of
cancer research. Thus, it is not surprising that in 2000 six ‘classical’ hallmarks of
cancer were proposed in order to describe the major steps of the malignant cancer
progression cascade process in a more detailed and precise mode (Hanahan and
Weinberg 2000): (1) sustaining proliferative signaling, (2) evading growth suppres-
sors, (3) activating invasion and metastasis, (4) enabling replicative immortality, (5)
inducing angiogenesis and (6) resisting cell death (figure 1.28). After defining these
six hallmarks, the following question may arise: how many of these regulatory
circuits must a cancer-candidate cell deregulate to be finally cancerous? However,
this question cannot be fully answered yet, as the six proposed hallmarks describe
only the first set of regulatory circuits and have been revealed to be insufficient to
describe all possible types of cancer. Thus, this first set of hallmarks has to be
refined. Indeed, 11 years later the same two researchers who proposed the first set of
six hallmarks of cancer defined the next two novel, additional hallmarks to improve
the principles for classification of malignant cancer progression (Hanahan and
Weinberg 2011): (1) the utilization of abnormal metabolic pathways and (2) the
repression of the immune system. The addition of the seventh and eighth hallmarks
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of cancer to their list showed that the immune system was viewed as being more
important in malignant cancer progression.

Many molecules relevant for the motility and invasion of cancer cells, such as
α6β4, αvβ3, αvβ5, α5β1, E-cadherin, N-cadherin, Notch1-4 receptors, CXCR2 and
CXCR4, have been reported to play a regulatory role in cancer disease (Gong et al
1997, Bauer et al 2007, Mierke et al 2008a, 2008b, 2008c, Sawada et al 2008,
Gilcrease et al 2009, Ricono et al 2009, Teicher and Fricker 2010). Despite all of
these major findings based on novel molecular or biochemical approaches such as
genomics and proteomics, these novel approaches were not able to fundamentally
change patients’ survival rates in the field of cancer research. After the initial
enthusiastic reception, it has been seen that these molecular biological technology-
based approaches have not yet reached their goals, although they have contributed
to the discovery of significant insights into cancer biology, cancer diagnosis and
prognosis. The detailed classification of tumors due to numerous novel marker
proteins for special cancer types and the detailed mapping of specific human cancer
types has begun. Nonetheless, a major criticism of these novel approaches is the high
variation among the gene and protein expression levels during the progression of
cancer, possibly depending on the cancer disease stage, but also varying between
cancer patients, possibly due to altered environmental conditions. With this knowl-
edge, it is not yet well understood how these novel biological approaches contribute
in a regulatory way to the progression of cancer and to what extent. In these genomic-

Figure 1.28. Hallmarks of cancer.
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and proteomic-based analysis methods the spatial localization of the proteins in
special compartments such as lipid rafts (Runz et al 2008), their state of activation
such as phosphorylation and assembly, and finally their lifetime, turnover rate,
modification rate (for glycosylation and recycling, for example) are still not included
(Veiga et al 1997, Garcia et al 1998, Caswell et al 2008, Gu et al 2011, Liu et al 2011).

Current classical biological and biochemical approaches to reveal insights into
cancer biology have not yet covered the whole complexity of cancer disease and have
so far failed, in particular, to give more appreciation to the malignant progression of
cancer. Cancer research has adapted classical physical approaches. Moreover, novel
biophysical analysis methods have been developed in order to be suitable for use in
the field of cancer research. To date, these promising new directions for physical-
based cancer research have significantly changed the field and have demolished the
classical biological and biochemical view on cancer disease. In addition, cancer
disease is closely associated with inflammatory processes and hence the physical
view has changed and needs to be adapted to inflammatory diseases. In addition to
solid epithelial originated tumors, ‘soft’ leukemias will also be addressed in order to
compare them with the results obtained for epithelial cancer cells.

As there is still at least one hallmark missing, including the mechanical properties
of cancer cells, this book will focus on the impact of the physical properties of cancer
cells, their physical microenvironment such as the extracellular matrix, and on
neighboring cells such as endothelial cells, cancer-associated macrophages and
fibroblasts. These processes or regulatory circuits are presented here from a
biophysical point of view and thus break down the classical and well-known
eight-hallmarks-based view of cancer.

Do physical aspects affect the classical hallmarks of cancer?
All the eight postulated hallmarks of cancer miss the aspect of the mechanical
properties of cancer cells and their local microenvironment, indicating that the
common view on cancer is not from a physical viewpoint. Here, the physical view on
cancer disease is addressed and is the focus of discussion.

There is agreement that physical aspects in cancer research can no longer be
excluded and hence must be adapted into the current understanding of cancer
research. In particular, this means that a ninth hallmark, which incorporates physics
into classical cancer research, is needed to fully reveal the complex regulatory
scenario of cancer metastasis. Indeed, this ninth hallmark states that the primary
tumor and the tumor microenvironment can alter the survival conditions and
cellular properties of a special type of cancer cells, which then subsequently supports
the selection of an aggressive (highly invasive) subtype of cancer cell. Moreover, this
aggressive subtype of cancer cells is supposed to decrease cell–cell adhesions to
neighboring cells, affecting the mechanical properties of neighboring and interacting
cells, migrate through the tumor boundary of the primary tumor, including the
tumor-surrounding basement membrane, and invade the local tumor stroma.

In summary, each of these steps affects either the mechanical properties of the
migrating cancer cells, their microenvironment, the neighboring cells representing a
stable barrier and the interacting endothelial cells lining blood or lymph vessels.
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Indeed, this novel ninth hallmark can be included after the hallmark of avoiding
immune destruction and before the hallmark of activating invasion and metastasis
(Mierke 2013b). In more detail, the novel ninth hallmark, the selection of an
aggressive subtype of cancer cells, may have the ability to reduce cell–cell adhesions,
possibly even increase cell–matrix adhesions and adapt the mechanical properties of
cancer cells, facilitating cancer cell transmigration through the basement membrane
and migration into the connective tissue. Moreover, these nine hallmarks can then
be put into three groups: the neoplasm formation group (including hallmarks 1–3),
the transformation of cancer cells into aggressive and invasive cells group (including
hallmarks 4–5) and the tumor growth group (including hallmarks 6–9) (Mierke
2013b). Finally, when re-investigating the eight classical hallmarks, the physical
aspect should be included in each of them to refine this particular hallmark.

1.4 The impact of the mechanical properties of cancer cells on their
migration

During the last decade, many studies have suggested that the mechanical properties
of cancer cells are a key player in facilitating cancer cell migration. Novel
biophysical methods have been developed and further improved in order to measure
the mechanical properties of cancer cells precisely.

The biomechanical properties of cancer cells determine their own aggressiveness
What determines the cellular motility in 2D and 3D migratory environments is still
elusive. Nonetheless, the capacity of cancer cells to migrate and invade 3D
connective tissues depends on certain mechanical parameters determining the overall
migration speed through a dense 3D extracellular matrix (with a typical pore size of
1–2 μm). Among these parameters are (1) cell adhesion and de-adhesion dynamics,
such as turnover of focal adhesions and adhesion strength; (2) cytoskeletal
remodeling dynamics, cellular fluidity and cellular stiffness; (3) extracellular matrix
remodeling and enzymatic degradation of the extracellular matrix; and (4) protru-
sive (contractile) force generation (Friedl and Brocker 2000, Webb et al 2004,
Mierke et al 2008c). The exact values do not restrict the migratory potential of
cancer cells, it is rather the balance between the parameters that is crucial for the
efficiency of cancer cell invasion, invasion speed and invasion depths into 3D
extracellular matrices (Zaman et al 2006). These parameters can be altered and
shifted towards a single parameter, whereas they are still all important for regulating
the invasiveness and invasion efficiency of the cancer cells. An imbalance between
these parameters may switch the mode of cell invasion from epithelial to mesen-
chymal, or even to the amoeboid mode with or without the presence of traction
forces. Taken together, the invasion strategy is determined by the utilization of these
parameters. How cancer cells keep these parameters precisely balanced, and how the
microenvironment, such as growth factors, cytokines, chemokines, matrix-protein
composition, structure and concentration, and matrix mechanical stiffness, impacts
cell invasiveness is still elusive or the subject of controversial discussion (Steeg 2006).
There are at least two mechanisms. The first is that invasive cancer cells digest the
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dense 3D extracellular matrix through the secretion of enzymes such as MMPs
(Wolf et al 2003a, 2007, Friedl and Wolf 2009). The second mechanism is that
sheddases exposed on the cell surface such as the alpha-secretases ADAM-10 and
ADAM-17 cut cell–cell adhesion molecules such as NOTCH receptors (Micchelli
and Blair 1999), ephrins or E-cadherins of cancer cells or facilitate signaling, leading
to nuclear translocation and the induction of gene expression, and finally induce
cancer cell invasiveness (Brou et al 2000, Itoh et al 2008, Li et al 2008, Bozkulak and
Weinmaster 2009, Riedle et al 2009, Singh et al 2009, van Tetering et al 2009).
Additionally, ADAM-17 cuts pro-TNF-α exposed on the cell surface and releases
mature TNF-α into the microenvironment (Black et al 1997). In addition to
proteolysis of the extracellular matrix or shedding of membrane receptors, another
important parameter for regulating the invasion speed and determining the invasion
depth of cancer cells in dense 3D extracellular matrices is the mechanical ability to
generate and transmit contractile forces (Mierke et al 2008a, Roesel et al 2008).
Novel biophysical methods measuring contractile forces in 3D collagen or fibrin
matrices have been reported (Bloom et al 2008, Legant et al 2010, Koch et al 2012,
Gjorevski and Nelson 2012). Thus, the invasion of cancer cells is analyzed by taking z-
stack images. In someassays,matrix embeddedbeadsmay serve asmarkers, whereas in
others the collagen fiber structure is the marker of the cellular force displacement
evoked by invasive cancer cells. The tracking of collagen fibers seems to be more
complicated, but also more reliable and it reduces the effect of marker phagocytosis as
only aminor number of collagen fibers is cut by enzymes and internalized compared to
the embeddedbeads in close neighborhood to invasive cancer cells.One problem is that
bead internalization (bead phagocytosis) may affect the mechanical properties of
cancer cells and consequently may alter their invasiveness into dense 3D extracellular
matrices.

However, major players in the regulation of cancer cell invasion into dense 3D
extracellular matrices are the cell–matrix adhesion receptors such as integrins and
their associated focal adhesion molecules such as vinculin and focal adhesion kinase
(FAK). Integrins are key players in the regulation of the invasiveness of cancer cells,
because they regulate cell–matrix adhesion and de-adhesion, adhesion strength and
the generation or transmission of contractile forces upon outside–in (via ligand) or
inside–out (via integral signaling through growth factors, etc) signaling, stimulation
of integrin receptors and cytoskeletal remodeling dynamics (Giancotti 2000, Discher
et al 2005). The integrins are a family of cell–matrix adhesion receptors and are
composed of two noncovalently linked α (one out of 18) and β (one out of 8)
subunits. In addition, they regulate transmembrane connections between the cell’s
actomyosin cytoskeleton and the extracellular microenvironment, such as an
extracellular matrix scaffold. This connection is mainly mediated by the focal
adhesion protein vinculin, which can act as a mechano-coupling and mechano-
regulating protein (Mierke 2009). The focal adhesions of cancer cells fulfill two
functions in cell invasiveness: first, they transmit contractile forces to the extra-
cellular matrix microenvironment and second, they anchor the cancer cells to its
substrate to withstand de-adhesion and apoptosis (programmed cell death) (Loftus
and Liddington 1997, Palecek et al 1997, Zaman et al 2006). The composition of
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focal adhesions may vary significantly, depending on the integrin type and the
integrin activation state. In addition, the integrin signal transduction through the α
integrin subunit is not uniform: the activation of α4 and α9 integrin subunits leads to
decreased cell spreading, but the activation of α1, α3, α5, α6, αv and αIIb integrin
subunits even enhances cell spreading (Horwitz and Parsons 1999, Rolli et al 2003,
Rout et al 2004, Schmid et al 2004, Pawar et al 2007). However, the function of
vinculin in the focal adhesions is supposed to vary due to the integrin type and
activation state. In more detail, integrins are able to modulate the function of other
integrins, for example the α5β1 integrin can regulate the αvβ3 integrin facilitated
focal adhesions and migration on extracellular matrices (Ly et al 2003). In line with
this, the expression of the β1 integrin subunit has been reported to support cancer
cell migration in 3D matrigel and 3D extracellular matrices (Mierke et al 2011).
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Chapter 2

Inflammation and cancer

Summary
The link between inflammation and cancer has been proposed a long time ago and
inflammation is now a major part of current cancer research. The analysis of the
biophysical parameters or the determination of the prerequisites for inflammation
belong to a still growing and newly emerging research field of physical tumor-
immunology, which will probably set a novel future focus in the physics of cancer
field. Inflammation, especially chronic inflammation, possesses pro-tumorigenic
effects and it therefore increases the probability of promoting various tumor growths
and the further progression of cancer. The impact of inflammation on the metastatic
potential of tumors is not yet well known. It has been hypothesized that the
transendothelial migration process leading to cancer metastasis is affected by
inflammatory cytokines and the associated mechanical microenvironmental changes.
However, the impact of acute and chronic inflammatory processes on cancer
progression is still elusive, although it has been seen that the success of cancer therapy
depends on the associated inflammatory processes involved in cancer disease. The
mechanical properties of the tumor surrounding stroma may also change during these
inflammatory processes and subsequently alter the tumorigenic potential of distinct
cancer cell types or cancer cell subpopulations. However, this is not yet well known
and it requires extensive future research efforts. In this chapter, the principal cellular
and molecular pathways promoting tumor progression and inhibiting tumor pro-
gression are presented and discussed in the context of inflammation. Finally, the
interplay between cancer and inflammation is highlighted throughout the chapter.

2.1 Inflammation: acute and chronic
Inflammation is primarily a protective response of an organism, employing host
cells, blood vessels and certain proteins to fight against tissue injury and infection.
This inflammatory response aims to eliminate the initial reason for the cell injury, to
clear and remove necrotic cells and tissues, and to start tissue repair. Inflammation is
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a potentially harmful mechanism to protect against intruders, such as bacteria, fungi
and viruses, and cellular as well as tissue damage. Indeed, several components of the
inflammatory process are able to destroy microbes, but they may also cause further
damage to uninflamed tissue surrounding the inflammatory tissue site. The inflam-
matory process involves white blood cells, such as leukocytes, and plasma proteins
that are normally located in the blood fluid.

The goal of the inflammatory reaction is to guide these immune cells and
inflammatory proteins to the sites of the tissue injury or the infection. Chemical
substances secreted by the host cells initiate the onset of the inflammatory process.
Among these substances are cytokines, including chemokines (figure 2.1). The
inflammatory process is precisely controlled and hence self-limited. However, there
are excess inflammatory reactions that lead to an inappropriate inflammatory
response even when there are no foreign intruders left. This may then lead to
autoimmune disease. Hence, inflammatory responses need to be regulated and
controlled precisely by the immune system in order to inhibit excessive tissue
damage and the involvement of surrounding normal tissue in the inflammation.
What are the signs of an inflammation? The cardinal signs are heat, red staining of
the tissue, swelling, pain and then loss of function. What are the distinct markers for
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Figure 2.1. Inflammatory reaction: 1. Bacteria and other pathogens enter the tissue through a wound. 2.
Platelets release blood clotting proteins at the site of the wound. 3. Mast cells secrete factors such as histamine
regulating the vasodilation and vascular constriction, which cause the delivery of blood, plasma and cells to the
wound. 4. Neutrophils secrete factors for killing and degrading pathogens. 5. Neutrophils and macrophages
phagocytize pathogens. 6. Macrophages release hormones such as the cytokines IL-8 and MCP-1 attracting
immune cells to the wound site and activate cells involved in tissue repair. 7. The inflammatory response is
present until all foreign material is eliminated and the wound is closed after repair.

Physics of Cancer, Volume 1 (Second Edition)

2-2



an acute or a chronic inflammation? First, the stimuli for acute inflammations may
be infections, for example bacterial, fungal, parasitic or viral, and the toxins of
microbes. Second, necrosis of tissues may be evoked by ischemia, physical or
chemical injury from, for example, irradiation or environmental chemicals, and
trauma. Third, the cause of inflammation can be foreign bodies, such as splinters,
sutures or just dirt. Fourth, immune reactions induced by hypersensitivity reactions
can evoke acute inflammation. Acute inflammation leads to vascular alterations,
such as vasodilation, increased vascular permeability and elevated adhesion of
leukocytes to the endothelial cell layer of blood vessels. In addition, acute
inflammation induces cellular events, such as the recruitment and activation of
neutrophils. In more detail, vasodilation is the reaction of blood vessels to acute
inflammation and leads to alterations in the vascular diameter. Finally, these
reactions decrease the entire blood pressure. The blood pressure reduction is
followed by vascular leakage and edema formation, which represents the accumu-
lation of fluid and proteins of the blood plasma in the extravascular tissue spaces
(so-called interstitium). Finally, the leukocytes emigrate to extravascular tissues by
undergoing sequentially the following steps, such as margination and rolling,
activation of the endothelium and adhesion to the endothelial vessel lining, and
transendothelial migration. Acute inflammation induces an immediate increase in
vascular permeability that is facilitated by pro-inflammatory substances, such as
histamine, complement factors, serotonin, bradykinin, tachykinins and nitrogen
oxide species (Di Lorenzo et al 2009). This release of pro-inflammatory factors is
simultaneously regulated with the recruitment of neutrophils to the sites of the
inflammation (within the first six hours) and is followed by the next step, the
recruitment of monocytes and macrophages to these inflamed tissue sites (within one
day) (Walzog and Gaehtgens 2000).

The step of vasodilation alters the vessel flow in order to remove the released
histamine and reduce the increased heat and redness in this tissue. Additionally,
the clearance of the released histamine is important as it can also stimulate
vascular smooth muscle contraction. The change in the vessel flow omits stasis,
which means the slowing down of the blood vessel flow caused by hyperviscosity of
the vessel fluid, the margination of circulating leukocytes and subsequently the
activation of the endothelial vessel lining. This alteration follows the increased
permeability of the vasculature including the formation of an early transudate
(protein-poor filtrate of the blood plasma with a few cells) and an exudate (protein-
rich filtrate of the blood plasma with intermediate and high amounts of cells)
within extracellular tissues (Nagy et al 2012). The next step is vascular leakage and
edema formation evoked by a change in vessel permeability caused by histamines,
bradykinins and leukotrienes, which then lead to the contraction of endothelial
cells and subsequently to a widening of the intercellular gaps of venules. Taken
together, the endothelium lining of the vessels becomes leaky. The outpouring of
the exudate (protein-rich) into the extracellular matrix of connective tissues
reduces the intravascular osmotic pressure and increases the extracellular (inter-
stitial) osmotic pressure. The last step causes the formation of edema, consisting
mainly of water and ions.
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Chronic inflammation has the following features. It lasts longer than acute
inflammation, and other cell types such as lymphocytes, plasma cells and macro-
phages (monocytes) infiltrate the interstitium. Finally, this may lead to tissue
destruction by inflammatory cells, which is then repaired via fibrosis and angio-
genesis. The persistence of an injury or infection leads to diseases such as colitis
ulcerosa and tuberculosis, which are known chronic inflammations. Prolonged
exposure to a toxic agent may lead to pulmonary conditions characterized by a
self-perpetuating immune reaction resulting in damage to and inflammation of
tissue, for example rheumatoid arthritis, systemic lupus erythematosus and multiple
sclerosis (Viatte et al 2013, Jacob and Stohl 2011, Leray et al 2010).

2.1.1 Receptors involved in leukocyte activation

Several receptors are involved in the inflammation-dependent activation of leuko-
cytes. These are toll-like receptors (TLRs), different seven-transmembrane G-
protein-coupled receptors, receptors for cytokines, such as IFN-gammaR and
opsonins, together with their receptors. In addition, antibodies against specific
opsonins are recognized by Fcgamma receptors (Viegas et al 2012). In particular, the
complement system has been described as a heat-labile component of the normal
blood plasma that supports the opsonization of bacteria by antibodies in order to
kill them. This complements the antibacterial activity of the antibody. The comple-
ment not only acts as an effector for the antibody driven response, it can also be
activated during the early onset of an infection, even in the absence of an antibody
response. In more detail, the complement system consists of numerous distinct
plasma proteins reacting with one another to opsonize pathogens to facilitate
inflammatory responses. For example, the digestive enzyme pepsin inside cells can
be secreted as an inactive precursor enzyme, the pepsinogen, which is only cleaved to
pepsin in the acidic microenvironment of the stomach (termed autodigestion).

The components of the complement system, such as the precursor zymogens, are
widely distributed throughout the fluids and tissues of the body. At the inflamed
sites, complement factors are activated to facilitate the inflammatory progression
through an enzymatic cascade. In this cascade, the cleavage of a zymogen precursor
reveals an active complement enzyme. This complement enzyme cleaves its desired
substrate, such as a targeted complement zymogen, which is then activated. In
addition, this activated enzyme then cleaves to activate the next zymogen, and so on.
Thus, the activation of a small group of complement proteins at the beginning of the
inflammatory cascade is substantially amplified by each successive step of the
enzymatic reaction, leading to a pronounced large complement response.

To inhibit excess activation of the complement pathway, there are regulatory
mechanisms to prevemt uncontrolled complement activation. There are three
distinct pathways by which the complement can be activated on the surfaces of
pathogens. Although these pathways are initiated differently, they are able to
generate the same effector molecules. In all of the three ways that have been
discovered to date, the complement system is involved in protecting against
infection. First, the complement system generates numerous activated complement
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proteins that are able to bind covalently to pathogens to opsonize them for the
phagocytosis by phagocytes displaying complement receptors on their cell surface.
Second, small fragments of distinct complement proteins can operate as chemo-
attractants to recruit and accumulate phagocytes, such as macrophages, to the site of
the complement activation by stimulating these phagocytes. Third, the terminal
complement factors try to kill certain bacteria by generating holes (pores) in the
bacterial membrane.

In summary, the complement, mainly the CR1, that recognizes breakdown
products of C3 by either the classical or an alternative pathway, mediates the
inflammatory process. Within the blood plasma, there are early activation proteins
that are the markers of an inflammation such as the C-reactive protein (CRP), serum
amyloid protein (SAP), fibronectin, fibrinogen and lectins such mannose binding
lectin (MBL) (Janeway and Medzhitov 2002). They all contribute to the progression
of the inflammatory cascade, which then fights against the inflammation and
protects the healthy tissue and organs from that inflammation. In addition,
cytokines (15–30 kD in size) are produced by stimulated lymphocytes, macrophages,
the endothelium, the epithelium and the surrounding connective tissue. Chemokines
(8–10 kD in size) fulfill roles as chemoattractants for specific types of leukocytes
(chemotaxis process). As a secondary step, extracellular fibrillar networks are
secreted by neutrophil and eosinophil granulocytes as well as mast cells in response
to certain infectious pathogens and inflammatory mediators such as chemokines and
cytokines (Poon et al 2010). Additionally, granule proteins such as the peptides of
microbes and enzymes are embedded in this extracellular matrix framework. This
framework provides an extracellular matrix to catch and kill microbes and induce
the contact system. There are chemical mediators of inflammation that seem to be
produced locally by cells at the site of primary inflammation. These cell-derived
mediators are usually sequestered in intracellular granules and then they are rapidly
secreted upon cellular activation by an inflammation or are synthesized de novo in
response to a stimulus. The plasma proteins, such as complement proteins and kinins
(measure blood pressure and cause dilation of blood vessels), circulate in an inactive
form and are activated by an inflammation through proteolytic cleavage (Poon et al
2010).

2.1.2 Extravasation of inflammatory cells

Leukocyte extravasation is a step that belongs to the inflammatory cascade of acute
and chronic inflammation (figure 2.2). Extravasation represents a critical step during
the inflammatory response as it includes the migration of leukocytes out of the
bloodstream into the targeted, inflamed tissues. At these inflamed tissue sites,
leukocytes fulfill their effector function. The step of leukocyte extravasation requires
the combined action of cellular adhesion receptors and chemokines to evoke the
drastic morphological alterations of leukocytes and the endothelial cell vessel lining
(Carman and Springer 2004). This is an active process for both cell types and leads
to the extremely fast and totally efficient ‘invasion’ of leukocytes into the sites of
inflammation, whereas the barrier function of the endothelium is not severely
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affected from a molecular point of view (Muller 2003). The role that the mechanical
properties of this ‘activated’ endothelial barrier play is not yet understood. Thus,
these mechanical properties of the endothelium have to be investigated in future
research studies under inflammatory and non-inflammatory conditions. What is
known so far? In particular, the steps of the adhesion cascade are clearly understood.
Among these steps are the slow rolling motion, intraluminal crawling of leukocytes
and the alternative pathways of the transcellular migration. In addition, the
functional role of novel adhesion receptors is presented, as well as the spatiotem-
poral organization of receptors at the cell surface of membrane, together with the
signaling pathways regulating the phases of the entire extravasation process.

In more detail, adhesion receptors are essential in maintaining the integrity of
tissues through the regulation of many important processes, such as cellular
activation, migration, growth, differentiation and death (Frenette and Wagner
1996a, 1996b). The regulation is facilitated by direct signal transduction and the
alteration of intracellular signaling pathways triggered by several growth factors
(Aplin et al 1998). It is known that cell–cell interactions are essential for the
regulation of hematopoiesis (Lévesque et al 1999, Verfaillie 1998) and the inflam-
matory processes (Butcher 1991, Butcher and Picker 1996). Thus, adhesion receptors
are also implicated in a wide variety of diseases, such as cardiovascular disorders
and cancer involving the process of inflammation.

As the functioning of adhesion receptors is important, their coordination between
adhesion receptors, the cytoskeleton and the signaling molecules is precisely
regulated during the extravasation of leukocytes (a key process in the whole immune
response reaction). In particular, the correct integration of outside–in and inside–out
signaling in leukocytes and in the endothelial cell monolayer lining blood vessels
during the extravasation step (called multi-step paradigm) is necessary for the proper
function of this phenomenon (Butcher 1991, Springer 1994). The extravasation of
leukocytes is not only observed during an inflammatory response, it is also found
when lymphocytes recirculate to secondary lymphoid organs, but this is not
addressed within this book.

Adhesion Transmigration
Rolling

Capture

Neutrophil

TNFalpha

IL-1

LPS

Beta2 integrins

ICAM-1E- and P-selectins

PSGL-1
L-selectin

Infection

Blood vessel lumen

Endothelial cell

Figure 2.2. Leukocyte transendothelial migration after infection.
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The initial interactions facilitated by selectins and their ligands are the tethering and
rolling of circulating leukocytes on the endothelium
The initiation of the inflammatory response is guided by the circulating leukocytes in
the blood fluid and their ability to provide a contact (tethering) to the vascular
endothelial cell lining to subsequently adhere to the endothelium in the presence
of the dramatic shear forces exerted by the blood flow. The first steps of the
extravasation process are the tethering and rolling of the leukocytes over the
activated endothelial cell lining of vessel walls. The initial contact or tethering of
the leukocytes is facilitated by the cell–cell interaction through selectins and their
ligands, while the blood flow is still present (Alon and Ley 2008). However, it is
known that selectins and their ligands interact at variable affinity to each other,
which enables them to adapt rapidly to the high frequency of association and
dissociation events between this leukocyte–endothelial cell connection by facilitating
labile and transient tethers between the flowing leukocytes and the static endothe-
lium (Mehta et al 1998, Nicholson et al 1998). In particular, the step of tethering
decreases the velocity the leukocytes to provide their rolling over the endothelium
and establish more stable interactions through integrins and their ligands.
Subsequently, the adherence of leukocytes towards the endothelium is enhanced
and they become tightly attached to it (Evans and Calderwood 2007).

In more detail, the P-, S- and L-selectins belong to the type 1 transmembrane
glycoproteins. These selectin receptors interact in a Ca2+-dependent way with
fucosylated and sialylated hydrocarbon presented on the cell surface of counter-
acting cells. L-selectin is mainly expressed by leukocytes and the E- and P-selectins
are exposed on the cell surface of endothelial cells, when stimulated by pro-
inflammatory stimuli such as tumor necrosis factor alpha (TNF-alpha). In addition,
P-selectin is expressed by activated platelets (Barreiro et al 2004). In particular, the
leukocyte selectin (L-selectin) can interact with the endothelial selectin (P- and
E-selectin) ligand, the P-selectin glycoprotein ligand-1 (PSGL1) protein. However,
the binding of PSGL1 to P- and E-selectin initiates the interaction of leukocytes
with the endothelial lining of the blood vessel, whereas the binding of PSGL1 to
L-selectin on leukocytes mediates leukocyte–leukocyte interactions, whereby the
fully adhered leukocytes capture other additional non-adhered circulating leuko-
cytes towards inflamed sites of the endothelium. In this step, it is not necessary that
the non-adhered floating leukocytes express ligands for endothelial selectins (termed
secondary recruitment process) (Eriksson et al 2001). Selectins are additionally able
to bind to other glycoproteins, such as CD44 or E-selectin ligand-1 (ESL1), which
are both ligands for E-selectin (Hidalgo et al 2007). It is suggested that each special
ligand has a certain function during the capture process of neutrophils. Hence,
PSGL1 is involved in the initial tethering of the leukocytes and ESL1 converts the
first transient tethering behavior to a slower and more stable rolling step. In order to
support secondary recruitment of leukocytes, CD44 regulates the velocity of the
rolling step and interferes in the polarization step of PSGL1 and L-selectin (Hidalgo
et al 2007). Indeed, platelets have the ability to behave as secondary recruiters for
leukocytes, as they possess the capability to interact directly and simultaneously with
the circulating leukocytes and the endothelial cell lining of blood vessels. Moreover,
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they are even able to release chemokines that were formerly immobilized on the
luminal endothelial cell surface, thereby strongly supporting the adhesion process of
leukocytes (von Hundelshausen et al 2009).

After the weak contact between leukocytes and the endothelium through selectins
and their ligands, the next step is the establishment of a strong adhesion via integrins
and their ligands. For example, the α4β1- and α4β7-integrins bind to their ligands
such as the vascular cell adhesion molecule 1 (VCAM-1) and the mucosal addressin
cell adhesion molecule 1(MAdCAM-1), respectively, which are both able to
independently facilitate the initial tethering (Alon et al 1995, Berlin et al 1993,
1995). In line with this, the interaction between lymphocyte function-associated
antigen 1 (LFA-1) and cell–cell adhesion molecule 1 (ICAM-1) supports the function
of L-selectin, thereby converting the transient contact into a stable contact by
reducing the velocity of the rolling step (Henderson et al 2001, Kadono et al 2002).

In general, the adhesion receptors need to be precisely localized on the surface of
cells in order to fulfill their function in the correct manner during the trafficking of
leukocytes (von Adrian et al 1995). The selectins as well as their ligands and the α4
integrins cluster at the tips of the microvilli of the leukocytes. For the proper
tethering of the selectins, their connection to the actin cytoskeleton via connecting
proteins such as α-actinin or ezrin/radixin/moesin (ERM) is necessary (Dwir et al
2001, Ivetic et al 2002, Pavalko et al 1995, Killock et al 2009).

It has been reported that selectins activate signal transduction pathways that are
linked to processes such as actin cytoskeletal reorganization. These pathways are the
MAPK, p56lck, Ras or Rac2 cascade (Barreiro et al 2004). On the other hand,
PSGL1 activates different intracellular signal transduction pathways that cause an
inductive effect on the activation of leukocytes, increasing the expression of
molecules that are supposed to act in the following steps of the extravasation
process and hence possess an effector function. Moreover, they fulfill a surprising
role in the induction of tolerogenic function in dendritic cells (Urzainqui et al 2002,
2007, Zarbock et al 2007, 2008).

The prominent role of leukocyte’s integrins and their ligands during activation, arrest,
strong adhesion and crawling on the endothelium
In order to develop innate and acquired immunity, the leukocyte trafficking through
the different tissues and organs and subsequently their interaction with other
immune cells at the sites of the inflammation is necessary, and represents an
important hallmark for an inflammatory response (von Andrian and Mackay
2000). Integrins have a fundamental function in cellular motility as they regulate
the cell–cell and cell–extracellular matrix interactions during recirculation of
leukocytes and inflammation. One feature is that integrins can alter their adhesive
activity independently of their expression levels and their exposure on the cell’s
surface (Hynes 2002). In particular, circulating leukocytes in the bloodstream
display their integrins in an inactive conformation to omit nonspecific contact
with the uninflamed endothelial cell linings of blood vessels. When they enter the
inflammatory focus, a rapid in situ activation of the integrins takes place (Campbell
et al 1998). In this light, the spatial distribution of integrins and their ligands on
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distinct membrane regions is necessary for their full function. In order to provide the
spatial distribution, a sharp regulation of the cytoskeleton is necessary, facilitating
the recruitment of signaling molecules and second messengers for the activation of
the cell (Vicente-Manzanares and Sánchez-Madrid 2004, Barreiro et al 2007).

The integrin receptors consist of α (18 different ones) and β (eight different ones)
subunits building 24 heterodimeric receptors (Humphries et al 2006) (figure 2.3). The
large number of possible integrin receptors provides dynamical adhesive properties
through conformational alterations (affinity) or through changes in the spatial
distribution on the cell’s surface (avidity) (Carman and Springer 2003). There are at
least three different conformational states of integrins hypothesized, such as a bent
conformation with low affinity (‘rest state’), an extended conformation (after pre-
stimulation by ligand) with intermediate affinity (‘partly activated state’) and
extended conformation with high affinity (after mechanical stimulation by the
ligand, which crosslinks receptors; ‘fully activated state’) (Beglova et al 2002,
Nishida et al 2006, Schwartz 2010). Members of the β2 integrin subfamily, such
as LFA-1 (CD11a/CD18 or αLβ2) and the myeloid-specific integrin Mac-1 (CD11b/
CD18 or αMβ2), and the integrins α4 VLA-4 (α4β1) and α4β7, play an essential role
in the adhesion of leukocytes to the endothelial cell lining of blood vessels. The
majority of their ligands are transmembrane receptors of the immunoglobulin
superfamily. For example, LFA-1 can bind to five intercellular adhesion molecules,
such as ICAM-1 to ICAM-5, but the most important ones are ICAM-1 and ICAM-
3 (Gahmberg et al 1990). It is known that ICAM-1 is expressed on leukocytes,
dendritic cells, epithelial cells and endothelial cells. Under normal conditions, the
surface the expression of ICAM-1 on these cells is low, whereas it can rapidly
increase after exposure to pro-inflammatory cytokines (Dustin et al 1986). However,

Figure 2.3. Integrin subunits and their combination to integrins.
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ICAM-3 is constitutively expressed on all kinds of leukocytes (Acevedo et al 1993).
LFA-1, can interact with other ligands such as the junctional adhesion molecule A
(JAM-A), which is located on the apical region of the endothelial tight junctions.
After stimulation with special pro-inflammatory factors it is partially redistributed
to the apical surface of the endothelial cells (Ostermann et al 2002). Mac-1 binds to
ICAM-1, JAM-C and the receptor for advanced glycation end-products (RAGE)
(Chavakis et al 2003, Lamagna et al 2005). The integrin α4β1 (VLA-4) interacts with
VCAM-1 (Elices et al 1990), which is an adhesion receptor that is expressed de novo
after the activation of the endothelium (Carlos and Harlan 1994) and additionally
can bind to JAM-B (Cunningham et al 2002). In more detail, VLA-4 additionally
binds to ADAM-28, thrombospondin, osteopontin, von Willebrand factor, fibro-
nectin and the invasin bacterial protein (Mittelbrunn et al 2006). The αEβ7 integrin
interacts with VCAM-1 and fibronectin, whereas it is also able to bind to
MAdCAM-1, which is a receptor detected in the lymphoid tissues of the mucosa
(Berlin et al 1993).

What role do chemokines play in the regulation of the activity of integrins?
At theonset of the tetheringon thevascular endothelial cell lining, the rolling velocityof
the leukocytes slows, while they are activated by the endothelial cell’s luminal surface
expressing immobilized chemokines and integrin ligands (Ley et al 2007). This leads to
the arrest of leukocytes and subsequently to strong adhesion to the endothelial cell
lining of vessels under normal flow characteristics (Alon et al 2003, Rot and von
Andrian 2004). During leukocyte activation the leukocyte undergoes a morphological
transformation from a rounded, circulating cell to a promigratory polarized cell with a
clear cell front and rear (termed an uropod) (del Pozo et al 1995). This cellular
polarization is helpful for the coordination of intracellular forces to facilitate the
crawling step during the extravasation cascade (Geiger and Bershadsky 2002).

The chemokines can interact with the glycosaminoglycans of the apical endothelial
membrane of the endothelial cell lining of blood vessels by signaling via the G-protein-
coupled receptors (GPCR) located on the surface of the leukocyte’s microvilli, thereby
they immediately induce the outside–in signaling cascade. This cascade triggers
multiple conformational alterations in the integrins (Constantin et al 2000, Sanchez-
Madrid and del Pozo 1999, Shamri et al 2005). Chemokines induce complex signaling
mechanisms within a short time period, which regulate the activation of integrins and
support the hypothesis that there is a compartmentalized and pre-formed protein
network (termed signalosomes) inside the leukocytes (Laudanna and Alon 2006). This
is further supported by the presence of specific chemokines in special vascular beds that
drive the selective recruitment of different leukocyte subpopulations to the side of the
primary inflammation or to secondary lymphoid organs such as lymph nodes (Luster
1998).Moreover, chemokines have various effects on specific integrins, even if these are
located within the same local microenvironment (Laudanna 2005).

How is the ligand-facilitated affinity of integrins altered?
The conformation of integrins is altered reversibly after chemokine-induced activa-
tion, as the conformation converts from an inactive (bent) state with low affinity to
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an extended state with intermediate affinity. This process is the necessary con-
formation of the integrin to bind to its ligand expressed on the endothelium
efficiently. In particular, integrins possess an I domain in their α subunits that
changes its conformation after binding to its ligand, leading to the complete
activation of the integrin and subsequently to the arrest of the leukocyte on the
endothelium (Cabanas and Hogg 1993, Jun et al 2001, Salas et al 2004). Taken
together, the high-affinity state of the integrin’s conformation for immediate arrest
of the leukocyte on the surface of the endothelial cell lining blood vessels requires the
presence of bound chemokines and the ligand of the integrin (Shamri et al 2005,
Grabovsky et al 2000). The α4 integrins represent an exception, as they contain an I-
like domain within their β chains, but can directly interact with their ligands
expressed on the endothelial cell’s surface without the presence of a previous
chemotactic trigger substance (Alon et al 1995).

The signaling mediated through the binding of the ligand induces the separation
of the cytoplasmic regions of the subunits of the integrin, thus providing its
association with the cell’s cortical actin cytoskeleton. In particular, the α4 integrins
are linked through the focal adhesion protein paxillin, whereas β2 integrins are
linked through other focal adhesion molecules, such as talin and filamin (Takala
et al 2008). Additional integrins are recruited when a ligand is bound to the first
integrin to enhance the tight adhesion of the leukocyte under blood flow stress
(Dobereiner et al 2006). This process is termed the clustering of integrins and is
triggered by the release from their tether to the cytoskeleton (regulated by protein
kinase C (PKC) and calpain) to enhance the lateral mobility of integrins on the cell
membrane (Stewart et al 1998). In different types of hematopoietic cells, the role of
Rap-1 and its activator CalDAG-GEFI has been reported and also the role of
kindlin-3 interacting with talin in the activation process of integrins to provide the
firm adhesion of leukocytes has been shown (Mory et al 2008, Pasvolsky et al 2007).
The spatial organization of the integrins is critical for their proper function. For
example, the nanoclusters of LFA-1, which are not even connected to the ligand, are
able to form microclusters efficiently upon ligand binding (Cairo et al 2006, Cambi
et al 2006). In line with this, many studies show that the flow stress affects the
integrins by reinforcing their bonds and even increasing their affinity (Marschel et al
2002, Zwartz et al 2004). The integration of chemokine-induced and external-force-
induced signaling to facilitate transendothelial migration has been presented as a
phenomenon called chemorheotaxis (Cinamon et al 2001).

How is the crawling of leukocytes altered by integrins?
The signals involved in the integrin-dependent firm adhesion of leukocytes to the
endothelial cell lining of blood vessels need to be weakened to allow leukocytes to
migrate to the site of the transendothelial migration initiation. In particular, the
β2 integrins are assumed to be necessary for crawling, because the blockade of
β2 integrins or their ligands evokes random migration and hence failure to find the
sites for transendothelial migration at the interendothelial junctions and finally leads
to defective diapedesis (Schenkel et al 2004). This finding is in line with in vivo
studies investigating genetically modified mice lacking LFA-1 or Mac-1 to reveal the

Physics of Cancer, Volume 1 (Second Edition)

2-11



different underlying mechanisms for each of these β2 integrins. The firm adhesion is
triggered by LFA-1, while the crawling is facilitated by Mac-1. Both processes
provide efficient cell migration (Phillipson et al 2006). After integrin activation
through its ligand, the integrins regulate the signal transduction through different
effectors to provide myosin contractility and modulate actin-remodeling GTPases as
well as molecules regulating the microtubule network at both the front and the rear
(uropod) of the cell. Taken together, both signals generated at the two cellular poles
coordinate the motility of leukocytes (Vicente-Manzanares and Sánchez-Madrid
2004).

What is the functional role of the endothelial expressed VCAM-1 and ICAM-1 during
leukocyte capture?
VCAM-1 and ICAM-1 are members of the immunoglobulin superfamily and are
expressed as endothelial adhesion molecules, facilitating the binding to the integrins
VLA-4 and LFA-1, respectively (Elices et al 1990, Marlin and Springer 1987). In
more detail, ICAM-1 is slightly expressed on the non-activated endothelial cells,
whereas the expression of VCAM-1 and ICAM-1 is enhanced after endothelial cell
activation through pro-inflammatory cytokines such as interleukin-1 (IL-1) and
tumor necrosis factor α (TNF-α) (Dustin et al 1986, Carlos and Harlan 1994). The
binding of VCAM-1 and ICAM-1 to the actin cytoskeleton is facilitated by ezrin and
moesin linking the membrane to the actin cytoskeleton to provide cortical morpho-
genesis and adhesion (Barreiro et al 2002, Heiska et al 1998).

Human umbilical vein endothelial cells (HUVECs) have been used to investigate
the dynamics of VCAM-1 and ICAM-1 expression upon activation with TNF-α
during the interaction between leukocytes and the endothelial cell lining of vessels.
In particular, after the arrest of the leukocyte at the endothelial cell surface, the
interaction of VCAM-1 and ICAM-1 with their ligands leads to the reorganization
of the endothelial cell’s cortical actin cytoskeleton and subsequently to the formation
of a 3D docking structure surrounding the leukocyte. This structure includes a large
accumulation of adhesion receptors and activated ezrin and moesin. Hence the
docking structure should protect adhered leukocytes under normal flow conditions
from detachment of the endothelial cell lining within blood vessels. This docking
structure is supported by the actin cytoskeleton of the endothelial cell and contains
actin-bundling proteins such as α actinin and focal adhesion proteins such as talin,
paxillin and vinculin, as well as actin nucleaters such as Arp2/3. To maintain the
docking structure, second messengers such as PI(4,5)P2 and the Rho/160ROCK
signal transduction pathway are required (Barreiro et al 2002). Even in the case
where only one ligand is bound to either ICAM-1 or VCAM-1, both receptors can
cluster and form the endothelial docking structure. This kind of clustering occurs
independently of the connection to the actin’s cytoskeleton and of the assembly of
ICAM-1/VCAM-1 heterodimers, because this behavior requires the inclusion of
VCAM-1 and ICAM-1 in microdomains that contain many tetraspanins and hence
they function as endothelial cell platforms for a special type of adhesion (Barreiro
et al 2008). In more detail, the tetraspanins are relatively small proteins that are
located in the cell membrane in a special manner, as they cross the membrane four
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times. In addition, their second extracellular domain interacts laterally with other
neighboring integral membrane proteins (Charrin et al 2009). Thus, they regulate the
function of the membrane by building up multiple protein domains on the cell
membrane. Moreover, tetraspanins have been reported to fulfill several cellular
functions such as cellular migration, homotypic and heterotypic cell–cell adhesion
and the presentation of antigens (Hemler 2005, Gordon-Alonso et al 2006,
Mittelbrunn et al 2002, Yáñez-Mó et al 1998, García-López et al 2005).

As microscopic analytical methods have improved significantly, the character-
ization of the diffusive properties of the membrane, the membrane’s organization at
the nanoscale and certain molecular interactions within the microdomains of the
membrane have been investigated in primary human endothelial cells (Barreiro et al
2008). Indeed, these precise analyzes of the membrane have revealed evidence of
certain endothelial adhesion platforms that differ from the so-called lipid raft
structures in the cell membrane (Barreiro et al 2008). Using scanning electron
microscopy, the membranes of endothelial cells are investigated after treatment with
a specific peptide blocker of tetraspanins. It has been revealed that the nano-
clustering (avidity) of VCAM-1 and ICAM-1 facilitated by the endothelial adhesion
platforms is a novel molecular organization mechanism regulating the efficient
adhesive ability of endothelial adhesion receptors to bind to their integrin ligands
presented on the surface of leukocytes (Barreiro et al 2008). The functional
importance of recruitment of ICAM-1 and VCAM-1 into tetraspanin microdomains
on the membrane of primary human endothelial cells has been analyzed using
interfering RNAs (RNAi) targeting the tetraspanins CD9 and CD151. Knockdown
of CD9 and CD151 revealed that the inclusion of ICAM-1 and VCAM-1 in
tetraspanin-containing domains is necessary for their proper function under a highly
dynamic microenvironment such as the flow stress within blood vessels (Barreiro
et al 2005). In a second (independent) approach, the alteration of endothelial
tetraspanin microdomains by CD9-large extracellular loop (LEL)-glutathione
S-transferase (GST) peptides altered the ICAM-1 and VCAM-1 functions
(Barreiro et al 2005). In addition to VCAM-1 and ICAM-1, other adhesion receptors
such as CD44, ICAM-2, JAM-A and PECAM-1 can interact with tetraspanin
microdomains. In summary, tetraspanin microdomains seem to be specialized
platforms that basically organize certain adhesion receptors in the special membrane
regions to provide leukocyte extravasation efficiently (Barreiro et al 2008).

Moreover, the endothelial VCAM-1 and ICAM-1 receptors can transmit signals
after binding to their ligands. The VCAM-1 receptor is supposed to play a role in the
opening of interendothelial junctions to provide the extravasation of leukocytes.
Thereby, VCAM-1 activates NADPH oxidase (possibly through NOX2) and
produces the reactive oxygen species (ROS) that is regulated by the GTPase Rac
activity, with subsequent activation of matrix metalloproteinases and reduction of
VE-cadherin dependent cell–cell adhesion, which is facilitated by the Pyk-2-induced
phosphorylation of β-catenin and hence supports the extravasation process (Cook-
Mills 2002, van Wetering et al 2002, Deem and Cook-Mills 2004, van Buul et al
2005a, 2005b). In contrast, VCAM-1 and ICAM-1 can facilitate a rapid increase in
Ca2+ concentration that leads to an activation of Src kinase and subsequently
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promotes the phosphorylation of cortactin (Etienne-Manneville et al 2000,
Lorenzon et al 1998, Yang et al 2006a, 2006b). Additionally, ICAM-1 may activate
RhoA, causing the formation of F-actin stress fibers and leading to the phosphor-
ylation of focal adhesion kinase (FAK), paxillin and p130Cas, which are in turn
involved in signaling cascades including c-Jun N-terminal kinase (JNK) and p38
pathways (Greenwood et al 2002, Hubbard and Rothlein 2000, Thompson et al 2002
Wang and Doerschuk 2002, Mierke 2013, Mierke et al 2017). This signaling cascade
leads to increased permeability of the endothelial cell lining of blood vessels and is
followed by enhanced transmigration of leukocytes through the endothelial cell
lining. In addition, intercellular adhesion receptor ICAM-1 promoted the tran-
scription of c-fos and RhoA (Thompson et al 2002). Finally, ICAM-1 is able to
facilitate its own gene expression and additionally the expression of VCAM-1 in
order to provide the transendothelial migration of leukocytes in a guided manner
(Clayton et al 1998).

The role of integrins and their ligands during the transendothelial migration
Endothelial cell–cell junctions are pulled apart during the process of the trans-
migration of leukocytes to avoid injury to the endothelial monolayer or severe
alterations in permeability. The permeability of the vascular beds of endothelial
vessels is altered due to the specific tissue properties. In particular vascular beds of
coronary, pulmonary, splanchnic and skeletal muscle consist of continuous, non-
fenestrated monolayer linings of endothelial cells, which form a restrictive and
strong barrier (Sukriti et al 2014, Aird 2007, Stevens et al 2008). However, organs
such as the liver, kidney, and lymphatics are assembled from discontinuous and
highly permeable endothelial monolayers (Mehta and Malik 2006). During the
diapedesis step the leukocytes’membrane and the endothelial cells’membrane are in
close contact and thereafter the membranes of the two neighboring endothelial cells
interact again with each other to form cell–cell adhesions without the occurrence of
any damage after the transmigration process (Muller 2003, Turowski et al 2008,
Bamforth et al 1997, Carman 2009, Carman and Springer 2004, Yang et al 2005).
When leukocytes are at a distinct location on the endothelial membrane site at which
the transmigration is likely to occur, such as the preferred intercellular endothelial
junctions, they generate pseudopods (termed invadosomes) between the two
neighboring endothelial cells and thereby possibly explore the mechanical properties
of the endothelial cell barrier. In the next step, the pseudopods are reformed into a
lamella that is able to migrate into the open space between two adjacent endothelial
cells on the monolayer lining of the blood vessels. During this diapedesis step, the
LFA-1 molecule plays a major role as it is able to reassemble with high speed to
build up a ring-shaped cluster at the contact site between the leukocyte and
endothelium. At the ring-shaped cluster, LFA-1 is still able to bind to ICAM-1
(Shaw et al 2004) or in other cellular models to JAM-A (Woodfin et al 2007). After
finishing the transmigration process, LFA-1 is still located in the uropod (Sandig
et al 1997). However, other proteins, such as ICAM-2, JAM-B, JAM-C, PECAM-1
(CD31), ESAM and CD99, are involved in the transendothelial migration process.
In particular, these proteins help to provide the existing endothelial cell–cell
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interaction or they facilitate the leukocyte–endothelial cell interaction by additional
homophilical and heterophilical interactions (Vestweber 2007, Weber et al 2007,
Woodfin et al 2007, Muller 2003).

In addition to the classical diapedesis path through the endothelial cell–cell
junctions (paracellular track), there is an alternative route that leukocytes use to
walk through the entire individual endothelial cells (transcellular track) without
altering the endothelial cell–cell junctions. The latter track may possibly involve the
endothelial cells’ actomyosin cytoskeleton as a guidance scaffold for the trans-
migration through the cytoplasm of the endothelial cell. However, the question of
which track is used at different times or under different conditions is still under
investigation and intense discussion. It has been suggested that the mechanical
properties of the endothelial cell play a role. In addition, mechanical properties such
as protrusive force generation may be of importance for the invasive transmigration
behaviors of certain leukocytes. This transcellular track has been seen in the
microvasculature such as the blood–brain and blood–retinal barriers as well as in
the high endothelial venules of the secondary lymphoid organs (Engelhardt and
Wolburg 2004, Carman and Springer 2004, Carman et al 2007). As the mechanism
of this transcellular path during the transendothelial migration process has been
investigated in more detail, the leukocytes can build up Src kinase-dependent and
Wiskott–Aldrich syndrome protein (WASP) activity-dependent invasive podosomes
to sense the endothelial surface. Finally, these podosomes form a transcellular pore
through which the entire cell transmigrates intracellularly through the endothelial
cell. In the endothelial monolayer membrane, the fusion of membranes is regulated
by calcium and SNARE-containing complexes and new parts of the membrane are
delivered by vesicular vacuole organelles (Carman et al 2007). In more detail, this
refers to the translocation of ICAM-1 into caveolae after the adhesion of the
leukocyte to the endothelial cell lining and the assembly of a multivesicular channel,
in which ICAM-1 and caveolin-1 are located around the leukocyte’s pseudopod and
move directly through the entire endothelial cell. In particular, ICAM-1 and
caveolin line the entire path of the leukocyte through the endothelial cell’s interior
and move in the direction of the basal endothelial cell’s membrane (Millan et al
2006). In this special transmigration path, the intermediate filament vimentin is
supposed to be important for the transcellular route (Nieminen et al 2006). The
dome-shaped endothelial structures have been found to facilitate a leukocyte’s
transendothelial migration in vivo (Phillipson et al 2008). Taken together, the
endothelial docking structures are observed to rebuild to dome-like structures that
cover the leukocytes on their luminal surface of the endothelial cell lining, through
which the basolateral endothelial membrane is ruptured, although the endothelial
membrane is not leaky and thus can still provide the endothelial barrier function.

2.2 The dual relationship between inflammation and cancer
The inflammation of tissues is an innate immune response to alterations of tissue
homeostasis. Acute and chronic inflammatory processes have the potential to
crosstalk with a primary tumor at all stages of the tumor development and may
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have a major impact on cancer therapy (Wan et al 2017, Lamichhane et al 2017, Sun
et al 2017). As solely less than 10% of all cancer types seem to be evoked by mutations
in the germline, the cause of over 90% of cancer may be based on somatic mutations
and alterations in the microenvironment surrounding primary tumors. The develop-
ment of tumors is related to many factors, such as chronic infections, dietary
influences, obesity, inhaled pollutants (including tobacco and asbestos), high ozone
levels and autoimmune diseases, such as rheumatoid arthritis and asthma (Jemal et al
2010). The underlying principle of all these processes is that they are caused by a
chronic inflammatory process, which is an indefinite prolonged form of a formerly
protective response (acute immune response) and now even disturbs the tissue
homeostasis by the uninterrupted performance ofmultiple rounds of the inflammatory
cycle (figure 2.4) (Medzhitov 2008). In line with this, the development of cancer can be
regarded in numerous cases as a deregulated formerly protective tissue repair and
growth response due to tissue injury. Thus, inflammatory and neoplastic processes can
co-develop into specific wounds that are no longer able to heal (Dvorak 1986). The
initial connection between inflammation and tumor growth was observed by Rudolf
Virchow in the nineteenth century (Virchow 1881). In his research, Virchow found
that leukocyte infiltrates into the middle of primary tumors, which can be regarded as
the first evidence for a hallmark of cancer described later (Hanahan and Weinberg
2011; see also chapter 1 of this book). These leukocyte infiltrates are regarded as
markers of a tumor’s immune surveillance and antitumor immune responses, whereas,
in fact, they support tumor-suppressive and tumor-promoting effects. However, the
mechanisms involved in these divergent effects are not yet well defined. Tumor
infiltrating leukocytes show an altered gene expression pattern and the intratumoral
abundance of various immune cell populations is manifested in their associated gene
expression, which mainly supports the promotion of cancer, rather than inhibits
malignant cancer progression (Danaher et al 2017, Lakins et al 2018).

Figure 2.4. Interplay between inflammation and cancer.
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There are many causes of inflammation-promoted cancer progression. However,
infection is a major player in providing inflammation-mediated tumorigenesis, as
approximately 20% of all cancer cases worldwide are caused by a microbial infection
(Kuper et al 2000). At the molecular level, it is still not yet precisely known what
causes the inflammation during an infection, but the signals may be different from
those of an inflammation caused by no microbial or viral infection, such as noxious
inhalants, obesity and autoimmunity. Although there are basic biological concepts
that drive inflammation-associated cancer in various cases, there is a hypothesis that
variations in the microbial ecosystems are mirrored in the variability among
different inflammatory diseases and among host individuals during the manifesta-
tion of inflammation-associated cancer. In particular, common microbial elements
have been characterized that are related to inflammation and the development of
cancer (Grivennikov et al 2012, Goodwin et al 2011, Abdulamir et al 2011, Arthur
et al 2012, Patra and Wolf 2016). Indeed, microbial organisms have been identified
to facilitate the interaction between inflammation and cancer. In the following the
relationship between inflammation and cancer is discussed in more detail. In
addition to microbial inflammatory reactions, breast carcinomas can display high
levels of lysophosphatidic acid 3 (LPA3) expression in epithelial cells or autotaxin
(ATX) in stromal cells, which leads to larger tumors with nodal involvement and
higher stage of the disease (Popnikolov et al 2012). In particular, LPA is generated
from circulating lysophosphatidylcholine (LPC) facilitated by the secreted enzyme
ATX. Under physiological conditions, ATX plays a role in embryonic development,
tissue remodeling processes and wound healing after tissue injury.

The ATX driven LPA production induces the migration and invasion of breast
cancer cells, which represents a crucial step in the malignant progression of cancer
such as metastasis (Federico et al 2016, Gaetano et al 2009). Moreover, the ATX
gene is one of the 40 most upregulated genes in metastatic cancers (Euer et al 2002).
ATX expression has been found to be increased in human breast tissue compared to
in breast tumors. In the next step the mechanisms that regulate the interactions of
primary breast tumors with their surrounding breast tissue microenvironment need
to be investigated in a mouse model. When breast tumors proliferate and grow, they
produce inflammatory cytokines that induce the production of ATX in surrounding
adipose tissue. In a malignant inflammatory cycle, the increase in ATX elevates the
production of LPA, which in turn stimulates the production of inflammatory
mediators in the adipose tissue. This in turn leads to the elevated production of
ATX. This cycle can be impaired by ATX inhibition, which subsequently broke
down the inflammation-facilitated interdependence between cancer cells and the
surrounding adipose tissue (Benesch et al 2018).

However, a novel finding is that ataxia telangiectasia mutated (ATM) increased
the ATX generation and secretion (Benesch et al 2018). Ataxia-telangiectasia (AT) is
a rare autosomal recessive disorder that is evoked by mutations in the ataxia-
telangiectasia gene (ATM) leading to defective repair of DNA double strand breaks.
In addition to silica, also rotenone, camptothecin and H2O2 can activate ATX
through ATM, and hence it can be supposed that ATX is part of a generalized ATM
response to double-strand breaks. In respiratory epithelial cells, the DNA damage is
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induced by silica particles, where the end-products are reactive oxygen species
(ROS), the NOD-like receptor family pyrin domain containing-3 (NLRP3) inflam-
masome activation, ATX and ATM (Zheng et al 2017). An inflammasome is a
multiprotein complex that functions as a platform for the activation of inflammatory
caspases leading to the maturation of pro-inflammatory cytokines such as inter-
leukin-1β (IL-1β) and interleukin-18 (IL-18). In addition to its function as a sink for
pro-inflammatory cytokines, the inflammasome induces the secretion of a myriad of
leaderless proteins controlling cell proliferation and tissue repair. These DNA
damage results indicate that an ATM–ATX-dependent loop propagates inflamma-
tion and the accumulation of double-strand breaks and moreover it has been
revealed that even low doses of silica are effective inducers of double-strand breaks
in epithelial cells that elevate the risk of lung cancer (Zheng et al 2017). Finally, it
can be concluded that the ATM–ATX axis interconnects double-strand breaks with
the silica-induced inflammation and thereby propagates these effects in epithelial
cells and tissues.

2.2.1 Inflammation can cause cancer (pro-tumorigenic)

Outside–in: inflammation induces cancer promotion
It is common knowledge that inflammatory responses play decisive roles at the
different tumor development stages, including tumor initiation, tumor growth,
malignant tumor progression, cellular invasion and the metastasis of the cancer.
Within these processes of cancer development and severe progression, inflammation
regulates the immune surveillance and responses to tumor therapy. In more detail,
immune cells within primary tumors facilitate extensive and dynamic crosstalk with
the broad mass of cancer cells and even molecular events connecting the crosstalk
between immune cells and cancer cells have been found (figure 2.5). In the following,
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Figure 2.5. Inflammation can induce cancer. Extrinsic pathway of an inflammation-induced carcinogenesis.
ROS/reactive nitrogen species (RNS) can directly oxidase proteins, lipids, nucleic acids and carbohydrates.
Hence, they have an impact on the associated metabolic pathway, which may lead to further DNA damage.
With chronic inflammation the function of the DNA repair system is impaired, which cause genomic
instability.
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this crosstalk will be discussed, as well as the principal mechanisms that connect
inflammation and immunity with the development of tumors.

The process of carcinogenesis involves a controlled interplay between numerous
intrinsic and extrinsic cellular signaling pathways, such as genomic instability,
altered proliferation, altered stromal environment and abnormal differentiation of
epithelial and mesenchymal states. A common feature of inflammation is its ability
to induce all cellular and molecular mechanisms that promote tumorigenesis
(Hanahan and Weinberg 2011). However, the mechanisms that regulate the neo-
plastic transformation of cells stimulated by inflammatory cells remain elusive. The
principles behind inflammation-induced cancer will be discussed below.

Induction of proliferation and cell survival mechanisms
Excessive cancer growth leads to the loss of homeostasis in the tissue’s architecture.
Within a tissue the architecture is precisely controlled by soluble factors such as
growth factors and their receptors, facilitating proliferation, homeostasis and cell
survival. Cancer cells are able to utilize growth factor signaling using the following
common strategies: they alter the process of endocytosis and the recycling of
receptors, abolish negative-feedback mechanisms, reduce growth rates and empower
redundant proliferative pathways acting downstream of the receptor tyrosine kinase
signaling (Amit et al 2007, Mosesson et al 2008, Wilson et al 2012, Straussman et al
2012, Prahallad et al 2012). These growth factor receptor tyrosine kinases are known
to have a wide range of incoming signals that finally lead to a few prominent
signaling cascades inside the cell, such as proliferation, metabolism, survival,
differentiation, cellular adhesion and motility (Casaletto and McClatchey et al
2012). In particular, these pathways cover the activation of signal transducers and
the activators of transcription (STAT) family members such as STAT3, which are
known to play a role in tumorigenesis, while they have also been linked to
inflammatory processes in gastric, lung, colon, pancreatic and liver cancers
(Fukuda et al 2011, Lesina et al 2011, Bollrath et al 2009, Grivennikov et al
2009, Bronte-Tinkew et al 2009, Gao et al 2007). Myeloid cells produce interleukin-6
(IL-6), which is able to activate STAT3. STAT3 expression is a crucial step during
the onset tumorigenesis of colitis-associated colorectal cancer (CAC), as it enhances
the proliferation of pre-malignant cells and abolishes apoptosis in vivo (Bollrath et al
2009, Grivennikov et al 2009, Waldner et al 2012). From a mechanistic point of
view, STAT3 induces cell proliferation through the up-regulation of the cell cycle
regulators such as cyclin D1, cyclin D2 and cyclin B, as well as the proto-oncogene
MYC. Additionally, STAT3 increases cellular survival, as it increases the expression
of the anti-apoptotic genes BCL2 and BCL2-like 1 (BCL2L1 encoding BCL-XL)
(Bollrath et al 2009, Grivennikov et al 2009, Yu et al 2009).

Another regulatory function of STAT3 has been discovered. The deletion of the
sphingosine kinase 2 (Sphk2) in mice has been reported to be an important part of
the development of CAC, in which nuclear factor-κB (NF-κB)–IL-6–STAT3 signal-
ing is activated by the production of sphingosine-1-phosphate (S1P). This then leads
to an up-regulation of the S1P receptor 1 (S1PR1) and represents an additional
amplification step for the support of the chronic inflammation and subsequently of
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CAC (Liang et al 2013). Indeed, excessive STAT3 activation during early neoplasia
is provided by immune cell signaling in the local surroundings of a primary tumor.
In particular, Kras-driven pancreatic tumor models propose that STAT3 signaling
plays an intrinsic role in pancreatic intraepithelial neoplasia development, even in
the absence of an inflammation (Fukuda et al 2011). This indicates that the
inflammation has a supportive effect, whereas it is not essential for tumor develop-
ment. There are several cases in which epithelial STAT3 functions through the
transduction of myeloid cell-derived IL-6 pro-tumorigenic signals, for example,
during the transformation of pancreatic intraepithelial neoplasia to pancreatic
ductal adenocarcinoma, while it plays no role during its initiation (Lesina et al
2011). In line with this, a low grade of inflammation mediated by obesity in the
diethylnitrosamine-induced hepatocellular carcinoma (HCC) model activates
tumorigenic STAT3 signaling through IL-6 and TNFα (Park et al 2010). A possible
regulatory mechanism during tumor initiation and progression has been reported for
immortalized mammary cells that show a transient activation of the oncoprotein
Src. This activation of Src is triggered by an epigenetic alteration that leads to a
stably transformed state, which is facilitated by activated STAT3 (Iliopoulos et al
2009). Indeed, Src activation leads to an NF-κB-dependent inflammatory response
that is driven by increased IL-6 up-regulation and decreased expression of IL-6’s
negative regulator, microRNA let‐7. Thus, elevated levels of IL-6 lead to the
activation of STAT3 transcription, which is essential for cell transformation as well
as activation of NF-κB. This behavior can be described as a positive feedback loop
that is even present in the absence of the inducer (Iliopoulos et al 2009). In summary,
an inflammatory process seems to be a supporter of oncogenic activation by
increasing the NF-κB–IL-6–STAT3 signaling cascade and subsequently the prolif-
eration of cancer cells.

What role does NF-κB signaling play in tumor development?
NF-κB activation has been reported in most tumors to be evoked by either
inflammatory stimuli or oncogenic mutations leading to gene expressions that
provide inflammation, proliferation and survival of the cells (Grivennikov et al
2010, Karin and Greten 2005, Ben-Neriah and Karin 2011). The first molecular
links between inflammation and cancer were discovered in the liver (Pikarsky et al
2004) and the colon (Greten et al 2004). Additionally, this connection emphasizes
the importance of the tumor microenvironment as a potential source of pro-
tumorigenic and inflammatory cytokines, such as NF-κB activators and target genes.

In a mouse model of inflammation-associated HCC (Abcb4−/− mice, Abcb4
encodes the multidrug resistance protein 2 (MDR2)), the secretion of TNFα by
surrounding tissue endothelial cells and inflammatory cells induces NF-κB expres-
sion in hepatocytes, which is needed for the progression of HCC, whereas the overall
transformation of hepatocytes is not affected (Pikarsky et al 2004). In another
model, such as the CAC, the inactivation of NF-κB signaling by an epithelial cell-
specific inhibitor of NF-κB kinase-β (IKKβ) significantly decreases the occurrence of
CAC, whereas the deletion of Ikbkb encoding IKKβ in myeloid cells reduces the
primary tumor size (Greten et al 2004). In line with the first model, it has been
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demonstrated that TNFα secretion by leukocytes invading the lamina propria and
other submucosal sites of the colon initiates CAC and its progression (Popivanova
et al 2008). As mentioned above, NF-κB activation induces a tumorigenic autocrine
signaling in the transformed cells. In particular, this autocrine loop is necessary for
the oncogenic effects of Ras in keratinocytes through stimulation by IL-1α, IL-1R
and myeloid differentiation primary response 88 (MYD88), which promotes in turn
the activation of NF-κB (Cataisson et al 2012). In addition, MYD88 can regulate the
colonic macrophage production of cytokines such as IL-6 and transforming growth
factor-β (TGFβ), necessary for CAC development (Schiechl et al 2011). However,
this seems to be a possible linkage between intrinsic NF-κB and extrinsic tumori-
genic factors during an inflammatory process. Moreover, this hypothesis is further
supported by the role of toll-like receptor 2 (TLR2) in gastric tumorigenesis through
STAT3 activation (Tye et al 2012).

As myeloid cell-derived inflammatory cytokines provide proliferative responses
during the onset of neoplasia, tissue conditions supporting the release of inflamma-
tory cytokine are of special importance. A response to the tissue damage is the
pronounced production of multiple inflammatory cytokines such as IL-22, which is
crucial for the proliferation and survival of epithelial cells (Zenewicz et al 2008,
Sonnenberg et al 2011). Secreted IL-22 by CD11c+ cells facilitate wound healing
responses through the activation of STAT3 in epithelial cells of the intestine after
tissue damage and colitis triggered by the dextran sodium sulfate (DSS) treatment
(Pickert et al 2009). It has been shown that IL-22 leads to CAC development in mice
lacking the IL-22 neutralizing receptor IL-22-binding protein (IL-22BP; synony-
mously termed IL22Rα2), indicating that IL-22BP, produced by CD11c+ cells
downstream of inflammasome signaling, impedes CAC (Huber et al 2012). IL-22
secreted by HCC-infiltrating leukocytes leads to HCC through the activation of
STAT3 and subsequently of downstream survival genes (Jiang et al 2011). Taken
together, IL-22 seems to fulfill a direct tumor-promoting function, as indicated by
the hepatocyte-specific expression of IL-22 in transgenic mice resulting in HCC
survival and proliferation without substantially changing the overall liver inflam-
mation (Park et al 2011).

One way to adopt the capabilities of cell proliferation and survival is through the
inflammatory cytokine signaling and a second way is through the dedifferentiation
of pre-malignant cells by the achievement of stem-cell-like properties. Therefore, a
model system of constitutive WNT activation has been used, in which increased NF-
κB signaling in epithelial cells increases the activation of WNT–β-catenin and hence
triggers the dedifferentiation of intestinal non-stem cells, which then possesses a
tumor-initiating capacity, leading to tumorigenesis in the intestine (Schwitalla et al
2013). A third way is the loss of the tumor suppressor adenomatous polyposis coli
(APC), which can activate the GTPase Rac1 and lead to hyperproliferation of
leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5)-expressing
intestinal stem cells, evoked by the Rac1 regulated production of the reactive
oxygen species (ROS) and the activation of NF-κB (Myant et al 2013). STAT3 has
been reported to facilitate cancer stem cells’ tumor-promoting properties in certain
tissues (Marotta et al 2011, Ho et al 2012, Zhou et al 2007, Scheitz et al 2012).
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Additionally, it has been demonstrated that IL-1β-dependent and IL-6-dependent
inflammation may trigger the activation and migration of gastric cardiac progenitor
cells, leading to the malignant transformation of Barrett’s esophagus and esophageal
adenocarcinoma in a mouse model (Quante et al 2012). Overall, the inflammatory
process is able to drive preliminary neoplasia towards tumor progression by
controlling the expansion of stem cells within the tissue and through acquisition
of stem-cell-like properties.

What do we know about the role of inflammation in genomic destabilization?
In addition to increased proliferation and the ability to escape apoptosis, cancer cells
are characterized by enhanced genomic instability followed by genomic muta-
genesis. Inflammation may be a major cause of genomic instability through
interference with genomic integrity. Moreover, somatic mutation caused during
the inflammatory response may then function in a cell-intrinsic or cell-extrinsic
manner. First, ROS and reactive nitrogen species (RNS) are secreted upon
inflammatory cytokine stimulation by tissue macrophages and neutrophils, or by
pre-malignant cells and lead to DNA breaks, point mutations and even more
complex DNA lesions (Mantovani et al 2008, Campregher et al 2008, Mills et al
2003). Second, several cytokines such as TNFα, IL-1β, IL-4, IL-13 and TGFβ can
induce the ectopic expression of activation-induced cytidine deaminase (AID,
synonymously termed AICDA), which belongs to the DNA and RNA cytosine
deaminase family and can cause the mutation of special cancer-associated genes
such as TP53 (encoding p53) and MYC in order to facilitate oncogenesis (Takai et al
2009, Okazaki et al 2007, Endo et al 2008, Komori et al 2008). Inflammation can
enhance the mutagenesis and indirectly elevate genomic destabilization through the
downregulation of DNA repair mechanism and out-of-order checkpoints of the cell
cycle, increasing random genetic alterations (Campregher et al 2008, Colotta et al
2009, Schetter et al 2010, Singh et al 2007). Therefore, mismatch repair (MMR)
proteins are useful to prevent genetic instability caused by microsatellite instability.
Hence MMP proteins are targeted during an inflammation, as they are repressed
through several mechanisms to elevate the DNA replication errors in the genome. In
particular, a multiple inflammatory substance, such as TNFα, IL-1β, prostaglandin
E2 (PGE-2) and ROS, triggers the hypoxia-inducible factor 1α (HIF1α) to decrease
the expression of the MMR genes MSH2 and MSH6 (Colotta et al 2009), whereby
ROS is able to additionally decrease the MMR proteins’ enzymatic activity (Schetter
et al 2010). Inflammation can also mediate epigenetic silencing of the MMR protein
MLH1 and other tumor suppressors by hypermethylation (Schetter et al 2010, Hahn
et al 2008). Moreover, inflammation can inactivate the genomic surveillance evoked
by p53 and the over-expression of BCL2 and MYC, leading to decreased DNA
repair and hence more mutations in cancer cells (Mantovani et al 2008, Schetter et al
2010).

Taken together, it is supposed that inflammation can promote genetic instability
in several ways, for example, by the ectopic expression of IL-15 inducing large
granular lymphocytic leukemia throughMYC and NF-κB signaling and by reducing
the expression of miR-29b, which can repress the DNA methyltransferase 3B

Physics of Cancer, Volume 1 (Second Edition)

2-22



(DNMT3B) leading to DNA hypermethylation and chromosomal instability
(Mishra et al 2012).

How is the induction of invasion and metastasis regulated by an inflammation?
Since a loss of tissue homeostasis has not been associated with high mortality rates,
around 90% of cancer mortality is due to cancer metastasis. However, a major
support of metastasis is that myeloid-derived monocytes and macrophages facilitate
cancer cell invasion, extravasation and finally metastatic outgrowth (Peinado et al
2011, Qian and Pollard 2010), although the underlying mechanisms remain unclear.
In particular, IL-4-activated tumor-associated macrophages (TAMs) (Gocheva et al
2010, DeNardo et al 2009) and CC-chemokine receptor 1 (CCR1)+ immature
myeloid cells (Kitamura et al 2007) at the tumor periphery play a major role in
providing local invasion of cancer cells, as they contain matrix-degrading enzymes
such as MMPs, cathepsins and heparanase, which a cancer cell can utilize to
disseminate and invade the surrounding microenvironment (Talmadge and Fidler
2010, Qian and Pollard 2010, Kalluri and Weinberg 2009, Murdoch et al 2008,
Lerner et al 2011). In addition, the pro-inflammatory cytokine TNFα increases the
vascular permeability, thereby enhancing the cancer cell transendothelial migration
events (Grivennikov et al 2006), while the cyclooxygenase-2 (COX-2)-dependent
increases prostaglandin levels and MMP levels facilitating tissue remodeling
(Nguyen et al 2009). Taken together, the tissue microenvironment of tumors is a
reservoir of multiple inflammatory substances inducing cellular transformation and
tumorigenesis.

What role does acute inflammation play in mediating cancer progression?
Since long-lasting and chronic inflammation may lead to cancer, the focus is now on
the role of acute inflammation in cancer progression. For example, virally encoded
genes such as the oncogenes E6 and E7 of the human papilloma virus (HPV) are able
to contribute to cellular transformation (Munger and Howley 2002). However, there
are also numerous microbes, such as Helicobacter pylori, that are not able to
transform cells into malignant cancer cells (Peek and Blaser 2002).

Inflammatory states caused by infection and irritation may alter tissue micro-
environments, promoting genomic lesions and the initiation of a primary tumor. An
effector mechanism is the production of free radicals, such as reactive oxygen
intermediated (ROI), hydroxyl radical (OH•), superoxide (O2

−•), reactive nitrogen
intermediates (RNI), nitric oxide (NO•) and peroxynitrite (ONOO−), through the
release of which the host fights against the microbial infection. Although these free
radicals are anti-microbial, ROI and RNI also cause oxidative damage and nitration
of DNA bases, enhancing the occurrence of DNA mutations (Hussain et al 2003).
However, cells have mechanisms such as DNA repair, cell cycle arrest, apoptosis
and senescence to control unregulated proliferation and hence accumulate muta-
tional events in the DNA. When there is solely little DNA damage or less oncogenic
activation, the cells will first try to repair the DNA in order to prevent mutations or
instead they will induce programmed cell death of the mutated cell (apoptosis). In
the case of excessive cell death as it occurs in infection or even in non-infectious
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tissue after injury, the lost cells need to be replaced by the expansion and
proliferation of other neighboring cells that are normally undifferentiated precursor
cells such as tissue stem cells. To fulfill this, there are at least two prerequisites. First,
at least some cells must survive during the tissue injury and second, they must have
the capacity to be expanded in order to maintain the cell numbers required for a
properly functioning tissue. Indeed, multiple inflammatory pathways fulfill these
two essential prerequisites for tissue repair (Wang et al 2005, Chen et al 2003).
However, beyond the physiological role of tissue repair—playing a prominent role
in host defense against infection—the inflammatory response clearly provides a
strong survival and proliferative signal to initiated cells and thus may as a side-effect
also facilitate the tumor promotion.

Apart from inflammation-induced biochemical mediators of cancer initiation and
progression, tissue stiffness is tightly and precisely regulated under normal physio-
logical conditions, however, it is altered during the progression of the disease. In
cancer, primary solid tumors are usually stiffer than the surrounding uninvolved
stromal tissue, whereas the cancer cells themselves become softer (Alibert et al 2017,
Rianna et al 2017, Guck et al 2005, Fischer et al 2017, Panzetta et al 2017). There is
increasing evidence that the stiffness of the extracellular matrix regulates cancer and
stromal cell mechanical properties and function, which in turn affects cancer disease
hallmarks such as angiogenesis, migration and metastasis (Chin et al 2016, Ringera
et al 2017, Hope et al 2018). How can cancer cells and fibrosis-relevant stromal cells
respond to extracellular matrix stiffness? What are the possible sensing appendages
and signaling mechanisms involved? Moreover, mechanosensitive ion channels are
altered in their regulation and promote the initiation of cancer, which indicates that
the inflammatory microenvironments play a major role in initiation of cancer (Hope
et al 2018). The mechanotransduction of physical cues towards cells can initiate
intracellular signaling pathways in multiple cancer types and a wide range of effects
have been identified that range from acute alterations such as the activation of ion
channels or protein kinases to long-term alterations in the cellular phenotype, which
in addition requires the induction of specific gene transcription and protein
production (Doyle and Yamada 2016, Hytönen and Wehrle-Haller 2016).

Outside regulation of the inside, possibly by the microbiota
What instigates the inflammatory response? What kind of pathogen do we have?
What is the cancer-causing stimulus during a microbial infection? In nearly one-fifth
of all cancer cases there seems to be a direct linkage between cancer and an
infectious disease. The knowledge of how oncoviruses trigger and evoke cancers is
well established, however, the cancer-supporting action of microorganisms such as
bacteria and parasites is less well understood, but they have been accounted for in
enhanced tumor development and malignancy. The role of fungi in possibly causing
cancer is not yet clear. In several types of infections, it seems to be primarily the
host’s inflammatory response that fights against the pathogenic infection and
provides the connection between the infection caused by the pathogen and the
development of cancer. In some cases, the inflammatory response even leads to the
development and progression of cancer that is not directly attributable to an
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infectious disease; it is caused instead by the tissue damage from the chronic and
uncontrolled inflammation leading to the malignant transformation of cells.

There is the most evidence for bacterial involvement in inflammation-induced
cancer (for example, gastric adenocarcinoma) with respect to H. pylori. Specifically,
the chronic gastric inflammation facilitated by H. pylori evokes aberrant β-catenin
signaling in epithelial cells supporting malignant transformation (Franco et al 2005).
In addition to this and other pathogens, it has been suggested that members of the
commensal group of microorganisms are involved in tumor-inducing and tumor-
progressive inflammation. In fact, the human body is a host to trillions of viruses,
bacteria, fungi and parasites on the skin and in the oral cavity, respiratory tract,
urogenital system and gastrointestinal tract (Huttenhower et al 2012). However, these
commensal microorganisms are necessary for the human physiology under homeo-
static conditions and thus they also contribute to abnormalities within inflammatory
processes (Gordon 2012). Do these commensal microorganism-dependent inflamma-
tory processes support tumor growth in a similar way to the inflammation caused by a
pathogenic infection?

One study reported that commensal microorganisms induce inflammatory
tumorigenesis by revealing the contribution of the TLR-signaling adaptor protein
MYD88 to cancer progression in a ApcMin/+ mouse model for spontaneous
intestinal tumorigenesis and in another mouse model in which the animals were
treated with repeated injections of azoxymethane (AOM) (Rakoff-Nahoum and
Medzhitov 2007). These results indicate that the innate sensing of microorganisms in
the intestine is essential for the appropriate regulation of inflammation and cancer
development. In more detail, Erk activates as a downstream target gene myeloid
differentiation primary response gene 88 (MYD88), which then drives intestinal
tumorigenesis in ApcMin/+ mice (Lee et al 2010). However, a role for MYD88 in
intestinal tumorigenesis has been found in colitis-susceptible IL-10−/− mice (Uronis
et al 2009). However, in another DSS-AOM model of inflammation-induced
colorectal cancer, the Myd88−/− mouse model, the mice even displayed increased
development of intestinal tumors, indicating that MYD88 is not essential for
developing an intestinal tumor (Salcedo et al 2010). In contrast to the Myd88−/−

mouse model, in the Tlr4−/− mouse model the animals showed no DSS-AOM-
induced intestinal tumor development (Fukata et al 2007), while another result for
the Tlr2−/− mouse model revealed enhanced intestinal tumorigenesis upon DSS-
AOM-induction (Lowe et al 2010). How can we deal with these vastly contrasting
results? These contradictory findings can be explained by the differences in the
commensal microbiota composition in the innate immune-deficient mice. In
particular, these differences in the content of the microbiota lead to diverse results
ranging from promoting to impairing the tumorigenic cascade. As there are
contradictory roles for TLR signaling, this may suggest that there exists a second
alternative pathway of innate immune signaling, which is also dependent on
MYD88, but signals through the receptors for the cytokines IL-1 and IL-18. As
suggested, the IL-18−/− mice possess a similar susceptibility to the development of
intestinal polyps compared with Myd88−/− mice (Salcedo et al 2010). Indeed, IL-18
is secreted by cells upon the activation of inflammasomes (Lin and Zhang 2017),
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which can be seen as an innate immune platform that consists of an upstream NOD-
like receptor (NLR), the adaptor protein apoptosis-associated speck-like protein
containing CARD (ASC, termed synonymously PYCARD) and caspase 1 (Elinav
et al 2013). Due to the lack of ‘cancer-protecting’ IL-18 in mice, including mice
deficient in caspase 1 or of the inflammasome-forming NLRs, NLRP3 and NLRP6,
all these mice show a strongly enhanced susceptibility to colorectal carcinoma
(Hu et al 2010, Zaki et al 2010, Chen et al 2011, Normand et al 2011). Taken
together, these mice possess an altered microbial community with an altered
function in the gut system (called dysbiosis), which exerts pro-inflammatory proper-
ties on the gut mucosa (Elinav et al 2011, Henao-Mejia et al 2012). Indeed, the
microflora connected with inflammasome deficiency in mice has been reported to be
involved in inflammation-facilitated colorectal cancer induction through the acti-
vation of the inflammatory stimuli-based, epithelial IL-6 signaling. Moreover, this
activation of epithelial IL-6 signaling has also been seen in cohabitant wild-type
mice (Hu et al 2013). These results indicate that alterations in the microbiota
composition are a major factor for providing intestinal tumorigenesis upon
inflammatory stimulation.

Increased tumor development has been found to be associated with an altered
microbiota metagenome, which displays enhanced levels of lipopolysaccharide and
flagellin. In particular, dietary emulsifier-induced alterations in the microbiome are
required and sufficient to facilitate alterations in prominent proliferation and
apoptosis signal transduction pathways governing the development of tumors
(Viennois et al 2017). In summary, these findings deliver support for the concept
that perturbations in the host-microbiota interplay, which leads to a low-grade
inflammation of the gut, can even evoke colon carcinogenesis (Viennois et al 2017).

However, as suggested, intestinal dysbiosis has been connected to colorectal
cancer. First, for example, cancer has been identified in the Tbet−/− (synonymously
termed Tbx21−/−) recombination activating gene 2 (Rag2)−/− mouse model for
ulcerative colitis (TRUC) (Garrett et al 2009) and secondly, colorectal cancer has
been detected even in humans exhibiting ulcerative colitis (Sobhani et al 2011,
Marchesi et al 2011). In addition, there is inflammation-mediated colorectal cancer
that is connected to the intestinal dysbiosis and is transmissible between mice, as the
infectious part of the colorectal cancer that cannot be associated with a specific
pathogenic species. What causes the cancer? It is the aberrant outgrowth and activity
of the normally symbiotic (but in this special case ‘dysbiosis’) species that acts as a
pathogenic species (‘pathobionts’), which can even elevate the inflammation and
induce the neoplastic outgrowth of the tissue cells.

The development of dysbiosis is supposed to be the driving force of the
inflammation-associated tumor growth and hence provide a clear example of
microorganism-facilitated inflammation causing a primary tumor, while in turn
there are also microorganism-facilitated tumor-driven inflammatory responses. In
line with this, the dysbiosis and the enhanced microbial distribution across the
intestinal barrier leads to secondary and subsequently to chronic inflammation or
even to neoplasia, and hence supports the development of cancer. In more detail,
colorectal cancers are characterized by defective mucin production and show altered
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expression of the proteins regulating the maintenance of the intestinal barrier. The
result of this dysregulation is increased microbial translocation to the targeted tissue
location of the tumor growth and the up-regulation of IL-23 and IL-17, which
supports ongoing local tumor-driven inflammation (Grivennikov et al 2012). One
example is the model of AOM-treated colitis-susceptible IL-10−/− mice, in which the
intestinal microbial composition is altered compared to healthy mice, and in
particular commensal Escherichia coli is able to facilitate an invasive carcinoma
that is promoted by the polyketide synthase (pks) genotoxic island. In line with these
results, patients with inflammatory bowel disease (IBD) and colorectal cancer show
a higher incidence of pks+ E. coli compared to healthy controls (Arthur et al 2012),
which leads to the suggestion that only a single irregularly positioned bacterial
organism can finally promote increased neoplastic growth. In addition, at least three
studies propose the importance of microorganisms in supporting cancer progression.
In particular, the anaerobe Fusobacterium nucleatum has been found in human
colorectal carcinoma samples (Castellarin et al 2012, Kostic et al 2012, Strauss et al
2011). It has been reported that F. nucleatum increases colorectal neoplasia
progression by supporting the recruitment of myeloid cells that are able to infiltrate
the primary tumor (Kostic et al 2013). On the molecular level, F. nucleatum binds to
E-cadherin, which is expressed on the cell surface of epithelial cells, and hence
activates β-catenin signaling in order to promote cell proliferation (Rubinstein et al
2013). The enterotoxigenic Bacteroides fragilis (ETBF) has been shown to support
inflammation-driven colon cancer (Wu et al 2009) by inducing spermine oxidase-
dependent ROS production (Goodwin et al 2011). In summary, these findings
propose a major role for bacterial microbiota during inflammatory processes in the
induction and progression of cancer development. What roles do viral, fungal and
parasitic members of the microbiota play in inflammation-induced cancer? This is
not yet fully understood and much research effort is needed to reveal their role in
possibly supporting cancer initiation and progression.

The liver is the ‘first pass’ organ for microbial products from the gastrointestinal
tract through the portal vein and hence enhanced translocation of bacterial products
to the liver represent a hallmark of chronic liver disease (Henao-Mejia et al 2012).
Thus, the intestinal microbiota lead to the development of HCC through TLR4-
mediated signaling of non-hematopoietic cells in the liver (Dapito et al 2012). In
particular, the TLR4-induced hepatomitogen epiregulin supports carcinogenesis in
the liver. In addition, obesity can facilitate alterations in the gut microbial composi-
tion, which increases deoxycholic acid (DCA) and subsequently leads to DNA
damage. Increased DCA in the enterohepatic circulation enhances cytokine produc-
tion by hepatic stellate cells and hence supports hepatic carcinogenesis (Yoshimoto
et al 2013). Taken together, these results demonstrate that the inflammatory-response-
driven cancer of commensal microbial elements is not locally restricted to the direct
interaction sites of the primary tumor and the microorganisms.

What is the future direction of inflammatory-driven cancer research?
The idea of inflammation-caused cancer has been fully established, whereas the
linking mechanisms between inflammatory processes and the various stages of
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tumor development are still not well understood and require further research. The
molecular details coordinating the interaction between cancer cells and the inflam-
matory response are known, but fundamental questions have still not been
answered. Why does not every chronic inflammation increase the risk of cancer?
Does the location site and the tissue type of the inflammation play a role in
determining whether or not the inflammatory response is able to induce cancer
development?

There is indeed a difference between the organs in which the inflammation occurs
and whether this site (for example, the gastrointestinal tract, liver and lung) does or
does not induce alterations increasing the risk of cancer, for example, in the joints in
rheumatoid arthritis and in the brain. Does this depend on the excessive interaction
between the immune cells under inflammatory stimulation and cancer cells? What
mechanism do commensal microbiota utilize for inflammation-induced cancer
development? Does microorganism-driven inflammation regulate only early neo-
plasia and tumor progression, or can it also affect cancer metastasis? What is the
impact of the mechanical properties of inflamed tissue? Do inflammation-altered
mechanical properties lead to increased tumor development?

2.2.2 Inflammation can inhibit cancer (anti-tumorigenic)

In addition to its cancer-promoting function, inflammation can also play the
opposite role and act as an anti-tumorigenic factor. This second, but no less
important role of inflammation in controlling tumor development is not yet fully
understood. There is evidence to suggest that inflammatory and immune systems are
able to inhibit cancer progression. Currently, there are at least two natural ways to
recognize cancer: the first approach is tumor immunosurveillance, through which
the host can recognize and eliminate transformed cells. The second is the adaptive
immune recognition of tumor-associated and specific antigens, through which the
immune system can regulate and suppress the development of cancer (Smyth et al
2006).

Inflammation is normally suppressed in primary tumors in order to inhibit an
immune response and to avoid an inflammatory response switching of the primary
tumor development or impairing the malignant tumor progression. However, the
underlying interaction pathways are not yet well understood. The hypothesis that
inflammation inhibits cancer is not new, but not much research effort has been put
into this proposal. There is still the question of whether the inflammation changes
the tumor microenvironment in such a manner that the primary tumor can no longer
grow into that microenvironment and is then just a subject of rejection, apoptosis
and clearance. As is discussed above, an inflammation can cause cancer, and there
seems to be a precisely regulated balance between tumor-promoting and tumor-
antagonizing inflammatory responses and, indeed, there is a dependence of tumor-
neutralizing immune responses on the optimal function of key transcription factors
and tumor suppressors.
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2.2.3 Cancer induces inflammation

The pre-malignant tumors seem to be ‘wound-like’ (Coussens et al 1999), as they are
similar to healing or desmoplastic tissue regarding the presence of activated platelets
(figure 2.6) (Dvorak 1986, Mueller and Fusenig 2004). In particular, tumor growth is
thought to be ‘biphasic’ (Coussens et al 1999). In the initial phase, the body handles
early tumors as wounds. This first phase involves tumor growth facilitated by the
surrounding tumor stroma as an indirect control mechanism caused by the
physiological tissue repair during ‘wound’ healing processes. In more detail, in
mouse models for skin and pancreatic carcinogenesis, matrix metalloproteases
produced by bone-marrow derived cells such as mast cells can convert VEGF into
an active form that is able to facilitate the angiogenic switch to promote further
tumor progression (Coussens et al 1999, Coussens et al 2000, Bergers et al 2000). In
the later tumor growth state pro-inflammatory factors such as MMPs seem to be
directly regulated by the primary tumors (Coussens et al 1999). Indeed, this
malignant transition has been observed for the regulation of inflammation by early
tumors compared to late tumors, leading to spontaneous intestinal tumorigenesis in
mice and humans. In particular, in early tumors COX-2 is expressed by stromal cells
(Hull et al 1999, Sonoshita et al 2002), whereas in late tumors COX-2 is expressed by
the dysplastic epithelium (Sheehan et al 1999). What is the reason for this change of
the cell type expressing COX-2? One hypothesis is that there are regulatory
mechanisms in tumor-associated stromal cells regulating the upper limit of their
expression of tissue repair factors. Thus, these findings are supposed to be a selective
pressure for cancer cells that are able to maintain these COX-2 dependent ancillary
processes and are then not dependent on a wound-like stroma surrounding the

Neutrophil
Macrophage

TAM

Th1
Th2

Imbalance

Figure 2.6. Intrinsic pathway: cancer-associated inflammation builds the tumor microenvironment. When
transformed or cancerous cells are present, immune responses are induced similar to microbial intruders.
Inflammasomes are activated through different mechanisms and they release interleukin-1 β (IL-1 β) and IL-18
to initiated inflammation. The alteration of pro-inflammatory cytokines will lead to abnormal polarization of
T-helper cells. The imbalanced T cells and cancer-related immune cells, such as tumor-associated macrophages
(TAMs), mediate the cancer progression through angiogenesis, metastasis and cancerous resistance against
immune attacks.
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primary tumor. However, the tumor-associated stroma can undergo selective
pressure, as there are genetic alterations found in tumor-associated stroma
(Moinfar et al 2000) and even the loss of p53 has been detected in tumor-associated
fibroblasts (Hill et al 2005). Moreover, the inflammatory response may not only play
a role in promoting tumor growth by increasing the angiogenesis, it may be involved
in cell invasion and metastasis. In more detail, the process of angiogenesis supports
the invasion and transmigration of cancer cells. Hence, matrix metalloproteases and
MMP inhibitors (TIMPs) play an important role in the process of angiogenesis and
help to remodel the extracellular matrix microenvironment (Egeblad and Werb
2002). In order to support cancer progression, infiltrating leukocytes may build a
trail through the extracellular matrix tissue (termed countercurrent invasion theory)
(Opdenakker and Van Damme 2004). The countercurrent principle of invasion has
been proposed due to observations that cancer cells produce chemokines that
regulate cancer progression (Opdenakker and Van Damme 1992, 1999, Balkwill
and Mantovani 2001, Mareel and Leroy 2003, Coussens et al 2000, Van Coillie et al
2001). The term ‘countercurrent model’ for describing the regulatory role of
chemokines in cancer was initially chosen because the fluxes of the primary tumor
and host cells are opposite: in particular, chemoattracted leukocytes and growing
blood vessels (angiogenesis) are towards the primary tumor, whereas the invasion of
cancer cells is away from the primary tumor into the surrounding microenvironment
and can be mediated by chemokine-induced proteolysis.

Inside–out signaling: is there an immune modulation by the cancer disease?
Cancer was formerly regarded as a cell-autonomous process. The current concept is
based on genetically transformed cells that can develop into malignant neoplasms.
As the tumor microenvironment has become the focus of cancer research, tumor
progression seems to be regulated by biochemical and mechanical factors of the
dense network of interactions between cancer cells and their surrounding tumor
stroma, niche-defining cancer subcell populations and the tumor surrounding
vasculature. A special feature of cancer cells is that they are able to alter the
crosstalk between the tumor and its microenvironment through the regulation of the
inflammatory response by soluble mediators. Cancer cells can affect the innate and
the adaptive immune response through many pathways, including changing the
acquired T cell response from the T-helper 1 (TH1) cell subset to the TH2 cell subset,
the induction of immunosuppressive T regulatory (TReg) cells, an altered phenotype
of macrophages and neutrophils to a type 2 differentiation state, as well as the
stimulation of myeloid-derived suppressor cells (MDSCs) (Motz and Coukos 2013).
What are the pathways for cancer cells to facilitate the antitumor immune response?
Cancer cells can interact at every step of the antitumor inflammatory response by
inhibiting the function of immune cells through changing their inflammatory
phenotype to a regulatory (and immunosuppressive) one.

In more detail, inflammatory responses to tumor growth start with the tumor
antigen that is presented by antigen-presenting cells. These immunostimulatory
antigens can be of a special type that marks the onset of the primary tumor, and
these antigens can additionally be overexpressed or mutated (termed neo-antigens)
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(Robbins et al 2013). Primary tumors alter the function of antigen-presenting cells in
many ways, such as through the direct tumor-facilitated regulation of the functions
of myeloid cells (Gabrilovich et al 1996). In line with this, the tumor-derived
vascular endothelial growth factor A (VEGFA) has been shown to suppress the
function and maturation of dendritic cells. The VEGFA stimulation of peripheral
myeloid cells leads to the expression of programmed cell death 1 ligand-1 (PDL1,
also called CD274), which is an inhibitory ligand of the B7 family (Curiel et al 2003).
Primary tumors can affect the antigen-presenting cell function through the release of
TGFβ, IL-10 and IL-6 (Geissmann et al 1999, Steinbrink et al 1999, Menetrier-Caux
et al 1998). Hence, this cytokine stimulation of primary tumors modulates the
immune system to an antitumor T cell response. Indeed, this hypothesis has been
confirmed in a mouse model of pancreatic ductal adenocarcinoma (PDA), where
tumor-derived granulocyte–macrophage colony-stimulating factor (GM-CSF) indu-
ces the development and recruitment of granulocyte differentiation antigen 1
(GR1)+CD11b+ myeloid cells repressing antigen-specific T cells in the local micro-
environment of a primary tumor (Bayne et al 2012). Thus, regulatory myeloid cells
accumulate in the nearby tumor microenvironment and have been described and
characterized as MDSCs in the peripheral blood of cancer patients. As expected,
tumors can secrete CCL2, CXCL5, CXCL12 and stem cell factor (SCF, synony-
mously termed KIT ligand) in order to recruit MDSCs (Murdoch et al 2008). At
their targeted site around the primary tumor, MDSCs induce their T cell-suppressive
function as they secrete IL-10, TGFβ and arginase (Gabrilovich and Nagaraj 2009).

Primary tumors also actively regulate the inflammatory microenvironment
through the recruitment of TReg cells. For example, Hodgkin’s lymphoma cells
and ovarian cancer cells release the chemokine CCL22 that binds to the CCR4
receptor and thereby recruits TReg cells to the tumor stroma (Curiel et al 2004). In
addition, under special conditions, hypoxia ovarian cancer cells secrete CCL28 that
binds to its receptor CCR10, which is expressed predominantly on the cell surface of
TReg cells (Facciabene et al 2011). Recruited TReg cells are able to convert the local
tumor microenvironment to angiogenic mechanisms in order to support oxygen
supply (Facciabene et al 2012). Moreover, TReg cells are actively targeted towards
the primary tumor, as cancer cells secrete TGFβ and adenosine (Zarek et al 2008).

In summary, inflammatory processes support all stages of tumor development,
and hence the primary tumor is able to actively vary the immune reactions in the
local tumor surrounding microenvironment.

2.2.4 Cancer inhibits inflammation

What role does COX-2 play in the interaction of cancer and inflammation?
A key hypothesis is that constitutive over-expression of cyclooxygenase-2 (COX-

2) supports mammary carcinogenesis and, in turn, inhibition of COX-2 promotes
breast cancer prevention and cancer therapy. The major results are as follows. There
exist two primary genes encoding the cyclooxygenase, a constitutive gene (termed
COX-1) and its inducible isoform (termed COX-2). In more detail, COX-1 is
constitutively expressed in multiple cell types at basal levels such as epithelium,
platelets or vascular smooth muscle cells. Under physiological conditions, the
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COX-1 expression is constitutive and causes the sustained expression of low levels of
prostaglandins maintaining homeostatis and protecting the cells. In contrast, the
COX-2 gene is not transcribed and hence silent until the presence of inflammatory
factors. First, COX-2 is constitutively expressed in tissue samples during the
development of breast cancer and COX-2 expression is correlated with the cancer
disease stage, cancer progression and finally metastasis. Second, the essential
characteristics of mammary carcinogenesis, such as mutagenesis, mitogenesis,
angiogenesis, decreased apoptosis, increased metastasis and immunosuppression,
depend on COX-2-driven prostaglandin E2 (PGE-2) biosynthesis. Third, increased
levels of COX-2 and PGE-2 expression facilitate the transcription of CYP-19 and
aromatase-catalyzed estrogen biosynthesis, promoting increased mitogenesis.
Fourth, extrahepatic CYP-1B1 is detected in mammary adipose tissue and converts
paracrine estrogen to carcinogenic quinones supporting mutagenesis. Fifth, inhib-
itory substances of COX-2 decrease initial breast cancer occurrence in women and
can lower the risk of cancer recurrence and mortality in women carrying breast
cancer. Increases in the occurrence of breast cancer and increased breast cancer
mortality are mediated by chronic inflammation of mammary adipose tissue and
supported by the enhanced expression of COX-2 due to an obesity pandemic.
Mammary carcinogenesis is a progressive series of highly specific cellular and
molecular alterations evoked by constitutive over-expression of COX-2 and the
activation of the prostaglandin cascade during the process of the primary tumor’s
so-called ‘inflammogenesis’.

More than a hundred years ago, it was already proposed that chronic inflamma-
tion facilitates cancer development and progression by up-regulation of cellular
proliferation (Virchow 1856, Virchow 1863, Balkwill and Mantovani 2001). Several
models of carcinogenesis deal with inflammatory stimuli and mediators of wound
healing in order to investigate the effect of inflammation on cancer development and
progression (Schrieber and Rowley 1999, Coussens and Werb 2002, Philip et al
2004). The basic facts of the interaction between inflammation and cancer are given
in table 2.1. The inducible COX-2 gene has been shown to connect cancer and
inflammation in a similar manner, as it is proposed by many models of

Table 2.1. Inflammation and cancer—basic facts.

1. Chronic inflammation increases the risk of cancer.
2. Subclinical inflammation is important in increasing cancer risk.
3. Multiple types of immune and inflammatory cells are present within tumors.
4. Immune cells affect malignant cells via cytokines, chemokines, growth factors, prostaglandins,

reactive oxygen and nitrogen species.
5. Inflammation affects each step of tumorigenesis.
6. In growing tumors anti- and pro-tumorigenic immune and inflammatory mechanisms coexist.
7. Signaling pathways providing pro-tumorigenic effects of inflammation are often subject to a

feed-forward loop.
8. Special immune and inflammatory substances are dispensable during one stage, but absolutely

critical in another stage of tumorigenesis.
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carcinogenesis predicting an interaction between cancer and inflammation mediated
by inflammatory stimuli and COX-2 expression (Koki et al 2002, Jang and Hla
2002, Harris 2002, 2007). Current knowledge indicates that COX-2 driven inflam-
mogenesis represents a good model for breast cancer development. In addition, a
general model of inflammogenesis for breast cancer is supposed to be involved in the
induction of constitutive COX-2 over-expression and the up-regulation of the
prostaglandin cascade. Both models will be presented in the following. There are
two primary genes encoding the cyclooxygenase, a constitutive gene (COX-1) and an
inducible form (COX-2) (Hla and Neilson 1992, Herschman 1994, 2002). The
inducible COX-2 gene represents the switching molecule that induces the inflam-
matory response via COX-2 activation by an inflammatory stimulus such as alcohol,
tobacco, ischemia, trauma, pressure, cytotoxins, foreign objects, bacteria, viruses,
fungi and lipopolysaccharides. Moreover, COX-2 induces the biosynthesis of
E-prostaglandins such as prostaglandin E2 (PGE-2), which then mediate the
inflammatory response.
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Part II

The role of the mechanical properties of
cancer cells in cellular invasion



During the last few decades, the mechanical properties of cells and their micro-
environment have become the focus of cell biological and cancer research, by
combing classical biochemical cues controlling cellular behavior with the mechan-
ical properties of cells. The field of cell mechanics in physical oncology is vastly
growing and hence the development of the experimental biophysical devices, such as
active and passive measurement approaches to access mechanical properties of
living cells, cell clusters and tissues, is rapidly increasing. Within part 2 of Physics of
Cancer, the focus is, on the one hand, on how cellular mechanical properties can be
probed physically and on how diverse geometries enable the assessment of different
cellular properties, and on the other hand, on how the forces are generated in cells
and transmitted to their surrounding microenvironment. Moreover, part 2 of this
book discusses the impact of mechanical properties on cellular behavior, such as cell
motility, during the progression of cancer. Several state-of-the-art biophysical
methods are presented and their impact on physics-driven cancer research is
highlighted. Mechanical properties such as force transmission and their generation
by cells play an important and basic role in numerous biological processes, including
cell motion, replication and survival. Single-molecule force spectroscopy methods,
including the most common methods such as magnetic and optical tweezers, optical
cell stretching as well as atomic force microscopy (AFM), have developed into
powerful tools for investigating forces and possess a high impact on understanding
cellular functions such as cell motility. Biological motion plays a fundamental role in
many cellular processes such as the replication and segregation of DNA, which is
facilitated by molecular scale forces provided by the cell’s cytoskeletal architecture.
Advantages and disadvantages such as limitations of the biophysical methods are
discussed. Cellular motility can be eliminated or reduced through the binding of
ligands to their specific receptors or through an altered folding of a polypeptide
establishing a stable three-dimensional structure, which involves the formation of
bonds to overcome thermal and other forces. In addition to the mechanical
properties of the individual cells or cell clusters, the mechanical properties of the
microenvironment play a crucial role in providing cellular homeostasis and, in
addition, the ability of cells to actively sense and respond to external mechanical
cues by the generation and transmission of forces such as the cytoskeletal structure
formation of contractile actomyosin stress fibers. The impact of the microenvir-
onmental mechanical properties is presented and discussed in volume 2 of this book.
However, to elucidate the complex mechanical interactions of the cells and their
nearby microenvironments, it is first necessary to measure the active and passive
mechanical properties of the cell.
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Chapter 3

Cellular stiffness and deformability

Summary
Cells interact with and thereby sense their microenvironments via their cell surfaces.
Hence, cellular surfaces are crucial in basic cellular processes such as signaling,
communication, adhesion, migration, sensing, transport, energy generation, embry-
onic and tissue development, cancer metastasis, and viral as well as bacterial
infections. These highly complex and multi-facetted functions of cell membrane
surfaces are driven by the structural assemblies or scaffolds and their dynamic
assembly. It is crucial to reveal how these cellular molecules structurally assemble
and how they alter their cellular interaction with other neighboring cells and their
microenvironment. Every single process of the cell’s membrane surface is driven by a
complicated interaction based on chemical, biological and physical cues. The typical
interactions at cell membrane surfaces are of hydrophobic, hydrophilic, electrostatic,
van der Waals and hydrogen bonding nature. In order to reveal insights into these
interactions, it is necessary to understand how a cell surface receptor recruits its
ligand, how and where the ligand binds within the huge receptor, and by which
molecular mechanism the ligand switches to the functional state of its targeted
receptor. Moreover, we need to understand how cellular interactions can regulate
the assembly and functional state of cell surface receptors. Hence, a conceptual
understanding of cellular forces goes beyond the simple description of the sensing,
transduction and response of cells to mechanical cues, instead the functional
dependences need to be revealed and impaired in order to prove the concept.

As single-molecule force spectroscopy has emerged as a powerful tool to
investigate the forces and motions necessary for the malignant progression of
cancer, this chapter focuses on this and also discusses other biophysical methods
in depth, such as magnetic and optical tweezers, atomic force microscopy (AFM)
and traction force microscopy. All these biophysical techniques are presented in a
critical manner by highlighting their limitations and elucidating their developmental
potential in the light of physics-driven cancer research. A range of force
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spectroscopy assays enables the analysis of inter- and intramolecular interactions of
cell surfaces on the molecular scale. Based on the nanoscopic force sensor function
of AFM, it is the only assay that allows us to sense and locate specific interactions of
cell surfaces at a high resolution of approximately 10 nm. In addition, due to the
high sensitivity of AFM-based approaches, the detection of a broad range of forces
from 5 pN to 100 nN is possible, which reveals the suitability of the AFM method
for the detection of forces ranging from the strength of single receptor–ligand bonds
of approximately 60–80 pN to those covering the entire adhesion of cells of more
than 1 nN.

3.1 How can cellular stiffness and the deformability of cells be
measured?

Forces play a fundamental role in the process of cancer development. How are they
facilitated on the molecular scale? When investigating the role of external physical
forces on cellular behavior, a key resulting question is, how can cells sense and then
integrate these physical signals into specific behavioral alterations? In addition, such
behavioral alterations can even include adaption of their own cell mechanical states.
As biochemical research has been focused on studying reaction kinetics, it is clearly
understood that various molecules undergo conformational changes when forces are
exerted on them, which subsequently leads to the exposure of additional binding
sites and thereby alterations of the binding kinetics. Hence, the molecular pathways
and reactions involved in mechanical force sensing or response are extensively
investigated using tools and methods developed in the fields of mechanobiology and
mechano-transduction.

Over the last three decades, the ability to study forces has been revolutionized by
the development of biophysical techniques that allow measurement of the force
generated by single molecules, ranging from cells to proteins, for example through the
analysis of the displacement of marker beads. The single-molecule manipulation
techniques, such as optical tweezers, magnetic tweezers, AFM, microneedle manip-
ulation (Cluzel et al 1996, Kishino and Yanagida 1988), biomembrane force probing
(Evans et al 1995) and flow induced stretching (Smith et al 1992, Kim et al 2007),
ensure the measurement of forces exerted by cells, and are currently still expanding
and undergo steady refinement. As the first three methods are still the most important
and most commonly used biophysical methods, this chapter focuses on them and
additionally highlights the optical cell stretcher and traction force microscopy.

The current state-of-the-art single-molecule manipulation techniques span six
orders of magnitude in length (10−10–10−4 m) and force (10−14–10−8 N). These
methods can manipulate cells (~100 μm), measure the RNA-polymerase advancing a
single base pair (0.34 nm) along DNA (Abbondanzieri et al 2005) and the
mechanical rupture forces of covalent bonds (of several nN) (Grandbois et al
1999), as well as the kinetics of nucleic-acid folding processes (~0.1 pN) (Hohng et al
2007). The importance of these methods comes from their individual power and the
breadth that is evoked by the wide variety of applications and systems in which these
methods can be used. Indeed, single cells can be probed to investigate the strength
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and location of receptor binding interactions (Litvinov et al 2002) and adhesion, or
to measure traction and adhesion forces (Prass et al 2006). In particular, viscoelastic
properties can be measured on short length scales and in small volumes
(MacKintosh and Schmidt 1999), or even within living cells using a live-cell imaging
approach combined with an incubation chamber (Daniels et al 2006). Single-
molecule force and displacement measurements started with the characterization
of classical motor proteins such as kinesins (Block et al 1990, Svoboda and Block
1994) and myosins (Simmons et al 1993). In particular, the stall force and
processivity of these motors have been determined and led to the raising of
fundamental questions concerning the connection and regulation of chemical and
mechanical cycles (Tinoco and Bustamante 2002), which are now in the focus of
biophysical research. The application of external forces allows the selective dereg-
ulation of the single steps in a biochemical reaction cycle that drives cellular
migration through connective tissue. Detailed analyses of the force-extension
relationship (for example, the elasticity of individual polymers such as nucleic acids)
have been reported (Cluzel et al 1996, Smith et al 1992). The next step was to
investigate unconventional nucleic-acid molecular motors, which are able to trans-
locate or alter DNA or RNA in a special manner. At the same time, techniques were
invented or further developed to mechanically disrupt molecular bonds
(Tskhovrebova et al 1997, Kellermayer et al 1997, Rief et al 1997). The determi-
nation of rupture forces or even full force spectra enables us to measure whole bond
energies, lifetimes and even entire energy landscapes (Hummer and Szabo 2005,
Woodside et al 2006). Force spectroscopy is an established tool to measure ligand
and antibody binding strength (Lim et al 2006) and has been used to investigate the
multi-state unfolding of single proteins as well as nucleic-acid structures (Zhuang
and Rief 2003). Indeed, force spectroscopy gained attention from theoretical
approaches that allow us to extract detailed equilibrium thermodynamic parameters
from naturally non-equilibrium pulling experiments (Hummer and Szabo 2005,
Evans et al 2001, Jarzynski et al 1997).

In their ability to apply external forces and measure their displacement, single-
molecule techniques exhibit the following advantages. First, the measurement of
single molecules avoids the problems associated with population averaging. Second,
rare or transient phenomena can now be detected, as the required resolution is
available and the events can be measured often enough to ensure that this is no
artifact. Third, it is possible to measure multi-state or multi-species distributions,
together with static and even dynamic enzymatic heterogeneity (Lu et al 1998).
Fourth, it is even possible to obtain kinetic rates from single-molecule measurements
or by investigation of the event time distributions (Xie and Lu 1999, Hua et al 1997,
Schnitzer and Block 1997). Fifth, the processivity of enzymes can be analyzed by
intrinsically synchronizing single-molecule measurements.

3.2 Magnetic tweezers
In the last two decades, the biological and medical sciences have reached a
completely new phase of measurement techniques. To date, genomics, proteomics
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and metabolomics have revealed numerous components, physical interactions and
chemical reactions that occur in living cells under certain conditions or at a specific
disease or developmental step. As all the components have been detected, they need
to be integrated into networks of molecular signaling pathways, which are suggested
to regulate fundamental processes. Among these processes are the orchestration of
gene expression, intermediary metabolism, outside–in or inside–out signal trans-
duction and cell-cycle control, all of which are precisely controlled in both time and
space. These regulatory interacting cycles are the basis of life on a molecular scale
and they are needed to reveal the pathological state of cells such as tumorigenesis in
order to be able to design drugs and develop appropriate therapies.

Indeed, a wide variety of methods have been established to analyze the local-
ization, dynamics and interactions of molecules in living cells. The uses of the green
fluorescent protein together with live-cell microscopy, fluorescence recovery after
photobleaching and fluorescence resonance energy transfer have all delivered a
major breakthrough in the field of cancer research (Wouters et al 2001). In
particular, these methods provide insights into molecular processes in living cells,
but their limitation is that they can only passively reveal these processes in time and
space.

A number of analysis methods have been invented to nanomanipulate biological
systems and perform single-molecule research. AFM (Viani et al 1999), optical
tweezers (Svoboda et al 1993), optical cell stretchers (Guck et al 2000, 2005) and
magnetic tweezers (Strick et al 1996, Fabry et al 2001) are commonly used to study
the biophysical behavior of individual macromolecules or living cells. In particular,
molecules are usually connected to micron-sized latex and/or magnetic beads,
allowing the exact movement and positioning in the nanometer-range of the
molecule as well as measurement (figure 3.1). Moreover, the application of forces
on these molecules or on cells that bind these molecules through their cell surface
receptor can be performed in the physiologically relevant piconewton (pN) range.

Microscopic stage
(heatable)

µ-Metal

Coil

to power 
supply

Moveable arm

Objective

Adherent cells in medium

Figure 3.1. Magnetic tweezer setup in a fluorescence microscope.
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Inmore detail, the dynamics of biomolecular systems such as themovement of a single
RNA-polymerase along aDNAdouble helix (Davenport et al 2000), themovement of
kinesin on microtubules in order to transport a vesicle (Howard et al 1989), and even
the analysis of chromatin structure, can be investigated (Pope et al 2002). However,
these techniques are still limited, as they have many problems regarding the measure-
ment of molecular systems inside living cells or even tissues. There are special
requirements for these methods to be adopted for the nanomanipulation of objects
located in the cytoplasm of living cells. First, the force objects used must be small
(1 μm). Second, the exerted forces should be in the relevant physiological range of a
few pN or even nN. Third, it would be good to control the forces in their amplitude
and direction in order to move the force probe to the targeted site.

A good improvement is the use of magnetic forces in order to meet the
prerequisites for proper measurements. The magnetic tweezer technique represents
a geometrically completely different approach to physically probing cells, as it is
based on the interaction of small round magnetic particles (superparamagnetic
beads) with an external magnetic field. A possible first report on the fundamental
principle of magnetic tweezers applied to biological systems seems to be an
experiment performed in 1950 by Crick and Hughes, which has been called the
‘magnetic particle method’ (Crick and Hughes 1950). Specifically, cultured chicken
fibroblasts that had taken in ferromagnetic particles through phagocytosis were
subjected to a magnetic field. Three types of particle movements were observed:
twisting, dragging and prodding. Subsequently, these experiments clearly revealed
that the cytoplasm of cells is not purely viscous and instead possesses elastic
properties. After some time, in the 1990s, these pioneering experiments have been
further refined, and magnetic tweezers were used to probe single DNA molecules to
quantitatively measure force-extension curves and apply the freely jointed-chain and
the worm-like-chain models to the obtained data (Smith et al 1992). Magnetic
tweezers have now become quite common in biophysical research, in particular for
single-molecule force measurements, and are widely used in various implementa-
tions (Vlaminck and Dekker 2012, Rehfeldt and Schmidt 2017).

A crucial issue for these experiments is the precise calibration of the forces acting
on the superparamagnetic beads in the external inhomogeneous magnetic field. Two
pioneering studies demonstrated precisely controlled forces of up to 10 nN on 4.5 μm
beads and reported a mechanical response of adherent cells to the forced displace-
ment of beads bound to specific cell surface receptors on the membranes (Bausch
et al 1998, Bausch et al 1999). Subsequently, magnetic beads coated with integrin
ligands such as fibronectin or RGD peptide were used to mechanically probe the
connection between the extracellular matrix and the cytoskeleton. By applying
forces in the range from a few pN to 1 nN, it has been shown that the focal adhesion
protein vinculin plays an essential role in force transmission (Alenghat et al 2000).
Since then, a high-force magnetic tweezer instrument has been developed by
reducing the distance between the magnet and the beads to a few μm. This enables
the exertion of forces up to 100 nN on 4.5 μm beads, a force that is well suited to
mechanically probe living cells (Kollmannsberger and Fabry 2007, Mierke et al
2008a, 2008b). It has been shown that vinculin also plays a role in the force
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transmission of high forces and vinculin’s tail is required for the transmission of
these forces, whereas vinculin’s head domain is not essential in mechano-
transduction (Mierke et al 2008a and Mierke et al 2010). These forces are in the
same range as the forces exerted by cells on their surroundings during matrix
adhesion and migration and are hence suited to study the mechanical properties of
such processes in detail. It is crucial in the magnetic tweezer experiment to position
the magnet extremely close to the sample, which can be difficult for living cells in 3D
microenvironments or for tissues due to the sterical hindrances of the microenviron-
ment surrounding the cells.

The state-of-the-art magnetic tweezers used to analyze living cells rely mainly on
microrheology (Bausch et al 1998, 1999). Indeed, it has been reported that large
forces can be exerted on magnetic beads that are located inside living cells (Hosu
et al 2003). In more detail, these magnetic tweezers are constructed of one or two
poles and thus the manipulation of magnetic beads in different directions and even
the change of one direction into another are possible. A major limitation of this
method is that it is technically very difficult to establish the required speed and
accuracy for the repositioning of the pole(s), which are needed for exact
manipulation. Although cantilevers and optical tweezers are widely used for
micromanipulating cells or biomolecules in order to determine their mechanical
properties, they do not allow easy rotary motion and can even damage living cells.
Hence a system of magnetic tweezers can be used that overcomes these drawbacks
while retaining most of the previous dynamometric features, such as the manip-
ulation in three dimensions at a speed of approximately 10 μm s−1 and rotation
along the optical axis with a 10 Hz frequency. In particular, electromagnets are
coupled to a microscope-based particle tracking system through a digital feedback
loop. In more detail, this apparatus functions as a dynamometer that is based on
either the usual calibration against the viscous drag or complete calibration using
Brownian fluctuations.

There are more practical methods, consisting of multiple magnetic poles that
enable us to perform 2D or 3D manipulation, while only low forces can be applied
(Amblard et al 1996, Gosse and Croquette 2002, Huang et al 2002, Sacconi et al
2001). However, a new type of magnetic tweezer has been reported that uses
micronscale magnetic poles, which can be in close neighborhood to living cells (de
Vries et al 2005). This technique allows us to combine high forces with 2D
manipulation of magnetic beads and thus molecular systems inside living cells can
be investigated. In comparison to magnetic tweezers, the technique of optical
tweezers has the major advantage of possible 3D manipulation in order to stimulate
beads inside cells or on cell surfaces for microrheology (Caspi et al 2002, Laurent
et al 2002) or molecular manipulation (Peters et al 1999). In contrast, the advantages
of magnetic tweezers are seen rather in the assessment of intracellular properties.
The restriction of optical tweezers is that they exert forces on microscopic objects,
which have a higher or lower refractive index compared to the local surroundings. In
particular, melanoma cells containing relatively dark intracellular objects die during
optical cell stretcher experiments. Another disadvantage is that there is a myriad of
objects inside a cell and thus optical tweezers cannot act selectively in the
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intracellular microenvironment. Moreover, the relatively high optical intensities
needed for the proper measurement damage living cells (Neuman et al 1999).

Why is the recovery after stress application incomplete? Is this based on plastic
deformations?
After the application of forces to cells, it has been observed that the recovery is
incomplete (Mierke et al 2008a, 2008b, 2010, 2011). To distinguish between a
viscous and a plastic origin for the incomplete shape recovery, a multidirectional
high-force magnetic tweezer device has been developed that allows us to investigate
the reversibility of the cell deformation and thus to reveal the underlying dissipative
mechanism (Bonakdar et al 2016). In the case of a fully viscous process, it is
supposed that the magnitude of the incomplete recovery process decreases when a
second force of the same magnitude and duration is applied in the opposite direction
to the first force. In the case of a purely plastic process, it is proposed that the
magnitude of the incomplete recovery will not decrease, however, instead the
magnitude will even increase with each reversion of the direction of the force
application (Bonakdar et al 2016). In particular, it has been shown that there is an
increase in the residual deformation with each alternating force cycle, which suggests
a plastic and not a viscous underlying process causing the incomplete recovery.
Moreover, this increase in the residual deformation amplitude versus force cycle
number exhibits weak power law behavior. The cycle number seems to be roughly
equivalent to the measurement time, when all cycles have similar durations. Finally,
the deformation during force application displays nonlinear behavior that is non-
reversible.

3.2.1 Bi-directional magnetic tweezers

A custom built magnetic tweezer combines high multiplexing, precisely bead
tracking, and bi-directional force control into a flexible and stable platform for
analyzing single-molecule behavior. In this setup, electromagnets are used, which
provide high temporal control of force while achieving force levels similar to
permanent magnets via large paramagnetic beads (Johnson et al 2017). The
multiplexed magnetic tweezer with precision bead tracking and bi-directional force
control (MMTB) possesses four electromagnetic poles: two poles are located above
and two below a chamber containing paramagnetic beads that are suspended in a
buffer. The μ-metal rods are wrapped with spools of several hundreds of turns of
copperwire. In particular, the upper poles are located relatively close to the top surface
of the chamber, with a separation distance between the poles of approximately 1 mm.
The lower poles, due to spatial constraints below the chamber, are located approx-
imately 7 mm apart and approximately 3 mm below the chamber. This position
decreases the magnetic field that pulls the beads down, but it is still sufficient.

By applying a voltage potential across the coils using two identical power
supplies, a magnetic field gradient is created, which acts to pull the beads in the
upward (upper magnet) or downward (lower magnet) direction. In a typical
experimental setup, the lower magnet is first used to pull the beads to the bottom,
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functionalized surface. When the current to the lower magnet is turned off, the
current to the upper magnet is turned on, and the beads are pulled away from the
bottom surface at a force controlled by the magnetic field. The cycle of pulling
the beads toward and away from the bottom surface is known as a ‘pull’. A high-
speed camera is mounted on an inverted microscope and used to acquire images of
the beads. A high frame rate can be employed to determine the rupture force of
short-lived bonds, and then it can be switched to a lower frame rate to analyze the
rupture of long-lived bonds, which additionally avoids the collection of an excess
amount of data (Johnson et al 2017).

3.2.2 Microrheology

The physical properties such as the viscoelasticity of the cell’s cytoplasm are crucial
for numerous cellular processes such as the intracellular vesicle or compartment
transport and cellular motility. However, the measurements of viscoelastic cellular
properties are affected by the high degree of diversity among the cytoplasms of cells
in a population due to different cell-cycle phases or different degrees of stimulation.
Thus, large forces (in the nanonewton range) are required to determine the
viscoelastic moduli of the cells. Indeed, a highly promising technique represents
microrheology based on magnetic beads that are bound to the cells, and was
invented roughly 40 years ago (Amblard et al 1996, Crick and Hughes 1950,
Ziemann et al 1994). In former days, due to the technical difficulties in generating
high local magnetic fields and magnetic field gradients, as well as the poor
commercially availability of large spherical magnetic beads (10 μm in diameter),
the applicability of quantitative measurements was restricted to large cells such as
sea urchin eggs (Hiramoto 1969a, 1996b). However, the viscoelastic properties of
smaller cells such as macrophages were measured by the torsional deformations
inside of living cells that are evoked by magnetic twisting of magnetic beads
(Valberg and Butler 1987, Valberg and Feldman 1987, Moeller et al 1997,
Mijailovich et al 2002). This technique is termed magnetic twisting cytometry and
has delivered the apparent viscosities of the cell’s cytoplasm and also revealed
nonlinear viscoelastic behavior. However, only a few measurements of forces
exerted inside moving cells have been carried out, and hence forces inside cells are
not yet known and require further effort to reveal them. The first measurement of
internal forces was reported in 1995 (Guilford et al 1995). In this report, it was
possible to use magnetic beads with a diameter of 6 μm, which were then
phagocytized by macrophages. Another microrheometer measurement setup is
capable of generating forces in the nanonewton range on superparamagnetic as
well as ferromagnetic beads that both have diameters smaller than 5 μm. Using
conventional and exact particle tracking techniques, the bead deflection was
analyzed in order to determine the viscoelastic response and draw the recovery
curves with a spatial resolution of 10 nm and a time resolution of t = 0.04 s.
Moreover, this biophysical technique has been applied to analyze the viscoelastic
moduli of fibroblasts’ cell membranes (Bausch et al 1998). When comparing this
particular method with others, which enable us to determine local measurements of
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viscoelasticity outside regions the cells such as the cell surface (Daily et al 1984,
Radmacher et al 1996), the biophysical technique described here even allows us to
perform local measurements of the inside and outside regions of single living cells.

In another report, the first local analysis of the viscoelastic moduli within the
cytoplasm of macrophages was performed using viscoelastic creep experiments, in
which solid and filled ferromagnetic beads with a diameter of 1.3 μm were used
(Bausch et al 1999). In addition to this, an attempt was made to measure the
displacement field generated by local forces through the single observation of the
induced motion of nonmagnetic colloidal objects within cells (Bausch et al 1998). It
has been reported that transgressing elastic fields exist in cells (Maniotis et al 1997),
whereas there has been no evidence of long-range elastic coupling within the cells.
Furthermore, by analyzing the magnetophoretic motion of the beads, to which a
constant magnetic force has been applied, local active opposing forces generated by
a cell’s cytoplasm can be detected.

Taken together, micromanipulation and microrheology methods such as AFM,
micropipettes, optical tweezers, magnetic tweezers and microneedles still have
important applications in biophysics, cell biology and cancer research. Historically,
the use of magnetic forces in biology has been reported, with magnetic particles
inserted into protoplasts, where their movements in a magnetic field were analyzed
(Heilbronn 1922). In line with this, the movement of particles in a magnetic field
gradient in echinoderm eggs has been investigated (Freundlich and Seifriz 1923). In
addition, Crick and Hughes analyzed the viscoelastic response of chick fibroblasts
(Crick and Hughes 1950) and then both Yagi (Yagi 1961) and Hiramoto (Hiramoto
1969) further improved the magnetic particle tracking method in order to provide a
reliable tool for investigating the viscoelasticity of living cells. Numerous researchers
have used magnetic tweezers and even further improved and refined different selected
variants of this biophysical method. Finally, the magnetic tweezer technique has
become an important tool for mechanically stimulating biomolecules in soft materials
such as living cells. For example, multidimensional magnetic tweezers consisting of
several magnetic poles have been developed, which are used to move magnetic beads
or objects in certain directions (Amblard et al 1996, de Vires et al 2005, Fisher et al
2005).Adisadvantage of thismethod is that themagnitude of force that can be applied
is strictly limited. An improvement has been the usage of exchangeable poles for the
magnetic tweezers, inwhich the pole geometry can be altered depending on the desired
experimental setup (Fisher et al 2006). In addition to the multidimensional magnetic
tweezer, two-pole experimental setups can be built to apply high and even alternating
forces between two opposing magnets (Sato et al 1983, Guilford and Gore 1992,
Ziemann et al 1994, Barbic et al 2001). As a variation of this setup, Guilford andGore
(1992) used the optical tracking and current feedback approach in their two-pole
magnetic trap, in which they were able to exert external forces of up to 80 nN on
spherical metal beads 10 μm in diameter. Indeed, this amount of force is needed and is
still sufficient for performing tissue studies, whereas it is not suitable for single-cell
experiments due to the large bead size.

Another option of the setup is to use vertical magnetic tweezers and hence the
vertical gradient between two magnetic poles placed above the sample object’s
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surface. This special geometry has been used for DNA unfolding experimental
approaches and adhesion experiments, however, while it is able to generate a
homogenous gradient field, it is rather limited regarding the small forces, such as
0.2 nN, that can be applied to the magnetic objects (Barbic et al 2001, Assi et al
2002, Gosse and Croquette 2002, Walter et al 2006). It is known that the highest
forces that can be exerted are generally obtained using one-pole microneedle
geometric approaches. For these one-pole setups two kinds of magnetism can be
implemented. A permanent magnet can be installed (Matthews et al 2004) or
electromagnets with soft iron cores can be integrated (Bausch et al 1998, Alenghat
et al 2000, Huang et al 2005, Overby et al 2005). Another fundamentally different
setup is the use of homogenous magnetic fields to rotate permanently magnetized
particles (magnetic twisting), as provided in magnetic twisting cytometry (Valberg
and Albertini 1985, Wang et al 1993, Fabry et al 2001). A major weakness of this
method is that only the small forces can be applied to cells or other samples, which
are in the range of 500 pN (Mierke 2011).

A major breakthrough in the field of magnetic-based biophysical methods has
been the improvement of the magnetic tweezer method by increasing the magnitude
of the exerted forces by an easily reproducible setup, which can be constructed easily
in all kinds of research laboratories. In more detail, this setup contains a single
solenoid with a high-permeability soft iron core, called μ-metal, that is attached to a
remote-controlled commercially available micromanipulator. Now, high forces of
up to 100 nN can be applied to 4.5 μm superparamagnetic beads by reaching
distances between the core metal and superparamagnetic bead that are in the range
of 10–30 μm. A problem may be that the tweezer needle is probably not so far away
from the cell carrying the attached magnetic bead and hence may come into contact
with the cell, which leads additionally to a mechanical stimulation of the cell without
any force application through the bead displacement in the magnetic field. In
particular, the bead position has to be monitored by tracking the bead on the cell’s
surface, without any external force application. When the displacement of the bead
follows a straight line, which is parallel to the x-axis in a certain time interval such as
10 s, the measurement can then be started by applying the external force on the
superparamagnetic bead (Mierke et al 2008a, 2008b). During and after force
application the bead displacement will be monitored and plotted over time, which
is a classical creep experiment. An inherent problem of this setup for magnetic
tweezers is the poor control of the force, as there is a highly nonlinear force–distance
relationship. However, this problem can be solved by constantly tracking the
distance between the superparamagnetic bead and the magnetic core of the electro-
magnet. When there is an alteration in the distance, this change can be compensated
by adapting either the solenoid current or by moving the core position using the
moveable micromanipulator in order to restore the original distance between the cell
and the tweezer needle. Under some circumstances, both compensations revealed the
best results for the measurement, as on the one hand the significant movement of
the tweezer needle disturbs the medium and may induce local perturberances and, on
the other hand, high currents can heat up the tweezer needle, which may increase the
overall temperature of the cell setup within the culture dish. In more detail, the force
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is calibrated using the classical viscous drag approach (Yagi 1961). An empirical fit
can be applied to describe the nonlinear relationship between the distance, the
current and the exerted force using an analytical formula. However, this approach
provides exact timing and force accuracy opportunities and can even be mounted on
all commonly available inverted microscopes that carry a charge coupled device
(CCD) camera.

There are at least two major advantages of this magnetic tweezer technique. The
first is that the forces can be applied locally to certain structures of interest and
targeted to certain receptors or molecules displayed on the cell’s surface. The second
is that the cells can be measured while cultured on a 2D surface. However, whether
the cell can also be measured within 3D networks near the surface remains elusive. It
seems likely that this application can be adapted to the current setups by applying
higher forces towards the superparamagnetic beads and increasing the distance
between the magnetic tweezers’ core and the superparamagnetic bead.

3.2.3 Adhesion forces

In order to investigate adhesion forces, the detachment of receptor-bound beads can
be measured by applying a step-wise increasing external force to the superpapra-
magnetic beads using a magnetic tweezer device. Before the measurements start, it is
important to decide whether single cells, cell clusters or even cell monolayers will be
analyzed, as the external applied forces propagate throughout the cell cluster or cell
monolayer, indicating that the cytoskeletons of the individual cells are connected
between neighboring cells (Raupach et al 2007). Hence the measurements of cell
clusters or monolayers stimulate a broad range of cells, when one cell within this cell
cluster or cell monolayer is measured, which needs to be taken into account and can
be treated as a pre-stimulation. In order to omit a rather unspecific pre-stimulation,
cells in vastly different regions need to be analyzed, where no stimulation through
neighboring cells has occurred that possibly have been evoked by earlier measure-
ments within a single-cell sample. For these measurements the superparamagnetic
beads are coated with a ligand for a special cell surface receptor or with an antibody
directed towards a certain target on the cell surface. In order to investigate the
detachment of beads bound to a certain cell surface receptor (figure 3.2), the cells are
seeded into culture dishes, which may or may not be surface coated with a special
ligand for a distinct cell–matrix receptor. After one or two days of cell culture at
37 °C, 5% CO2, and 95% humidity, the cells are then incubated with special ligand or
antibody coated beads for 30 min under the same conditions. In more detail, the
detachment of the coated superparamagnetic beads from the cells is measured
during external force application ranging from 0.5 to 10 nN using magnetic
tweezers. The percentage of detached beads in relation to the force required for
the bead detachment is used to quantify the bead binding strength to the targeted
receptor on the cell surface. The specificity of the binding and hence of the
detachment forces can be determined by using an inhibitory antibody directed
against the receptor or by using an excess of soluble ligand to impair the binding of
bead-bound ligands, which are applied 30 min before the coated beads are added to
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the cells. An alternative way of determining the detachment forces will be discussed
below, in the AFM section.

3.2.4 Overall cellular stiffness and fluidity

The magnetic tweezer setup is extremely well suited for creep measurements, where,
for example, a staircase-like sequence of step forces ranging from 0.5 to 10 nN is
applied to superparamagnetic epoxylated beads with a diameter of 4.5 μm, which are
coated with the extracellular matrix protein fibronectin (100 μg ml−1) in order to
investigate the interaction between the integrins and their ligand fibronectin
(figure 3.3) (Mierke et al 2008a, 2008b, McNulty et al 2009). For proper measure-
ment it is important that the coated beads do not cluster after addition to the cells,
otherwise they cannot be tracked accurately. The best option is to have just one bead
attached to one cell in order to apply the external force locally and calculate the
exact amount of force towards this cell. Thus, only those cells carrying one bead will
be chosen for the measurement. Based on the bead concentration and the amount of
bound protein on the bead’s surface, it is possible to attach just one bead to only one
cell without selecting a minority of cells for the magnetic tweezer measurement that
carry only one bead.

When an external force step ΔF is applied to a cell-bound bead, the bead moves
and thus a displacement d(t) toward the tip of the tweezer needle can be detected.
The ratio of d(t)/ΔF defines a creep response J(t). The creep response J(t) of the cells
follows a power law with time, hence the equation is J(t) = a(t/t0)

b, where both
factors a and b are force-dependent and the reference time t0 is set to 1 s. The factors
a and b are then determined by a least squares fit (Mierke et al 2008a). The prefactor
a (in units of μm nN−1) characterizes the elastic properties of the cell and

10 µm

Figure 3.2. Superparamagnetic bead of diameter 4.5 μm (coated with fibronectin) bound to integrins
connected to the cells’ actin cytoskeleton (visibilized by Alexa Fluor 546 Phalloidin staining) on human
786-O kidney cancer cells. Inset: Scanning electron microscopic image of 4.5 μm beads bound to humanMDA-
MB-231 breast cancer cells.
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corresponds to a compliance, which is indeed the reciprocal of the stiffness (Mierke
et al 2008a). The power law exponent b reflects the dynamics of the force-bearing
structures of the cell that are directly connected to the bead, such as the actomyosin
cytoskeleton (Fabry et al 2001). In more detail, when the power law exponent b is
zero, then this is indicative of a purely elastic solid. However, if b is one, then this
behavior is indicative of a purely viscous fluid (Fabry et al 2001). As is true for quite
a few soft matter materials, including cells, the power law exponent b of cells usually
falls in a range between 0.1 and 0.5, whereas higher values of b are associated with a
higher turnover rate of cytoskeletal structures and proteins. In addition, higher
values of b are often associated with a reduced cellular stiffness, indicating that the
protein turnover or the de- or reassembly of the structure affect the mechanical
properties of the cell (Fabry et al 2001).

Magnetic tweezers have been used to investigate the functional role of vinculin in
providing mechanical properties such as cellular stiffness and in influencing
cytoskeletal remodeling dynamics. How does vinculin affect cytoskeletal dynamics
and cellular stiffness to facilitate cellular motility? In order to investigate whether the
increased 3D motility of vinculin-expressing wild-type cells is regulated through
altered cellular stiffness and remodeling dynamics of the cytoskeleton, microrheol-
ogy measurements are performed. In particular, using the magnetic tweezer
technique, forces of up to 10 nN can be applied to FN-coated superparamagnetic
beads that are bound to certain integrin receptors exposed on the cell surface. The
bead displacement after the first force application or after a further step of an
increased force application, normalized to the force magnitude, defines the creep
response J(t) = a(t/t0)

b. This creep response consists of an elastic response (cell
elasticity or stiffness, 1/a) and a frictional response (cytoskeletal fluidity, b) (Mierke
et al 2008b, Fabry and Frederg 2003). Vinculin knockout embryonic fibroblasts
(MEFvin−/− cells) possess a higher cytoskeletal fluidity and a lower stiffness
compared with vinculin wild-type embryonic fibroblasts (MEFvinfl/fl cells),
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Figure 3.3. Staircase-like force pattern protocol.
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indicating that MEFvin−/− cells are more deformable. Hence this increased
deformability may help them to squeeze more easily through a dense extracellular
matrix compared to the stiffer MEFvinfl/fl cells. However, these MEFvin−/− cells are
less invasive into 3D extracellular matrices compared to the MEFvinfl/fl cells. Thus,
the higher cytoskeletal fluidity and increased deformability of MEFvin−/− cells
cannot explain their decreased invasiveness (Mierke et al 2010).

In addition, magnetic tweezer experiments revealed that in both cell lines, the
cytoskeletal fluidity and stiffness increased with elevated external forces on the cell-
connected beads. However, this behavior indicates that both MEFs respond to
external applied forces by showing stress stiffening and, surprisingly, increased
fluidization of the actomyosin cytoskeleton, which seems to be independent of
vinculin’s mechano-coupling function. How does this behavior depend on the
contractility of the cells? In order to answer this question, the inhibition of
contractile forces after the addition of the myosin light chain kinase inhibitor
ML-7 has been determined. It has been found that both cell lines displayed increased
cellular fluidity, which leads to the suggestion that cellular fluidity depends mainly
on cell contractility. Interestingly, after the addition of ML-7 the cellular stiffness of
both MEFs decreased to similar levels, indicating that the higher initial stiffness of
the MEFvinfl/fl cells prior to ML-7 addition is provided by higher actomyosin-
mediated contractile forces, which have also been measured independently using
traction microscopy (Mierke et al 2010, Mierke et al 2008). As the MEFvinfl/fl cells
are able to generate and transmit higher contractile forces to their microenvironment
compared to MEFvin−/− cells, this result seems to be a good explanation for the
increased invasiveness into dense 3D extracellular matrices, where cells need to
transmit contractile forces in order to move through the matrix network.

3.3 Optical cell stretcher
The optical stretcher (usually termed the optical cell stretcher) has become an
important and useful device for studying the mechanical properties of cells that are
in suspension at the measurement time point. The optical stretcher was invented by
Jochen Guck and Josef A Käs. Specifically, the optical cell stretcher uses two
opposing divergent laser beams directed on a cell (Guck et al 2001). When both
beams have the exactly same intensity, there is no net force acting on the cell along
the optical axis. However, in addition to a lateral optical gradient force that traps
the cell on the optical axis, there is a symmetric couple of forces acting on the cell
surfaces stretching the cell in the axial direction. In particular, cells are trapped in the
center of the stretcher and through an increase of the laser power the forces acting on
the cellular surfaces cause the axial stretching of the cells. An effective cellular
compliance J can be calculated from the cell’s time-dependent deformation curves.
By fitting these curves with power law rheology models, such as a standard linear
solid model or a Burger’s model, the viscous and elastic contributions can be
determined (Ekpenyong et al 2012).

An advantage of the optical stretcher is the possibility to combine it with
microfluidic devices, which enables us to measure the compliance of cells with a
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high throughput. Hence it has been shown that normal, cancerous, and metastatic
breast epithelial cells differ in their mechanical deformability. However, the distri-
butions of optical deformability were so broad among one cell population that
unambiguous classification of single cells was not possible (Guck et al 2005). A
variety of physiologically adherent and non-adherent cells have been measured
mechanically. Perturbed cell mechanical properties have been analyzed using
biochemical drugs such as blebbistatin, a potent and selective inhibitor of the
ATPase of myosin II, which hence decreases the actomyosin contractility and hence
should soften the cells (Chan et al 2015). In contrast, the cells treated with
blebbistatin became effectively stiffer, which is contrary to measurements by AFM
and the dual optical trap (Schlosser et al 2015). In addition, it was reported that in
addition to to the optical deformation of a cell, there is also a significant thermal
effect on the sample, which additionally induces rapid alterations in the cell’s
temperature (Kießling et al 2013). When investigating this thermal effect, the optical
stretcher setup allows us to perform a novel class of experiments termed thermo-
rheology, which is intended to act far beyond purely mechanical deformation.

The important limitation for the measurement of adherent cells is now overcome,
as a detailed and precise measurement protocol can be applied to these cells to
obtain promising results. These cells still display differences in their cellular
mechanics, even when they are rounded up, indicating that some of the cellular
mechanical properties are adhesion-independent. However, there are adherent cell
types, where differences in cellular mechanics are detected in the adherent state, and
these differences could be confirmed using an optical cell stretcher device. Thus, a
major criticism of the optical cell stretcher method has been removed for many cell
types including genetically altered or even stimulated cell types, and hence it can be
used for adherent cell types and non-adherent cell types. There seems to be even
more potential for this method, when it is combined with a commercially available
cell sorter unit, or when antibodies labeled with fluorescent molecules, which are
directed to the protein of interest, during the (very short) cell stretching process are
used in order to combine the deformability of cells to a certain cell surface receptor
expression or protein expression intracellularly. There is hope that it will even be
possible to measure whole tissue samples in a native manner without any additional
and hence artificial cell culture.

3.3.1 A short introduction to the historical development of the optical stretcher

The development of the laser trap technique in biomedical research, such as cancer
research, began at least five decades ago, and these laser traps have been
implemented to manipulate small soft matter objects ranging in size from atoms
to cells (Ashkin 1970, Chu 1991, Svoboda and Block 1994). The fundamental
general principle underlying laser traps is the momentum transfer from the laser
light to the sample. Due to Newton’s second law, this momentum transfer exerts a
force on the sample. Before the optical cell stretcher was established, these optical
forces evoked by the momentum transfer were only used to trap a sample. The best-
known optical trap is the one laser beam gradient trap, termed optical tweezers
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(Ashkin et al 1986). Optical tweezers have developed as an intriguing tool for cell
and molecular biological research. In particular, they have been used for trapping
cells (Ashkin et al 1987, Ashkin and Dziedzic 1987), measuring the forces exerted by
molecular motors such as myosin or kinesin (Block et al 1990, Shepherd et al 1990,
Kuo and Sheetz 1993, Simmons et al 1993, Svoboda et al 1993), determining the
swimming forces of sperm (Tadir et al 1990, Colon et al 1992) and studying the
polymeric properties of single DNA strands (Chu 1991).

The optical cell stretcher was developed later and, in contrast to the optical
tweezers technique, it is based on a double laser beam optical trap (Ashkin 1970,
Constable et al 1993). In this setup, two opposed, but slightly divergent and identical
laser beams with a Gaussian intensity profile, can trap a sample such as a living cell
flowing in a liquid object by holding it in the middle of the two laser beams
(figure 3.4). This trapping of a sample is stable when the total net force on the sample
is zero and restoring. This special condition is provided exactly when the refractive
index of the sample is higher than that of the surrounding fluid and when the beam
sizes are larger than the trapped sample. However, in extended samples such as
living cells, the momentum transfer primarily occurs at the cell’s surface. Indeed, the
total force acting on the center of gravity is zero because the geometry of the two-
beam optical trap is symmetric and all the resulting surface forces cancel each other
out. Nevertheless, when the sample is sufficiently elastic, as with living cells, the
forces acting on the cell’s surface stretch the sample along the beam axis (figure 3.4)
(Guck et al 2000). At first glance, this optical stretching may seem to be counter-
intuitive. However, there is a simple explanation. It is current knowledge that light,
including laser light, carries momentum, and when a ray of light is reflected or
refracted at an interface between two media with different refractive indices, the light
will change the direction or velocity and subsequently its momentum is altered. Due
to the law of momentum conservation, some momentum is transferred from the

Figure 3.4. Optical cell stretcher principle.
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laser light to the sample’s interface and in order not to disobey Newton’s second law
a force is exerted on the sample’s surface.

To illustrate what happens in the sample when the two laser beams are applied to
it, we can consider that a ray of light passes through a cube of optically denser
material. What happens? As the light enters the dielectric object, it gains momentum
so that the surface gains momentum in the opposite direction. In addition, the light
also loses momentum when it leaves the dielectric object: at this point, the opposite
surface gains momentum in the direction of the laser light propagation. Moreover,
the reflection of the laser light on both surfaces of the sample also leads to a
momentum transfer on both surfaces in the direction of laser light propagation. This
contribution to the surface forces is smaller than the contribution that arises from
the increase of the laser light’s momentum inside the cube. In summary, the two
resulting surface forces at the front and back sides of the sample are in opposite
directions and thus stretch the sample (Guck et al 2000). However, the asymmetry
between the surface forces of the sample leads to a total force that acts on the center
of the cube. If there is a second, identical ray of laser light, as in the optical cell
stretcher approach, which passes through the cube from the opposite side, there is no
total force on the cube, but the forces on the surface generated by the two rays of
laser light are then additive. In contrast to asymmetric trapping geometries, where
the total force is equal to the trapping force (called optical traps), the optical cell
stretcher exploits surface forces to stretch the samples. High laser light power, in the
range 800–1200 mW, can be used in each beam, which leads to surface forces of up
to hundreds of piconewtons acting on the sample’s surface. However, there is no
excessive radiation damage to the cells observed by the laser beams, as these beams
are not focused when using the optical cell stretcher, which reduces the light flux
through the analyzed cells compared to other optical traps such as optical tweezers.
In several reports, the optical cell stretcher has been used to demonstrate cellular
deformability due to altered gene expression, altered cell age or altered aggressive-
ness of cancer cells (Guck et al 2005, Seltmann et al 2013, Mierke et al 2017, Fischer
et al 2017, Kunschmann et al 2017). An example of a measurement setup is a 1 s
trap, 2 s stretch and 2 s relaxation (figure 3.5) and hence a high throughput of cells
can be achieved.

Human erythrocytes, such as red blood cells (RBCs), have served as a simple
model systems and have thus been analyzed. These RBCs have some advantages for
use as a model system for optical cell stretching, because they have no internal
organelles, hemoglobin is homogeneously distributed within their cytoplasm and in
addition they have a nearly spherical shape when they are osmotically swollen.
Taken together, they model very closely an isotropic, soft, dielectric sphere without
any internal structures, such that they can be used for stress profile calculations.
Moreover, they are soft cells and hence their deformations due to optical stretching
can be easily analyzed. Another advantage of the use of RBCs is that their elastic
properties are well known (Bennett 1985, 1990, Mohandas and Evans 1994). In
particular, the only elastic component of RBCs is a thin biomembrane that is
composed of a phospholipid bilayer. On the inner side of the membrane is a
triagonal network composed of spectrin filaments and on the outside there is a
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glycocalyx network (Mohandas and Evans 1994). In more detail, the ratio between
cell radius r and the thickness h of the membrane is r/h = 100. The bending energy is
very small compared to the stretching energy and hence can be neglected. Linear
membrane theory predicts the deformations of RBCs upon exertion of surface
stresses using the optical cell stretcher technique.

A much better sample are the BALB 3T3 fibroblasts that, dissimilar to RBCs,
have an extensive 3D network (termed the cytoskeleton) of protein filaments
throughout the entire cytoplasm with elastic properties (Lodish et al 1995). This
cytoskeleton contains semiflexible actin microfilaments, rod-like microtubules and
flexible intermediate filaments that build up a complicated 3D scaffold network with
the help of accessory proteins (Adelman et al 1968; Pollard 1984, Elson 1988,
Janmey 1991). It has been shown that the classical concepts used in polymer physics
fail to explain how these three types of filaments provide the mechanical stability of
the cells (MacKintosh et al 1995), but it is known that in most cells microfilaments
are a principal determinant of mechanical strength and stability (Stossel 1984,
Janmey et al 1986, Sato et al 1987, Elson 1988). However, over the last decade this
hypothesis has changed and there is evidence that intermediate filaments also
contribute to the mechanical properties of cells (for example, deformability) in
order to provide cellular functions such as motility (Seltmann et al 2013).

The actin cortex is a thick (r/h = 10) homogeneous layer located underneath the
cell membrane. When the cells adhere to an extracellular matrix substrate or cell
culture plastic, they form additional bundles of actin microfilaments (termed F-actin
stress fibers) that then lead to the formation of focal adhesion plaques (termed focal
adhesions) spanning over the entire cytoplasm of the cell. The dynamic remodeling
of the F-actin cytoskeleton facilitates cellular functions such as motility and

Figure 3.5. Optical cell stretcher measurement protocol.
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cytoplasmic cleavage, which occurs as the last step of the mitosis process (Pollard
1986, Carlier 1998, Stossel et al 1999).

In order to show that the actin cytoskeleton is responsible for the mechanical
properties of cells, they are pronouncedly softened upon addition of actin-disrupting
drugs such as cytochalasin D (Petersen et al 1982, Pasternak and Elson 1985) and
gelsolin (Cooper et al 1987), indicating the importance of actin in providing the
mechanical properties of cells. Frequency-dependent AFM-based microrheology
revealed that fibroblasts exhibit the same viscoelastic response as homogeneous
artificial actin networks in vitro (Mahaffy et al 2000). Another experimental
approach using rat embryo fibroblasts showed that actin plays an important role
in providing the mechanical responses upon the deformation caused by glass needles
(Heidemann et al 1999). In particular, actin and microtubules were tagged with
green fluorescent proteins and the role of these two cytoskeletal components in
determining the cell’s shape during mechanical deformation was visualized directly
using a fluorescent microscope. Indeed, actin has been reported to be almost
exclusively responsible for the cell’s elastic response, whereas the microtubules
displayed solely fluid-like behavior.

In nonmitotic (interphase) cells, the microtubules are located radially outward
from the microtubule-organizing center in close vicinity to the cell’s nucleus (Lodish
et al 1995). Microtubules can be seen as tracks for motor proteins such as dynein and
kinesin, which are able to transport vesicles through the cell’s cytoplasm. Another
function of microtubules is the separation of chromosomes during mitosis
(Mitchison et al 1986, Mitchison 1992). The third type of main cytoskeletal
component is intermediate filaments, which are flexible polymers that are partly
specific to certain differentiated cell types such as keratinocytes (Herrmann and Aebi
1998, Janmey et al 1998). Vimentin is an intermediate filament that is expressed in
mesenchymal cells such as fibroblasts. In more detail, vimentin fibers terminate at
the cell’s nuclear membrane and at hemidesmosomes (cell–matrix adhesion) or
desmosomes (cell–cell adhesion) on the cell’s membrane. Another type of an
intermediate filament is lamin, which builds up the nuclear lamina (a polymer
cortex underneath the nuclear membrane) (Aebi et al 1986). Intermediate filaments
have been reported to be co-localized with microtubules, suggesting an interaction
between these two cytoskeletal components. In the past, both microtubules and
intermediate filaments have been reported to be less important in providing the
elastic strength and structural response of cells upon which external stress is being
applied (Petersen et al 1982, Pasternak and Elson 1985, Heidemann et al 1999,
Rotsch and Radmacher 2000). It is suggested that intermediate filaments are
important in large deformations that cannot be achieved with deforming stresses
in the range of several pascals. In more detail, intermediate filaments are shown to be
more important for cellular elasticity in adherent cells compared to suspended cells,
where the initially fully extended filaments become slack (Janmey et al 1991, Wang
and Stamenovic 2000). However, this is still under investigation and needs to be
further confirmed by additional experiments.

A quantitative description of the cytoskeletal contribution to a cell’s viscoelas-
ticity is still elusive. The optical cell stretcher can measure the viscoelastic properties
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of the entire cell’s cytoskeleton and is hence able to shed light on the regulation of
cellular elasticity. The entire cytoskeleton is an intricate polymer network and a
structural framework that provides the shape of a cell and its mechanical rigidity
(Elson 1988, Lodish et al 2000). It has been shown that enormous external pressures
can be endured by cells with their integrity still being preserved (Janmey et al 1991).
The momentum carried by light and the forces it can exert on material objects such
as cells is fast and even not noticeable on macroscopic length scales. The relatively
small forces exerted by light are ideally suited to the deformation of microscopic
small objects such as living cells and may additionally serve as a detection marker
(prognostic marker) for cytoskeleton-altering diseases such as cancer (Guck et al
2005).

The capability of cells to withstand external deforming stresses is essential for
tissue integrity and homeostasis and has led to the development of many techniques
to probe cellular elasticity. In particular, AFM (Radmacher et al 1996), manipu-
lation with microneedles (Felder and Elson 1990), microplate manipulation
(Thoumine and Ott 1997) and cell poking (Daily et al 1984) are not able to detect
small variations in cellular elasticity because these biophysical devices have a high
spring constant compared to the elastic modulus of the sample material. However,
the AFM technique has been significantly improved for the measurement of cellular
elasticity by attaching micron-sized beads to the cantilever’s scanning tip in order to
decrease the pressure that is applied to the cell sample (Mahaffy et al 2000). There is
a minor problem with the micropipette aspiration of cellular segments (Discher et al
1994) and the displacement of surface-attached microspheres (Wang et al 1993), as
they can lead to inaccurate measurements if the cellular membrane detaches from
the cytoskeleton and hence uncouples the membrane’s stiffness from the overall
cellular stiffness during the deformation step. In addition, a major disadvantage is
that all of these techniques are very laborious and can only analyze the elasticity
over a small part of a cell’s surface. The whole cellular elasticity can instead be
measured indirectly by determining the compression and the shear moduli of densely
packed cell pellets (Elson 1988, Eichinger et al 1996) or by using microarray assays
(Carlson et al 1997). Microarray assays can be used to dissect the impact of various
interacting factors on cellular functions and phenotypes by simultaneously synthe-
sizing more than 1000 unique microenvironments with automated nanoliter liquid-
dispensing technology (Ranga et al 2014). Using this novel 3D microarray
technique, the combined effects of matrix elasticity, proteolytic degradability and
three distinct classes of signaling proteins on cells (such as mouse embryonic stem
cells) can be observed simultaneously to unveil a comprehensive map of the
interactions responsible for self-renewal. This novel approach can be used to reveal
multifactorial 3D cell–matrix interactions, depending on the microenvironmental
properties, such as matrix stiffness (Ranga et al 2014). A limitation of this technique
is that these measurements only represent an average value rather than a reliable
single-cell measurement and depend on adhesion forces such as cell–cell and cell–
matrix adhesion. Alternatively, the optical cell stretcher is a technique that is able to
solve most of the problems of the other biophysical techniques described above, but
in addition it allows us to measure large numbers of individual cells by the
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incorporation of an automated flow chamber fabricated using modern soft lithog-
raphy techniques in order to guide the detached cells through the laser beams.

Using optical cell stretching, the cytoskeletal properties of the cells can be
measured, providing not only the mechanical rigidity, but also many important
cellular functions, such as cellular motility and transendothelial migration behavior
(Lodish et al 2000). The cytoskeleton composed of actin, microtubules and
intermediate filaments works together with accessory proteins regulating cellular
motility, ribosomal and vesicle transport, mitosis and mechano-sensing and
mechano-transduction processes (Wang et al 1993, Wirtz and Dobbs 1990). All of
these cellular functions are precisely regulated by cytoskeletal elements that are
finely tuned and even synchronized with the overall cellular function. Subsequently,
alterations of the cellular function during differentiation (Olins et al 2000) or
because of a certain disease are manifested in changes to the cytoskeleton. For
example, cytoskeletal alterations can evoke capillary clogs in circulatory problems
(Worthen et al 1989) and lead to various blood diseases, such as sickle-cell anemia,
hereditary spherocytosis or immune hemolytic anemia (Bosch et al 1994, Williamson
et al 1985), while genetic disorders of intermediate filaments and their cytoskeletal
networks can cause problems with the skin, hair, liver and colon, in addition to
motor neuron diseases such as amyotrophic lateral sclerosis (Fuchs and Cleveland
1998, Kirfel et al 2003).

However, the most common example of the malignant transformation of cells is
cancer, during which the morphology of cells changes due to alterations of the
cytoskeleton. These changes can be utilized for diagnostic approaches of cancer.
During the cell’s malignant transformation from a fully mature and postmitotic state
to a replicating, highly motile and immortal cancer cell, the cytoskeleton undergoes
changes from an ordered and rigid structure to a highly irregular and compliant
state. In particular, the alterations include a decreased quantity of constituent
polymers and accessory proteins, as well as a restructuring of the cellular network
(Ben-Zéev 1985, Cunningham et al 1992, Katsantonis et al 1994, Moustakas and
Stournaras 1999, Rao and Cohen 1991). As expected, these cytoskeletal alterations
serve as markers for the malignancy of cells mirrored in their increased replication
and enhanced motility, both of which are inconsistent with a less dynamic
cytoskeleton. In summary, these alterations in the cytoskeletal components and
their concentrations as well as the cytoskeletal structure seem to be manifested in the
overall mechanical properties of a cell. Hence, measuring a cell’s rigidity may
provide information about its malignant state and can be used as a novel marker of
cellular malignancy.

There are currently only a few techniques capable of assessing cellular mechanical
properties, but they all suggest a correlation between cellular rigidity and the cellular
malignant stage. From a historical point of view, the state-of-the-art technique has
been the micropipette aspiration method (Hochmuth 2000). Indeed, using this
micropipette aspiration technique, a 50% reduction in the elasticity of malignantly
transformed fibroblasts as compared to their healthy controls has been observed
(Ward et al 1991). As an alternative method, AFM has been used for the
investigation of cellular rigidity (Mahaffy et al 2000, Rotsch et al 1999).
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In particular, normal human bladder epithelial cell lines and complimentary
cancerous cell lines have been analyzed using AFM (Lekka et al 1999). They found
that the rigidity of cancerous cells and their healthy counterparts differed by an
order of magnitude. It has been reported that for small indentations (up to 500–
1000 nm) the actin filaments are mainly responsible for providing the mechanical
properties of the cells, whereas the disruption of microtubules has no pronounced
effect on the mechanical properties of cells measured by AFM (Rao and Cohen
1991, Yamazaki et al 2005). Cells possess in vitro Young’s modulus values in the
range of 1–100 kPa (Radmacher 1997, Dulińska et al 2006), which includes vastly
different types of cells such as vascular smooth muscle cells, fibroblasts, bladder
cells, RBCs and epithelial cells. As such different cell types are being measured, the
large variation in the Young’s modulus is fully justified.

However, the Young’s modulus varied even within human lung carcinoma cells
from 13 kPa to 150 kPa (Weisenhorn et al 1993). Additional studies reported, for
example, that the vinculin-deficient F9 mouse embryonic carcinoma cells possess a
slightly lower Young’s modulus (2.5 ± 1.5 kPa) compared to the wild-type cells
(3.8 ± 1.1 kPa). Perhaps this was due to an altered cytoskeletal organization of actin
(Goldmann and Ezzell 1996), indicating a prominent functional role for the focal
adhesion protein vinculin as an essential part of the cytoskeletal matrix scaffold.
Later, a comparative study of the cellular mechanical properties of malignant and
non-malignant cells was performed (Lekka et al 1999). The Young’s modulus of
three human cancerous bladder cell lines was one order of magnitude lower than for
healthy control cells. Additionally, these measurements were confirmed in 2005
using differently aggressive human breast cancer cell lines (Guck et al 2005, Park
et al 2005). The cellular deformability was shown to be sensitive enough to monitor
alterations during the malignant progression of mouse fibroblasts and human breast
epithelial cells from normal to cancerous cells. The distribution of the Young’s
modulus of normal fibroblasts was much wider than for the malignantly trans-
formed cells.

Taken together, cellular stiffness determined via AFM is dependent on the local
point of the cantilever position and varies over the whole cellular surface, which may
lead to a discrepancy in the Young’s modulus, not only if measured at different parts
on a single cell, but also when measured for a population of cells. In addition, the
cell–cell interaction can also impact on the mechanical measurement of cells and
they can behave differently to single cells. Hence, experimental errors increase
alongside the large degree of cellular heterogeneity and they may also be time-
dependent. Comparison between different cell types is still possible, and it is even
possible to distinguish between different cancer cell types displaying different
malignancy states, because of their altered mechanical properties, evoked by the
cell’s cytoskeleton.

Other techniques, such as magnetic bead rheology (Wang et al 1993), microneedle
probes (Zahalak et al 1990), microplate manipulation (Thoumine and Ott 1997),
acoustic microscopes (Kundu et al 2000), sorting in microfabricated sieves (Carlson
et al 1997) and the manipulation of beads attached to cells with optical tweezers
(Sleep et al 1999), can also be used to determine the mechanical properties of cells.
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The main and most common result is that malignant cells respond to the external
stresses applied by becoming either less elastic (softer and more deformable) or less
viscous (less resistant to flow), depending on the measurement method used.
However, metastatic cancer cells have been reported to display an even lower
resistance to deformation compared to healthy cells (Raz and Geiger 1982, Ward
et al 1991). In line with this, when using an optical stretcher it has been found that
malignant cancer cells are more deformable than healthy controls (Guck et al 2005).
Metastatic cancer cells must be capable of being highly deformable as they have to
be able to squeeze through the surrounding tissue matrix as they enter the circulatory
systems by transendothelial migration, after which they travel to targeted distant
organs in order to build up secondary tumors (Wyckoff et al 2000).

Finally, these results indicate that cellular elasticity is suitable for use as a cell
marker and even a diagnostic factor for determining the malignant state of cancer
cells and thus their aggressive potential. However, all these techniques (excluding the
optical cell stretcher) have to deal with low cell throughput measurements that are
not good for statistics. In addition, the mechanical contact of the probe with the
device may also lead to adhesion and active cellular response and moreover special
cell preparation as well as nonphysiological probe handling may cause measurement
artifacts. By contrast, an optical stretcher (Guck et al 2001) combined with a
microfluidic chamber is able to deform individual suspended cells by optically
induced surface forces at rates equivalent to the flow through rate of commercially
available flow cytometers and cell sorters. Thus, the high throughput rate is suitable
for the statistics and leads to reliable results. In addition, it may also be possible to
combine an optical cell stretcher with a cell-sorting unit, in order to separate the
stimulated and stretched cells from the non-stretched cells. Taken together, the
deformability of cells measured with a microfluidic optical cell stretcher is suitable as
an inherent cell marker for the malignancy of cancer cells.

3.3.2 Does optical cell stretching affect the viability of stretched cells?

The viability of the cells analyzed with an optical cell stretcher is important, as dead
cells are known to possess an altered cytoskeleton. Thus, radiation damage should
be avoided or reduced during optical cell stretcher measurements by selecting a
wavelength of 785 nm with low absorption. In particular, the mechanical properties
of BALB 3T3 cells are significantly different when they are not alive compared to
their healthy counterparts. In phase contrast microscopy living cells display a
characteristic bright rim around their cell edge, while dead cells show no sharp
contour and appear diffuse.

However, it is not obvious that two 800 mW laser beams can be used for the
deformation of cells without causing any radiation damage. It is extremely
important to choose the right wavelength for the cell deformation measurements
in order to avoid radiation damage. If we consider using a short wavelength, this
might be desirable for optical tweezers, because it may result in higher gradients and
better trapping efficiencies due to the small spot size of a focused laser beam, which
is about half the wavelength of the light used before. However, the main problem
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with short wavelengths is that they are not appropriate for avoiding cell damage
from radiation, because the absorption by the chromophores in cells is high with
decreasing wavelength compared to increasing wavelength in the infrared region
(Svoboda and Block 1994). It has been reported that the absorption peaks of
proteins are in the ultraviolet region of the electromagnetic spectrum. Therefore,
optical cell stretchers with a long wavelength of 1064 nm of a neodymium-doped
yttrium aluminum garnet laser, termed Nd-YAG laser, have been implemented to
improve this method and achieve better results (Ashkin et al 1987). At first glance,
this choice of wavelength seems less than optimal because 70% of a cell’s weight is
water (Alberts et al 1994), which absorbs light more strongly with increasing
wavelength. Another problem is that most cells trapped with optical tweezers do
not survive light powers greater than 20–250 mW, which depends on the particular
cell type and the laser wavelength (Ashkin et al 1987, Ashkin andDziedzic 1987, Kuo
and Sheetz 1992). Optical tweezers have been reported to induce local heating of
water, which is a limiting factor in optical trapping experiments in the near infrared
region. In more detail, theoretical calculations predict a temperature increase of less
than 3 K per 100 mW in the wavelength range of 650–1050 nm for durations of up to
10 s (Schoenle and Hell 1998). Thus, the duration of the laser exposure to the cells is
reduced to 2 s in optical cell stretcher experiments. These theoretical results have been
confirmed by a 0.3 °C increase in temperature per 100mWat powers of up to 400mW
by using Chinese hamster ovary cells (CHO cells) trapped in optical tweezers at a
wavelength of 1064 nm (Liu et al 1996).

In addition to the effects of heating due to absorption by water, the cells can also
be damaged by radiation through metabolic alterations affecting cellular viability
when trapped in optical tweezers. Hence, the wavelength of the laser is carefully
chosen to minimize absorption by water (Kim et al 2015). Further to this, micro-
fluorometric measurements on CHO cells (Liu et al 1996) revealed that even up to
400 mW of 1064 nm cw laser light causes either no alterations to the DNA structure
or the cellular pH. However, the right choice of laser wavelength is important, as
photodamage has been reported for rotating E. coli assays with maxima at 870 and
930 nm and minima at 830 and 970 nm (Neuman et al 1999). The presence of oxygen
seems to be responsible for the damage, but the origin of the damage is still elusive.
The damage at 785 nm is at least as small as at 1064 nm, with the latter being the
most commonly used wavelength for biological trapping experiments (Neuman et al
1999). In addition, sensitivity to light is linearly correlated with intensity, which
cancels out multi-photon processes. For an optical cell stretcher device such damage
has not yet been seen. An explanation for this is that the laser beams are not focused
and the power densities are lower compared to optical tweezer devices by about two
orders of magnitude for the same light power. In summary, to apply higher forces
much higher light powers can be used without the risk of cellular damage.

Cell cytoskeletons in suspension
This part discusses the fact that the cells measured using the optical cell stretcher
are in suspension and not adhered to a substrate. For cells in the bloodstream such
as leukocytes, which are generally non-adherent, the measurement of suspended
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cells represents no problem when analyzing them. There is the concern, however,
that adherent eukaryotic cells may dissolve their actomyosin cytoskeleton when
they are in suspension and thus non-adherent. The actin cytoskeleton of BALB
3T3 fibroblasts in suspension has been analyzed through TRITC-phalloidin
staining using fluorescence microscopy. The result did not confirm this hypothesis,
as suspended cells possess an extensive actin network throughout the whole
cytoplasm. In particular, the peripheral cortical actin is visible underneath the
cell membrane. The only features of the cell’s cytoskeleton not observed in
suspension are stress fibers, due to the lack of focal adhesion plaques in suspended
cells. However, even in the absence of stress fibers BALB 3T3 cells possess a large
resistance to deformation induced by the optical cell stretcher. Stress fibers are
mainly reported in cells adhered to a planar 2D substrate, whereas they are less
pronounced in cells directly embedded in a connective tissue matrix. Thus, the
presence of many stress fibers may even be nonphysiological. Indeed, several
studies have found that the influence of the cytoskeleton on the deformability of
normally adherent cells, such as bovine aortic endothelial cells (Sato et al 1987),
chick embryo fibroblasts (Thoumine and Ott 1997) and rat embryo fibroblasts
(Heidemann et al 1999) can be determined in suspension by using, for example, an
optical cell stretcher. These results are further supported by frequency-dependent
AFM microrheology experiments, comparing in vitro actin gels and NIH3T3
fibroblasts (Mahaffy et al 2000). In more detail, the viscoelastic properties of the
cells are similar to those of homogeneous actin gels. Thus, the elastic strength of
cells seems to be stored within the actin cortex that is still assembled in non-
adherent cells. As most polymer theoretic models describe isotropic actin networks
in vitro, they can be adapted to non-adherent cells. Moreover, it seems to be likely
that these theoretic models will be compared with data obtained from living cells
that only possess the actin cortex and not anisotropic structures such as F-actin
stress fibers.

The optical deformability of dielectric matter has not yet been the focus of
biophysical research. However, the optical stretcher serves as a nondestructive
optical tool for the high-throughput and quantitative deformation of cells. Indeed,
the forces exerted by light on the cells due to the momentum transferred are
adequate to hold as well as move the objects and even they are high enough to
deform the samples. In more detail, the momentum is predominantly transferred to
the surface of the sample. The total force, such as the gradient and scattering force,
that traps the sample arises from the asymmetry of the resulting surface stresses
when the sample is not located at its equilibrium position and thus acts on the
sample’s center of gravity. These trapping forces are significantly smaller than the
forces on the sample’s surface because the surface forces cancel nearly completely
upon integration. This phenomenon is most obvious in a two-beam trap as used for
the optical cell stretcher. In the case when the dielectric object (such as a cell) is
located in the center of the optical trap, the total force is zero, and the forces acting
on the cell’s surface can be several hundred piconewtons. The forces used for cell
elasticity measurements with the optical cell stretcher are in the range of those for
optical tweezers and AFMs.
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At first glance, the result that the surface forces pull on the surface rather than
compressing it seems surprising. This result can be explained through a ray optics
(RO) approach by the increase of the light’s momentum as it enters a denser
medium, such as the interior of a cell, and the resulting stresses on the cell’s surface.
Another approach is guided by the minimization of energy. In particular, it is
energetically favorable for a dielectric object such as a cell to have most of its volume
in the area with the highest intensity along the laser beam axis. This leads to the
result that the cell is pulled to the axis. This seems to be conceptually correct, but it
would be difficult to calculate.

In more detail, the magnitude of the induced forces scales linearly with the
incident laser light power and with (n − 1), where n = ncell/nmedium is the relative
refractive index. For example, with 1 W of power from each laser beam the forces
are in the range of 200–500 pN, even when the relative refractive indices of
biological materials are typically relatively low, such as n = 1.02–1.05.

The optical deformability of cells is a cell-type specific property and hence serves
as a marker for a particular cell type, for example red blood cells (RBCs) and BALB
3T3 fibroblasts. Trapped cells show no radiation damage, even when stretched with
800 mW of light in each beam, and hence show a representative cytoskeleton in
suspension.

3.3.3 Biomedical application of the optical cell stretcher

There seems to be a medical application for the optical cell stretcher technique.
Using it, one cell per second can be measured to determine cellular elasticity. As the
lifespan of a living cell in vitro is limited, measurement frequency is crucial to obtain
good statistics. In particular, the optical stretcher seems to be suitable for
applications in the research and diagnosis of diseases such as cancer, which are
evoked by alterations of the cytoskeleton. Current cancer-detection methods are
based on markers and optical inspection (Sidransky 1996). An increasing disorder of
the actin cytoskeleton may serve as a marker for malignancy (Koffer et al 1985,
Takahashi et al 1986). Alterations in the total amount of actin and in the relative
ratio of the several actin isoforms (Wang and Goldberg 1976, Goldstein et al 1985,
Leavitt et al 1986, Takahashi et al 1986, Taniguchi et al 1986), an overexpression of
gelsolin in breast cancer cells (Chaponnier and Gabbiani 1989) and the lack of
filamin in human malignant melanoma cells may all cause actin cytoskeletal
alterations (Cunningham et al 1992). However, all of these alterations may evoke
an altered viscoelastic response of the cells that can be detected with the optical cell
stretcher. Models of actin networks (MacKintosh et al 1995) showed that the shear
modulus increases with the actin concentration raised. In particular, a slight
decrease in the actin concentration leads to a detectable decrease in the cell’s
elasticity. The optical cell stretcher may serve as an advanced diagnostic tool in
medical laboratories. Moreover, this novel analytical tool requires minimal tissue
samples, which can be obtained using simple cytobrushes on the surfaces of the lung,
esophagus and stomach, as well as in the cervix or through fine-needle aspiration
(Dunphy and Ramos 1997, Fajardo and DeAngelis 1997).
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3.3.4 The optical deformability of mouse fibroblasts

In order to demonstrate the connection between cellular function and the optical
deformability of cells, the optical deformability of BALB/3T3 and SV-T2 fibroblasts
was analyzed using the microfluidic optical cell stretcher. BALB/3T3 is a fibroblast
cell line established from disaggregated BALB/c mouse embryos, whereas SV-T2
cells are, through a SV40 DNA virus, oncogenic, transformed cells derived from
BALB/3T3 (Aaronson and Todaro 1968). These two cell lines are good model
systems for studying the malignant transformation of cells (Aaronson and Todaro
1968; Thoumine and Ott 1997). Indeed, the optical deformability of the SV-T2 cells
is increased compared to that of BALB/3T3 cells.

The optical deformability is time-dependent due to the viscoelastic property of
cells. Thus, the cells were stretched for one second, as this timescale exploits both
elastic and viscous contributions to the cellular deformability (Wottawah et al 2005).
This difference in deformability has been obtained after analyzing only 30 cells for
each cell type. In order to analyze these cells further using proteomics, slightly more
cells may be required. In the future, it may be possible that microfluidic cell
stretchers reach the same sample sizes and measurement rates as fluorescence-
activated cell sorter (FACS) devices. As the refractive indexes are not distinguish-
able between the two cells, the difference in optical deformability can only be
attributed to their different mechanical properties. Moreover, the optical deform-
ability of cells can be equated with cellular compliance.

In a theoretic model for isotropic networks of semiflexible polymers, there is a
strong dependence of the shear modulus on the filament concentration (Gardel et al
2003, Janmey et al 1991, Wilhelm and Frey 2003). The relative amounts of F-actin
in BALB/3T3 and SV-T2 cells using Alexa-532 Phalloidin staining, and measure-
ments of their integrated intensity distributions, have shown that the total amount of
filamentous actin in malignantly transformed cells is reduced by approximately 40%.
Moreover, due to the reduced cell size of the SV-T2 cells, the concentration of
F-actin is reduced by approximately 50%. The reduction in the absolute amount of
F-actin is followed by a remodeling of the whole actin cytoskeleton of the
malignantly transformed SV-T2 cells compared to the normal BALB/3T3 cells.
In summary, the decreased quantity and the altered structures of both actin
cytoskeletons provide an explanation for the enhanced optical deformability of
the cancerous SV-T2 cells. In line with this critically important role for F-actin,
latrunculin-treated cells (inhibited actin polymerization) soften by about one half.

3.3.5 The optical deformability of human breast carcinoma cells

The optical deformability of differently aggressive and invasive cancer cells of
epithelial origin can be measured using an optical cell stretcher. It has been
established that MCF and MDA-MB-231 cells are model cell lines for investigating
breast cancer (Johnson et al 1999, Soule et al 1973, Tait et al 1990, Wang et al 2001).
In particular, MCF-10 is a non-tumorigenic human epithelial cell line isolated from
the benign breast tissue of a fibrocystic disease. Although these cells are immortal,
they are normal and noncancerous mammary epithelial cells. Another breast cancer
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cell line (adenocarcinoma) is MCF-7, which is isolated from the pleural effusion. In
particular, these cells are nonmotile and nonmetastatic epithelial cancer cells. When
the phorbol ester tetradecanoylphorbol-acetate (TPA) is added to MCF-7 cells
(modMCF-7 cells) these are then stimulated and display a dramatic increase (18
fold) in their invasiveness and ability to metastasize (Johnson et al 1999). In
addition, TPA induces the secretion of MMPs in MCF-7 cells, which are able to
degrade the surrounding extracellular matrix of tissues and are associated with
cancer metastasis and malignant progression in vivo (Himelstein et al 1994). Using
an optical cell stretcher, the cancerous MCF-7 cells showed an increased deform-
ability compared to normal MCF-10 cells and nonmetastatic MCF-7 cells.

In addition, the optical deformability of MDA-MB-231 breast cancer cells has
been analyzed in the presence and absence of all-trans-retinoic acid (modMDA-MB-
231), which leads to less aggressive MDA-MB-231 cells (Wang et al 2001). As
expected, these less agressive MDA-MB-231 cells displayed reduced optical deform-
ability by possessing reduced metastasizing capacity. The differences in the refractive
indices of all five cancer cell lines lay at around 1.365 and hence cannot explain the
differences in optical deformability, which instead seem to be correlated with a
reduced cytoskeletal resistance to cellular deformation in cancerous cells compared
to normal cells. The reduction in structural strength is consistent with their
capability to migrate through connective tissue, to intravasate into the blood and
lymph vessels, to circulate through these microvascular systems and possibly
extravasate to migrate and build up metastases in targeted organs. Although a
major cytoskeletal element in epithelial cells is the intermediate filament keratin
(Kirfel et al 2003), it is hypothesized that the contribution of keratins to the
mechanical properties is important at strains larger than those applied in these
optical cell stretcher experiments (Janmey et al 1991, Wang and Stamenovic 2000).
Thus, the differences in optical deformability are evoked by the decrease of F-actin
stress fibers during the malignant transformation by approximately 30%
(Katsantonis 1994). In contrast, in another study it has been shown that the keratins
play a role in providing optical cell deformability (Seltmann et al 2013).

Alterations in optical deformability are detectable due to subtle changes in
cytoskeletal composition and structure. Indeed, this dependence confirms results
from polymer physics where even slight variations in the concentration of cytoske-
letal filaments lead to a nonlinearly enhanced overall elasticity (Gardel et al 2003,
Janmey et al 1991, Wilhelm and Frey 2003). Optical deformability can in general
serve as a unique and useful biophysical cell marker, which is able to detect even
small cytoskeletal changes through the altered optical properties of the cells.

The results obtained with differently invasive and aggressive cancer cell lines can
be adapted to primary cells in order to obtain diagnostic markers for the invasive
potential of cancer cells. Indeed, the microfluidic optical cell stretcher permits the
investigation of samples of individual cells and determines their metastatic potential
(Caraway et al 1993, Epstein et al 2002, Sherman and Kurman 1996). Subsequently,
pure samples of isolated cancer cells can be investigated without artificial corruption
using established genomic or proteomic techniques, which cannot detect small
numbers of changes. Another possible field of application for an optical cell stretcher
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is the isolation and separation of therapeutic stem cells (Olins et al 2000), which
cannot be identified and sorted with a microfluidic optical cell stretcher without
knowing a special set of markers able to identify unique a stem cell.

The mechanical parameter, the optical deformability of cells, is an inherent cellular
marker that provides a sensitive cellular mechanical-based alternative to current
proteomic techniques and thus may lead to novel promising findings regarding all
cellular processes that involve the mechanical properties of the cytoskeleton.

3.4 Optical tweezers
Based on focused laser light, optical tweezers can trap and manipulate small
refractile objects (Ashkin 1997) and hence are ideally suited for mechanical
measurements on proteins and on supramolecular assemblies such as cells. In
particular, using optical tweezers it has been revealed that the step size of the
kinesin motor protein is 8 nm (Svoboda et al 1993). The resolution of the displace-
ment and the range of forces are ideally suited for single-molecule measurements.
Hence, optical tweezers have been successfully utilized to perform measurements of
the viscoelastic properties of soft materials such as proteins or DNA on the
mesoscopic length scale (MacKintosh and Schmidt 1999, Mizuno et al 2008,
Koenderink et al 2006). Moreover, these mechanical experiments have been
laboriously further developed in order to separate the local response from a
larger-scale response by employing one- and two-particle rheology of polymer
networks (Buchanan et al 2005, Atakhorrami et al 2008) and investigate even non-
equilibrium mechanics of living active cytoskeletal networks (Mizuno et al 2007).

When making use of orthogonally polarized laser beams derived from one laser, a
dual tweezer setup can be developed and hence independently trap and steer two
beads. Indeed, such a dual optical tweezer setup has been utilized to analyze the
fluctuations and the mechanical response of suspended cells. It has been reported
that the recorded fluctuations were not thermal equilibrium fluctuations and thus
largely evoked by active force generation of the cell (Mizuno et al 2009). A
suspended cell is typically mechanically associated through integrin cell surface
receptors to the two beads, which are coated with extracellular matrix ligands such
as fibronectin or RDG peptide. The two-bead setup can not only be utilized to
investigate cellular force fluctuations, it can be also used to apply a force to the cell
and to monitor the resulting deformation. By the application of Hooke’s law an
effective spring constant can be determined.

The tensed actomyosin cortex has been shown to alter the measured cellular
effective stiffness. When cells were incubated with blebbistatin, a myosin inhibitor,
they become significantly softer and thereby the transmitted cellular force fluctua-
tions are significantly decreased (Schlosser et al 2015). In contrast, it has been
demonstrated that blebbistatin treatment resulted in cellular stiffening (Chan et al
2015). However, the difference between the two experiments is the attachment of
beads coated with matrix proteins to integrin receptors and upon stable bead
binding, the subsequent formation of focal adhesions for bead diameters larger than
4 μm (Galbraith et al 2002). When a cell is suspended between two beads, the optical
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tweezers represent the mechanical boundary conditions and, to some extent, fulfill
the role of a substrate for adherent cells. In more detail, the stiffness of the potential
well generated by the optical tweezers can be seen roughly as an equivalent for the
matrix elasticity. Hence, a change in laser intensity affecting the trapping potential
can simulate an altered mechanical microenvironment. Instead of providing simply
a passive elastic response, the optical tweezers can also be used to exert a defined
force. Moreover, the cells can be kept under a constant external load using a
feedback mode. When fibroblasts are kept under a constant external tension in the
range of 5–35 pN, they seem to generate slow oscillatory contractile forces with
periods in the range of 1–2 min. This oscillation can be stopped when cells are
treated with blebbistatin inhibiting non-muscle myosin motor proteins and hence a
creep response to the external load similar to that of viscoelastic materials can be
measured (Schlosser et al 2015).

The optical cell stretcher measures the compliance of the whole suspended cell,
whereas the dual optical tweezers mechanically couple to the cell through integrin
clusters and focal adhesions and transmit forces directly to the actomyosin cortex.
However, more information on the cell’s cortex and other cytoskeletal structures is
required to fully understand cellular mechanical properties. Indeed, this can be
utilized, when compared to adherent cells, simple geometry of close-to-spherical
suspended cells is measured in a combined setup of the dual optical tweezers with
confocal microscopy or also potentially appropriate super-resolution microscopy
techniques. In particular, a 3T3 NIH fibroblast in dual confocal tweezers, which is
transiently transfected with LifeAct-RFP, reveals the structure of the actomyosin
cortex and also of smaller actin bundles within the cytoplasm of the suspended cell.

A strong limitation for these mechanical measurements of cells and possible also
cellular aggregates is the restricted force range of up to approximately 100 pN,
which can be maximally applied by using optical tweezers. A solution to this
problem can be specially designed core–shell particles, which displayed an increase
of maximal trap force by an order of magnitude that would allow us, together
with optimization of optical parameters to apply forces up to several nN (Bormuth
et al 2008).

3.5 Microfluidic filtration and mechanical deformability
By using microfluidic filtration, the issue of non-uniform pore size in membrane
filters can be resolved, when a micromachining technique is utilized to generate an
array of parallel microchannels (Kim et al 2015). With this technique, the
deformation of entire cells can be monitored under a microscope while the cells
are squeezing through multiple microchannels. Hence, microfluidics seems to be a
promising, cost-effective, and high-throughput method for measuring the deform-
ability of RBCs, with a minimum amount of blood (cells) required for the analysis
(Whitesides 2006, Bransky et al 2007, Martin et al 2011, Patel et al 2013,
Shevkoplyas et al 2006, Ye et al 2010). In more detail, the microfluidic device
mimics the in vivo capillary blood flow system that possess internal diameters of only
a few micrometers and the deformability of RBCs can be analyzed by using a funnel-

Physics of Cancer, Volume 1 (Second Edition)

3-30



shaped microconstriction system, in which the bolls sample is placed and exerted to
a certain pressure (Guo et al 2011, 2012a, 2012b). The deformability is determined
by measuring the threshold pressure necessary for the blood sample to traverse the
well-defined constriction. When using this microfluidic measurement system, both
individual RBCs and populational assessments of cellular deformability can be
performed. In particular, microfluidic systems have been employed to determine the
deformability of malaria-infected RBCs (Shelby et al 2003, Bow et al 2011) and
RBCs in patients with sickle-cell disease (Wang et al 2011).

3.6 Real-time deformation cytometry
Cellular stiffness is a highly sensitive and suitable marker for physiological and
pathological alterations in cells and moreover many applications in the field of
biology and medicine are possible. A new method, called real-time deformability
cytometry (RT-DC), analyzes the cell stiffness at high throughput by exposing the
cells located in a microfluidic channel to a shear flow that provides the mechanical
phenotyping due to the single-cell deformability (Otto et al 2015, Mietke et al 2016).
The deformations of cells in the channel are not only dependent on cell stiffness, but
also depend on the cell’s size relative to channel size (diameter). Hence, the mutual
contributions of cell size and cell stiffness to cell deformation can be disentangled by
a theoretical analysis involving hydrodynamics and linear elasticity theory. When
performing real-time deformability cytometry on both the model spheres of known
elasticity and on biological cells, it can be shown that our analytical model does not
only predict deformed shapes inside the channel but also enables us to quantify
cellular mechanical properties such as deformability. Thus, fast and quantitative
mechanical sampling of large cellular populations becomes feasible.

Typical methods for the measurement of cell stiffness include atomic force
microscopy (AFM) indentation, magnetic twisting cytometry and optical stretching
(Pullarkat et al 2007). The cell mechanical characterizations based on these methods
do not enable us to measure throughput rates beyond one cell per minute. However,
the analysis of probes from a large population size and a broad heterogeneity of cells
requires high-throughput methods for their classification and analysis. Several
microfluidic techniques have already started to address this need (Gossett et al
2012, Byun et al 2013, Otto et al 2015, Lange et al 2015). Among them are the
deformability cytometry (DC) (Gossett et al 2012) and RT-DC (Otto et al 2015),
which deform cells purely by hydrodynamic interactions and without any contact
with the walls of the channels.

Although the DC analyzes cells in an extensional flow rate of thousands of cells
per second, it operates in a dynamic regime of Reynolds numbers of approximately
50. Hence this transfers the calculation of associated flow fields to a challenging,
time-dependent and nonlinear problem. Until now, no analytical or numerical
modeling has been applied to these data, which turns the cell mechanical character-
ization purely into a phenomenological description.

In contrast, in RT-DC smaller rates of hundreds of cells per second are reached
together with a more viscous carrier medium, which reveals a fluid flow at a low
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Reynolds numbers of approximately 0.1, which is now accessible to theoretical
analysis. In RT-DC measurements, the suspended cells are exposed to a shear flow
through a microfluidic channel with a constant speed. During this process, the cells
are deformed due to the existence of strong velocity gradients within the channel’s
cross section (Otto et al 2015). The observed deformation of initially spherical cells
in the flow channel depends on cellular stiffness, however, it also seems to be
influenced by the flow speed, the relative size of the cell and the internal cell
architecture. In order to separate the influence of each of these parameters, the
quantification of the stresses exerted on the cells through the shear flow is required to
apply cell mechanical models predicting the measured deformations.
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Chapter 4

Cell–cell and cell–matrix adhesion strength,
local cell stiffness and forces

Summary
Cell–cell and cell–matrix adhesions are not only crucial to maintain tissue
morphogenesis and provide homeostasis, they also activate signal transduction
pathways, mediating many important cellular functions, including cell survival,
gene expression, motility (single or collective), differentiation and adhesion. Gene
mutations in adhesion receptors can evoke developmental disorders and cause
different diseases such as cancer. Moreover, the cell–cell and cell–matrix adhesion
strength influences the mechanical properties of cells, such as their cellular stiffness
and contractile force generation. It is still under investigation which of the three
main cytoskeletal structural components—actin microfilaments, keratin intermedi-
ate filaments or microtubules—contributes the most to the mechanical properties
of cancer cells. Is it possible to dissect the contribution of each individual structural
component to the overall mechanical properties? The answer to this question may
be difficult to give, as the microfilaments can interact with intermediate filaments
and microtubules, and this raises the question of whether one cytoskeletal
structural component can replace another. However, quantitative methods to
measure cell adhesion are therefore required to reveal how cells regulate cell–cell
adhesion and cell–matrix during development and how aberrations in cell–cell and
cell–matrix adhesion contribute to disease. In the following, this is described and
how adhesion strength, cellular stiffness and forces can be measured with state-of-
the-art biophysical methods is discussed. In particular, an overview of different in
vitro techniques to study cell–cell and cell–matrix adhesion is presented such as
quantitative single-cell methods based on atomic force microscopy (AFM) and a
variant, AFM-based single-cell force spectroscopy (SCFS), dual micropipette
aspiration (DPA), microdroplets functionalized with adhesion receptors, traction
force microscopy and Förster resonance energy transfer (FRET)-based molecular
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tension sensors are introduced to visualize intracellular mechanical forces acting
on cell–cell or cell–matrix adhesion sites.

4.1 Atomic force microscopy
AFM is basically a biophysical technique for acquiring images and other informa-
tion from a wide variety of objects, such as living cells, at extremely high resolution
in the nanometer range. The technique works by scanning a very sharp probe (end
radius approximately 10 nm) along the object’s surface. The scanning of the probe
can be performed very carefully in order to keep the force between the cantilever
carrying the probe and surface of the object of interest at a set, low level. In more
detail, the probe is a silicon (Si) or silicon nitride (Si3N4) cantilever with a sharp
integrated tip, and the vertical bending (termed deflection) of the cantilever due to
the forces acting on the tip can be detected by a laser that is focused on the back of
the cantilever. The laser is reflected by the cantilever and detected by a photo-
detector. The movement of the laser beam on the photodetector is a measure of the
movement of the probe. This kind of setup is called an optical lever. During the
measurement procedure, the probe is moved over the sample by a scanner (typically
a piezoelectric element), which is able to make extremely precise movements. The
extremely high resolution of the AFM is achieved through the combination of the
sharp tip, the very sensitive optical lever and the very precise scanner movements,
which are also combined with the precise control of probe–sample forces.

AFM is a type of very high-resolution scanning probe microscopy, with a
resolution in the range of a nanometer, and it is thus more than 1000 times better
than the optical diffraction limit (Hirschfeld and Huber 2010, Grazioso et al 2010,
Lang et al 2004, Cappella and Dietler 1999). The precursor to AFM was the
scanning tunneling microscope, developed by Gerd Binnig and Heinrich Rohrer in
the early 1980s (earning them the Nobel Prize for physics). The AFM was invented
by Binnig and the first experimental implementation was performed by Binnig,
Quate and Gerber in 1986 (Binnig et al 1986). Three years later, the AFM became
commercially available. It is one of the best tools for imaging, measuring and
manipulating soft matter such as cells, tissues and proteins at the nano-scale. The
surface of the sample is scanned by the mechanical probe (the cantilever). The highly
precise scanning of the sample’s surface is mediated by piezoelectric elements that
facilitate tiny, accurate and precise movements on (electronic) command. In some
special variations, electric potentials can be scanned using conducting cantilevers. In
advanced types of AFM, the current can be passed through the tip to probe the
electrical conductivity or transport of the underlying surface of the sample, but this
is much more challenging, with few research groups reporting consistent data
(Binnig et al 1986). The electron micrograph of a used AFM cantilever has an image
width of approximately 100 μm and 30 μm.

An AFM can operate in one of three modes, the non-contact, contact and tapping
modes, depending on the cantilever’s tip motion.

1. The non-contact mode or frequency modulation AFM (dynamic mode)
(termed NC-AFM, close contact AFM or FM-AFM).
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2. The contact (static) mode (termed C-AFM or CMAFM).
3. The tapping (dynamic) mode (TMAFM), also termed intermittent contact

(IC-AFM) or AC mode, vibrating mode or amplitude modulation AFM
(AM-AFM).

The contact mode is often called a static mode. The tapping and non-contact
modes are, by contrast, described as dynamic, because the cantilever is oscillated.
This is done by adding an extra piezoelectric element, which oscillates up and down
at somewhere between 5–400 kHz relative to the cantilever holder. There is still a
little confusion over terminology, because the tapping mode was trademarked by
one AFM manufacturer. Thus, this mode has many other names, such as the
intermittent contact (IC-AFM), AC or vibrating mode, which are all the same. The
modes of the AFM can also be named based on their detection mechanisms:
the tapping mode is then called amplitude modulation AFM (AM-AFM) and the
non-contact mode is called frequency modulation AFM (FM-AFM). The main
difference between the tapping mode and non-contact modes (NC-AFM) is that in
the former the tip of the probe of the cantilever touches the sample and moves
completely away from it in each oscillation cycle. In NC-AFM, the cantilever stays
close to the sample during the whole measurement and has a pronouncedly smaller
oscillation amplitude. The NC-AFM is more sensitive to small oscillations of the
cantilever and can be used in close contact (almost touching the sample). Compared to
other AFM techniques, the NC-AFM has a true atomic resolution. The AM-AFM is
typically used for the tapping mode, in which the cantilever tip taps the sample during
each oscillation cycle. This has turned out to be themost stablemode for use in air and
hence it is currently the most commonly used mode for most applications.

Nontopographic modes
In addition to the topographic modes that collect images, many modes have been
reported to measure other properties of the sample, such as the magnetic field or the
potential difference between the sample and the cantilever probe.

• Magnetic force microscopy (MFM) measures the distribution of the magnetic
field within the sample.

• Kelvin probe microscopy (KPM) measures the contact potential difference
across the sample.

• Force spectroscopy measures individual molecular interactions.
• The nanoindentation method measures the hardness or softness of the
sample.

• Thermal modes determine thermal parameters, such as thermal conductivity
on the nano-scale level.

The AFM consists of a cantilever with a sharp tip (termed the probe) at its end
that is used to scan the surface of the sample. The cantilever consists of Si or Si3N4

and a tip radius of curvature on the order of nanometers. When the cantilever’s tip is
brought in close to a sample’s surface, the forces between the tip and the sample
deflect off the cantilever, according to Hooke’s law. The forces measured in AFM
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include mechanical contact forces, van der Waals forces, capillary forces, chemical
bonding, electrostatic forces, magnetic forces (MFM), Casimir forces and solvation
forces. Together with force, additional quantities can be measured simultaneously
through the use of specialized types of probes using scanning thermal microscopy,
scanning joule expansion microscopy and photothermal microspectroscopy. The
deflection of the cantilever carrying the probe is usually measured using a laser spot
reflected from the top surface of the cantilever into an array of photodiodes. Other
useful methods use optical interferometry, capacitive sensing or piezoresistive AFM
cantilevers. These cantilevers are fabricated with piezoresistive elements acting as a
strain gauge. For example, a Wheatstone bridge can be used to detect strain in the
AFM cantilever due to deflection, but this method is not as sensitive as laser
deflection or interferometry.

An AFM topographical scan of a glass surface can be performed. Thus, the
features of the glass on the microscale and nano-scale can be determined and they
represent the roughness of the glass surface. An image space in 3D (x, y, z) can be
detected and the size is 20 μm × 20 μm × 420 nm. However, if the cantilever’s tip is
scanned at a constant height, there is a risk that the tip will stretch and damage the
surface. In order to avoid this, a feedback mechanism is typically incorporated to
adjust the tip-to-sample distance to have a constant force between the tip and the
sample.

The tip or sample is mounted on a ‘tripod’ of three piezocrystals, with each being
responsible for scanning in the x, y and z directions. In 1986, as the AFM was
invented, a new piezoelectric scanner (termed the tube scanner) was developed for
use in scanning tunneling microscopy (STM), which is based on the principle of
quantum tunneling. Then, tube scanners were used for AFMs. In particular, a tube
scanner is able to scan the sample in the x, y and z directions using a single tube
piezo consisting of a single interior contact and four external contacts. A major
advantage of the tube scanner is the better vibrational isolation that results, on the
one hand, from the higher resonant frequency of the single-crystal construction and,
on the other hand, from a low resonant frequency isolation stage. However, a
disadvantage is that the x–y motion may lead to unwanted z motion, resulting in
distortion (Binnig and Smith 1986).

The AFM can be operated in a number of modes. There are two major groups:
static (‘contact’) modes and a variety of dynamic (‘non-contact’ or ‘tapping’) modes,
in which the cantilever is vibrated.

What role does the cantilever’s probe play?
The AFM probe is a widely distributed and well-established measuring device

with a sharp tip on the free-swinging end of a cantilever, which protrudes from a
holder plate. In more detail, the dimensions of the cantilever are in the range of
micrometers and the radius of the tip is in the range of a few nanometers. The
holder plate (termed the holder chip) often has a size of 1.6 mm by 3.4 mm,
supporting the AFM probe with tweezers and hence it fits into the corresponding
holder clips on the scanning head of the atomic microscope. This device is most
commonly called the AFM probe, but other names include the AFM tip and
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cantilever (using the name of a single part as the name for the whole device)
(figure 4.1). Taken together, an AFM probe is a particular type of scanning probe
microscopy (SPM) device.

Most of the AFM probes used consistent of Si, although borosilicate glass and
Si3N4 can also be used. During the AFM measurement the tip is very close to the
surface of the object (sample) and then the cantilever is deflected by the interaction
between the tip and the surface. Then a spatial map of the interaction between the
cantilever and the sample is recorded by measuring the deflection at many points of
a 2D surface. Indeed, several types of interaction can be detected. Depending on the
interaction to be measured, the surface of the tip of the AFM probe needs to be
modified with a coating such as extracellular matrix proteins. Gold is one possible
coating that serves for covalent bonding of biological molecules and the detection of
their interaction with a surface. In addition, diamond coatings can be used for
increased wear resistance and magnetic coatings for detecting the magnetic proper-
ties of the investigated surface. Moreover, the surface of the cantilevers can also be
altered. These coatings are used to increase the reflectance of the cantilever and
subsequently to improve the deflection signal (Bryant et al 1988).

Non-contact mode AFM (also termed modulation AFM)
This mode is called the non-contact mode (NC-AFM), in which the tip of the
cantilever does not touch the surface of the sample. In addition, this non-contact
mode can also be named after the detection mode, and is then called frequency
modulation AFM. In this mode, the cantilever can be oscillated at its resonant
frequency, which is called the frequency modulation mode, or it can be oscillated
above the resonant frequency, where the amplitude of oscillation is typically a few
nanometers (less than 10 nm) down to a few picometers, which is then termed the
amplitude modulation mode.

In particular, the van der Waals forces are strongest at a tip distance of 1–10 nm
above the surface of the sample and they decrease when any other long-range force
extends the resonance frequency of the cantilever above the surface of the sample.
Moreover, this decrease in the resonant frequency is restored by using a feedback

Photodiode
Laser

Cantilever

Sample surface

Detector

Figure 4.1. AFM principles.
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loop system in order to maintain a constant oscillation amplitude or frequency by
adjusting the distance between the cantilever’s tip and the sample’s surface. In
addition, measuring the tip-to-sample distance at each 2D data point (in the x and y
dimensions) enables the scanning software to construct a topographic image of the
sample’s surface.

An advantage of non-contactmodeAFMis that neither tip nor sample degradation
effects occur, however, these effects have been observed in some cases after numerous
scans with contact AFM. Therefore, non-contact AFM is preferable to contact AFM
when soft samples such as living cells are measured. However, in the case of rigid
samples there seems to be no difference between contact and non-contact images. If a
few monolayers of an adsorbed fluid are located on the surface of a rigid sample, the
images of contact and non-contact AFM are substantially different. In the contact
mode the cantilever’s tip will penetrate the liquid layer in order to measure the
underlying surface, whereas in the non-contact mode the cantilever’s tip will oscillate
above the adsorbed fluid layer in order to image the fluid and the rigid surface.

The dynamic mode operation is based on frequency modulation, in which a
phase-locked loop is utilized to track the cantilever’s resonance frequency, whereas
in the more common amplitude modulation a servo loop acts to keep the cantilever
excitation to a defined amplitude.

In frequency modulation, alterations in the oscillation frequency deliver infor-
mation about the interactions between the tip and the sample. The frequency can be
detected with very high sensitivity and hence the frequency modulation mode allows
us to use very stiff cantilevers. Another advantage is that stiff cantilevers provide
stability, even very close to the surface, and hence this was the first AFM technique
that revealed data with true atomic resolution under ultra-high vacuum conditions.

In amplitude modulation, alterations in the oscillation amplitude or phase deliver
the feedback signal for imaging. In particular, in amplitude modulation alterations
in the phase of oscillation are used to distinguish between different types of surface
materials. The amplitude modulation can be performed in the non-contact as well as
in the intermittent contact regime (tapping mode). In the dynamic contact mode, the
cantilever is oscillated in such a manner that the distance between the cantilever’s tip
and the sample’s surface is altered. In addition, amplitude modulation can be
performed in the non-contact regime in order to image with atomic resolution by
using pronouncedly stiff cantilevers and small amplitudes in an ultra-high vacuum
environment.

The AFM beam deflection method
The beam deflection method is the most prominent one for cantilever deflection
measurements. In more detail, laser light from a solid-state diode hits the back of the
cantilever, is reflected off the back of the cantilever and is collected by a position-
sensitive detector (PSD) that contains two closely spaced photodiodes. The output
signals are collected with a differential amplifier. An angular displacement of the
cantilever leads to an unequal light distribution between the two photodiodes,
because one collects more light than the other. This produces an output signal that is
based on the difference between the photodiode signals normalized by their sum,
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which is proportional to the cantilever deflection. In particular, it can detect
cantilever deflections of less than 10 nm until the thermal noise provides the
limitation. However, a long beam path of several centimeters can easily amplify
alterations in the beam angle.

Other deflection measurement methods
Several other methods for measuring beam deflection have been established. They
are described briefly in the following.

Piezoelectric detection. The cantilevers are made from quartz or another piezo-
electric material and they are able to detect deflection directly as an electrical signal.
Indeed, cantilever oscillations of up to 10 pm have been reported using this method.

Laser Doppler vibrometry. A laser Doppler vibrometer is used to obtain highly accurate
deflection measurements for an oscillating cantilever, which is only performed in the
non-contact mode. However, this method is expensive and hence rarely used.

The scanning tunneling microscope (STM). The STM is based on quantum
tunneling. When a conducting tip is placed close to the sample’s surface, a bias
(voltage difference) applied between the two will enable electrons to tunnel through
the vacuum between them. In particular, the resulting tunneling current is a function
of tip position, the applied voltage and the local density of states of the sample. The
current is detected as the tip’s position scans across the sample’s surface and is hence
usually displayed as an image. The first atomic microscope used a complete STM
system containing its own feedback mechanism to detect deflection. In particular,
this method is difficult to implement and is also slow to respond to deflection
alterations compared to the modern methods.

Optical interferometry. Optical interferometry is used to measure the deflection of
the cantilever. Due to the nanometer scale deflections measured in AFM, the
interferometer measures in the sub-fringe regime, hence, any drift even in the laser
power or wavelength has a strong impact on the measurement and therefore must be
omitted. For these reasons, optical interferometer measurements are performed with
great care using index matching fluids between optical fiber junctions and very stable
lasers. Thus, optical interferometry is rarely used as it is difficult to perform and
expensive.

Piezoelectric (capacitive) detection. Metal-coated cantilevers can build a capacitor
with another contact located behind the cantilever. In particular, deflection alters the
distance between the contacts and can be measured as a change in capacitance.

Piezoresistive detection. This technique is similar to piezoelectric detection, but it
uses piezoresistive cantilevers in order to record the detection. This is not often used
as the piezoresistive detection dissipates energy from the system, affecting the quality
factor Q of the resonance that characterizes how underdamped the resonator is
(Roiter and Minko 2005).
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Force spectroscopy. In addition to imaging, another major application of AFM is
force spectroscopy, which is the direct measurement of tip–sample interaction
forces as a function of the distance between the tip and sample. In this method,
the AFM tip is extended towards and retracted from the sample’s surface and in
parallel the deflection of the cantilever is monitored as a function of piezoelectric
displacement. Thus, a force–distance curve is recorded. These measurements have
been used successfully to measure nano-scale contacts, atomic bonding, van der
Waals forces and Casimir forces, dissolution forces in liquids and single-molecule
stretching, and also rupture forces. In addition, AFM can be used to perform
measurements in an aqueous microenvironment. For instance, the dispersion
force due to a polymer adsorbed on the substrate can be determined. Indeed,
forces of the order of a few piconewtons can be measured with a vertical distance
resolution of better than 0.1 nm. Moreover, force spectroscopy can be performed
with either static or dynamic modes. In the dynamic modes, information about
the cantilever vibration is monitored in addition to the static deflection (Geisse
2009). The problems with this technique are the absence of the direct measurement
of the tip–sample separation and the requirement for low-stiffness cantilevers,
which tend to snap and stick to the sample’s surface, when measuring soft material
such as cells. These problems are solvable, as an AFM has been developed that
directly measures the tip–sample separation. Hence, the snap-in can be reduced by
measuring in liquids or by using stiffer cantilevers, whereas in the latter case a more
sensitive deflection sensor is needed to monitor even small alterations in the
cantilever deflection. In addition, by applying a small dither to the tip, the stiffness
(in the form of a force gradient) of the bond can then be measured.

Atomic force microscopy applications. Force spectroscopy is used in biophysics to
analyze the mechanical properties of living materials, such as tissues and cells.

Can even individual surface atoms be identified? Indeed, the AFM can be used to
image and manipulate atoms as well as structures on many surfaces. The atom at the
apex of the tip can sense individual atoms on the underlying surface by forming
incipient chemical bonds with each atom. As these chemical interactions subtly alter
the tip’s vibration frequency, they can be detected and hence mapped. This principle
has been used to distinguish between atoms of Si, tin and lead on an alloy surface by
comparing these small atomic values to values obtained from large-scale density
functional theory (DFT) simulations. The principle is to first measure these forces
precisely for each type of atom expected to be located in the sample and then to
compare these values with the forces obtained by DFT simulations. As expected, it
has been found that the tip interacted most strongly with Si atoms and interacted
23% and 41% less strongly with tin and lead atoms, respectively. Thus, each different
type of atom can be identified in the matrix when the cantilever’s tip is moved across
the surface (Gross et al 2009).

Contact mode
In this mode, the tip is moved (or dragged) across the surface of the sample and the
contours of the surface are measured using either the deflection of the cantilever
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directly or, more commonly, the feedback signal, which is required to keep the
cantilever at a constant position.

As the measurement of a static signal is subject to noise and drift, low-stiffness
cantilevers are used to increase the deflection signal. However, in close proximity to
the sample’s surface the attractive forces are strong and hence lead to a ‘snap-in’ of
the cantilever to the sample’s surface. The contact mode AFM is usually performed
at a depth where the overall force is repulsive, which is the case in firm contact with
the solid surface below any adsorbed layers.

The tapping mode
Single polymer chains of a thickness of 0.4 nm can be recorded in a tapping mode
under aqueous media with different pH values.

In ambient conditions, most samples develop a liquid meniscus layer. Thus, it is
necessary to keep the probe tip close enough to the sample in order to detect short-
range forces while the tip is prevented from sticking to the surface, which represents
a major problem for the non-contact dynamic mode in ambient conditions. Thus,
the dynamic contact mode (also termed the intermittent contact, AC or tapping
mode) has been developed to solve this problem (Willemsen et al 2000).

In the tapping mode, the cantilever is driven to oscillate up and down close to its
resonance frequency by a small piezoelectric element mounted in the AFM tip
holder, similar to the non-contact mode. However, the amplitude of this oscillation
is even larger than 10 nm and is typically between 100 and 200 nm. The force
interactions acting on the cantilever when the tip approaches close to the surface
include van der Waals forces, dipole–dipole interactions and electrostatic forces,
which all cause the amplitude of this oscillation to decrease as the tip comes into
close proximity with the sample. However, the height of the cantilever above the
sample is precisely controlled by an electronic servo that uses the piezoelectric
actuator. The servo adjusts the height to maintain the oscillation amplitude of the
cantilever precisely when it is scanned over the sample. A tapping AFM image is
hence gained by imaging the force of the intermittent contacts of the tip with the
sample surface. This tapping method decreases the damage to the surface and the tip
compared to the amount of damage caused in contact mode. Hence, the tapping
mode is gentle enough even for the visualization of supported lipid bilayers or
adsorbed single polymer molecules, such as 0.4 nm thick chains of synthetic
polyelectrolytes under a liquid medium. With defined scanning parameters, the
conformation of single molecules can remain unaltered for hours.

The first AFM
The AFM’s usefulness has certain limitations, as is also the case for other
biophysical devices. When determining whether analyzing a sample with an AFM
is appropriate, there are various advantages and disadvantages that have to be
considered.

Advantages. The AFM has several advantages over scanning electron microscopy
(SEM). Compared to the electron microscope, which provides a 2D projection or a
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2D image of a sample, the AFM provides a 3D surface profile. In addition, samples
analyzed by AFM do not require any special treatment, such as metal/carbon
coatings, which would irreversibly alter or even damage the sample, and they do not
typically suffer from charging artifacts in the final image.

While an electron microscope needs an expensive vacuum environment for proper
operation, most AFM modes can work perfectly well in ambient air or even a liquid
environment, which allows us to investigate biological macromolecules and even
living organisms. In principle, AFM can even provide a higher resolution than SEM.
Moreover, the AFM has been shown to provide true atomic resolution in ultra-high
vacuum and in liquid environments. Thus, high resolution AFM is comparable in
resolution to STM and transmission electron microscopy. In addition, AFM can be
combined with a variety of optical microscopy techniques such as fluorescent
microscopy, which increases its applicability to a wide field of experiments.
Indeed, combined AFM–optical instruments have been applied primarily in the
biological sciences, but have also found a niche in some materials applications, such
as those involving photovoltaics research (Nishida et al 2008).

Disadvantages. A disadvantage of AFM compared with SEM is the single scan
image size. In particular, in one pass the SEM is able to image an area on the order
of square millimeters with a depth of field on the order of millimeters, whereas the
AFM can only image a maximum height in the order of 10–20 μm and a maximum
scanning area of about 150 × 150 μm. An approach to improve the scanned area size
for AFM is the use of parallel probes in a fashion similar to that of millipede data
storage. In addition, the scanning speed of an AFM is a limitation. Traditionally, an
AFM cannot scan images as fast as an SEM. An AFM requires several minutes for a
typical scan, whereas an SEM is capable of scanning at near real time, although at
relatively low quality. The relatively slow rate of scanning during AFM imaging
mostly leads to thermal drift in the image, making the AFM less well suited for
measuring accurate distances between topographical features on the image.

However, several fast-acting designs have been suggested to increase microscope
scanning productivity, such as video AFM, which means that reasonable quality
images are being obtained with video AFM at a video rate. This video rate is even
faster than the average SEM. In order to eliminate image distortions induced by
thermal drift, several methods have become available.

AFM images may also be affected by nonlinearity, hysteresis and creep of the
piezoelectric material and cross-talk between the x, y, z axes, which seems to require
software enhancement and filtering. However, filtering may flatten out real topo-
graphical features. Special AFMs utilize real-time correction software or closed-loop
scanners, which practically eliminate these problems. Some AFMs also use
separated orthogonal scanners (as opposed to a single tube), which additionally
serve to eliminate some of the cross-talk problems. In addition, an AFM artifact
arises from a tip with a high radius of curvature with respect to the special feature
that is to be visualized.

Similar to any other imaging techniques, there is the possibility of image artifacts,
which could be induced by an unsuitable tip, a poor operating environment or even
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by the sample itself. These image artifacts are usually unavoidable. However, their
occurrence and effect on the results can be reduced through various methods.
Artifacts resulting from a too coarse tip can be caused, for instance, by inappro-
priate handling or through collisions with the sample by either scanning too fast or
having an unreasonably rough surface, which may cause wearing of the tip.

One major AFM artifact is steep sample topography. Due to the nature of AFM
probes, they cannot normally measure steep walls or overhangs. However, specially
produced cantilevers and AFMs can be used to modulate the probe sideways as well
as up and down (as with dynamic contact and non-contact modes) to measure
sidewalls, at the cost of more expensive cantilevers, lower lateral resolution and
additional artifacts.

Piezoelectric scanners. AFM scanners are made from piezoelectric material, which
expands and contracts proportionally to an applied voltage. Whether they elongate
or contract depends upon the polarity of the voltage applied. The scanner is
constructed by combining independently operated piezoelectrodes for x, y and z
in a single tube, forming a scanner that can manipulate samples and probes with
extreme precision in 3D. Moreover, independent stacks of piezos can be used instead
of a tube, resulting in decoupled x, y and z movements.

Scanners are characterized by their sensitivity, which is the ratio of piezo
movement to piezo voltage, for example, by how much the piezo material extends
or contracts per applied volt. Due to differences in material or size, the sensitivity
varies from scanner to scanner. In more detail, the sensitivity varies non-linearly
with respect to the scan size. Piezo scanners exhibit more sensitivity at the end than
at the beginning of a scan. In particular, this causes the forward and reverse scans to
behave differently and display hysteresis between the two scan directions. However,
this can be corrected by applying a non-linear voltage to the piezoelectrodes, which
leads to a linear scanner movement and calibrates the scanner accordingly. One
disadvantage of this approach is that it requires recalibration because the precise
non-linear voltage needed for correct non-linear movement will alter as the piezo
ages. However, this problem is easily solved by adding a linear sensor to the sample’s
or the piezo’s platform, which is then able to detect the true movement of the piezo
element. Thus, deviations from the ideal movement can be detected by the sensor
and corrections applied to the piezo drive the signal to correct for a non-linear piezo
movement. This design is known as a closed-loop AFM. In turn, nonsensored piezo
AFMs are referred to as open loop AFMs.

It is common knowledge that the sensitivity of piezoelectric materials decreases
exponentially with time. However, this causes most of the alterations in sensitivity to
occur in the initial stages of the scanner’s life. In particular, piezoelectric scanners
are run for approximately 48 h before they are shipped from the factory so that they
have passed the point where they may have large alterations in sensitivity. As the
scanner ages, the sensitivity will alter less with time and the scanner needs to be
recalibrated only in rare cases, although various manufacturer manuals recommend
monthly to semi-monthly calibration of open loop AFMs (Lapshin 1998).
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Receptor–ligand interactions are known to play a crucial role in biological
systems and their measurement forms an important part of modern pharmaceutical
development. Numerous assay formats are available that can be used to screen and
quantify receptor ligands. An overview for both radioactive and non-radioactive
assay technologies will be presented, with special emphasis on the latter. While
radioreceptor assays are fast, easy to use and reproducible, their major disadvantage
is that they are hazardous to human health, produce radioactive waste, require
special laboratory conditions and are thus rather expensive on a large scale. This has
promoted the development of non-radioactive assays based on optical methods like
fluorescence polarization, fluorescence resonance energy transfer or surface plasmon
resonance. In the light of their application in high-throughput screening environ-
ments, there has been special emphasis on so-called ‘mix-and-measure’ assays, which
do not require separation of bound from free ligand.

The advent of recombinant production of receptors has contributed to the
increased availability of specific assays and some aspects of the recombinant
receptors expression will be covered briefly. Applications of receptor–ligand binding
assays relate to screening and the quantification of pharmaceuticals in biological
matrices. Drug discovery is a highly complex and costly process, which demands
integrated efforts in several relevant aspects, involving innovation, knowledge,
information, technologies and expertise. The shift from traditional to genomics-
and proteomics-based drug research has fundamentally transformed the key
strategies in the pharmaceutical industry addressed to the design of new chemical
entities for drug candidates against a variety of biological targets. Thus, drug
discovery has moved toward more rational strategies based on increased under-
standing of the fundamental principles of protein–ligand interactions. The combi-
nation of the knowledge of several 3D protein structures and of hundreds to
thousands of small molecules has attracted attention for the application of structure-
and ligand-based drug design approaches. In line with this, virtual screening
technologies have substantially enhanced the impact of computational methods
applied to chemistry and biology. The goal of applying such methods is to reduce
large compound databases and to select a limited number of promising candidates
for drug design. A novel concept for a protein–ligand docking simulator using
virtual reality (VR) technologies, in particular tactile sense technology, has been
designed and a prototype has been developed. Most conventional docking simu-
lators are based on numerical differential calculations of the total energy between a
protein and a ligand.

However, the basic concept of this method differs from that of conventional
simulators. This particular design utilizes the force between a ligand and a protein
instead of the total energy. The most characteristic function of the system is its
ability to touch and sense the electrostatic potential field of a protein molecule. The
surface of a protein of interest can be scanned using a globular probe, which is
facilitated by the electrostatic charge and controlled through a force feedback
device. The electrostatic force between the protein and the probe is calculated in real
time and immediately fed back into the force feedback device. The operator can
easily search interactively for positions where the probe is strongly attracted to the
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force field. These positions can be regarded as candidate sites where functional
groups of ligands corresponding to the probe can bind to the target protein.
However, certain limitations remain, for example only twenty protein atoms can
be used to generate the electrostatic field. Moreover, the system can only use
globular probes, excluding drug molecules or small chemical groups from being
simulated.

4.1.1 Cellular stiffness

It is well established that cellular functions are essentially determined by structure.
At different hierarchy levels the structural organization of cells is characterized by
special mechanical properties (figure 4.2). It is obvious that the cell structure should
be different for a variety of physiological processes, such as cell differentiation,
growth and adhesion, and under pathogenesis, such as oxidative stress and attacks
by viruses or parasites. For a long time, there have been two approaches for the
investigation of cellular mechanical properties: (i) the cell mechanical properties are
studied integrally, with the cell considered as a single whole object, and (ii) the
mechanical properties of the cellular structural components are studied in detail,
using isolated lipid bilayers, biomembranes and cytosolic proteins. However, it has
become possible to probe the micro- and nanomechanical properties of cellular
structures and to investigate the spatial distribution of the mechanical properties of
these special cellular structures within a single-cell using the AFM technique
(Hansma 2001). AFM is a novel method for high-resolution imaging of any surface,
including those of living and fixed cells (Bischoff and Hein 2003, 2004, 2005). This
powerful technique can also be used for the characterization of the mechanical,
electrical and magnetic characteristics of samples to be studied both qualitatively
and quantitatively. In particular, the AFM operation is based on the detection of
repulsive and/or attractive surface forces. The interaction between the sample
surface and a tip of the cantilever located very close to the sample surface
corresponds to the forces between the atoms of the sample and those of the tip
that scans its surface. The contrast of the image is provided by monitoring the forces
of interaction between the tip and the surface. The fabricated tip is placed under a
flexible cantilever responsible for the signal transduction. The interaction between

Cantilever

Culture dish

Adherent cell

Bead

Figure 4.2. Adherent cell stiffness measurements. Using AFM cantilevers to which a 5.9 μm bead was glued,
the stiffness of adherent cells can be measured.
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the sample and the tip causes bending or twisting of the cantilever in a manner
proportional to the interaction force. A small laser, which is focused on the
cantilever, detects any bending or twisting of it. In more detail, the reflection of
the laser beam is focused on a photodiode detector. Then the interaction of the
sample with the tip is measured by the variation in the reflected beam’s point of
incidence on the photodiode. The deflection of the cantilever by interaction with
features on the sample surface is monitored during scanning and is translated into a
3D image of the surface (Mozafari et al 2005).

An AFM can be operated in a number of diverse imaging modes, depending on
the nature of the interaction between the tip and sample surface. The mechanical
properties of the cell surface and the subsurface layers can be determined either by
contact mode AFM techniques, such as force modulation, lateral force microscopy
and force-curve analysis, or by phase imaging in tapping mode AFM, such as the
intermittent or semi-contact modes.

Probing of the cell surface by AFM techniques can detect heterogeneities of the
mechanical properties of the surface at the nanolevel and subsurface layers of cells. In
particular, the resolution of AFM in air at the vertical direction is 0.1–0.5 nm and at
the horizontal direction it is approximately 1–5 nm, depending on the rigidity of the
sample. A horizontal resolution can be reached for living cells in an aqueous medium
even at a range of several tens of nanometers due to the softness of the cell membrane.
The thickness of cellular membranes is known to be approximately 5–10 nm. When
analyzing the cell’s heterogeneities using AFM techniques, it is possible to draw a
picture of the cellular structure of certain specific regionswithin a single cell. However,
the sensitivity and resolution of the AFM method depends on tip and cantilever
characteristics such as radius, shape and material type (Alessandrini and Facci 2005).

The basic AFM technique for the quantitative study of the mechanical character-
istics of cells and tissues is force spectroscopy (termed force-curve analysis). By
recording the force value and the vertical deflection of the cantilever, the probe
approaches the surface under investigation at a fixed point and thereby usually
performs a force-curve analysis. Then, the force value versus the distance between
the probe and the surface can be plotted for this case. The force curve contains
information about long- and short-range interactions and forms the basis for
estimating the sample’s Young’s modulus. There is a serious problem in estimating
the absolute value of a cellular Young’s modulus using AFM force-curve analysis,
because of the question of which mechanical model is appropriate and should be
chosen.

To date, the Hertz model has been used in the majority of studies devoted to the
evaluation of the Young’s modulus of cells. In principle, the Hertz model describes
the simple case of the elastic deformation of two perfectly homogeneous smooth
bodies touching each other under a specific load (Hertz 1881, Johnson 1985). The
two important assumptions of the Hertz model are: (i) the indenter must have a
parabolic shape and (ii) the indented sample such as a cell is assumed to be extremely
thick in comparison to the indentation depth. The first assumption remains a valid
one, if the spherical tip radius is much larger than the indentation depth (h < 0.3R)
(Mahaffy et al 2000).
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When the tip of an AFM nanoscope is approximated by a sphere with the radius
R, then the force on cantilever F(h) is given by equation (4.1):

= *F h
R
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where h is the depth of the indentation and E* the effective modulus of a system tip
sample, which is calculated from equation (4.2):
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in which Etip, νtip and Esample, νsample are the Young’s modules (E) and the Poisson
ratios (ν) for the materials of the tip and sample, respectively. However, if the
material of the tip is considerably harder than the sample, equation (4.3) is used
(Vinckier and Semenza 1998):
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The Sneddon’s variation of the Hertz model (equation (4.4)) is used for the cone type
tip of an AFM cantilever (Laurent et al 2005):
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where α is the half-opening angle of the AFM tip.
Although the indentation depth in the case of AFM probing of the cell is in the

range of hundreds of nanometers, which is too high to be an appropriate depth for
the Hertz model, it has been demonstrated in many studies that the Hertz model still
describes the experimental results sufficiently well. The original Hertz theory did not
allow for adhesion of the indenter to the material. Thus, the Hertz theory has been
improved for that specific case (Johnson et al 1971). The Hertz model was mainly
used for an estimation of the static Young’s modulus of cells, whereas the dynamic
Young’s modulus was sometimes used for the characterization of cells’ elastic
properties (Mahaffy et al 2004). As the cell surface is heterogeneous, consisting of a
network of cell membrane and submembrane structures, the cellular Young’s
modulus evaluation using the Hertz model assumes an error.

The second model used for investigating cell elastic properties is based on force
spectroscopy data, but it is founded on the theory of elastic shells (ES) (A-Hassan
et al 1998, Scheffer et al 2001, Timoshenko and Woinowsky-Krieger 1970). This
theory considers cells as shells filled with liquid. In such an approach, the effective
Young’s modulus can be evaluated from the relationship between the effective
Young’s modulus, shell thickness and the bending modulus. A serious problem for
such an evaluation procedure is determining the particular boundary conditions
for the calculation of any constants involved in the main relation and defining the
tip–sample contact radius. This has not yet been fully solved.
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Among other theoretical models used in AFM-based evaluation of cells’
mechanical features, the finite element model should be mentioned; it is the most
popular model for analysis of elasticity in engineering (Ohashi et al 2002).

Hence, the elasticity parameter values calculated using various models differ from
each other. For example, the mechanical properties of endothelial cells exposed to
shear stress have revealed different Young’s modulus values in respect of various
models (Ohashi et al 2002). The Young’s modulus values calculated using a finite
element model appeared to be significantly higher: from 12.2 to 18.7 kPa with
exposure to shear stress. The modulus value calculated using the Hertz model
reflects the same tendency, however, different values are revealed, such as 0.87 and
1.75 kPa for control and sheared endothelial cells, respectively.

The AFM experimental approach known as force integration to equal limits
(FIEL) mapping, used to produce quantitative maps of relative cell elasticity, was
developed in 1998 (A-Hassan et al 1998). The FIEL theory assumes a simple
relationship between the values of the work done by the AFM cantilever during an
indentation and the elastic constants at different surface positions.

In more detail, the collection of force curves over a certain area ensures the
development of the elasticity map of the cell’s surface. The surface elasticity map can
also be performed using either force modulation (static mode) or phase imaging
(tapping mode) techniques. The characteristics of cantilever oscillation, such as the
amplitude and phase shift, carry information about local elastic and friction
properties of the sample in both modes. The image of the changes to the oscillation
characteristics can be represented by a map of the relative mechanical properties of
the cell surface.

However, indirect information regarding the elastic properties of the cell surface
can be obtained by recording the lateral force map of the surface of interest. The
AFM cantilever’s lateral deflections, such as torsion, arise because of either
alterations to the surface slope or the heterogeneity of the surface’s frictional
properties. The lateral force map is analyzed simultaneously with the sample’s
surface topography to elaborate the specificity of the elastic property map. In
particular, the AFM is used to probe the elasticity of mammalian cells in order to
investigate their temporal and spatial structural dynamics under physiological and
pathological processes. A reliable parameter to compare different cell types under
different experimental conditions, the Young’s modulus, has been determined using
AFM measurements.

Young’s modulus and its AFM measurement in living cells
The elastic modulus value of living cells varies widely. It is evident that this reflects
the real variability of the parameter and also the imperfection of AFMmeasurement
methods, as well as the numerical estimation of cell elasticity. However, almost a
decade of progress in this area allows the generalization of some methodological
factors that have a significant influence on the Young’s modulus value. The
problems connected with cell specificity will be discussed below. Under a change
of the external conditions, the elasticity of cell membranes alters much more strongly
than the morphology of the cell.
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The first factor is a question of AFM sample handling. Erythrocytes illustrate the
progress in this acute area. The AFM method has been used to investigate both
living (Nowakowski et al 2001, Kamruzzahan et al 2004) and fixed erythrocytes in
either air (Gould et al 1990) or in a buffer (Butt et al 1990). Living cells are rather
soft and delicate for AFM, when probing under physiological conditions. Their
drying, freezing and fixing with chemical agents can improve the AFM images and
AFM indentation results. However, these procedures alter the cell structure,
viability and elasticity. The Young’s modulus values for erythrocytes treated with
5% formalin solution are increased ten-fold (119.5 kPa) over those for viable (native)
erythrocytes (16.05 kPa) (Mozhanova et al 2003). The transverse stiffness of
cardiomyocytes is also increased by a factor of 16 after fixing with formalin
(Shroff et al 1995). Comparing a variety of methods for preparing erythrocyte
ghosts for AFM studies showed that air drying is not suitable even after fixation in
glutaraldehyde (Takeuchi et al 1998). On the other hand, fixation may enhance the
images of cell structures such as the cytoskeleton (Shroff et al 1995, Hofmann et al
1997). Moreover, the highest resolution for cells (such as 10 nm) may only be
achieved in air, which assumes cell fixation before AFM probing. The high mobility
of the erythrocyte shape in buffer solutions leads to smearing of the AFM image and
the maximal spatial resolution of living erythrocytes becomes poor at about 200 nm
(Mozhanova et al 2003).

The standard AFM technique for cell elasticity measurement is based on
indentation of the cells firmly attached to the substrate. For reliable indentation
results, a firm substrate–cell contact is required, which is a problem for nonadhered
cells in solution. A good approach for the immobilization of native erythrocytes in a
liquid is the attachment to a glass surface previously modified with poly-L-lysine
solution. Poly-L-lysine provides accurate localization of red blood cells on the glass
surface due to the electrostatic interaction between the negatively charged cell
surface and the positively charged poly-L-lysine layer. However, poly-L-lysine can
promote membrane rearrangement, with the formation of a specific membrane
deformation pattern within the contact area (Dulinska et al 2006). A novel method
of indentation for leukemia cells placed at special microwells has been presented
(Rosenbluth et al 2006). This method provides the mechanical immobilization of
cells, but it also has an influence on the estimated Young’s modulus value. In this
case, the cell deformation is described precisely by the elastic model based on
Hertzian mechanics.

The second factor is related to the heterogeneity of the mechanical properties of
cells. However, there are pronounced variations of the elastic modulus values at
different cell regions. It has been reported that the elastic modulus value of the
human umbilical vein endothelial cells is 7.22 kPa directly over the nucleus,
dropping to only 2.97 kPa over the cell body in close proximity to the nucleus
and 1.27 kPa on the cell body near the cell’s edge (Mathur et al 2000). Moreover, it
has been found that the cell body of bovine pulmonary artery endothelial cells is
two- to three-fold softer compared to the cell periphery (Costa and Yin 1999). A
corresponding study on cardiomyocytes also revealed that cells are softer at the
nuclear region and become stiffer toward the periphery (Shroff et al 1995). Mapping
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of the Young’s modulus across the living chicken cardiocytes indicated that the
stress fibers are characterized by the presence of areas with a stiffness of 100–200 kPa
embedded in softer parts of the cell, with elastic modulus values between 5 and 30
kPa (Hofmann et al 1997). The elasticity map images of living astrocytes such as the
glial cells of nerve tissue showed that the cell membrane above the nucleus is softer
(2–3 kPa) than the surroundings and that the cell membrane above ridge-like
structures reflecting F-actin is stiffer (10–20 kPa) than the surroundings. In the
elasticity map images of fixed astrocytes, the elasticity value of cells was found to be
relatively uniform (200–700 kPa), irrespective of the inner structure of cells (Yamane
et al 2000). The variation of the elastic modulus value within a single cell is often a
subject of study in itself.

The third factor influencing elastic modulus measurement is connected with cell
thickness. However, substrate contributions can be neglected if the AFM tip is never
indented by more than 10% of the cell thickness (Mathur et al 2001). When the cell
compartment under the investigation is very thin (<1000 nm), as in the case of a
lamellipodium, it is necessary to implement special challenges for accurate measure-
ment of its viscoelastic behavior. Thus, the reported AFM-based microrheology
method ensures the estimation of the viscoelastic constants of thin parts of a cell
(<1000 nm) and those of thick areas, applying two different models, one for well-
adhered regions and another model for nonadhered regions (Mahaffy et al 2004).

Cellular elasticity and the functional mechanics of endothelial cells
Although the Young’s modulus determined by AFM techniques must be assessed
carefully as absolute values, it is also very useful as a relative parameter in special
experiments. Thus, the Young’s modulus can be used successfully to investigate a
variety of cellular functions.

Vascular endothelial cells are an interesting system for analyzing cell mechanics
and cytoskeletal dynamics. These cells are located in mechanically active micro-
environments and need to withstand shear stress, blood pressure and any alteration
in pressure due to breathing cycles. The earliest AFM work on living aortic
endothelial cells studied the effects of shear stress on cellular organization and
other factors that may have an impact on the mechanical response of cells to flow
(Barbee et al 1994, Barbee 1995, Sato et al 2000, Ohashi et al 2002). It has been
found that the local elastic parameters of aortic endothelial cells increase signifi-
cantly (from 0.87 kPa to 1.75 kPa) with exposure to shear stress (Ohashi et al 2002).
The average elastic modulus values of bovine pulmonary artery endothelial cells
(BPAECs) are in a similar range of 0.2–2 kPa (Pesen and Hoh 2005). However, a
difference in the mechanical properties of rabbit endothelium has been demonstrated
(Miyazaki and Hayashi 1999). Moreover, cells are stiffer in the medial wall of aortic
bifurcation compared to the endothelium located in the lateral wall. Using AFM
and human umbilical vein endothelial cells (HUVECs), it has been shown that the
cell responds globally to the localized applied force over the cell edge and the nucleus
(Mathur et al 2000). Thus, it has been concluded that the nuclear region of the cell
appears to be stiffer than the rest of the cell body, although the nucleus appears to be
offset from the basal surface. In contrast, the focal adhesion movement upon the
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apical cell surface perturbation suggests a connection between the nucleus and the
focal adhesions through the cytoskeleton (Mathur et al 2000).

Besides measuring of adherent cells, it is also possible to prove the mechanical
properties of non-adherent cells, in order to determine the adhesion-independent
mechanical properties of cells. To determine the stiffness of suspended cells, a flat
cantilever is used (figure 4.3). Indeed, the cell stiffness in suspended cells can be
measured and reveals different values dependent on the cell type and the migratory
capacity of the cells (Mierke et al 2017, Fischer et al 2017, Kunschmann et al 2017).
In particular, it has been shown that kinase function deficient focal adhesion kinase
(FAKR454/R454) cells displayed higher stiffness values, whereas these cells are less
invasive compared to FAK control cells (Mierke et al 2017). In contrast, when these
cells are measured as adherent cells with a cantilever to which a 5.9 μm bead is glued
and then coated with fibronectin, the FAKR454/R454 cells are softer compared to
FAK control cells. This result is in line with integrin linked kinase knock-out cells
(ILK−/−), which displayed as adherent cells a lower stiffness compared with ILK
control cells. In addition, both FAKR454/R454 and ILK−/− cells are less invasive
compared to their respective control cells (Mierke et al 2017, Kunschmann et al
2017). However, invasive MDA-MB-231 human breast cancer cells exhibit as
suspended and adherent cells less stiffness compared to less invasive MCF-7 human
breast cancer cells or healthy control MCF-10A human epithelial cells using both
types of AFM measurements (Fischer et al 2017).

4.1.2 Adhesion forces between cells

Historically, cell–cell adhesion has been studied through fluorescent microscopy and
through molecular biological approaches and biochemical methods (Behrens et al
1989). However, quantification of cell–cell adhesion forces was not yet possible. A
classical micropipette aspiration method has now been used to address quantita-
tively the probe’s cell–cell adhesion strength or the cellular stiffness of suspended
cells (figure 4.4) (Chu et al 2014). The microaspiration (see section 4.5 below)
method has delivered quantitative datasets, but this system has been restricted to a
limited number of cells and to sophisticated biophysical laboratories, and hence it is
not suitable as a routine device and thus the experimental throughput has been
restricted to small numbers of repeated experiments.

Suspended cell
(round shape)

Cantilever

Culture dish

Figure 4.3. Suspended cell stiffness measurements. Using AFM flat and uncoated cantilevers the stiffness of
suspended round cells can be measured by pressing the cantilever onto the cell surface.
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In order to investigate cell–cell adhesions the AFM technique can be used. This
AFM method was developed in 1986 (Binnig and Quate 1986). Its advantage is that
structures at atomic resolution and the forces between them can be measured. A
major advantage it has over STM is that insulators can also be analyzed (Binnig and
Quate 1986). However, cell–cell or cell–matrix adhesion strength measurements with
an AFM are restricted to the cantilever type used, as the amount of forces that can
be applied to rupture the cell–cell or cell–adhesion connections depends on the
material stiffness of the specific cantilever. Moreover, the distance (height) between
the cell and the cantilever determines whether bond ruptures can be measured or not,
as the bonds need to be fully ruptured solely by increasing the distance between the
cantilever and the cell. The cell–cell adhesion technique uses a cell glued to the
cantilever tip by binding to fibronectin that has been coated on the cantilever tip
prior to cell adhesion to the cantilever. The cell attached to the cantilever serves as a
probe for the adherent cells in the culture dish. In the next step, the cantilever is
brought in close contact to an adherent cell and is pressed against it with a certain
amount of force, for example 0.5 nN up to 2.5 nN, and incubated for 20 s or even
much longer in order to establish cell–cell adhesions (Mierke et al 2017,
Kunschmann et al 2017).

Quantitative analysis of cellular interactions with the extracellular microenviron-
ment is necessary to reveal how cells regulate adhesion during the development and
maintenance of multicellular organisms and how alterations in cell adhesion may
cause diseases. Indeed, a practical guide to quantify the adhesive strength of living
animal cells to various substrates using AFM-based single-cell force spectroscopy
(SCFS) has been developed (Friedrichs et al 2013). How can we control cell states
and attachment to the AFM cantilever? How can we functionalize the cantilever in
order to perform reliable SCFS measurements? What role do various receptor
expressions on the surfaces of two different cells types play? How can we conduct
adhesion measurements in a particular cell? How can we analyze and interpret the
recorded SCFS data? This section will answer all these questions and is intended to
assist researchers in performing reliable AFM-based SCFS measurements.

Cantilever

Culture dish

Fibronectin

Adherent cell 1
Adherent cell 2

Figure 4.4. Cell–cell adherent force measurements of two adherent cells. Using AFM flat cantilevers to which
a cell was attached, the cell–cell adhesion forces between two adherent cells can be measured by pressing the
two cells together for a certain time. In the next step the cell–cell adhesions were ruptured by retracting the
cantilever until all connections were broken.
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The adhesive interactions of cells with their microenvironment trigger signal
transduction pathways, which regulate important cellular processes such as cell
migration, gene expression, cell survival, tissue organization and differentiation
(Legate et al 2009, Weber et al 2011). Accordingly, mutations in genes encoding
adhesion receptors (Fässler et al 1996, Sheppard 2000) or adhesion-associated
components (Monkley et al 2000, Montanez et al 2008, Dowling et al 2008) may
lead to developmental disorders and diseases. Consequently, methods that enable
the characterization of cell adhesion are important for cell biological, clinical,
pharmaceutical, biophysical and biomaterials research, such as tissue engineering
and regeneration.

Due to the central importance of these processes, a variety of assays have been
developed and established in order to characterize cell adhesion. Among these, the
SCFS methods are most suitable for directly quantifying cell adhesion forces at the
cellular level and on length scales discriminating between the contribution of single
molecules (Benoit et al 2000, Helenius et al 2008, Taubenberger et al 2007). A brief
overview of the most common methods applied to characterize cell adhesion is
presented, which focuses mainly on AFM-based SCFS (AFM–SCFS). In particular,
the technical basis of AFM–SCFS, with an emphasis on clear descriptions of
experimental procedures and pitfalls, is discussed and, moreover, how AFM–SCFS
data can be evaluated and analyzed is described in detail. This background
information will help in understanding the principles underlying AFM–SCFS, as
well as the possibilities and limitations of the method for the quantification of
cellular interactions.

Biophysical methods applicable to characterize cell adhesion
Insight into the mechanical interactions between cells and their microenvironment
can be obtained using different artificial cell culture substrates. Evidence has been
provided that migrating cells exert compressive forces on culture substrates, for
example through the finding that fibroblasts introduce wrinkles into thin Si rubber
film substrates (Harris et al 1980). With knowledge of the substrate’s stiffness and
the length of the microscopic wrinkles, the forces exerted by the cells can be
estimated on the order of nanonewtons (nN) (Beningo et al 2002). In order to reveal
even local deformations, the spatial resolution of this wrinkling substrate approach
was further improved by embedding micrometer-sized beads into the substrate
(Oliver et al 1998). In line with this, other studies showed that dynamic deformations
of various other substrates were the result of contractile and adhesive cellular forces
(Burton and Taylor 1997, Lee et al 1994). Although these substrate-based methods
were revealed to be important for understanding the mechanical interactions
between cells and their microenvironment, they do not directly provide values for
the adhesion strength of the cells and their substrates.

Methods for examining cell adhesion strength essentially focus on measuring the
capability of cells to remain attached when exposed to an external detachment force.
The most common adhesion assay, the plate-and-wash assay, relies on seeding cells
onto substrates of interest, washing off ‘non-adherent’ cells with physiological
buffers after a certain adhesion time interval and counting the remaining adherent
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cells (Klebe 1974). Plate-and-wash assays have identified key adhesion components
and generated valuable insights into the mechanisms regulating adhesion (Amano
et al 1997, Ridley and Hall 1992, Sieg et al 2000). However, these specific assays
provide no information on adhesion strength and hence report only the initial rate of
attachment of cells to the substrate, as the formation of more than ten receptor–
ligand bonds is sufficient to prevent their removal from the plate (Boettiger and
Wehrle-Haller 2010).

However, several semi-quantitative adhesion assays have been developed to apply
controlled shear stress to adherent cells. For instance, in special flow chamber
assays, shear stress is exerted on cells by a homogenous buffer flow (Kaplanski et al
1993). In spinning-disc assays, both controlled centrifugal forces and shear flow
generated by rotation are applied to adherent cells (Garcia et al 1997b). Both assays
are reported to provide reproducible and controllable results. Nevertheless, these
techniques have limitations, as the resistance of cells to detachment by flow and
centrifugal forces depends not only on the number, distribution and strength of the
adhesion bonds present, but also on the spreading area and the surface topography
of these cells. Thus, the adhesive strength of the cells to their substrate can only be
estimated and not directly measured.

In order to quantitatively analyze the interaction forces of cells with given
substrates, sensitive SCFS assays can be performed. In brief, SCFS assays allow
adhesive interaction forces and binding kinetics to be measured under physiologi-
cally relevant conditions on the cellular level as well as on the single-molecule level.
In micropipette-based manipulation assays a single cell, which is caught through the
suction pressure at the tip of a micropipette, is brought into contact with an adhesive
surface and finally retracted to measure the adhesive forces, which have been
established during the adhesion time. Several micropipette-based experimental
techniques that operate at both cellular and molecular levels have been developed,
including the step-pressure technique (Sung et al 1986), the biomembrane force
probe (Evans et al 1995) and the micropipette aspiration technique (Evans et al
1976). All these methods were applied to investigate surface receptor expression,
membrane tether formation from single cells and single molecule or bond dynamics
(Shao and Hochmuth 1996). However, the disadvantage of these micropipette-based
techniques is either the low force resolution (nN range; step-pressure technique) or
the low detectable forces (from approximately 10 pN to approximately 1 nN of a
biomembrane force probe). In addition, optical tweezers, which trap nano- or
micrometer-sized particles in the center of a laser focus, can in principle be employed
to analyze cell–substrate interactions (Thoumine et al 2000, Choquet et al 1997).
However, this method is restricted because of the difficulty of measuring forces
higher than 100–200 pN. Among all of these assays, AFM-based SCFS is currently
the most versatile method to analyze the adhesive interactions of cells with other
cells, proteins and surfaces. This is because SCFS offers a large range of detectable
forces, from 10 pN to approximately 100 nN and offers precise spatial (1 nm to 100
μm) and temporal (0.1 s to more than 10 min) control over the adhesion experiment
and the experimental parameters (Helenius et al 2008).
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The development and applications of SCFS
Initially, AFM-based SMFS was used to investigate the interaction of isolated
receptors attached to the AFM cantilever, with ligand-decorated surfaces (Florin
et al 1994), and also to measure the interaction of cantilever-linked ligands with
receptors bound to a supporting surface (Lehenkari and Horton 1999). For these
SMFS experiments the tip of the AFM is modified with a ligand (or receptor) of
interest, then the tip is brought forward until the ligand (or receptor) on the tip binds
to the receptor (or ligand) attached to the supporting surface. After a certain contact
time the tip is withdrawn in order to rupture the receptor–ligand bond. In more
detail, the rupture force is detected by the deflection of the AFM cantilever to which
the tip is attached. The same principle of measurement is used to quantify local
receptor–ligand interaction forces on a cellular surface (Grandbois et al 2000). Based
on this design principle, a SCFS setup has been developed where the overall
adhesion of the cantilever’s tip to an immobilized and adherent cell is measured
(Lehenkari and Horton 1999). As expected, this setup has certain restrictions. In
order to overcome these limitations, an inverted SCFS setup has been developed
(Benoit et al 2000). In more detail, this SCFS setup is simply inverted, as a living cell
is attached to an AFM cantilever, thus converting the cell into a ‘probe’. Using this
inverted setup the interactions of this ‘cellular probe’ with a sample of interest can be
quantified (Thie et al 1998, Li et al 2003, Puech et al 2005).

The SCFS was designed a long time ago as a tool to quantify cell adhesion
(Benoit et al 2000, Helenius et al 2008, Benoit and Gaub 2000, Krieg et al 2008).
Pioneering experiments have revealed the adhesion strength between two cells of
Dictyostelium discoideum to single-molecule resolution (Benoit et al 2000). These
experiments have been performed for important proteins regulating the differential,
adhesive behavior of zebrafish mesendodermal progenitor cells to fibronectin, which
led to an insight into germ layer formation and separation (Puech et al 2005).
Subsequently, the adhesiveness between gastrulating zebrafish cells derived from
different germ layers was quantified (Krieg et al 2008). In this manner, the
mechanisms underlying cellular sorting during gastrulation can be analyzed and,
in particular, the contribution of diverse cell adhesion strengths and cell cortex
tensions in germ layer organization can be exhibited. In another series of experi-
ments, the α2β1 integrin facilitated adhesion of Chinese hamster ovary (CHO) cells
to nanoscopically structured collagen type I matrices was investigated using
recombinant knock-out cells and blocking substrates (Taubenberger et al 2007).
In still another set of experiments, the role of the integrin activator tissue-type
plasminogen activator (TPA) in strengthening integrin–cytoskeleton connections
and enhancing α2β1-integrin avidity was determined (Tulla et al 2008). These
examples and another example (Helenius et al 2008) indicated the applicability of
SCFS to reveal the dynamic strengthening of cell adhesive bonds. The character-
ization of how cells form cell adhesions during the initial binding of individual cell
adhesion molecules, cluster on the cell surface and provide adhesion strengthening is
essential to understand the establishment and regulation of cell adhesion
(Taubenberger et al 2007, Cuerrier et al 2009, Friedrichs et al 2007, 2008,
Selhuber-Unkel et al 2008). However, the spatial assembly of, for instance,
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extracellular matrix molecules also plays a role in cell adhesion, spreading and
differentiation (Trappmann et al 2012). In this respect, the importance of molecular
spacing has been investigated in modulating adhesion strength by measuring the
force required to harvest an adhering cell from a nanopatterned surface by an
adhesive cantilever (Selhuber-Unkel et al 2010). Taken together, these studies clearly
demonstrate the versatility of SCFS in investigating different aspects of cell
adhesion.

Experimental configurations of SCFS measurements
As mentioned earlier, there are two basic configurations for SCFS measurements,
which are distinguishable in the relationship between the cell and the cantilever.

(1) A cell adhered to a substrate is touched by a functionalized tipless AFM
cantilever (alternatively a pointed tip or a micrometer-sized bead may be
used) for a defined contact time with a defined force and is then retracted
from the cell (Grandbois et al 2000, Munoz Javier et al 2006).

(2) A cell adhered to an AFM cantilever is brought into contact with
functionalized substrates for a defined contact time and is then retracted
from the substrate. This configuration can also be used to determine the
cell–cell adhesions between two cells, when the cell-carrying cantilever is
placed onto an adherent cell for a certain time interval.

In more detail, configuration (1) has the advantage of testing one type of
cantilever functionalization on several cells and thus decreases the influence of
outlier cells. However, there are still various disadvantages to this approach.
First, cellular contacts often leave behind debris, which may contaminate the
functionalized cantilever tip and thus reduce the specificity of the probed
interaction (Culp et al 1979, Cohen et al 2003). Consequently, for long-term
cell adhesion contacts this method provides just one reliable force measurement.
In the case of highly structured cell surface topographies, such as filopodia,
microvilli, microridges and lipid rafts, the matching of the geometry of the
cantilever’s tip surface (pyramid, cone or sphere) with the local geometry of
the cell’s surface strongly affects the effective surface area interacting between the
cantilever’s tip and cell and subsequently the determined adhesive forces. Finally,
adherent cells show diverse behavior in the spreading area and cellular polar-
ization, which can have pronounced effects on the local density and identity of the
cell surface receptors. However, seeding cells onto defined micropatterned
substrates may reduce the variability in cell spreading and polarization, whereas
the risk of cantilever contamination by debris still remains. For these reasons, this
configuration may not increase the number of reliable data points, which is very
important for measuring long-term adhesion contacts. Nevertheless, for short and
weak contacts this approach can assist in mapping local adhesion spots on the
cells (Grandbois et al 2000). A special application of this configuration is the
harvesting of already adherent cells by addressing a cell with a cantilever, which
has an even greater affinity for the cell compared to the cell’s underlying adhesive
substrate (Selhuber-Unkel et al 2010). This special format supports the
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investigation of cell adhesion over time points ranging from minutes to hours
prior to the detachment measurement.

Configuration (2) has the advantage that the same cell can be probed at different
surfaces and even at different local spots of the same surface in order to overcome
the problem of contamination by cell debris left from prior adhesion events. In more
detail, the cell attached to the cantilever is not allowed to spread on it, because this
flat configuration of the cell would then also eliminate differences in cell area and
polarization. The disadvantages of this configuration are the time-consuming and
difficult additional procedure of immobilizing a living cell to the cantilever and the
possibility of influencing the overall state of the cell through the adhesive contact to
the functionalized AFM cantilever, which indeed occupies adhesion receptors
(Friedrichs et al 2010). Moreover, single cells can be in different states regarding
cell cycle and differentiation and thus display distinct adhesive properties that may
be difficult to compare. This fact requires the control of the state of the cells as
tightly as possible by ensuring a homogeneous preparation protocol for each cell
type and state, and also that many measurements from numerous different cells need
to be collected in order to obtain an ‘average’ adhesion response.

A special application of configuration (2) is the investigation of cell–cell adhesion
by approaching a second cell or even a whole cell layer as well as tissue resection
sample as a substrate with a cantilever carrying an attached cell. The advantages of
cell–cell measurements are the perfectly prepared surfaces, regarding the orientation,
functionality and natural microenvironment of the interacting molecules. However,
cells usually interact through many molecules of various kinds, thus masking the
signal arising from the interaction of interest through a mixture of intercellular cell–
cell bonds. Moreover, variable responses from even two individual cells, rather than
only one cell, contribute to enhanced variability in the collected data. Nevertheless,
for some experiments the exact cellular contributions are the subject of investigation.

4.1.3 Adhesion forces between a cell and the extracellular matrix

Cell adhesion is the central mechanism that ensures the structural integrity of tissues.
It is usually studied in cell culture, where the most prominent cell–matrix adhesion
structures are the so-called focal adhesions or focal contacts (Gumbiner 1996). Focal
contacts consist of large patches of transmembrane adhesion receptors such as the
integrin family (Critchley 2000). These integrin patches within the cell membrane
can have lateral sizes of several micrometers. On the extracellular side, integrins bind
to ligands, such as the extracellular matrix protein fibronectin (Ruoslahti 1996). On
the intracellular side, the receptors are linked to the actin cytoskeleton via a
cytoplasmic plaque composed of many diverse proteins, such as talin, vinculin,
paxillin and α-actinin (Zamir and Geiger 2001). This connection of the extracellular
matrix to the cytoskeleton, which is often organized in the form of stress fibers,
allows the transmission of forces between the cells and the extracellular matrix
through focal contacts. A key player for force generation and transmission is
vinculin (Mierke et al 2008b, Mierke 2009, Mierke et al 2010).
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Cells use focal adhesions or focal contacts to integrate biochemical and
mechanical information about their microenvironment and regulate the organiza-
tion of their cytoskeleton. In more detail, cell behavior is largely affected by the
mechanical properties of the extracellular matrix and extracellular mechanical
signals. For instance, the stiffness of elastic substrates provides their focal contact
formation, cell elasticity, cell migration and cell differentiation (Discher et al 2005,
Engler et al 2004a, 2004b, 2004c, Pelham and Wang 1997, Solon et al 2007). When
intracellular force generation is inhibited by the myosin II inhibitor blebbistatin,
these effects are eliminated (Discher et al 2005). On the other hand, stimulating cells
by an external shear force can initiate a substantial growth of focal contacts (Paul
et al 2008, Riveline et al 2001). These observations demonstrate the mechanosensi-
tive nature of focal contacts and their importance for cellular decision-making.
Mechanosensing through focal contacts seems to be based on a mechanobiochem-
ical feedback loop involving force-induced signal transduction through small
GTPases from the Rho family and activation of force generation in the actin
cytoskeleton (Geiger and Bershadsky 2002, Besser and Schwarz 2007). However, the
molecular basis of the mechanosensing process is still elusive. It has been suggested
that the integrin–fibronectin bond as well as talin, one of the integrin binding
partners in the cytoplasmic plaque, undergoes conformational alterations on
stretching (del Rio et al 2009, Friedland et al 2009). Thus, investigating the
mechanical properties of focal contacts is a major step to fully reveal the underlying
mechanism of the mechanosensing process.

Micro- and nanopatterned substrates with a controlled distribution and density of
binding sites for integrin receptors have emerged as a suitable tool for determining
the impact of the extracellular matrix network structure on cellular behavior. For
instance, the forces that cells actively exert at focal contact sites (Balaban et al 2001,
Tan et al 2003) and their dependence of cell spreading, polarization, motility,
proliferation and focal contact formation on the extracellular matrix pattern
(Lehnert et al 2004, Singhvi et al 1994) as well as on the nano-scale density
(Maheshwari et al 2000, Massia and Hubbell 1991) of integrin binding sites have
been analyzed. In more detail, it has been revealed that it is not only the average
density of integrin binding sites underneath the cell body, but also the details of their
lateral spacing at the nano-scale that seem to control focal contact assembly and cell
behavior at the microscale. For an integrin binding site spacing larger or equal to
73 nm, focal contact assembly is inhibited and hence the cells do not spread.
However, for a spacing larger or equal to 58 nm, focal contacts and actin stress fibers
are assembled and indeed cells adopt a well-spread, pancake-like shape (Arnold et al
2004, Cavalcanti-Adam et al 2007). On surfaces with a nano-scale gradient of
binding site spacing, the cells are able to sense effective differences in binding site
spacing down to 1 nm over the cell diameter (Arnold et al 2008). These results
indicate that cell adhesion is extremely sensitive to the organization of molecular
binding sites at the nano-scale level.

In order to investigate the role of the nano-scale spacing of individual integrin
binding sites for the detachment strength of adhered cells and the stability of focal
contacts under load, nanopatterned substrates can be used. These substrates are
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prepared using diblock copolymer nanolithography, functionalized with the cyclic
RGD peptide c[RGDfK(Ahx-Mpa)], which can bind even to the αvβ3-integrin with
high affinity (Kantlehner et al 2000, Pfaff et al 1994). In this way, the minimal
spacing of individual αvβ3-integrin molecules bound to the surface is precisely
controlled. This, in turn, controls the structure and formation of focal contacts and
subsequently the cell spreading. In order to quantify cell adhesion and focal contact
strength, an AFM in conjunction with phase contrast and fluorescence microscopy is
used, making it possible to investigate the force-induced detachment of spread cells
and focal contacts. Indeed, the AFM has become a standard tool to investigate the
adhesion strength of specific receptor–ligand bonds, both for single molecules and
for multiple bonds in the context of single cells (Ludwig et al 2008, Müller et al
2009). However, in most studies on cell adhesion the contact time between cell and
substrate is restricted to only a few minutes (Benoit et al 2000, Puech et al 2005,
Taubenberger et al 2007). Studies on long-term adhesion strength with contact times
of several hours have been carried out primarily with techniques such as the spinning
disk apparatus (Garcia et al 1997b) and centrifugation assays (Thoumine et al 1996),
which can only provide information about the average adhesion strength in cell
ensembles. Thus, the AFM-based method for studying long-term adhesion here
significantly extends the timescale and precision for probing the adhesion strength of
individual cells. Moreover, it allows analysis of the stability of subcellular compo-
nents such as focal contacts, which only develop after long adhesion times.

Previous studies have shown the cooperative effect of integrin spacing for cell
adhesion strength during the initial cell–substrate contact (Selhuber-Unkel et al
2008), which means before mature focal contacts are assembled. Using this novel
method, the role of integrin spacing has been investigated for the long-term stability
of cell adhesion and the elasticity of the cell body. Indeed, it has been found that focal
contact formation plays the key role in controlling local cell adhesion strength and
cell stiffness. Interestingly, these experiments reveal that focal contacts preferentially
break at their intracellular side. This suggests that the weak link between the cell and
extracellular matrix is the one between the integrin receptors and the cytoskeleton
rather than the cell–extracellular matrix connection. It has been further investigated
whether there is a dependence of the rupture force of focal contacts on the loading
rate. Applying a theoretical model for the rupture of parallel bonds under shared
load, two different scaling regimes for the dependence of cluster stability on the
loading rate can be identified. The quantitative information obtained from analyzing
focal contact stability on substrates with different integrin binding site spacing
indicates that there seems to be a maximum packing density for the proteins in the
cytoplasmic adhesion plaque. Indeed, the intermolecular spacing of integrins at the
nanometer scale plays an essential role for cell adhesion strength and elasticity.

RGD-functionalized nanopatterns providing binding sites for individual integrin
molecules have been used to investigate the role of integrin binding site spacing for
cell elasticity, cell adhesion strength and focal contact stability in mature cell
adhesion. However, these long-term adhesions require very different experiments
compared to initial adhesion, as the cells are spread out on the substrates and have
formed stable, micrometer-sized adhesion clusters. Due to the large adhesion

Physics of Cancer, Volume 1 (Second Edition)

4-27



strength at this timescale, standard protocols that are normally used in AFM-based
single-cell force microscopy experiments (Benoit et al 2000, Puech et al 2005,
Taubenberger et al 2007, Selhuber-Unkel et al 2008, Wojcikiewicz et al 2004) have
to be adapted to this special situation.

Thus, a method that is capable of investigating cell adhesion forces at adhesion
timescales of 5–7 h using AFM in conjunction with optical microscopy has been
developed (Selhuber-Unkel et al 2010). In particular, the AFM cantilever is
functionalized with fibronectin so that a cytoskeletal connection between the
adhesion points at the cantilever and at the surface can be established. Then the
cytoskeleton can transmit forces from the dorsal side of the cell to the adhesion
zones at the surface. As fibronectin also binds αvβ3 integrins, similar to the RGD on
the substrates, the cell–cantilever contact can diminish the cell–substrate binding
strength by a depletion of the integrin contacts. However, this effect is limited
because the cantilever touches the dorsal side of the cell for no longer than 10–15
min before cell detachment. However, fibronectin also binds to other integrins in the
cell membrane (Hynes 2002) and hence a large excess of fibronectin-binding
molecules is available in the membrane (Akiyama and Yamada 1985).

Observing the fluorescence of YFP-marked paxillin molecules in the cytoplasmic
plaque during detachment of cells, it has been found that only part of the paxillin is
removed. This result indicates that focal contacts predominantly break on their
intracellular side, which means the link between receptors and the actomyosin
cytoskeleton is breaking instead of the receptor–extracellular matrix bonds. This
result is reminiscent of studies on cell migration, where an integrin releases at the
rear end of the cell has been revealed (Palecek et al 1998, Zimmermann et al 1999,
2001). An intracellular breakage of focal contacts has also been observed through
de-roofing cells with short ultrasonic bursts (Franz and Müller 2005). In more detail,
the remaining parts of the focal contacts on the surface still contain paxillin and
F-actin and the structure of the focal contact remains intact even in the rare event of
actin stress fiber rupture. However, the inhomogeneous distribution of actin in a
focal contact (Zaidel-Bar et al 2004) can be an explanation for the partial detach-
ment of paxillin.

A well-known response of focal contacts stimulated by an external force with a
tangential component is that they grow in the direction of the applied force (Paul
et al 2008, Riveline et al 2001, Zaidel-Bar et al 2005). However, in these experiments,
a lateral growth of focal contacts has never been observed. There may be several
reasons for this. First, the detachment process was probably too fast for the cell to
pronouncedly alter the focal adhesion area, in particular as the stress gradually built
up so that the effective time where high stress was applied to the cells was less then 1
min. Second, the force was applied to the cell in the vertical direction so that the
tangential component was possibly too small to induce a lateral growth of the focal
contact. However, it would be interesting to further reveal the mechanisms of focal
contact growth and rupture as a function of the direction and magnitude of applied
load.

It is known that cells adapt their stiffness to the microenvironment, mainly
through reorganization of the actin cytoskeleton (Solon et al 2007). Indeed, the
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stiffness of the cell body before each detachment step can be determined by
measuring the slope of the force-extension curve. On average, it has been shown
that this stiffness is increased by a factor of four due to focal contact formation and
the binding site density is supposed to play a minor role in determining this
parameter. However, this result seems to be plausible, as the state of the actin
cytoskeleton is tightly coupled to the focal contact formation. Without the presence
of focal contacts, the actin monomers form a loose network of fibers in the
intracellular space, which tends to condensate close to focal contacts in order to
form stress fibers (Arnold et al 2004, Gardel et al 2008).

The experimental approach was complemented by a theoretical investigation of
focal contact stability. A mean field description was used to determine the rupture
strength of the adhesion clusters. Although the determination of the loading rate on
a focal contact was based on a number of assumptions, the experimental results
indeed reproduced the two theoretically predicted scaling regimes very well and gave
reasonable values for the parameters. However, the focal contact rupture force
density (F0/A0) does not increase in direct proportion to the binding site density. As
the focal contact rupture forces are measurements of the cohesion strength of the
focal contact plaque rather than a measurement of the adhesion strength to the
extracellular connection, this observation suggests the existence of a maximum
packing density of the adhesion plaque. This maximum packing density is reached
on substrates with an integrin spacing of 28 nm. This observation should be further
investigated, for example by investigating the fluorescence intensity of different focal
contact proteins as a function of binding site density. However, the hierarchical
organization of the focal contact plaque suggests a well-defined spacing as well as a
precise orientation of its proteins and hence the existence of a maximum packing
density is not surprising.

Taken together, it has been shown that the intermolecular spacing of integrins at
the nanometer scale plays a crucial role for cell adhesion strength, cell elasticity and
the stability of focal contact and that it is possible to investigate the detachment
forces of well-adhered individual cells. These results, together with the method
presented, are a good basis for further experiments investigating related questions
concerning the mechanical properties of focal contacts, the role and mechanism of
focal contact rupture and growth, and the influence of intermolecular spacing at
different timescales.

4.2 Traction forces
Cell adhesion and migration are reported to depend on the transmission and
generation of actomyosin-dependent contractile forces through focal adhesions to
the extracellular matrix of connective tissue. Indeed, during the last two decades,
experimental and computational advances have improved the resolution and reli-
ability of 2D and 3D traction force microscopy (figure 4.5 traction forces). It has been
suggested that forces exerted by cells drive the migration and invasion of cancer cells
through the extracellular matrix or through an endothelial barrier when entering or
leaving blood or lymphoid vessels (Mierke et al 2008a, Mierke et al 2011a, 2011b).
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4.2.1 2D forces on planar substrates

First, the use of two different colored nanobeads as fiducial markers in polyacry-
lamide gels is discussed and how the displacement field can be computationally
extracted from the fluorescence data is explained. Second, different improvements
regarding standard methods for force reconstruction from the displacement field are
presented, such as the boundary element method, Fourier-transform traction
cytometry and traction reconstruction with point forces. Using extensive data
simulation, it can be demonstrated that the spatial resolution of the boundary
element method can be improved considerably by splitting the elastic field into near,
intermediate and far field. Moreover, Fourier-transform traction cytometry requires
considerably less computer time, whereas it can achieve a comparable resolution
only when combined with Wiener filtering or appropriate regularization schemes.
However, both methods seem to underestimate forces, in particular at small
adhesion sites. The traction reconstruction with point forces does not suffer from

Force (pN)

Tractions of cell 1

Tractions of cell 2

Objective

Cell culture dish

Cell

PAA gel with beads

Figure 4.5. Traction force microscopy. (Top panel) Schematic drawing of the setup. In a culture dish a PAA of
distinct stiffness was prepared, in which nanometer to micrometer-sized beads are embedded on the outermost
(closest to the cell) part of the gel. After surface coating of the PAA gels with laminin or fibronectin, the cell
can adhere to them and displace the embedded bead markers by exerting forces onto the gel. (Bottom panel)
representative traction force map (force vectors) around cell 1 and cell 2 adhered to a PAA gel of known
Young’s modulus after 40 min of cell adhesion (as control serves an image of a relaxed PAA that is free of cells
after cell detachment using a Trypsin/Cytochalasin D solution).
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this restriction, but is only applicable to stationary and well-developed adhesion
sites. Third, both advantages are combined and used for the reconstruction of
fibroblast traction with a spatial resolution of approximately 1 μm.

It has been hypothesized that physical force plays a crucial role as a regulator of
many cellular processes, including cell adhesion and migration (Geiger and
Bershadsky 2002, Discher et al 2005, Orr et al 2006, Vogel and Sheetz 2006,
Schwarz 2007). In particular, the dynamics of establishing actomyosin-generated
traction force and its transmission in an elastic microenvironment seem to be
essential for the way cells sense and respond to the mechanical properties of their
microenvironment. Thus, measuring the cellular traction forces exerted on elastic
substrates upon cell–matrix adhesion is an essential tool for investigating and
understanding the regulation of cell adhesion and migration in a quantitative way
(Beningo and Wang 2002, Roy et al 2002).

The traction force microscopy method was pioneered at least 30 years ago using
thin flexible Si sheets as a first wrinkling assay to provide a qualitative measure for
the mechanical activity of cells (Harris et al 1980). In contrast, in order to perform
quantitative studies, it is essential to suppress wrinkling, which has been achieved by
using films under prestress (Lee et al 1994, Dembo et al 1996) and later it has also
been achieved for thick films attached to a cover slide (Dembo and Wang 1999,
Pelham and Wang 1999). Now the state-of-the-art method is to investigate traction
forces on thick elastic substrates, which ensures the reconstruction of cellular
traction forces. In more detail, the films are usually prepared from polyacrylamide
(PAA) or polydimethylsiloxane (PDMS) coated with adhesive ligands such as
fibronectin or collagen, where fibronectin is preferable to collagen as its coating
procedure works better. RGD peptide can also be used for the coating, and it is even
better suited than fibronectin. The use of PAA has the advantage that its stiffness
can be tuned easily over the physiologically relevant range from 100 Pa to 100 kPa
(Engler et al 2004a, 2004b, Yeung et al 2005). PDMS, which is difficult to prepare
with a bulk stiffness below 10 kPa, has the advantage that it can easily be
micropatterned (Balaban et al 2001, Goffin et al 2006, Cesa et al 2007). An
alternative to flat elastic substrates is the pillar assay, which represents an array of
microfabricated PDMS-pillars deforming easily under cellular traction due to their
small diameter (Tan et al 2003, du Roure et al 2005, Cai et al 2006, Saez et al 2007).
As each pillar represents a localized force sensor, the pillar assay ensures a simple,
albeit spatially constrained, readout of the forces. For cell adhesion, which is not
spatially confined, however, flat elastic substrates are the method of choice.

A setup for traction force microscopy on flat elastic substrates has to be combined
with different experimental and computational techniques. In more detail, a cell
adheres to a flat substrate and thereby exerts force through its sites of adhesion. In
particular, the resulting deformations in the substrate are tracked by monitoring the
individual movement of embedded marker beads. For PAA gels, fluorescent micro-
beads are usually used, and these are embedded near the surface of the gel. In some
applications they are even collected in the uppermost layer of the gels through
centrifugation of the inverted PAA gels before the polymerization. For PDMS,
micropatterning can be performed to create a pattern that is easily detected under
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phase contrast microscopy. The displacement field has to be extracted from a pair of
images, one image showing the substrate as it has deformed under cell traction and
one reference image showing the undeformed substrate without any cell traction
acting on the gel. In general, there are two ways to perform the image processing:
either one directly tracks the movement of the fiducial markers (called particle
tracking velocimetry (PTV)) or one uses a cross-correlation function to obtain the
local motion statistically (called particle image velocimetry (PIV)). The next step is to
reconstruct the cellular traction pattern from the displacement field. For synthetic
substrates such as PAA or PDMS, elastic behavior can be assumed, as they are
homogeneous, isotropic and linear materials. In more detail, during cell adhesion in
tissue culture the cell is rather flat and hence force in the normal direction can be
neglected. However, this is a crude assumption that still needs to be proven. Then both
the displacement field u(x) and the traction stress field f(x) are 2D in the plane of the
substrate (x = x1, x2). They are related by the following integral equation (4.5):

∫ ∑= − ′ ′ ′u x G x x f x dx( ) ( ) ( ) . (4.5)
j

i ij j

Given the experimental displacement u(x) and the relevant Green function Gij(x),
one simply needs to invert the equation (4.5) to obtain the desired traction field f(x).
For thick films, the substrate can be approximated by an elastic half-space and hence
one can use the Boussinesq Green function as in equation (4.6) (Landau and Lifshitz
1970):
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where ν and E represent the Poisson ratio and Young’s modulus, respectively, and
r = ∣x∣. For clarity, the Green tensor has been written here in both the index notation
and in full form. As is typical for a 3D elastic Green function, it scales as ~1 r−1 with
distance, thus it seems to be long-ranged and has a singularity at the origin.
Equation (4.6) is a Fredholm integral equation of the first kind with a weakly
singular kernel. The long-ranged nature of the kernel implies that the direct problem
corresponds to a smoothing operation. This suggests that the inverse problem may
be very sensitive to small differences in the displacement field, depending on the
exact nature of the experimental data. In more detail, noise in the experimental data
can result from different sources, such as elastic inhomogeneities in the substrate,
insufficient coupling between marker beads and polymer matrix, deficiencies in the
optical setup and lack of accuracy in the tracking routines.

Three standard methods have been established to calculate the force from the
displacement. Both the boundary element method (BEM) (Dembo et al 1996, Dembo
and Wang 1999) and Fourier-transform traction cytometry (FTTC) (Butler et al 2002)
approximate the integral on a grid (discretized methods). While BEM effectively
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corresponds to inverting a large system of linear equations in real space, FTTC uses the
fact that the relevant system of linear equations is much smaller in Fourier space, thus
facilitating inversion. Traction reconstruction with point forces (TRPF) (Balaban et al
2001, Cesa et al 2007, Schwarz et al 2002) uses additional experimental knowledge
about the precise location of the adhesion sites, which can, for instance, be obtained by
fluorescence data on proteins localizing to focal adhesions such as vinculin or paxillin
(Balaban et al 2001, Schwarz et al 2002) or by reflection interference contrast
microscopy (Cesa et al 2007). Then the integral in equation (4.6) converts into a
simple sum. In the past, there has been disagreement about the advantages and
disadvantages of these diverse methods. In particular, which of the two discretized
methods is better in respect to resolution and reliability remains an open question.
Moreover, different solutions have been proposed to deal with the issue of exper-
imental noise, but a systematic and detailed analysis of these approaches is still missing.

Different experimental and computational advances are presented here, which
together provide much higher resolution and greater reliability in traction force
microscopy than was possible formerly. A new method to track the deformations of
a PAA substrate has been utilized experimentally in which two differently colored
nanobeads are used simultaneously as fiducial markers. In order to extract the
corresponding displacement field, a new image processing method has been adopted
in which particle tracking velocimetry (PTV) and particle image velocimetry (PIV)
are combined. Regarding the computational reconstruction of the traction field,
variants of all three standard techniques have been implemented, including BEM,
FTTC and TRPF, in order to compare their performance systematically using
extensive data simulation. In particular, an improved version of BEM has been
adapted and compared with new variants of FTTC. Analysis of simulated data
revealed the importance of filtering for FTTC and indicated that certain variants of
FTTC can perform almost as well as BEM while being much more efficient in terms
of computer time required. However, as a disadvantage, both discretized methods
are found to be strongly biased regarding small adhesion sites. TRPF does not suffer
from this limitation, but its underlying assumption of accurate knowledge of the
adhesion site location restricts its applicability. Finally, it has been demonstrated
with fibroblasts that the overall setup result in a spatial resolution that constitutes a
5–10 fold improvement over earlier methods (Selhuber-Unkel et al 2010).

Two distinct kinds of fluorescent marker beads improve the measured displacement
field
The spatial resolution of the reconstructed traction field depends directly on the
spatial resolution with which the displacement field is sampled. The use of a
multispectral confocal spinning disk microscope enables the acquisition of images
from different fluorescence channels at high resolution. In order to achieve the
highest possible information content, two differently colored beads can be densely
embedded in the PAA gel. Indeed, the number of features is much higher if a
combination of both channels is used. As the quality of images usually differs from
channel to channel, it is impossible to interlace both extracted vector fields when
tracking each channel separately using correlation-based PTV.
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According to the Nyquist–Shannon sampling theorem, the optimal spatial
resolution that can be achieved is determined by half the sampling frequency. For
one- and two-channel tracking, this should be roughly 1.5 μm and 1 μm,
respectively. To check whether this limit can be reached, the capability of the
different computational methods to distinguish very small traction sources is
analyzed. In particular, the resolution is defined by the Rayleigh criterion, as the
minimum distance between two point forces at which they can still be separated. The
results of Fourier-transform traction cytometry (FTTC) after four different noise
treatments, such as Gaussian filtering, Wiener filtering, zero- and second-order
regularization, showed after visual inspection that very weak traction is not
reproduced. The reconstructions in several cases revealed that nearby forces can
no longer be separated. Indeed, all the methods provide a clear representation of the
overall traction pattern and strong point forces can in any case be distinguished
clearly. The differences in resolution between BEM and FTTC are mainly due to
mesh geometry, which is a slight advantage for the BEM. Moreover, the choice of
the filter procedure strongly influences the point-force resolution. Indeed, the new
method using two colors results in a much denser and more precise sampling of the
displacement field compared to the traditional approach with one color.

To determine the detection limit of the traction reconstruction quantitatively, a ten-
point force traction pattern is generated and measured for a high substrate stiffness of
E = 10 kPa and the reconstructed traction field is determined outside the sites of
adhesion. These values represent a background in the traction pattern, which
potentially masks small cellular traction forces. An increase in the noise level only
leads to a slight increase in the detection limit. However, increasing the absolute level
of the displacement field by increasing the original traction also leads to a strong
increase in the traction background. For instance, for a maximum displacement of
approximately eight pixels the detection limit is around 200 Pa, corresponding to a
force of 0.2 nN μm−2. Indeed, for the same displacement, but for a doubled substrate
stiffness of E = 20 kPa, the traction background increases by a factor of two (such as
400 Pa), which corresponds to a force of 0.4 nN μm−2. Thus, small forces cannot be
resolved when the overall magnitude of traction is high, regardless of the noise level.

BEM and FTTC produce comparable results
In order to obtain a more general quantitative comparison between the different
variants of traction force microscopy, three different scores for circular adhesions
are measured with different noise levels in the displacement field. For all three scores
used—deviation of traction magnitude (DTM), deviation of traction magnitude in
the surrounding (DTMS) and deviation of traction angle (DTA)—it is the case that
the closer its value to zero, the better the performance. In the absence of noise,
filtering or regularization cannot improve the results of FTTC. Indeed, FTTC works
comparably well compared to BEM with zero-order regularization, whereas BEM
with first-order regularization works relatively poorly. Moreover, this result persists
in the presence of noise, thus in general BEM is best together with zero-order
regularization. For FTTC, it has been shown that Wiener filtering is always better
than Gaussian filtering and that zero-order regularization is always better than
second-order regularization. Thus, these three methods—Wiener filtering, zero-
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order regularization and BEM—are equally suitable. However, there are dramatic
differences in the required computation times. On a standard desktop computer
BEM requires several hours and in addition needs large storage resources, whereas
FTTC only requires seconds. In addition, the programming effort is pronouncedly
reduced for FTTC, which can be encoded in a few pages, whereas the BEM is
normally spread out over several subroutines. Taken together, FTTC with Wiener
filtering or zero-order regularization is reliable and the most efficient method.

The traction magnitude of small adhesion sites is underestimated with discretized
methods
The deviation of traction magnitude (DTM) is always negative for both BEM and
FTTC, hence the significant underestimation of traction is a persistent challenge
with the discretized methods. The causes of systematic and random underestimation
are manifold, but depend strongly on the sampling density of the displacement field,
as suggested by the Nyquist criterion. Indeed, the analysis of adhesion sites smaller
than two mesh sizes is really problematic. The difference between reconstructing
traction force using BEM with zero-order regularization and FTTC with Wiener
filtering on an irregular versus regular grid is clearly visible: in both cases, the overall
traction pattern is nicely reproduced. In more detail, the DTM is plotted as a
function of adhesion size (measured in units of mesh size) for noise levels of 0% and
10%. Below a critical size, there is an inverse relation between DTM and adhesion
size, suggesting that force reconstruction is only reliable for large adhesions. For 0%
noise, the critical value is approximately two mesh sizes, whereas it shifts to larger
values for higher noise levels. In the presence of 10% noise, only adhesions with a
size approximately four times larger than the mesh size are reconstructed in a
reliable manner. For smaller adhesions, the DTM becomes strongly negative, thus
the traction at these adhesions (and hence the overall strain energies) is strongly
underestimated. In conclusion, it is important to start with a dense sampling of the
displacement field, as this leads to small mesh sizes and thus reliable force
reconstruction for small adhesions and even better estimates for the strain energy.

The traction reconstruction with point forces is precise, but depends on correct
localization of focal adhesions
To improve the force reconstruction at small adhesions, traction reconstruction with
point forces (TRPF) is used, which starts with the assumption of a highly localized
force (Schwarz et al 2002). However, the DTM depends much less on the size of the
adhesion, which leads to a reliable force reconstruction over a large range of
adhesion sizes. The critical point in this method is that the localization of the
adhesions has to be very precise. When the adhesions are not placed well, the
quantitative analysis using DTM and DTA shows directional errors and strong
magnitude fluctuations. Finally, this finding restricts the applicability of the method
to cells with few and distinct focal adhesions.

High-resolution reconstruction for fibroblast traction measurements
How can the whole setup be used to determine fibroblast tractions? In order to
obtain the required spatial resolution for the displacement field, it is proposed to
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image only a limited region of the cell. Thus, a region of interest has been selected,
which does not have any additional nearby adhesions that might alter the traction
pattern inside the region of interest. Indeed, the mesh size of approximately 500 nm
results in a spatial resolution of around 1 μm, because the computational recon-
struction is combined with adequate filtering. For the substrate stiffness E = 15.6
kPa and the given fibroblast strength, the traction background is approximately
500 Pa, corresponding to a force of 0.5 nN μm−2. In the reconstruction forces of up
to 10 kPa are found frequently, corresponding to a force of 10 nN μm−2, which is
20-fold above the detection limit. For the BEM the computational mesh is an
irregular grid, confined by the wedge-like region including the cell contour. For
FTTC, force vectors are reconstructed on a square lattice covering the whole image.
Both the BEM and FTTC methods provide very similar results. In this case (TRPF),
one point is first been selected for each adhesion, whereas for very large adhesions
two points are selected. The resulting forces are in visual agreement with the results
from BEM and FTTC. Direct comparison between the three methods for the small
region indicates the difference between them: one force vector for TRPF, an
irregular pattern for BEM and a regular pattern for FTTC. It shows that the
spatial resolution of BEM and FTTC is indeed around 1 μm.

Established and newly developed procedures to reconstruct cellular traction
forces on flat elastic substrates have been discussed. Furthermore, the approach
that guarantees an optimal spatial resolution and magnitude reconstruction for
diverse experimental conditions has been indicated. As an initial step, the known
experimental traction force protocols have been implemented so that they can be
used for very small and differently colored fluorescent beads under a confocal
microscope. The use of two kinds of distinctly colored beads densely embedded in
the gel ensures the extraction of displacement fields with an average mesh size of
500 nm, setting the basic scale for the spatial resolution of the force reconstruction as
1 μm. This resolution is a major improvement (by a factor of approximately 5–10)
over earlier work.

It is common knowledge that cellular adhesion sizes vary considerably, ranging
from a few hundred nanometers in nascent adhesions of migrating cells to tens of
microns for supermature focal adhesions in myofibroblasts. For small adhesions, the
mesh size of the displacement data is larger than the adhesion feature size and thus
the Nyquist frequency determining the theoretical upper restriction for the reso-
lution of traction forces is typically too low to capture all the details of the exerted
traction field. There is still an open question as to whether there is a special
computational method to provide the best results in reconstructing cellular traction
fields. The main methods to investigate cellular traction fields are BEM (Dembo et al
1996, Dembo and Wang 1999) and FTTC (Butler et al 2002). For both methods,
different improvements have been proposed, such as analytical integration proce-
dures and adaptive mesh generation for BEM, and different filtering and regulari-
zation schemes for both BEM and FTTC.

An intrinsic feature of both methods is that solving the inverse stress–strain
problem is equivalent to multiplying each Fourier component of the displacement
field by its respective wave number. Indeed, high frequency noise will thus be
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amplified and has to be removed while leaving as much as possible of the original
signal untouched. Thus, different strategies can be used. On the one hand, it seems
reasonable to impose a smoothness constraint on the displacement field and filter it
before the calculation of traction stress is performed. This technique only works with
the Fourier-transform methods. On the other hand, it is better to choose a good
solution a posteriori by inspection of its properties. However, regularization
constrains the resulting traction field and one can fine-tune it by compensating the
above-mentioned effect of noise amplification to a desired level in the solution.

FTTC is shown to work best with Wiener filtering and zero-order regularization
in simulated data, whereas the analysis of real data leads to the suggestion that the
regularization is a more robust approach. As expected, BEMmostly works well with
zero-order regularization. An overall comparison of both approaches leads to the
conclusion that FTTC, when combined with a proper filtering procedure, is in large
parts comparable with BEM regarding resolution. The initial advantages of the
boundary element approach, resulting from the exact incorporation of irregular
data, are lost in the presence of noise. Aliasing (minimizing the distortion artifacts)
and boundary effects are not very prominent with boundary element methods, but
can also limit the performance of FTTC. However, the great advantage of FTTC is
the very small run time compared with the BEM.

Both discretized methods suffer from a systematic underestimation of traction
forces at small adhesion sites. It would be interesting to know whether traction force
reconstruction with point forces (TRPF) can measure force magnitudes properly
independent of adhesion size. The concept involved, of a priori localized traction
sources, does, in fact, serve to avoid the above bias. However, this concept is only
applicable when the main assumption of this method, a reasonable localization of all
traction sources, can be ensured. In general, traction measurement systems which do
not permit the presumably force-facilitated, yet temporary, assembly of very small
adhesion sites seem to be a slightly ill-fated choice when the whole spectrum of
forces and morphologies of cellular adhesion sites is being investigated in migrating
cells.

Keeping in mind that several mechanisms may contribute to force development at
focal adhesions, a high spatial resolution is required for a quantitative understanding
of traction forces. From the work just presented, it seems to be clear that dense
displacement fields are the most important strategy to achieve this goal. However, a
major concern seems to be that incorporating many marker beads in the gel
contradicts the assumption of linear elasticity in the substrate, as the beads may
alter the mechanical properties of the matrix. In more detail, inclusions in an elastic
material are known to perturb the Young’s modulus and Poisson ratio only in a
small surrounding shell of the scale of the bead diameter (Jasiuk et al 1997). Thus,
this effect only seems to be a problem when large beads such as microbeads are used.

In summary, high-resolution traction force microscopy has been reported to rely
on the combination of advances in substrate preparation, image processing and
computational force reconstruction. The systematic and quantitative comparison
shows that, depending on the specific situation and the resources available, different
approaches can be useful. For example, BEM with zero-order regularization seems
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to be the best choice to obtain high-resolution traction patterns for migrating cells
possessing many small adhesions and with a small noise level in the displacement
data. When the computer time is restricted, FTTC with zero-order regularization is
an equivalent alternative, especially at higher noise levels. For stationary cells in
which focal adhesions can be precisely localized, TRPF is both computationally
cheap and reliable.

4.2.2 3D forces within a 3D collagen matrix scaffold

Quantitative measurements of cell-generated forces have been developed and can be
performed easily when the cells are cultured on 2D substrates (Mierke et al 2008a,
2008b; Mierke et al 2011b). Indeed, a technique has been developed to quantitatively
measure the 3D traction forces exerted by cells that are fully encapsulated within
well-defined elastic hydrogel matrices. This approach has been used to measure
tractions from a variety of cell types and diverse contexts and thus reveal patterns of
force generation that are attributable to morphologically distinct regions of cells as
they migrate into the surrounding extracellular matrix.

It has been known for a long time that cells are constantly probing, pushing and
pulling on the surrounding extracellular matrix of connective tissues, for instance to
migrate and invade through it. Therefore, the cells need to apply forces to the
extracellular microenvironment in order to sense the matrix’s mechanical properties.
In particular, these cell-generated forces facilitate cell migration as well as tissue
morphogenesis and maintain the intrinsic mechanical balance of tissues (Dembo and
Wang 1999, Keller et al 2003). These forces not only guide mechanical and
structural events, but also facilitate signal transduction pathways promoting
functions ranging from cell proliferation to stem cell differentiation (Huang et al
1998, McBeath et al 2004). Hence, precise measurement of the spatial and temporal
nature of these forces is needed in order to reveal when and where mechanical events
play a prominent role in physiological and pathological settings.

Indeed, methods employing planar 2D elastic surfaces or arrays of flexible canti-
levers have mapped with subcellular resolution and the forces that cells generate to
their substrates have been determined (Balaban et al 2001, Butler et al 2002, Tan et al
2003, Mierke et al 2008a, 2008b, Mierke et al 2011). However, many processes are
altered when cells are removed from native 3D microenvironments and are then
cultured on 2D substrates. At a structural level, cells encapsulated within a 3Dmatrix
display dramatically different morphology, cytoskeletal organization and focal
adhesion structure compared to those cultured on 2D substrates (Cukiermann et al
2001). However, even the initial requirements for cells to adhere and spread against a
2D substrate are different from the invasive process essential for cells to extend inside a
3D matrix. In more detail, these differences suggest that dimensionality alone may
significantly impact howcellular forces are generated and transduced into biochemical
or structural alterations. Although the mechanical properties of 3D extracellular
matrices and the cellular forces generated within a 3D microenvironment have been
shown to regulate many cellular functions (Pampaloni et al 2007), the quantitative
measurement of cellular forces within a 3D context has to be demonstrated.
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In particular, the traction stresses (force per area), hereafter tractions, exerted by
cells embedded within a hydrogel matrix can be determined quantitatively (Legant
et al 2011, 2013). GFP-expressing fibroblasts were encapsulated within mechanically
well-defined polyethylene glycol (PEG) hydrogels that incorporate proteolytically
degradable domains in the polymer backbone and pendant adhesive ligands (Miller
et al 2010). In more detail, the incorporation of adhesive and degradable domains
enables the cells to invade, spread and adopt physiologically relevant cellular
morphologies. These hydrogels had a Young’s modulus of 600–1000 Pa, a range
similar to those of commonly used extracellular matrices, such as reconstituted
collagen or Matrigel and to in vivo tissues such as mammary and brain tissue (Paszek
et al 2005, Discher et al 2005). As expected, cells in 3D PEG gels deformed the
nearby surrounding matrix, which was visualized by tracking the displacements of
60 000–80 000 fluorescent beads in the close neighborhood of each cell. In particular,
bead displacements were determined relative to a reference, stress-free, state of the
gel after lysing the cell with a detergent. Deformations of 20%–30% peak principal
strain have been measured in much of the cell surrounding the hydrogel. The largest
strains (even up to 50%) occurred in close vicinity to long impressive extensions,
which is indeed consistent with the observations of strong forces exerted by these
regions on 2D substrates (Chan et al 2008). As the mechanics of the PEG hydrogels
showed no substantial dependence on strain or frequency, a linear elasticity theory
and the finite element method was used to determine the cellular tractions that
would give rise to the measured bead displacements. In brief, a finite element mesh
of the hydrogel is generated that surrounds the cell from confocal images. In
particular, a discretized Green’s function was constructed by applying unit tractions
to each facet on the surface of the cell mesh and solving the finite element equations
in order to calculate the induced bead displacements. As usual, the standard
regularization methods for ill-posed, over-determined linear systems of equations
were then used to compute the tractions exerted by the cell. The time needed to
calculate a single data set is approximately 4.5 h. However, this calculation time can
be reduced dramatically by using a simplified finite element mesh of the cell and
hydrogel. Indeed, these lower resolution datasets still capture the fundamental
character of higher-resolution measurements.

Simulated traction fields are used to validate the approach and to characterize its
spatial resolution. The experimental noise for the bead displacements was deter-
mined by measuring the displacement of the beads in cell-free regions of the
hydrogel before and after detergent treatment. In addition, the surface discretization
noise was measured from multiple discretizations of the same cells. These datasets
then were superimposed onto the displacements generated by simulated loadings
prior to the traction reconstruction. In this setting, the percentage of traction
recovered was proportional to the magnitude and characteristic length of the
simulated loadings, defined as the average period of spatial oscillation. Indeed, for
all cases, the presence of noise reduced recovery accuracy by approximately 20%–

30%. Despite these limitations, the recovered tractions can still capture the essential
periodic features of the most spatially complex simulated loadings with character-
istic lengths of spatial variation down to only 10 μm.
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In the next step, the tractions from living cells encapsulated within 3D hydrogels
are measured. Indeed, it has been found that cells have exerted tractions in the range
of 100–5000 Pa, with strong forces located predominantly near the tips of long
extensions. For all measurements, the forces were in static equilibrium, with a
typical error of approximately 1%–5% of the total force applied by the cell. Further
analysis revealed that these tractions were minimally altered by possible variations
in local hydrogel mechanics or by uncertainty in the recorded bead displacements.
Measurements of cellular forces on 2D surfaces have generally been limited to shear
loadings, although some studies have measured small forces exerted normal to the
planar surface (Maskarinec et al 2009, Hur et al 2009). However, it is still elusive
whether these relationships might be altered for cells inside 3D extracellular
matrices. Cells encapsulated within a 3D matrix have been reported to exert
predominantly shear tractions, although small normal tractions were additionally
present in close proximity to the cell body. In order to investigate whether patterns
of force are associated with specific regions of cells, the magnitude and angle of
tractions is quantified with respect to the center of mass of the cell. In general,
tractions increased as a function of distance from the center of mass. Interestingly,
cells encapsulated in hydrogels with a Young’s modulus of approximately 1000 Pa
generated stronger tractions than those in approximately 600 Pa hydrogels,
indicating that cells adapt to the mechanical properties of their microenvironment.
However, the observed differences in tractions were not due to an overall increase in
total cellular contractility, as measured by the net contractile moment, whereas they
were most prominent in strong inward tractions near the tips of long extensions. This
reveals a local and non-linear reinforcement of cellular contractility due to the
substrate rigidity and suggests that such regions may be hubs for force-facilitated
mechanotransduction in 3D settings. The cell bodies showed no bias in the traction
angle. However, strong tractions became progressively aligned back toward the
center of mass in more well spread regions of the cell, for instance, near the tips of
long extensions. These patterns of force were typically reflected in multiple cell types,
whereas they could be altered by cell–cell proximity or culture as a multicellular
aggregate. The neighboring 3T3 cells preferentially extended away from each other,
whereas proliferating multicellular tumor spheroids exerted outward normal trac-
tions on the extracellular matrix.

In more detail, a subset of extensions was observed that displayed strong tractions
several microns behind the leading tip, whereas the tractions at the tip itself were
substantially lower. As such traction profiles are similar to those determined behind
the leading edge of a lamellipodia for a migrating cell on a 2D substrate, it can be
hypothesized that such regions represent invading or growing cellular extensions in
3D. To analyze this possibility, the tractions from time-lapse images of cells as they
invaded the surrounding hydrogel have been determined. Indeed, tractions at the
tips of growing extensions were pronouncedly lower compared to the strong
tractions exerted by proximal regions of the same extension. However, normal
forces pushing into the extracellular matrix have not been detected in these
extensions, which suggests that a local inhibition of myosin-dependent contractility
allows tip encouragement. Strong tractions have been detected from small
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extensions on the cell face opposite to the invading extensions. These stable
extensions exhibited very different force distributions compared to the growing
extensions and often lack the characteristic drop in force near the leading edge and
hence may correspond to an anterior–posterior polarity axis build-up within the cell.

Taken together, these data suggest that cells in 3D matrices probe their
surrounding extracellular matrix primarily through strong inward tractions near
the tips of long slender extensions such as protrusions. Importantly, it has been
demonstrated that this 3D force measurement technique is applicable to many
different cell types, cell–cell interactions and even to multicellular tumor structures
where both tumor growth and invasion have previously been revealed to be
mechanoresponsive (Paszek et al 2005). Because synthetic hydrogels possess similar
elastic moduli compared to in vivo tissues (Paszek et al 2005, Discher et al 2005) and
can hence support a wide range of cellular functions (Lutolf and Hubbell 2005), this
approach will enable investigations into the role of cellular forces in a variety of
biological settings.

4.3 Lipid drops as stress sensors
When there are no externally applied stresses, the principle is that an interface
minimizes its own surface tension, and hence a liquid drop will adapt a spherical
shape (Sugimura et al 2016). Therefore, when a lipid drop is introduced between
cells in a tissue, stresses are exerted by neighboring cells or by the surrounding
extracellular matrix counteracting the surface tension of the drop and subsequently
deforming it (Campa ̀s et al 2014). In more detail, the drops serve as stress
transducers, similarly to mechanical elements, that are incorporated into the tissue,
which in turn pushes and deforms the drops within it. Moreover, confocal scanning
microscopy can be utilized to analyze the three-dimensional drop shape, which
enables their inference with the anisotropic stresses locally exerted on the drop.
When the tissue embedded drops are small enough compared with tissue size, they
can stay in a distinct tissue location for days without affecting the normal embryonic
development and hence alterations in stresses over a distinct period of time can be
determined.

The drops used for stress measurements can be fluorescently labeled. In
particular, lipid drops are made of a bio-compatible oil, cell-sized and coated with
specific ligands for cell adhesion receptors and hence both tensile and compressive
stresses can be determined (Paluch 2015). The drop size should be under a certain
limit of 600 μm for fluorocarbon oil in order to prevent deformation by evoked
gravity and above a size of typically 10 μm in diameter, bead internalization by cells
is no longer frequently observed and hence cannot impair the results.

The contour curvatures of the lipid drops can typically be determined with ±5%
accuracy, which depends on the resolution of the images used for data analysis. In
particular, the value of the interfacial tension of the drop can be tuned in order to
widen the range of the measurable stresses from approximately 0.1–60 kPa. When
the interfacial tension of the drop is decreased, the drop deforms more upon a stress
application. The main limitation of the lipid drop method is the prior knowledge of
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the interfacial tension. Hence, the interfacial tension needs to be determined for the
isolated drop before its introduction into tissues. The accuracy of the interfacial
tension of drops is around 20% for theminimal interfacial tensions used (∼3mNm−1).
However, this experimental setup is based on the assumption that the interfacial
tension remains constant and uniform when the drop, which is introduced between
cells, comes into close contact with proteins, which can adsorb on the drop’s surface.
When the drop’s surface has been saturated before the experimental start with
surfactants, which leave no free space for the adsorption of proteins, such a hypothesis
is still reasonable but should be validated independently. This method has been
applied to cultured aggregates of toothmesenchymal andmammary epithelial cells as
well as living tissue explants, which revealed that the anisotropic stresses generated by
mammary epithelial cells are driven by the myosin II activity (Campa ̀s et al 2014).

However, this method can be varied by using a soft polymer bead in a micro-
fluidic setup. The advantage is that the bead stiffness can be more precisely
controlled and calibrated than the stiffness of a lipid drop. Another advantage is
that it seems to be tunable in a larger range, and it is then more compressible and
thus it allows us to measure the pressure or traction in the surrounding tissue. As an
alternative way to determine tissue stiffness, gel sensors can be used externally
instead of internally to finally yield accurate tissue-scale force determinations. For
instance, by embedding Xenopus embryo tissue in soft agarose gels of various
stiffnesses, it has been demonstrated that dorsal tissues undergoing convergent
extension facilitate the upregulation of their force production when embedded in a
stiffer microenvironment (Zhou et al 2015).

4.4 Dual micropipette aspiration (DPA)
The microaspiration techniques represents a simple and highly reproducible bio-
physical method to determine cellular stiffness (or inversely the deformability) by
exerting a negative pressure to a cell membrane and monitoring the membrane
deformability due to well-defined pressure. Microaspiration was first used to
characterize the elastic properties of sea-urchin eggs for enlightening the mecha-
nisms of cell division (Mitchinson and Swann 1954) and second to investigate the
mechanical properties of red blood cells (Rand and Burton 1964). Thereafter,
microaspiration has been utilized to reveal the mechanical properties of a broad
variety of cell types (Discher et al 1994, Schmid-Schönlein et al 1981, Evans and
Kuhan 1984, Sato et al 1987). Moreover, these microaspiration techniques have
been combined with 3D imaging in order to analyze the stiffness of substrate-
adhered cells and the alterations in cell shape or structural morphology (Byfield et al
2004, 2006a, 2006b).

In more detail, microaspiration is implemented by pulling a glass capillary to
generate a micropipette with a very small tip (2–50 μm diameter depending on the
size of a cell or a tissue resection probe), which is connected to a pneumatic pressure
transducer and brought into close contact with a cell by using a microscope (Oh et al
2012). When the tip of the pipette reaches the cell surface, a negative pressure is
applied to the pipette by using a pneumatic pressure transducer that exerts a
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well-defined pressure on the cell membrane. In response to this exerted pressure, the
cell membrane is aspirated into the pipette and hence the progressive membrane
deformation or ‘membrane projection’ into the pipette can be determined as a
function of time. The underlying basic principle of this approach is that the degree of
membrane deformation due to a defined mechanical force is a function of the
membrane stiffness. In particular, the stiffer the membrane is, the slower the rate
of membrane deformation and the shorter the steady-state aspiration length of the
cell. In more detail, the technique requires isolated cells, but cells can be analyzed in
suspension as well as adhered to a substrate. Apart from cells, large organelles and
liposomes can also be investigated.

In more detail, the analysis can be performed by comparing maximal membrane
deformations that are evoked through the application of a certain pressure for
different cell populations or specific experimental conditions. A ‘stiffness coefficient’
can be determined by plotting the aspirated length of cell membrane deformation
over the exerted pressure. In addition, the data can be analyzed to determine the
Young’s modulus of the cells (E), which represents the most common parameter to
characterize the stiffness of a broad variety of materials. The cell membranes of
eukaryotic cells can be regarded as a bi-component system where the membrane
lipid bilayer covers and hence envelops the submembrane cytoskeleton, termed the
cell cortex, and hence the cytoskeleton provides the mechanical scaffold of the cell
membrane that mainly contributes to deformability of the cellular envelope. Thus,
this microaspiration approach allows us to determine the mechanical properties of
the submembrane cytoskeleton.

In terms of alternative approaches to AFM, microaspiration provides a useful
tool and represents an inexpensive alternative to AFM, which is still commonly used
to determine cell stiffness (Okajima 2011, Wang et al 1993). Unlike AFM which
provides the local membrane rigidity, the microaspiration device reveals a global
measure of the cellular deformability.

Micropipette-based assays represent an alternative method to quantitate cell–cell
adhesion forces. In the so-called dual micropipette assay (DPA), two micropipettes
are attached to a pressure control system and each holds a single cell under relatively
gentle aspiration (Chu et al 2004, Daoudi et al 2004, Sung et al 1986). In more detail,
the cells are then brought in close contact for a defined contact time to initiate the
formation of cellular adhesion. Subsequently, on one micropipette the high aspira-
tion is regulated to be sufficiently strong in order to stably hold the cell pair, whereas
in the other micropipette the suction pressure is steadily increased in discrete steps.
After each increase in a distinct pressure step, the pipettes are moved further apart in
order to separate the two cells and to rupture the intercellular connections (bonds).
This step of the measurement protocol is repeated until the aspiration level in the
second micropipette is strong enough to evoke the full separation of the two cells.
The cell–cell separation force can be determined from the aspiration pressure that is
needed to rupture the cell–cell interaction during the retraction of the micropipette.
When investigating two cells that are not yet interacting, the cell–cell contact time
can be precisely adjusted and even the influence of the contact time on the adhesion
strength can be analyzed. As an alternative approach, pre-formed cell–cell doublets
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can be separated using DPA, which eliminates the need to wait for a defined contact
time until the cell separation experiment is started, but in this approach the contact
history of the cell–cell interaction is rather undefined. When comparing DPA to
AFM, the force resolution of the step-pressure DPA assay (approximately in the
nanonewton range) is pronouncedly lower than AFM-based SCFS (approximately
in the piconewton range) and hence DPA cannot provide the resolution of individual
molecular interactions between cells. Nevertheless, DPA allow us to accurately
quantify the overall adhesion forces between two cells and is not restricted at the
upper force range. When single-molecule force resolution is needed, the so-called
biomembrane force probe (BFP) can be employed, which is a special variant of the
dual micropipette assay that utilizes a tensed erythrocyte as a force sensor (Evans
et al 1995).

The BFP represents an ultrasensitive force measuring device and has yielded
unique knowledge of the molecular mechanisms underlying the single receptor–
ligand interactions, however, it has been less frequently utilized to investigate
developmental processes that occur primarily on the cell and tissue scale.

DPA has been used in quantitating cadherin-facilitated adhesion in tissue cultures
(Chu et al 2004, 2006, Martinez-Rico et al 2005), but is also applicable for studies
aiming to reveal the developmentally required cellular adhesion. The role of tissue
cohesion for the cell migration behavior of facial branchiomotor neurons (FBMNs)
has been investigated in zebrafish embryonic hindbrain using the DPA assay
(Stockinger et al 2011). Microaspiration measurements on isolated cells showed
that the cohesion is higher among FBMNs compared to the cohesion among
surrounding neuroepithelial cells. However, alterations in neuroepithelial cell
cohesion by interfering with the function of cadherin-2 severely impacts the
FBMN migration in vivo, indicating that neuroepithelial cell cohesion provides
the FBMN migration, probably by hindering the FBMN movement. Together with
high-resolution optical imaging, many insights are obtained from in vitro adhesion
force measurements thus helping to reveal the mechanisms controlling in vivo cell
migration in developing embryos.

An advantage of DPA is that the accumulation of fluorescent fusion proteins
associated with cell adhesion in the cell–cell interaction zone can be easily monitored
by fluorescent microscopy and related to the separation force measurements (Chu
et al 2004, Maitre et al 2012). Moreover, the horizontal arrangement of the probed
two associated cells also enables us to analyze cell shape alterations during contact
and after cell separation, which reveals unique insights into the cortex tension at the
cell–cell interface (Maitre et al 2012). In particular, membranes at dissolved cell–cell
contacts have been shown to exhibit a rapid decrease in curvature, indicating
decreased cortex tension and subsequently reduced contractile forces in these areas.
Moreover, reduced cortex tension at cell–cell contacts supports the maximization of
the contact area between spherical cells and represents the driving factor for the
enlargement of cell–cell contacts, while cadherin adhesion receptors acts to
mechanically couple the cells (Maitre and Heisenberg 2011).
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4.5 Förster resonance energy transfer (FRET)-based molecular
tension sensors

Cell surface expressed cadherins facilitate cell adhesion between neighboring cells.
They are additionally involved in the regulation of the mechanotransduction
through their cytoplasmic domain and drive the interactions with catenin proteins
and associated cytoskeletal regulatory as well as linker proteins. The E-cadherin/
catenin complex has been shown to serve as a mechanical stress sensor and to
regulate the actomyosin contractility (Borghi et al 2012, Ladoux et al 2010, le Duc
et al 2010, Taguchi et al 2011, Yonemura et al 2010). The visualization of
mechanical forces seems to be an intriguing method to analyze mechanical forces
exerted at the cadherin cell–cell contacts through their transformation into optical
signals using a FRET-based molecular tension sensor module (TSMod) (Borghi et al
2012). In more detail, the TSMod is based on a monomeric teal fluorescence protein
(mTFP)/monomeric enhanced yellow fluorescence protein (mEYFP) FRET pair,
connected via a 40 amino acid elastic (GPGGA)8 domain that is derived from the
spider silk protein flagelli-form and acts as an entropic nanospring (Becker et al
2003, Grashoff et al 2010, Wang et al 2011). In particular, the tension sensor module
was integrated between the transmembrane and catenin-binding domain of the
cytoplasmic domain of E-cadherin (Borghi et al 2012). The FRET approach is
highly sensitive to the distance between the two fluorophores and enhanced tension
hence causes a reduced FRET efficiency, as the two fluorophores are too far from
each other. This method was established using Madin–Darby canine kidney
(MDCK) cells by showing that the FRET efficiency of EcadTSMod at cell–cell
contact sites was pronouncedly reduced compared to soluble cytoplasmic TSMod or
to a control EcadTSMod deletion construct, which lacks the cytoplasmic domain of
E-cadherin. Hence, these results indicate that the EcadTSMod is under tension when
incorporated into the cell–cell contacts, and subsequently that this tension specif-
ically depends on the catenin-binding domain of E-cadherin. It has been revealed
that the E-cadherin cytoplasmic domain is under 1–2 pN of constitutive load from
the cytoskeleton, which is very similar to the results obtained from measurements of
vinculin in cell–matrix sites (Grashoff et al 2010). However, as E-cadherin is under
actomyosin-dependent tension even in regions of the cell membrane containing no
cell–cell adhesion sites, it can be suggested that the cadherin/catenin complex acts as
a constitutive membrane anchor to the cortical actomyosin cytoskeleton similarly to
the focal adhesion protein vinculin in cell–matrix adhesions (Borghi et al 2012).
Moreover, it has been speculated that membrane attachment to the cortex by the
cadherin–catenin complex may be highly important for single wound closure in
Drosophila and also in cell membrane blebbing during zebrafish epiboly (Abreu-
Blanco et al 2011, Schepis et al 2012).

It has been shown that FRET tensions sensors can also be used to analyze
developmental processes involving cell–cell adhesion. In particular, the alteration of
N-cadherin-facilitated cell–cell adhesion and tension is required for collective
migration of Xenopus CNCC (Kuriyama et al 2014), whereas the recruitment of
vinculin to cell–cell adhesion complexes drives the mechanotransduction processes
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(Ishiyama et al 2013, Miyake et al 2006, Sumida et al 2011, Taguchi et al 2011,
Yonemura et al 2010). In order to reveal indirectly the N-cadherin dependent
tension at cell–cell contacts, vinculin has been utilized as a tension sensor (Grashoff
et al 2010). Both the inhibition of N-cadherin expression and the actomyosin
contractility evoked a release of junctional tension. However, inhibition of the
lysophosphatidic acid (LPA) signaling regulating the internalization of N-cadherin,
resulted in increased accumulation and clustering of N-cadherin at cell–cell contacts
and enhanced tension through the focal adhesion protein and mechano-coupling
protein vinculin (Kashef and Franz 2015). The increased N-cadherin-facilitated cell–
cell adhesion may explain why CNCC are unable to disperse after depletion of LPA
signaling, which subsequently leads to impaired CNCC migration in vivo. In turn,
inhibition of N-cadherin expression, its homotypic binding activity or endocytosis
rescues the CNCC migration in cells that are deficient of LPA signaling (Kuriyama
et al 2014). Thus, the adaptions of cell–cell adhesion strength and membrane tension
are crucial for CNCC migration in vivo. When the vinculin tension sensor is utilized,
it needs to be taken into account that vinculin localizes to both cell–cell contact sites
and focal adhesions, which are the cell–matrix sites at the cell–substrate interface.
Thus, in FRET experiments determining junctional tension, it is necessary to place
the confocal imaging plane across the cell–cell contacts at the apical site of the cell,
which omits the detection of vinculin-facilitated tension at basal focal adhesion sites.
Apart from N-cadherin, Xenopus CNCC also express the classical cadherin-11,
which induces the migration of CNCC (Becker et al 2013, Borchers et al 2001,
Kashef et al 2009). The introduction of the TSMod into the cytoplasmic domain of
cadherin-11 may provide a novel tool to analyze the possible role of cadherin-11 in
facilitating cellular tension during CNCC migration. Taken together, their usage as
a sensor may help to directly detect the regions within the cell membrane through
which force is transduced, possible through alteration of the extracellular matrix
microenvironment.
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Muñoz Javier A et al 2006 Small 2 394–400
Murakoshi M, Yoshida N, Iida K, Kumano S, Kobayashi T and Wada H 2006 Local mechanical

properties of mouse outer hair cells: atomic force microscopic study Auris Nasus Larynx 33
149–57

Nagayama M, Haga H and Kawabata K 2001 Drastic change of local stiffness distribution
correlating to cell migration in living fibroblasts Cell Motil. Cytoskel. 50 173–9

Nishida S, Kobayashi D, Sakurada T, Nakazawa T, Hoshi Y and Kawakatsu H 2008
Photothermal excitation and laser Doppler velocimetry of higher cantilever vibration modes
for dynamic atomic force microscopy in liquid Rev. Sci. Instrum. 79 123703

Nowakowski R, Luckham P and Winlove P 2001 Imaging erythrocytes under physiological
conditions by atomic force microscopy Biochim. Biophys. Acta 1514 170–6

Oh M-J, Kuhr F, Byfield F and Levitan I 2012 Micropipette aspiration of substrate-attached cells
to estimate cell stiffness J. Vis. Exp. 67 3886

Ohashi T, Ishii Y, Ishikawa Y, Matsumoto T and Sato M 2002 Experimental and numerical
analyses of local mechanical properties measured by atomic force microscopy for sheared
endothelial cells Biomed. Mater. Eng. 12 319–27

Okajima T 2011 Atomic force microscopy for the examination of single cell rheology Methods
Mol. Biol. 736 303–29

Oliver T, Jacobson K and Dembo M 1998 Design and use of substrata to measure traction forces
exerted by cultured cells Methods Enzymol. 298 497–521

Orr A W, Helmke B P, Blackman B R and Schwartz M A 2006 Mechanisms of mechano-
transduction Dev. Cell 10 11–20

Palecek S P, Huttenlocher A, Horwitz A F and Lauffenburger D A 1998 Physical and
biochemical regulation of integrin release during rear detachment of migrating cells J. Cell
Sci. 111 929–40

Paluch E K (ed) 2015 Biophysical methods in cell biology Methods Cell Biol. 125 1–488

Physics of Cancer, Volume 1 (Second Edition)

4-55

https://doi.org/10.1016/j.biomaterials.2010.01.058
https://doi.org/10.1016/j.yexcr.2006.01.031
https://doi.org/10.1007/BF02513342
https://doi.org/10.1002/1097-0177(2000)9999:9999%3C::AID-DVDY1079%3E3.0.CO;2-Y
https://doi.org/10.1101/gad.469408
https://doi.org/10.1081/LPR-64965
https://doi.org/10.1038/nchembio.181
https://doi.org/10.1002/smll.200500282
https://doi.org/10.1016/j.anl.2005.11.009
https://doi.org/10.1016/j.anl.2005.11.009
https://doi.org/10.1002/cm.10008
https://doi.org/10.1063/1.3040500
https://doi.org/10.1016/S0005-2736(01)00365-0
https://doi.org/10.3791/3886
https://doi.org/10.1016/S0076-6879(98)98042-9
https://doi.org/10.1016/j.devcel.2005.12.006


Pampaloni F, Reynaud E G and Stelzer E H 2007 The third dimension bridges the gap between
cell culture and live tissue Nat. Rev. Mol. Cell Biol. 8 839–45

Pasche S, Textor M, Meagher L, Spencer N D and Griesser H J 2005 Relationship between
interfacial forces measured by colloid-probe atomic force microscopy and protein resistance of
poly(ethylene glycol)-grafted poly(L-lysine) adlayers on niobia surfaces Langmuir 21 6508–20

Paszek M J et al 2005 Tensional homeostasis and the malignant phenotype Cancer Cell 8 241–54
Paul R, Heil P, Spatz J P and Schwarz U S 2008 Propagation of mechanical stress through the

actin cytoskeleton toward focal adhesions: model and experiment Biophys. J. 94 1470–82
Pelham R J and Wang Y-L 1999 High resolution detection of mechanical forces exerted by

locomoting fibroblasts on the substrate Mol. Biol. Cell 10 935–45
Pelham R J Jr and Wang Y 1997 Cell locomotion and focal adhesions are regulated by substrate

flexibility Proc. Natl Acad. Sci. USA 94 13661–5
Pesen D and Hoh J H 2005 Micromechanical architecture of the endothelial cell cortex Biophys. J.

88 670–9
Pfaff M, Tangemann K, Müller B, Gurrath M, Müller G, Kessler H, Timpl R and Engel J 1994

Selective recognition of cyclic RGD peptides of NMR defined conformation by αIIbβ3,
αVβ3, and α5β1 integrins J. Biol. Chem. 269 20233–8

Puech P-H, Taubenberger A, Ulrich F, Krieg U M, Mueller D J and Heisenberg C-P 2005
Measuring cell adhesion forces of primary gastrulating cells from zebra fish using atomic
force microscopy J. Cell Sci. 118 4199–206

Radmacher M, Fritz M, Kacher C M, Cleveland J P and Hansma P K 1996 Measuring the
viscoelastic properties of human platelets with the atomic force microscope Biophys. J. 70 556–67

Rand R P and Burton A C 1964 Mechanical properties of the red cell membrane. I. Membrane
stiffness and intracellular pressure Biophys. J. 4 115–35

Raupach C, Paranhos-Zitterbart D, Mierke C, Metzner C, Mueller A F and Fabry B 2007 Stress
fluctuations and motion of cytoskeletal-bound markers Phys. Rev. E 76 011918

Ridley A J and Hall A 1992 The small GTP-binding protein rho regulates the assembly of focal
adhesions and actin stress fibers in response to growth factors Cell 70 389–99

Riveline D, Zamir E, Balaban N Q, Schwarz U S, Ishizaki T, Narumiya S, Kam Z, Geiger B and
Bershadsky A D 2001 Focal contacts as mechanosensors: externally applied local mechanical
force induces growth of focal contacts by an mDia1-dependent and ROCK-independent
mechanism J. Cell Biol. 153 1175–86

Roiter Y and Minko S 2005 AFM single molecule experiments at the solid–liquid interface: in situ
conformation of adsorbed flexible polyelectrolyte chains J. Am. Chem. Soc. 127 15688–9

Rosenbluth M J, Lam W A and Fletcher D A 2006 Force microscopy of nonadherent cells: a
comparison of leukemia cell deformability Biophys. J. 90 2994–3003

Rotsch C and Radmacher R 2000 Drug-induced changes of cytoskeletal structure and mechanics
in fibroblasts: an atomic force microscopy study Biophys. J. 78 520–35

Rotsch C, Braet F, Wisse E and Radmacher M 1997 AFM imaging and elasticity measurements
on living rat liver macrophages Cell Biol. Int. 21 685–96

Rotsch C, Jacobson K and Radmacher R 1999 Dimensional and mechanical dynamics of active
and stable edges in motile fibroblasts investigated by using atomic force microscopy Proc.
Natl Acad. Sci. USA 96 921–6

Roy P, Rajfur Z, Pomorski P and Jacobson K 2002 Microscope-based techniques to study cell
adhesion and migration Nat. Cell Biol. 4 E91–6

Physics of Cancer, Volume 1 (Second Edition)

4-56

https://doi.org/10.1038/nrm2236
https://doi.org/10.1021/la050386x
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1529/biophysj.107.108688
https://doi.org/10.1091/mbc.10.4.935
https://doi.org/10.1073/pnas.94.25.13661
https://doi.org/10.1529/biophysj.104.049965
https://doi.org/10.1242/jcs.02547
https://doi.org/10.1016/S0006-3495(96)79602-9
https://doi.org/10.1016/S0006-3495(64)86773-4
https://doi.org/10.1103/PhysRevE.76.011918
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1083/jcb.153.6.1175
https://doi.org/10.1021/ja0558239
https://doi.org/10.1529/biophysj.105.067496
https://doi.org/10.1016/S0006-3495(00)76614-8
https://doi.org/10.1006/cbir.1997.0213
https://doi.org/10.1073/pnas.96.3.921
https://doi.org/10.1038/ncb0402-e91


Ruoslahti E 1996 RGD and other recognition sequences for integrins Annu. Rev. Cell Dev. Biol.
12 697–715

Saez A, Ghibaudo M, Buguin A, Silberzan P and Ladoux B 2007 Rigidity-driven growth and
migration of epithelial cells on microstructured anisotropic substrates Proc. Natl Acad. Sci.
USA 104 8281–6

Sasaki S, Morimoto M, Haga H, Kawabata K, Ito E, Ushiki T, Abe K and Sambongi T 1998
Elastic properties of living fibroblasts as imaged using force modulation mode in atomic force
microscopy Arch. Histol. Cytol. 61 57–63

Sato H, Kataoka N, Kajiya F, Katano M, Takigawa T and Masuda T 2004 Kinetic study on the
elastic change of vascular endothelial cells on collagen matrices by atomic force microscopy
Colloids Surf. B 34 141–6

Sato H, Nagayama K, Kataoka N, Sasaki M and Hane K 2000 Local mechanical properties
measured by atomic force microscopy for cultured bovine endothelial cells exposed to shear
stress J. Biomech. 33 127–35

Sato M, Levesque M J and Nerem R M 1987 Micropipette aspiration of cultured bovine aortic
endothelial cells exposed to shear stress Arteriosclerosis 7 276–86

Scheffer L, Bitler A, Ben-Jacob E and Korenstein R 2001 Atomic force pulling: probing the local
elasticity of the cell membrane Eur. Biophys. J. 30 83–90

Schepis A, Sepich D and Nelson W J 2012 αE-catenin regulates cell–cell adhesion and membrane
blebbing during zebrafish epiboly Development 139 537–46

Schmid-Schönbein G W, Sung K L, Tözeren H, Skalak R and Chien S 1981 Passive mechanical
properties of human leukocytes Biophys. J. 36 243–56

Schrot S, Weidenfeller C, Schäffer T E, Robenek H and Galla H J 2005 Influence of
hydrocortisone on the mechanical properties of the cerebral endothelium in vitro Biophys.
J. 89 3904–10

Schwarz U S 2007 Soft matters in cell adhesion: rigidity sensing on soft elastic substrates Soft
Matter 3 263–6

Schwarz U S, Balaban N Q, Riveline D, Bershadsky A, Geiger G and Safran S A 2002
Calculation of forces at focal adhesions from elastic substrate data: the effect of localized
force and the need for regularization Biophys. J. 83 1380–94
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Chapter 5

Cell surface tension, the mobility of cell surface
receptors and their location in specific regions

Summary
The shape fluctuations of the cell membrane that occur in all cells are continuously
detected and hence are proposed to determine the function of the membrane.
Although it has been shown how membrane fluctuations are affected by cellular
activity in adherent cells, the spatial regulation of these fluctuations and the
associated alterations in the mechanical properties of the membrane are still not
clearly understood. The cell surface tension seems to play a crucial a role on the
selection of an aggressive and invasive cancer cell subpopulation that is able to
disseminate from the primary tumor in the microenvironment and propagate
through all the steps of the metastatic cascade for the malignant tumor progression.
Similar to cells rounding up during mitosis, cancer cells enhance their surface tension
through an increase of the contractile actomyosin cortex based on elevated internal
hydrostatic pressure. In the scenario of a liquid cellular interior, the surface tension
is purely related to the local curvature and the hydrostatic pressure difference by
Laplace’s law. Moreover, the classical differential adhesion hypothesis fails in
describing the experimental results and it is refined by including surface tension.
The diffusion on the cell surface is not purely Brownian motion, as the mobility of
cell surface receptors and their structural organization in special compartments
(regions) within the cell surface membrane is constrained. These confinements
restrict the lateral motility of cell surface receptors and are hence termed lipid rafts.
The impact of these confinements alters the entire motility of cancer cells. Moreover,
the location of cell surface receptors within the membrane and their anchoring to the
cell’s actomyosin cytoskeleton affects cellular mechanical properties such as
membrane fluctuations. Although the actin polymerization or myosin II activity
individually increases fluctuations, the cortex in unperturbed cells stretches out the
cell membrane and thereby dampens membrane fluctuations. When these
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fluctuations are fitted with common models, the dampening of these fluctuations is
provided by the spatial confinement of the cell’s cortex. However, decreased
fluctuations during mitosis or upon ATP-depletion/stabilization of actomyosin
cortex are associated with elevated surface tension. Fluctuation maps of the cell
membrane and also local temporal autocorrelation functions both reveal ATP-
dependent transient short-range (less than 2 μm) heterogeneities. However, it is still
elusive what role these fluctuation heterogeneities play during the malignant
progression of cancer.

5.1 Surface tension
During animal morphogenesis, large-scale cellular movements occur, which lead to
the rearrangement, mutual spreading and compartmentalization of cell populations
in specific structural arrangements. The morphogenetic cell rearrangements, includ-
ing cell sorting and mutual tissue spreading, have been compared with the behavior
of other soft matter, such as immiscible liquids, which turned out to be very similar.
Based on this strong similarity, it has been suggested that entire tissues act as liquids
and are characterized by a specific surface tension, which is a collective, macroscopic
property of groups of mobile, cohering (connected) cells (figure 5.1). How can tissues
generate surface tension? Several different theories have been formulated to explain
how mesoscopic cell properties such as cell–cell adhesion and the contractility of cell
interfaces may regulate surface tension of tissues. It has been proposed that cell–cell
adhesion and cellular contractility contribute to tissue surface tension, but there is
not yet a model that describes and predicts the dependence of tissue surface tension
on these two mesoscopic parameters. However, there is an approach that shows that
the ratio of adhesion to cortical tension regulates the amount of tissue surface

Figure 5.1. Cell surface receptor and cell surface tension. The scanning electron microscopic images of 786-O
human kidney cancer cells shows the membrane receptors and proteins as dot-like structures on the curved and
hence tensioned membrane surface.
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tension. This approach seems to be based on a minimal model that relies on the
regulatory feedback between mechanical energy and geometry and predicts the
shapes of aggregate surface cells. In addition, this model has been experimentally
verified. In particular, this model indicates that there is a crossover from adhesion-
driven to cortical-tension-driven behavior as a function of the ratio between these
two influencing factors. Moreover, the increased surface tension is correlated with
decreased fluctuations on ATP-depletion/stabilization of cortex (Biswas et al 2017).
In particular, ATP-dependent cellular activities increase the nanoscale z-fluctuations
of the cell membrane, whereas the membrane is stretched out laterally, which in turn
alters the surface tension.

Cell membrane deformations can affect multiple cellular functions such as
motility, cell division, vesicle trafficking and mechano-response (Zimmerberg and
Kozlov 2006, McMahon and Gallop 2005). Fluctuation spectra of deformations can
capture parameters that are responsible for the deformability of the cell membrane.
Moreover, fluctuations are based on the viscoelastic properties of the membrane and
they require thermal energy and ATP-driven processes. The temporal range of
fluctuations is broad, as slow (10 s) actin waves can drive large wavelength
fluctuations (100 nm–10 mm) at cell’s edges and the basal membrane (Giannone
et al 2004, Doebereiner et al 2006, Chen et al 2009). In addition, they are
accompanied by fluctuations with smaller amplitudes (5–50 nm) that are usually
prominently observed at the basal membrane (Pierres et al 2008, Monzel et al 2015,
Cardoso Dos Santos et al 2016) and are mainly based on thermal alterations.
Although larger amplitudes of these fluctuations are required in cell spreading and
motility (Giannone et al 2004, Doebereiner et al 2006, Dubin-Thaler et al 2004),
thermal fluctuations with amplitudes less than 10 nm can affect the spatial
organization of molecules on membranes, which causes the assembly of nano-
domains or the formation of invaginations (Pezeshkian et al 2017, Fenz et al 2017).

In addition to cell edges, fluctuations within the other regions in the basal
membrane of nucleated adherent cells have been well investigated (Pierres et al 2008,
Monzel et al 2015, Cardoso Dos Santos et al 2016, Tarantola et al 2011, Lo et al
1993). There exists a broad variety of imaging techniques assessing the fluctuations
of the basal membrane, which turns out to be an ideal platform to analyze the
mechanical properties and functional implications of these shorter fluctuations. In
particular, the dynamics of the basal membrane can be determined due to the height
of the fluctuations (distance from the substrate in the z-direction) (Monzel and
Sengupta 2016). It has been found that the amplitudes can be tens of nanometers and
these fluctuations are altered by ATP-depletion and perturbations of the cytoske-
leton (Pierres et al 2008, Monzel et al 2015, Cardoso Dos Santos et al 2016,
Tarantola et al 2011, Lo et al 1993). A weakness of these studies is that they have
either explored the power spectral density of fluctuations within cell monolayers
with no spatial resolution (Tarantola et al 2011, Lo et al 1993) or have been focused
on solely temporal (Monzel et al 2015) or spatial (Cardoso Dos Santos et al 2016)
aspects in single cells, whereas they rarely combine temporal and spatial effects for a
broad range of time- or length-scales (Chen et al 2009, Pierres et al 2008). Indeed, the
combination of both seems to be highly recommended, as has been demonstrated in
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red blood cells for the discrimination of nonthermal from thermal fluctuations (Park
et al 2010, Rodríguez-García et al 2015). In order to understand the spatial
regulation of lipid/protein organization by fluctuations, their spatial heterogeneities
cannot be simply ignored.

At the basal membrane of nucleated adherent cells, ATP-dependent processes
increase the amplitude of fluctuations and the distributions are then non-Gaussian
(Monzel et al 2015). However, how ATP-dependent cellular processes alter the
fluctuation distribution and the heterogeneity of fluctuations is yet to be clearly
revealed and remains to be established. Moreover, the impact of the actomyosin
network on the spatio-temporal regulation of the fluctuations also remains unclear,
as two reports presented opposite effects of ATP such as an increase (Pierres et al
2008) or a decrease of the fluctuations (Tarantola et al 2011). Unlike the spectrin
network of red blood cells, actin cytoskeletal structures within the cytoplasm of a
single nucleated adherent cell builds heterogeneous patterns (the cytoskeletal
architecture), which alter the height profile (termed undulations) of the cell
membrane (Bereiter-Hahn et al 1979). How does the actomyosin cortex, including
the actin polymerization and myosin II motor activity, regulate the distribution of
the membrane fluctuations and their heterogeneities? In order to reveal the effect
of the cortex on fluctuations, the spatial distribution of the membrane fluctuations
need to be varied through changes of the actomyosin cortex and its mechanical
properties, which then need to be analyzed simultaneously. Using total internal
reflection fluorescence (TIRF), these issues have been investigated in HeLa, Chinese
hamster ovary cells CHO (epithelial), and C2C12 (myoblast) cells (Biswas et al
2017). The noninvasive imaging technique, termed interference reflection micro-
scopy (IRM) (Abercrombie and Dunn 1975, Curtis 1964, Godwin et al 1989,
Raedler and Sackmann 1993, Limozin and Sengupta 2009), can be adapted to
measure the spatio-temporal parameters of membrane z-fluctuations at high z-
resolution, whereas the xy-resolution is limited by diffraction. In particular, the
depth of the fluctuation analysis is limited to 100 nm in the z-direction. Using
pharmacological drug-based perturbations of the ATP-driven processes and the
actomyosin cortex, their impact on the fluctuations can be investigated and
subsequently the temporal spectra can be related to existing theoretical models.

The role of tissue surface tension needs to be revealed, as tissue surface tension is
assumed to act as a driving force for many biological processes. Knowing its cellular
origins can help to manipulate the tissue organization using distinct drug treatments.
Indeed, it is well established that many tissues act similarly to liquids over long
timescales. Cell tracking in vivo and in vitro has revealed large-scale flows, exchange
of nearest neighbors in a cellular aggregate and rounding-up as well as fusion of cell
aggregates (Schoetz 2008). Surface tension is a macroscopic rheological property
and thus can be determined by a tissue surface tensiometer (TST) (Schoetz 2008,
Foty et al 1994, 1996, Forgacs et al 1998, Schoetz et al 2008, Mgharbel et al 2009,
Norotte et al 2008, Davis et al 1997) or by the classical biophysical micropipette
aspiration technique (Guevorkian et al 2010). In particular, the surface tension may
be the driving factor for tissue self-organization in embryogenesis (Davis et al 1997,
Armstrong 1989, Holtfreter 1944, Steinberg 1996) and cancer (Foty et al 1998, Foty
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and Steinberg 1997). In line with this, the special manner of cell sorting within tissues
and tissue spreading can be indeed explained in terms of tissue surface tensions,
which can be altered between different cell types (Schoetz 2008, Foty et al 1986,
Forgacs et al 1998, Schoetz et al 2008, Davis et al 1997, Duguay et al 2003, Borghi
and Nelson 2009).

Over the last three decades, there have been only two prominent opposing
theories describing the mesoscopic origin of tissue surface tension. One theory, the
differential adhesion hypothesis (DAH), predicts that, similar to ordinary fluids,
tissue surface tension is proportional to the intensity of the adhesive energy between
the constituent cells. The constituent cells are treated as simple point objects. The
DAH explains the motility of cells during tissue morphogenesis using thermody-
namic principles. The theory treats tissues as liquids consisting of migrating cells
with different amounts of surface tension. In order to minimize their interfacial free
energy, the cells assemble spontaneously into aggregates, leading finally to tissue
reorganization. According to the DAH theory, during tissue morphogenesis, the
migrating cells displayed a very similar behavior to a mixture of different liquids.
The theory was originally primarily developed to understand cell-sorting behavior in
the embryos of vertebrates, but it can also be applied to other morphogenetic
phenomena, for example those occurring during the malignant progression of
cancer, such as metastasis, epithelial-to-mesenchymal transition and wound-healing
processes. In particular, the DAH relies on quantitative differences in the strength of
cell surface adhesion.

The DAH has proven successful in numerous studies with different cell lines
(Foty et al 1984, 1986, Forgacs et al 1998, Schoetz et al 2008, Duguay et al 2003),
malignant tissues (Foty et al 1998, Foty and Steinberg 1997) and embryonic tissues
(Schoetz 2008, Schoetz et al 2008, Davis et al 1997, Borghi and Nelson 2009) and
hence is widely accepted in the field of biophysical research (Steinberg 1996, Lecuit
and Lenne 2007). In addition, it has been experimentally verified that there is a linear
relationship between the expression of adhesion molecules on the cell surface and the
levels of tissue surface tension (Foty and Steinberg 2005).

However, experimental data obtained with AFM (Krieg et al 2008) and TST
(Manning et al 2010) postulate a dependence of the surface tension on activity of the
actomyosin cytoskeleton in the cell, supporting an alternative theory to DAH in
which cortical tension in individual cells is supposed to be the important factor for
providing the surface tension of tissues. This second hypothesis on the origin of
tissue surface tension is termed the differential interfacial tension hypothesis
(DITH), and it was formulated by Harris (1976), Brodland (2003) and Graner
(1993). In particular, the DITH relates tissue surface tension to the tension along
individual cellular interfaces. The DITH theories are appealing, as they recognize, in
contrast to the DAH theory, that individual cells cannot be treated as point objects.
Thus, a cell’s mechanical energy alterations due to its shape and cortical tension
obviously play a role in this energy balance.

It has been reported that interfacial tensions arise from a balance of adhesion,
cortical tension and cortical elasticity (Lecuit and Lenne 2007, Krieg et al 2008,
Farhadifar et al 2007, Paluch and Heisenberg 2009). However, the exact nature of
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this interplay is still elusive. A model has been developed that specifies a relationship
between surface tension and the ratio of adhesion to cortical tension; this needs to be
experimentally verified. With the DITH model, it can be explained why the ‘simple’
DAH is still so successful, although it is now replaced by other models. In addition,
the DITH model predicts regimes where the DAH breaks down and shows that
alterations in tissue surface tension are accompanied by alterations in the shapes of
surface cells as a function of the ratio between adhesion and cortical tension. One of
two main implications is that when γ/β < 2, surface cells do not stretch out and the
DAH is essentially correct. Indeed, surface cells form fewer focal adhesions
compared to interior cells and this effect is the primary contribution to the surface
tension (similar to fluids). Although cells alter their shapes, the surface tension varies
nearly linearly with the effective adhesion. Thus, adhesion in the DAH must
correspond to the net energetic contribution of contacting surfaces, which depends
on the free energy of cadherin binding complexes and local alterations to the cortical
tension caused by these bonds. Taken together, the balance between the cortical
tension based on the actomyosin cytoskeleton and cell adhesion seems to be crucial
for determining surface cell morphologies.

The second implication is that the analogy with fluids is no longer applicable
when surface cells stretch to form additional nearest-neighbor contacts. In contrast
to fluids, if the surface cells (outermost cells) stretch to have the same net contact
perimeter compared to cells in the bulk, there is no adhesive contribution to the
surface tension and the DAH must fail. However, this observation does not depend
on a theoretical model. In particular, it has been shown that in high-adhesion
zebrafish aggregates, surface cells possess a precisely defined, reproducible cross-
sectional area that is significantly larger than the cross-sectional area of bulk cells. In
more detail, this areal fraction is consistent with the assumption that surface cells
provide the same surface area of contact when they are located in the bulk. Thus, the
surface tension of these aggregates seems not to be strongly dependent on the cell
adhesion.

In particular, the observation that stretched surface cells exist leads to the
consideration of cadherin diffusion and its impact on surface tension. In another
model, the adhesive energy density is considered to be constant along contacting
interfaces and thus in stretched cells cadherin molecules need to diffuse to the much
larger contact interface to maintain the same cadherin density. However, in compact
surface cells cadherins are not recruited additionally to the contact interface by
inducing their migration. Thismay be a good first approximation because there are no
excess cadherins to bind with on the surface of the bulk cells and hence compact cells
can obtain no additional energy from such a receptor migration. Indeed, hetero-
geneities in cadherin density could lead to unique minimum energy cell shapes.
However, these interactions have not yet been investigated and hence are still elusive.

The theoretical model
A minimal mechanical model has been developed that is based on two experimental
systems: (i) zebrafish embryonic tissues and (ii) a P-cadherin-transfected L-cell line
(LP2). A confocal section of a zebrafish aggregate shows that cells in the bulk are
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roughly polyhedral with sharp corners, display an aspect ratio of unity and no
obvious polarization. The rate of cell divisions in zebrafish aggregates is low and
cells within a single tissue type have approximately the same size. The model hence
enforces a constant volume for individual cells of V = 1 and all cell volumes are
normalized by the average volume of a single cell (Manning et al 2010).

As the goal is to understand the collective behavior of cell populations, one can
focus on the coarse-grained mechanical properties of individual cells, such as cortical
tension and adhesion. As in other cell models (Simons and Ikonen 1997, Bouchaud
and Georges 1990, Ghosh 1991), the energy is associated with cell–cell contacts,
where the energy is proportional to the surface area of contact between cells: Wad =
(Γ/2)PC, where PC is the surface area (perimeter in 2D) in contact with other cells
and Γ is the free energy per unit surface area for cadherin (adhesive) bonds.

Moreover, the response of single cells to low-frequency pressures and forces may
be characterized by a cortical tension (Simons 1997, Ghosh 1991, Slattery 1995):
Wcort = βPT, where PT is the total surface area of a cell and β is the aggregate surface
tension. Indeed, feedbacks between the adhesion molecule and cytoskeletal dynam-
ics are abundant, which indicates that the cortical tension along contacting
interfaces (βC) may be different than that along non-contacting interfaces (βNC).
As the cortical-tension energy and adhesive energy both scale linearly with the
surface area, feedback can be adjusted in a simple manner. In more detail, the term
β = βNC is the cortical tension of a cell in the absence of any cell–cell adhesions,
which is the quantity that is measured in single-cell pipette aspiration experiments
(Slattery 1995). The effective adhesion γ represents the total energetic contribution of
contacting surfaces. In particular, this is defined as the difference between the free
energy of the adhesive bonds per unit area (Γ) and local alterations of the cortical
tension near an interface 2(βC − βNC). Moreover, the coarse-grained mechanical
energy for each cell in an aggregate is given by equation (5.1):

β γ β= − + =W P P V( /2) 1, (5.1)cell C NC

where PNC = PT − PC is the surface area of the non-contacting interface.
Furthermore, β − γ/2 is half the interfacial tension of cell–cell adhesion and β is
the interfacial tension of cell–culture medium interfaces. It has been found that cells
in the interior of aggregates exhibit polyhedral shapes with sharp corners. This
means that when γ/β < 2, the cortical elasticity only contributes less to the energy
on the relevant long timescales over which the surface tension is a meaningful
quantity (Manning et al 2010). Thus equation (5.1) omits elastic terms and is valid
when γ/β < 2.

Previous methods for approximating tissue surface tension assumed that individ-
ual cells do not alter their individual shapes. When the shapes are unaltered, the
surface tension is the difference between the interfacial tensions of cell–cell and cell–
culture medium interfaces (Simson et al 1998, Ghosh 1991). However, confocal
images of the equatorial plane of spherical zebrafish aggregates indicate that the
surface cell shape depends on the tissue surface tension. Moreover, there seems to be
an interplay between the mechanical energy and geometry, which cannot be ignored.
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Thus, the strategy will be to find cellular shapes and configurations that locally
minimize the mechanical energy and then calculate the surface tension of those
configurations.

When an aggregate of cells is compressed, the surface area of the aggregate
increases and the cells, which were formerly located in the bulk, are then exposed to
the surface. Thus, in an exact analogy with fluids, the response of the tissue to
alterations in surface area is the difference in energy ΔW between a cell in the bulk
and a cell on the surface multiplied by the number of cells per unit area (or length in
2D) at the surface. The number of cells per unit area is equal to unity divided by the
projected area Aproj (or projected length in 2D) of a single cell onto the surface of the
aggregate:

σ = −W W A( )/ , (5.2)surf bulk proj

where σ is the surface tension.
This quantity is difficult to calculate for large aggregates, as the total energy

depends on the precise geometry of each individual cell, which is in force balance
with other cells under the constant volume constraint. However, this can be solved
for an ordered 2D system.

Active processes enable the cells to exchange neighbors and explore many
possible configurations, indicating that they are not confined to the global minimum
energy configuration. In contrast, the collection of cells explores a large number of
local minima and these configurations are disordered, such as the typical config-
urations of a fluid or a jammed granular material. Numerical simulations have
revealed that the surface tension for 2D disordered aggregates is related in a simple
manner to ordered structures.

Indeed, two minimal structures generated by this procedure have been found
(Feder et al 1996). For small values of γ/β, surface cells are rounded, as they
minimize their total perimeter at the expense of cell–cell contacts, whereas for large
values of γ/β the cells are flat, as they tend to maximize neighbor cell–cell adhesions.

Because the surface tension is a change in energy divided by a projected length,
both of these quantities are calculated for individual cells in each numerical
simulation. Indeed, the projected length, which corresponds to the macroscopic
perimeter of the entire aggregate, is the only quantity altered by the disorder in the
limit of small γ/β. The total area cannot change, as the number of cells within a fixed
area is constant. The macroscopic shape of a 2D hexagonal ordered crystal has
hexagonal symmetry, whereas the disordered structure is spherically symmetric,
suggesting that the macroscopic perimeter is altered similar to the ratio of the
perimeter of a hexagon to a circle of the same area: σdisorder = 1.05σorder.

Indeed, there is excellent agreement at small values of γ/β and systematic deviations
at large values of γ/β can be explained easily. The geometry serves as a major
constraint on the macroscopic surface tension when γ = 2β. In more detail, as γ
approaches 2β, the tension along cell–cell interfaces approach zero and the force
balance requires that even the cell–culture medium interface is flat. Under these
conditions, the macroscopic surface tension is identical to the cortical tension at γ = 2β.
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LP2 and zebrafish cell-shape alterations
This prediction of surface cell-shape alterations can be investigated experimentally
in LP2 cells by applying actin-depolymerizing drugs such as cytochalasin D and
latrunculin A to the cell aggregates and determining their surface tension using a
TST and imaging the aggregates with a scanning electron microscope (SEM). The
control aggregate has a relatively high surface tension of 3.16 erg cm−2 (work per
area). In particular, the cells on the surface of this aggregate are so flat that they
cannot be distinguished from each other and the model predicts that the ratio of
adhesion to cortical tension is high (Manning et al 2010). As expected, cell
aggregates treated with actin-depolymerizing drugs showed reduced cortical tension
and cell–cell adhesion as the actin anchor of cadherin bonds is weakened. Thus, the
macroscopic surface tension is pronouncedly lower. In addition, it is important to
note that the effect of actin-depolymerizing drugs on tissue surface tension is
reversible and that rounded surface cells are still viable cells.

Confocal images of zebrafish surface cells indicate that this shape alteration is
more substantial than going from round to flat. Although this model suggests that
structures with nstretch = 1 are the minimum energy states, aggregates with high
surface tension often contain surface cells that stretch over multiple bulk cells. In
more detail, these stretched surface cells, however, do not express epithelial markers
on their cell surface, they instead express the same tissue-type-specific markers as
bulk cells (Jovin and Vaz 1989). In addition, they are also indistinguishable from
bulk cells in their behavior, as stretched surface cells become intermixed with bulk
cells during aggregate fusion (Jovin and Vaz 1989) and the surface cells continue to
diffuse in and out of the surface layer. Based on these observations, the model will be
improved in order to account for these stretched cells and thus investigate the
phenomenon quantitatively in control experiments (Manning et al 2010).

Modeling of stretched cell shapes
When the adhesion is larger than the cortical tension, the mechanical model equation
(5.1) predicts that cells will begin to spread out because the line tension is negative, dW/
dP = −γ/2 + β < 0, thus cells will continue to increase their perimeter without limit.
However, this perimeter increase cannot continue until infinity, as other mechanical
forces may cause the cells to abolish their expansion (Manning et al 2010).

What additional restoring force explains the experimental findings? Adhesion
molecule regulation generates a plausible restoring force. In more detail, the amount
of energy a single cell can obtain by increasing its perimeter seems to be restricted by
the number of cadherins on its cell surface, which is in turn regulated. Although the
exact form of regulation is still elusive, its energetic contribution can be expanded as
a Taylor series in the difference between the actual adhesive energy and the adhesive
energy of a cell with the preferred (optimal) number of cadherins. Keeping to
second-order terms, this adds a term αP2

C to equation (5.1). Another possible
restoring force is the elasticity, which is generated by a denser cortical network
underneath the cell–cell interfaces. In line with this, it would also add a term
proportional to P2

C (Sheets et al 1997, Edidin 1997). The analysis does not depend
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on the mechanistic origin of these forces, but requires that the first higher-order term
is of the form P2

C:

β γ α β= − + + =W P P P V( /2) 1 (5.3)cell C C
2

NC

The lowest energy states corresponding to this energy are functionally compli-
cated, because the P2

C introduces a length-scale that is not necessarily the same as
the length-scale introduced by the incompressibility constraint. For instance, in 2D
the smallest perimeter structure is hexagonal, whereas the preferred perimeter
introduced by the second-order term does not need to be a hexagon. However, in
agreement with experimental observations, a simple assumption is that both length-
scales are the same and therefore α increases linearly from zero with γ/β for γ/β > 2
(Manning et al 2010). In the next step, the surface cells stretch to reach the same
contact area as cells in the bulk and thus the ‘covering ratio’ for ordered 2D packings
can be calculated. Each bulk cell contacts a surface cell over a length 1/6L and hence
a surface cell covers approximately three bulk cells, as the upper surface is exposed
towards the surrounding medium. The calculation for the 3D microenvironment is
similar and the projected area of surface cells is 3.7 times greater than for bulk cells.

Zebrafish tissue surface cells
The covering ratio for the stretched surface cells has been determined in disordered
3D zebrafish ectoderm aggregates. After analysis of hand-segmented confocal slices
in order to determine an estimate of the projected areas of each cell, the first result is
that stretched surface cells possess a preferred size that is reproducible from
aggregate to aggregate and there is a pronounced difference between surface cells
and bulk cells. Indeed, the projected areas for the surface cells are much larger than
for the bulk cells, as the ratio between the projected areas is 3.7 ± 0.4, which is in line
with the theoretical prediction of 3.7 (Manning et al 2010). However, this stretching
effect is not due to an increase in the volume of surface cells, as using Vcell ~ Aproj h

(where h is the distance between the cell’s top and bottom), it has been found that
bulk cells span on average eight to nine z-direction slices and surface cells span only
over three slices, and hence the Aproj for surface cells is about three times larger than
for bulk cells.

What are the theoretical predictions for the surface tension in this case? In
particular, a specific value for α is used to adapt the contact length for bulk and
surface cells to equal the values and calculate the surface tension of ordered 2D
aggregates for a wide range of values of γ/β and nstretch. As expected, the
experimentally observed surface tension and surface cell shape will correspond to
the minimum solution at each value of γ/β. In more detail, for γ/β < 2 the compact
surface cell shapes are optimal, whereas for γ/β > 2 the surface cells stretch across
three interior bulk cells. The surface tension exhibits a crossover at γ/β ~ 2 from
adhesion-dominated behavior (according to DAH) to a dependence on cortical
tension and other mechanical effects.

Can the stretched surface cell states be explained by a minimal model? In a regime
where the adhesion is stronger than the cortical tension, stretched surface cells have
been shown to be the minimum energy structures as long as there is still a restoring

Physics of Cancer, Volume 1 (Second Edition)

5-10



force regulating the areas of cells in contact. However, there seem to be at least two
plausible mechanisms for such a restoring force, such as (i) the adhesion molecule
regulation and (ii) the elasticity of the cortical network. But these assumptions have
not been directly confirmed experimentally. In addition, when calculating the
surface tension, a particular value for the magnitude of this restoring force (α) is
chosen, which is based on the assumption that the contact area preferred by the
restoring force is the same area as that for bulk cells with sharp corners. When this
assumption is relaxed, the surface tension will still exhibit a crossover (γ/β
approximately 2), however, the exact nature of the crossover will then be altered.
In a future experiment, both the existence and the magnitude of the restoring force
can be investigated by using laser ablation in order to destroy individual cell–cell
interfaces in low- and high-adhesion aggregates and analyzing the structural
relaxation. It has been proposed that the anisotropy of the network response and
the magnitude of the structural relaxation can be used to extract the relative
magnitudes of cortical elasticity compared to interfacial tension (Farhadifar et al
2007).

Using a model that includes only adhesion and cortical tension (see equation
(5.1)), stretched surface cells are not the minimal energy structures. Despite this, as
γ/β approaches two, the energies of stretched states become closer to that for the
unstretched states and active processes would then allow surface cells to explore
these so-called metastable configurations. However, these metastable stretched
states are supposed to have a wide range of projected areas, which are weighted
towards smaller area ratios, as these possess lower energy. The fact that the zebrafish
surface cells have a specific, reproducible area fraction, which is significantly larger
than unity, indicates that these structures are not metastable, whereas they still
display a preferred contact area with other neighboring cells as predicted by the
model (see equation (5.3)).

In order to fully interpret the available experimental data with this model, the
magnitude of the adhesive tension should be compared to that of the cortical tension
in individual cells. However, the net effect of adhesive contacts on interfacial tension
(which is denoted γ) depends on both the free energy of adhesive molecule bonds and
the alterations to the cortical tension along the contacting interface. Thus, it is
difficult to determine how alterations in the expression levels or the activity of
cadherins, actin or myosin affect γ. Surface tension has been reported to increase
linearly with the numbers of surface cadherins (Foty and Steinberg 2005), which is in
agreement with the DAH and this novel model, when γ/β increases linearly with the
number of cadherins. However, because the interaction between actin and cadherin-
facilitated adhesion is a highly dynamic process, which is regulated by α-catenin
(Drees et al 2005), it seems possible that elevated cadherin expression significantly
increases cortical tension and γ/β remains unknown. In line with this, when the
surface tension is decreased by cytoskeletal drugs, both cortical tension and adhesive
energy are reduced, as the cadherin bonds are stabilized by the cortical network
(Imamura et al 1999, McClay et al 1981, Chu et al 2004). At least one attempt to
dissect the connection of cortical tension and adhesion of individual cells has been
reported, using AFM measurements (Krieg et al 2008). Although in principle AFM
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is a suitable technique for those measurements, the thermal drift remains a technical
challenge that still prevents the required long timescale measurements. Indeed, the
results are on timescales of seconds and thus are too short to be relevant for the
interpretation of tissue surface tension, which unfortunately becomes valid only for
long timescales on the order of tens of minutes (Krieg et al 2008). At these short
timescales (of seconds), the actin cytoskeleton cannot remodel (Adams et al 1996,
Angres et al 1996) and thus the AFM probes the cytoskeleton elasticity and not
exclusively the cortical tension. In addition, cadherin bonds strengthen pronoun-
cedly over time after initiation, thus the adhesion dynamics over long timescales are
substantially different from those on short timescales (Borghi and Nelson 2009,
Imamura et al 1991, McClay et al 1981). Taken together, the latter seems to be a
major obstacle for measuring cortical tension.

To solve this problem, a set of experiments able to evaluate the cortical-tension β
and the effective adhesion γ is presented. One possible approach for measuring the
cortical tension is the micropipette aspiration technique (Evans and Yeung 1989,
Chu et al 2004). However, in the near future it seems it will be possible to reduce
AFM drift to perform single-cell AFM experiments on the relevant long timescales,
hence enabling the measurement of repulsive force generated by the pure cortical
tension. The determination of the effective adhesion γ is more difficult. A semi-
quantitative approach for investigating the effect of γ/β would be the use of cell lines
that are engineered to express a controlled number of fluorescently labeled adhesion
molecules, actin, myosin and actin-associated proteins as performed previously for
Madin–Darby canine kidney cells (Yamada and Nelson 2007). Tissue surface
tension and surface cell geometries can then be calculated as a function of the ratio
of the densities of these molecules and used to investigate the predicted crossover in
surface cell shapes and energy contributions at γ/β = 2 in this novel model. Another
point is that laser ablation experiments can be used to estimate the interfacial tension
along cell–cell interfaces (Farhadifar et al 2007). Moreover, it would be interesting
to adapt the shape–energy, which is functionally given by equation (5.1), to a Monte
Carlo or cellular Potts model (Graner and Glazier 1992, Mombach et al 1995)
approach with activated dynamics and compare simulated cell sorting based on this
interaction potential with the experimentally available data. However, these
approaches will need to be confirmed by future studies and for the present model
it is suggested that surface cell shapes can be used to estimate the ratio between
adhesion and cortical tension in an experimental aggregate.

Disordered cellular structures have been detected in many problems in physics
and biology. The fact that an analytic expression for their surface energy can be
calculated is unexpected, but highly useful. For instance, equation (5.1) with γ = β
describes a dry foam and thus this method can be used to calculate the surface
energies of finite 2D foams as a function of the cluster size. An extension of this work
also predicts how cells in the bulk alter their shape from spheres, when there is no
adhesion, to polyhedra with sharp corners, when the adhesion is high.

Thus, a minimal model has been developed that relates tissue surface tension to
the mechanical properties of the individual cells, such as cortical tension, cell–cell
adhesion and incompressibility. In addition, this model predicts how a crossover
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from the DAH to significant cortical-tension dependence may occur, which is an
important consideration when designing and developing novel drugs to modulate
the mechanical behavior of cells. Both the DAH and the DITH have been developed
in order to explain cell-sorting experiments in vitro. Integrating both surface-tension-
based hypotheses into a single framework, the model then predicts not only that cells
sort out according to the surface tension of their aggregates, but also that this surface
tension exhibits a crossover from a regime where intercellular adhesion is dominant,
to another regime, where cortical tension is dominant.

Osmotic stress evokes one of the most fundamental challenges to living cells. In
particular, the largely inextensible cell membrane of eukaryotic cells can easily
rupture under in-plane tension, searching for sophisticated strategies to respond
immediately to osmotic stress. How do epithelial cells react and adapt mechanically
to the exposure to hypotonic and hypertonic solutions in the context of a confluent
monolayer? In order to answer this question, site-specific indentation experiments in
conjunction with tether pulling on individual cells have been performed with an
AFM to reveal the spatio-temporal alterations in membrane tension and surface
area. It has been observed that cells compensate for an increase in lateral tension due
to hypo-osmotic stress by sacrificing excess of membrane area, which is stored in
protrusions and invaginations such as microvilli and caveolae. At mild hypotonic
conditions lateral tension increases and is hence partly compensated for by surface
regulation, for example, the cell sacrifices some of its membrane reservoirs. A loss of
membrane–actin anchors occurs upon exposure to stronger hypotonic solutions,
giving rise to a drop in lateral tension. A tension release recovers on longer
timescales by an increasing endocytosis, which efficiently removes excess membrane
from the apical side to restore the initial pre-stress. Hypertonic solutions lead to the
shrinkage of cells and a collapse of the apical membrane onto the actomyosin cortex.
In addition, exposure to distilled water leads to stiffening of cells due to removal of
excess surface area and tension increase, which is caused by elevated osmotic
pressure across the cell membrane.

The plasma membrane of cells is a highly dynamic and strongly regulated 2D
liquid crystal. Many cellular processes, such as endo- and exocytosis (Dai et al 1997,
Apodaca 2002), cell migration (Sheetz and Dai 1996), cell spreading (Gauthier et al
2011, Raucher and Sheetz 2000) and mitosis (Raucher and Sheetz 1999, Chugh et al
2017), are regulated by an intrinsic feature of the cell membrane and in particular by
the membrane tension. The cell membrane tension encompasses the in-plane tension
of the lipid bilayer and the membrane–cytoskeleton adhesion, which is actively
regulated by the contractile actomyosin cortex (figure 5.2) (Dai and Sheetz 1999).
The interplay between the cell membrane and its actin cortex enables cells to
withstand mechanical alterations from the microenvironment. Due to the fact that
cell membranes are thin and fragile structures, sophisticated feedback mechanisms
based on tension homeostasis are required to maintain an intact cellular shell. For
instance, osmotic stress is a physiologically relevant mechanical stimulus, as animal
cells have to withstand substantial fluctuations in the osmolarity of external fluids,
which leads to a considerable pressure difference between the cytosol and the
microenvironment. Osmotic pressure forces the cell to adapt quickly in order to
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avoid damage to the largely inextensible cell membrane. When cells are exposed to a
hypo-osmotic solution, they increase their volume due to the influx of water and
hence they extend their projected surface area. Animal cells have been reported to
increase their surface area by a factor of three and ten times their volume, depending
on the particular cell type (Groulx et al 2006). As membranes cannot bear large
strains (3–4%), they require regulatory processes to maintain the overall cell
membrane tension below the lysis tension. More specifically, tension-driven surface
area regulation is necessary to accommodate alterations in tension. In particular,
high tension can be buffered through an excess of membrane area, whereas a
decrease in membrane area is triggered when the tension decreases (Morris and
Homann 2001). In order to provide sufficient membrane area, the cells store excess
membrane in reservoirs such as microvilli and caveolae, which can vastly unfold and
hence buffer membrane tension. Indeed, it has been shown that caveolae can serve as
membrane reservoirs to compensate for an increase in membrane tension, which has
been induced by swelling (Kozera et al 2009).

However, a comprehensive picture of membrane homeostasis is still missing, as it
is difficult to measure surface area and tension at the same time in order to analyze
the regulative relationship between the two parameters. To solve this, a unique
combination of site-specific indentation followed by tether pulling has been
combined to acquire the tension and excess area of the apical side of epithelial
cells, which can be spatio-temporally resolved. Indeed, polar epithelial cells such
as intestine- or kidney-derived epithelial cells are suitable for investigating the
impact of microenvironmental physicochemical stimuli on alterations in membrane
tension, as they frequently face alterations in the chemical potential. In particular,
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Figure 5.2. Cell surface tension and cortical actin.
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Madin–Darby canine kidney cells II (MDCK II) are grown to confluence and
challenged by different osmotic solutions to determine the mechanical response of
the cell membrane with respect to tension-buffering membrane reservoirs. Thus,
indentation experiments, which are analyzed with an extended liquid droplet model
for adherent cells, have been performed with an AFM to simultaneously assess local
alterations in the membrane tension, the time and the location to monitor the excess
membrane area as a function of osmotic pressure. The latter task is performed by
measuring the apparent area modulus of the cell membrane mirroring the amount of
stored excess membrane area. In conjunction with membrane-tether-pulling experi-
ments, which represent an independent mechanical approach, it has been shown how
epithelial cells adjust their surface area in response to tension alterations. In
addition, morphological alterations due to cell swelling and shrinking have been
observed, showing distinct alterations in tension-buffering membrane reservoirs
such as microvilli. Moreover, it has been found that MDCK II cells use their
microvilli to generate excess membrane that is readily consumed to accommodate
increasing tension. The lysis of the cell membrane is prevented through loosening the
membrane–actin connections and sacrificing membrane reservoirs. However, expo-
sure of the cells to distilled water exhausts all existing reservoirs and consequently
leads to cell lysis and death. The long-term observation of tension and surface area
reveals that membrane tension largely recovers at the expense of membrane area
taken up through an increased endocytosis rate.

5.2 The mobility of surface receptors
It has been revealed from fluorescence recovery after photobleaching (FRAP)
experiments that the mobility of most cell surface receptors is much smaller than
expected for a free diffusion of proteins within a fluid lipid bilayer. In more detail,
single-particle tracking experiments have been performed to uncover the complexity
of the local constraints to free diffusion. Indeed, evidence has been obtained for
several different processes, such as domain-limited diffusion, temporary confinement
and anomalous diffusion. The type of motion of a given cell surface receptor will
pronouncedly influence the rate of any functional process, which requires movement
in the plane of the membrane. For instance, anomalous diffusion greatly reduces the
distance traveled by a receptor on a timescale of minutes.

The lateral movement of several membrane proteins is essential to their appro-
priate function. This may include the movement towards a specific site on the cell
membrane as in receptor-facilitated endocytosis or the formation of transient as well
as long-lived interactions between different cell surface receptors. Restrictions on
receptor movement, confining functionally related proteins to close proximity, are
necessary for their function and regulation (Mierke et al 2011a, 2011b). An under-
standing of the mobility of membrane proteins is essential for revealing the
mechanisms and especially the kinetics of several membrane-associated functions.

The lateral mobility of a wide variety of membrane proteins has been determined
by the method of FRAP (figure 5.3) (Jovin and Vas 1989, Peters 1991). Typically, a
small area (1–2 μm diameter) of fluorescent-labeled receptors is photobleached using
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a focused laser beam. The fluorescence in the bleached area is recorded and recovers
in a certain time interval due to diffusion of unbleached molecules into this area. The
recovery of the fluorescence is normally incomplete when measurements are
performed on the cell membrane of living cells. These experiments are usually
interpreted using two components. One fraction is immobile on the timescale of the
experiment and another is mobile, and this is characterized by a diffusion coefficient
smaller than that for the unconfined diffusion.

It has become possible to record the movements of individual cell surface
receptors using the technique of single-particle tracking (SPT) (Cherry 1992,
Sheets et al 1995, Saxton and Jacobson 1997). SPT involves the attachment of a
small particle (typically 11–40 nm in diameter) to the targeted protein. In more
detail, two types of particles have been used: fluorescent particles, which are imaged
by low-light-level fluorescence microscopy; and gold particles, which can be imaged
using differential interference contrast microscopy. The movement of proteins in the
cell membrane of living cells can be observed by tracking the individual particle
positions through a sequence of images. When the particles are well separated
compared with the resolution of the optical microscope, the positions of the particles
can be determined with high precision, hence the spatial resolution of SPT is
10–20 nm (compared with ∼1 μm in a FRAP experiment).

SPT measurements have been performed with a number of receptors on different
cell types. In particular, these experiments have revealed a considerable complexity
in the motion of individual molecules. The methods for analyzing SPT data mostly
depend on comparing movements over different timescales (Anderson et al 1992,
Saxton 1993, 1994, 1995, 1996, Kusumi et al 1993, Simson et al 1995): for random
diffusion, 〈r2〉/t is independent of time, where 〈r2〉 is the mean-square displacement
measured over a time interval t. In particular, an increase in 〈r2〉/t with time is
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Figure 5.3. Experimental setup of a typical FRAP experiment.
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indicative of directed motion, whereas a decrease corresponds to some form of
constrained diffusion. Individual tracks have to be carefully analyzed. Using Monte
Carlo simulations, it has been shown that random movements produce apparently
non-random behavior with high probability (Saxton 1993). Various statistical tests,
however, have revealed that non-random movements of membrane proteins occur
commonly. The statistical analysis can be applied to individual tracks when there is
a sufficiently large number of data points (Qian et al 1991), which ensures
classification into receptor subpopulations exhibiting random diffusion, constrained
diffusion, directed motion or immobility. As an alternative method, different
populations on the same cell type may be inferred from analysis of the experimental
probability distribution of particle displacements (Anderson et al 1992, Wilson et al
1996, Schutz et al 1997).

Constrained diffusion: domain-limited diffusion
The simplest conceptual model for constrained diffusion seems to be the domain
model (figure 5.4). According to this model, barriers to free diffusion split the cell
membrane into domains. In more detail, receptors undergo random diffusion within
a certain domain, with a diffusion coefficient similar to that of free diffusion in a
lipid bilayer. In particular, long-range diffusion occurs much more slowly and
depends on the rate at which receptors can hop or switch between special domains.
The first evidence for the existence of these domains was obtained from a FRAP
experiment in which the ‘immobile fraction’ was revealed to increase with increasing
size of the bleached spot (Yechiel and Edidin 1987). In line with this, SPT
experiments with gold-labeled transferrin receptors on normal rat kidney epithelial
cells (NRK cells) revealed trajectories, which visually give a strong impression of the
receptors hopping between different domains of a few hundred nanometers’
diameter (Sako and Kusumi 1994). Barriers that can build the walls of domains

Constrained diffusion

Lipid rafts

Figure 5.4. Constrained diffusion of molecules on the cell membrane.
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have been detected by experiments in which gold-labeled receptors are dragged
across the cell surface by laser tweezers (Edidin et al 1991, Sako and Kusumi 1995,
Sako et al 1998). In addition, SPT and laser tweezer experiments with E-cadherin
indicate that these molecules may be either corralled by the cytoskeleton or tethered
to it (Sako et al 1998).

Constrained diffusion: temporary confinement
The trajectories of both the neural cell adhesion molecule (NCAM) and the
T-lymphocyte differentiation marker Thy-1 have been analyzed using a temporary
confinement model (Simson et al 1995, 1998). In this model, molecules perform free
random diffusion, which is interspersed with periods of confinement within regions
of about 300 nm diameter. These regions seem to be similar to the domains proposed
by Sako and Kusumi (1994), but they are also explainable using a variety of other
mechanisms (Simson et al 1998). Thus, the temporary confinement domains may
consist of clusters of integral membrane proteins, between which the mobile protein
is entangled. In the case of the GPI-anchored receptor Thy-1, it has been suggested
(Sheets et al 1997) that transient confinement zones may be glycolipid-rich regions,
and these may correspond to the detergent-insoluble membrane fractions observed
in biochemical experiments (Simons and Ikonen 1997). In addition, the evidence for
lipid microdomains in cell membranes has previously been presented in another
study (Edidin 1997).

Constrained diffusion: anomalous diffusion
Alternatively, the constraineddiffusionmaybe interpreted using an anomalous diffusion
model. Studies of transport in disordered systems have revealed many examples where
anomalous diffusion occurs (Bouchaud and Georges 1990). In particular, anomalous
diffusion in cell membranes may result from obstacles and traps, such as binding sites
with a broad distribution of binding energies and escape times (Saxton 1996).

SPT measurements with fluorescent low-density lipoprotein (LDL) bound to
LDL receptors or via Fab to IgE receptors have been interpreted and confirmed
using an anomalous diffusion model (Ghosh 1991, Slattery 1995, Feder et al 1996).
Additional data for LDL receptors are indeed consistent with anomalous diffusion
(Anderson et al 1992). However, these experiments are difficult to perform as LDL
can bind non-specifically and this binding has to be eliminated (Goldstein and
Brown 1977). These findings suggest that specifically bound LDL may bind weakly
to other cellular components, such as the extracellular matrix, which then interferes
with the interpretation of the SPT data and hence complicates it pronouncedly.

Detailed studies of the mobility of MHC class I molecules have been performed
on HeLa cells (Smith et al 1998). In more detail, SPT studies were performed using R-
phycoerythrincoupledtoFabderivedfromamonoclonalantibodytoMHCclass I (Smith
et al 1998). However, this probe is the smallest (11 × 8 nm) used for SPT experiments
on cells and hence the non-specific binding is negligible, so that the risk of a perturbing
effectof theparticle isminimized.Anotheradvantageof thisprobe is that it ismonovalent,
as it is purified as a 1:1 complex of Fab and R-phycoerythrin. This circumvents
complications caused by cross-linking, which may occur with multivalent probes.
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A disadvantage of R-phycoerythrin is that it photobleaches rather readily, thus
limiting the number of images that can be obtained in an SPT experiment (Sako et al
1998). In experiments with HeLa cells, the time interval between images has been
varied from 4 to 60 s, hence data were obtained for time intervals from 4 s to 20 min.
The displacements r over a given time interval t were fitted to the probability
distribution:

= −P r dr r Dt r Dt dr( ) [ /2 ][exp( /4 )] . (5.4)2

In more detail, equation (5.4) assumes random diffusion and yields the diffusion
coefficient D. Determination of D over a range of times provides a prediction for
different types of motion (Saxton 1996). For normal diffusion, D is independent of
the time, whereas for anomalous diffusion D (strictly 〈r2〉/4t) decreases over all
times. For instance, the domain-hopping model predicts anomalous diffusion whilst
molecules are confined within a domain, followed by a crossover to normal diffusion
as long-range motion becomes limited by the rate of hopping between domains.
However, when a population of molecules performs directed motion, the histogram
develops a second peak at longer times (Wilson et al 1996).

The SPT experiments with MHC class I on HeLa cells revealed strong evidence
for anomalous diffusion. In particular, plots of logD versus logt for data obtained
from two experiments on different timescales show that the negative slope of these
plots demonstrates that diffusion is anomalous over all times covered by the
experiments. However, as is usual for single-cell experiments, there is indeed some
cell-to-cell variability in the parameters, while the negative slope was consistently
observed. Fitting the data as follows (Feder et al 1996)

= α−D D t (5.5)0
1

gave a value for α of about 0.5 (α = 1 for normal diffusion).
However, the domain-hopping and anomalous diffusion models are not neces-

sarily incompatible. The results obtained for MHC class I on HeLa cells can be
explained by domains when the distribution of escape times from the domains is
sufficiently broad. In addition, a range of models involving obstacles and binding
sites can also predict these results (Saxton 1996). It has been proposed several times
that diffusion confinements in membranes have to arise from binding to cytoskeletal
components, immobile transmembrane proteins or the extracellular matrix (Sheets
et al 1995). These constraints may be caused by binding or obstruction. However, it
is plausible that there is considerable variability amongst receptors and cell types in
their individual hindrance factors, which constrain mobility, and it is unlikely that a
single model would be universally applicable.

The relationship between FRAP and SPT
The results of SPT experiments raise questions about the interpretation of FRAP
experiments. It has been proposed that anomalous diffusion might occur in cell
membranes as a consequence of long-time tails in the jump rate of diffusing
molecules (Nagle 1992). Moreover, the effect of long tail kinetics has been analyzed
on FRAP measurements and indeed this showed that the diffusion coefficient as well

Physics of Cancer, Volume 1 (Second Edition)

5-19



as the immobile fraction determined by conventional means depends on the length-
scale and timescale of the individual experiment. In addition, FRAP data for IgE
receptors have been analyzed on rat basophilic leukemia cells using both the
conventional model of random diffusion with an immobile fraction and a model
in which all receptors simply undergo anomalous diffusion (Feder et al 1996). They
found that the two models fitted the experimental data equally well. In addition, they
also performed simulations hypothesizing that FRAP experiments are not suitable
to distinguish between the two models.

A further issue is whether there is quantitative agreement between FRAP and
SPT measurements. There is some evidence that there may be agreement, but, due to
a number of problems, it is difficult to perform a valid comparison. The simplest
experimental system consists of lipid diffusion in model lipid membranes. Indeed, a
fair agreement has been revealed between values of D measured by SPT and FRAP
for lipids labeled with a single fluorophore (Schmidt et al 1996), but another study
observed a two to four times lower D for SPT of lipids labeled with gold particles
(Lee et al 1991). The lower D seems to be related to the multivalency of the particles.

An advantage of fluorescence SPT is that comparison with FRAP is feasible
under exactly identical experimental conditions. In addition, experiments with
fluorescent low density lipid (LDL) particles attached via IgE to IgE receptors are
performed (Feder et al 1996). In SPT experiments, 27% of the cell surface receptors
have been classified as immobile. In particular, the mobile receptors mainly
exhibited anomalous diffusion with mean values of α = 0.64 and D measured
over 1 s of 0.96 × 10−10 cm2 s−1. In comparison, FRAP experiments using the same
probe lead to α = 0.15 and D (1 s) = 1.4 × 10−10 cm2 s−1, when the data are fitted to
the anomalous diffusion model. A complication of these experiments was that the
IgE receptors seemed to be much more mobile when FRAP experiments were
performed with fluorescein-labeled IgE serving as the probe for unlabeled IgE
receptors. Moreover, this suggests that the attachment of the LDL particle
pronouncedly perturbs the receptor mobility. However, it will be important to
determine whether this problem is restricted to LDL or occurs even with other
particles used for SPT.

The new insights obtained regarding the movement of cell surface receptors have
profound implications for membrane function. In particular, a variety of functional
processes require receptors to form associations or move to specific sites, such as
coated pits. Theoretical analyses of such processes have generally assumed normal
diffusion with diffusion coefficients derived from the mobile fraction observed in
FRAP experiments. When, however, receptors undergo anomalous diffusion, then
processes occur over longer distances and timescales may be dramatically slowed
down. It has been worked out that the receptors are often coupled through G proteins
in order to overcome slow diffusion in the membrane (Peters 1988). The existence of
anomalous diffusion supports this case strongly. Moreover, it has been proposed that
altered mobility of integrins can impair cell adhesion by reducing the ability of the
receptors to associated to clusters (Yauch et al 1977). On the other hand, restrictions
on diffusion, by whatever mechanism, seem to be advantageous. Indeed, receptors,
which are delivered to the cell membrane through vesicle transport may not move far
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from the fusion site. This could provide an explanation for the finding that function-
ally related receptors remain in close proximity to each other.

Additional experiments need to be performed to investigate whether SPT and
FRAP data can be incorporated within the same theoretical model. SPT experi-
ments indicate that the random diffusion plus the immobile fraction model is
inappropriate for evaluating FRAP experiments. However, doubts about possible
effects of the particle in SPT experiments have not yet been completely dispelled.
One advantage will be to dispense with particles by tracking fluorescent-labeled
antibodies. In line with this, it has become possible to image and track single
fluorophores, although it has been shown so far only in a model system (Schmidt
et al 1996). In addition, IgG bound to MHC class I has been imaged on HeLa cells.
In more detail, the IgG was labeled at a ratio of 10 fluorophores per IgG without loss
of specific binding, indicating that tracking experiments for cells with fluorescent-
labeled antibodies are indeed feasible.

5.3 Specific membrane regions as a location for surface receptors
Nearly one third of the human genome encodes proteins that are membrane-
associated, such as transmembrane, lipid-anchored or peripheral membrane
proteins. The protein diffusion (described by the diffusion constant D) not only
provides the distribution of proteins across the membrane surface, it also
determines their ability to interact. In particular, the forward reaction kinetics
of two generic membrane proteins is ascertained by the sum of their individual
diffusion constants. Thus, the mobility of proteins within the cell membrane
determines their interaction capabilities, for example in signal transduction events.
The interaction efficiency is further determined by the local protein concentration,
which determines the collision probability. Thus, two slowly diffusing proteins
interact inefficiently unless their local protein concentration is very high. To draw a
complete picture of membrane proteins in a complex cellular process such as
receptor signaling, it is not sufficient to know the binding affinities of ligands and
kinases, but only by quantifying protein dynamics and concentrations can the
interactions and functions be fully revealed.

The kinetic properties of a membrane protein and the types of motion it can
undergo are critically influenced by the lateral organization of the cell membrane.
The fluid mosaic model of Singer and Nicolson proposed that the cell membrane is
laterally homogenous and hence membrane-associated proteins can diffuse freely
using Brownian motion in the plane of the lipid bilayer (Singer and Nicolson 1972)
and hence they are randomly distributed on the cell surface (figure 5.5). In this
random diffusion model, the diffusion constant D is only dependent on the
hydrodynamic radius of the protein, which is assumed to be cylindrical, and hence
the viscosity of the membrane can be described by the Saffman–Delbrueck model
(Saffman and Delbrueck 1975). In practical terms, Brownian motion means that the
distance a molecule diffuses, measured as the mean-square displacement (MSD) in
time t in a 2D membrane, relates linearly to the diffusion coefficient D: MSD = 4Dt
(Singer and Nicolson 1972).
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However, cell membranes such as the plasma membrane are complex lipid–
protein composites in which protein diffusion becomes anomalous (Weiss et al
2003), with diffusion coefficients an order of magnitude lower than those observed in
artificial membrane systems (Bacia et al 2004). This retardation is possibly due to
protein–protein interactions (Douglass and Vale 2005), active transport, cytoskele-
ton interactions and confinement (Kusumi et al 2005), as well as membrane lipid
microdomains (Simons and Ikonen 1997). In particular, lipid rafts are defined as
small, heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains
(Pike 2006) that are hypothesized to facilitate protein–protein interactions through
their ability to selectively accumulate proteins and control the diffusion via their
internal viscosity and/or boundary properties.

In heterogeneous cell membranes, the diffusion coefficient D can be divided into
local and global values, as diffusion over a short distance and time period such as
within a raft is clearly different from that over longer distances and timescales such
as when covering many rafts. Thus, by simply changing the observation area and
recording time intervals, one can obtain different values. Indeed, this phenomenon
has been observed and hence it has been concluded that there seem to be protein-rich
membrane domains ∼1 μm in size in the cell membrane of endothelial cells (Yechiel
and Edidin 1987). Hence by quantifying the local and global diffusion behavior of
proteins and lipids, it is possible to build more detailed physical models of cell
membranes and understand the underlying principles of their organization. Indeed,
there seems to be a connection between membrane organization and protein
diffusion in different scenarios that are neither comprehensive nor mutually
exclusive.

The accuracy in measuring protein dynamics in living cells has been a major
limitation. However, fluorescence microscopy is the only suitable approach to
characterize protein dynamics in living cells and tremendous progress has been
made in hardware, automated acquisition and analysis algorithms. In principle,

Figure 5.5. Three models for confined diffusion of membrane receptors on the cell membrane.
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there are three different techniques that can be used for the measurement and
analysis of molecular diffusion in cell membranes. These are FRAP, SPT and
fluorescence correlation spectroscopy (FCS). The goal is to explain how these have
deepened the knowledge of membrane rafts and the global organization of the cell
membrane.

Brownian protein diffusion and membrane viscosity
FRAP has been used to measure diffusion coefficients in living cells. In more depth,
an area of the sample is first quickly photobleached by intense laser exposure. As
mobile fluorophores from outside the bleached region diffuse into the dark area, the
fluorescence intensity is observed to recover. Indeed, the speed of this recovery is
related to the fluorophore mobility and thus the diffusion coefficient can be
determined. The fraction of the fluorescence that is recovered after long timescales
is termed the mobile fraction (Mf) and this gives information on the percentage of
molecules that can freely diffuse. By using the volume of the laser focal spot for
bleaching, more localized diffusion parameters can be derived that are distinct from
the global measurements, in which the laser spot is used to bleach a larger area such
as a disk or rectangle. In more detail, the size and geometry of the bleached area has
to be taken into account when interpreting and comparing FRAP results.

FRAP studies were employed to analyze the hypothesized effects of lipid rafts on
diffusion (Kenworthy et al 2004). If rafts are small immobile domains of high-
viscosity, raft-favoring proteins with a stable raft association would have low mobile
fractions and diffusion coefficients and hence different raft markers would have
similar diffusion properties. Proteins with a high affinity for membrane rafts,
including the dual-palmitoylated transmembrane protein linker for activation of T
cells (LAT) and farnesylated/palmitoylated H-Ras, and proteins that target raft
constituents, such as cholera toxin subunit B (CTxB), which binds and clusters
ganglioside GM1 (Brown 2006), were determined, however, to have pronouncedly
diverse diffusion coefficients. It was thus concluded that the type of membrane
anchor, and not purely the raft association phenomenon, determines the diffusion
coefficient of proteins in the cell membrane (Kenworthy et al 2004).

Interestingly, in the apical membranes of MDCK epithelial cells at room
temperature, only the raft-associated proteins LAT and glycosylphosphatidylinosi-
tol (GPI)-anchored proteins showed complete fluorescence recovery in bleached
regions, whereas 30% of non-raft proteins were immobile (Meder et al 2006).
However, the latter formerly immobile proteins became mobile at 37 °C. This
temperature dependence was explained as the formation of a discontinuous liquid-
ordered phase at lower temperatures, which segregates and confines membrane
proteins. Lipid raft proteins can diffuse freely in either phase, whereas non-raft
proteins are excluded from ordered-phase domains, which hence act as obstacles for
their own free diffusion. Here, FRAP was sensitive enough to detect differences
between proteins that could dynamically continue diffusion in raft domains, but
only because the raft coverage was close to the percolation threshold. However,
there is currently no direct evidence that lipid phase separation does indeed occur in
native in vivo cell membranes.

Physics of Cancer, Volume 1 (Second Edition)

5-23



Due to spatial resolution restrictions, FRAP studies cannot detect the impact of
small raft domains on protein diffusion, while they are able to confirm the general
relationship between membrane viscosity and protein dynamics. As expected,
diffusion rates for both raft and non-raft markers slows down with decreasing
temperature, as the membranes become less fluid (Kenworthy et al 2004).
Cholesterol has been reported to reduce the diffusion rate of Ras proteins due to
increased membrane viscosity, but so does cholesterol depletion by using methyl-β-
cyclodextrin (mβCD) (Goodwin et al 2005). It is known that the removal of
cholesterol, particularly with mβCD, not only alters membrane viscosity, but it
can also hinder diffusion inside the membrane (Shvartsman et al 2006), possibly due
to induction of gel-like regions (Nishimura et al 2006) and reorganization of the
actin cytoskeleton (Kwik et al 2003).

The spatial limitation has been overcome by simultaneously recording FRAP and
anisotropy recovery after photobleaching (ARAP) of GPI-anchored proteins
(Goswami et al 2008). Alterations in fluorescence anisotropy are an indication of
the fluorescence resonance energy transfer (FRET) between identical fluorophores
(homoFRET). While monomers diffuse freely, nanoclusters of only a few GPI-
anchored proteins are essentially immobile and thus are non-randomly distributed
across the membrane. Together with the concentration-independent, temperature-
dependent and cholesterol-dependent nature of the conversion between monomers
and clusters, this study indicates that the formation of clusters is actively regulated
by cortical actin and myosin contractility (Goswami et al 2008). However, the extent
to which protein multimerization correlates with lipid domains can only be resolved
when both processes are recorded simultaneously but independently from each
other.

The ability of FRAP to detect the global behavior of macromolecular complexes
was demonstrated for the epidermal growth factor receptor (EGFR) (Lajoie et al
2007). By systematically measuring the diffusion rate and the mobile fraction, it was
discovered that the EGFR association with a galectin lattice overrides the immobi-
lization of the receptor in caveolae and hence the tumor suppressor function of
caveolin-1. Subsequently, the regulation of EGFR diffusion rates determines its
ligand responsiveness, which seems to be of high importance. EGFR signaling was
suppressed when the receptor was sequestered into immobile caveolae, whereas
EGFR signaling was enhanced, relative to unconfined diffusion, when the receptor’s
diffusion rate was retarded by the galectin lattice. Taken together, the data thus
indicate that a receptor’s mobility, as regulated by the membrane properties, has a
strong influence on its receptor–ligand interactions and function.

The major restriction of FRAP studies is that subpopulations that diffuse
differently cannot easily be distinguished, as FRAP is essentially an ensemble or
bulk measurement. In an elegant theoretical paper, it was shown that the existence of
high-viscosity islands such as rafts affects the long-range mobility of both raft- and
non-raft-partitioning proteins (Nicolau et al 2006). Moreover, the theoretical model
predicted that all proteins, with or without raft affinity, diffuse pronouncedly more
slowly when rafts are present in the cell membrane. It is interesting to note that
protein diffusion in cell membranes is several times slower than in artificial bilayer
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constructs composed solely of a few lipid species. For instance, the lipid dye diI-C18
has diffusion coefficients of ~1.4 μm2 s−1 in the cell membranes of human embryonic
kidney (HEK) cells (Bacia et al 2004), whereas the same dye has a diffusion
coefficient of ~6.3 μm2 s−1 in dioleoylphosphatidylcholine (DOPC)-containing
artificial bilayers (Kahya et al 2003). In addition to raft domains, the diffusion
within the membrane of cells seems to be confined by the underlying membrane
cytoskeleton and the extracellular matrix, which suggest a more complex diffusion
behavior, with at least two different subpopulations. However, these systems must
be tackled using microscopy techniques with single-molecule sensitivity.

Anomalous sub-diffusion: single-molecule techniques
SPT can be used to characterize the anomalous sub-diffusion and the relative
diffusion rates in different regions of the cell membrane. In SPT (Schmidt et al 1996),
individual molecules are labeled, imaged and tracked, and the trajectories are
analyzed (Saxton and Jacobson 1997, Sergé et al 2008). When only a few, precisely
separated molecules are fluorescent, their location can be pinpointed with great
accuracy by simply calculating the center of the observed Gaussian point-spread
function (Ober et al 2004). The localization in consecutive image frames is then
connected to form trajectories and additionally the diffusion properties can be
determined from the mean-square displacement (MSD).

However, the first publication that showed that raft proteins are anchored into
~30 nm domains, which diffuse as an entity across the cell surface, employed
tracking of membrane proteins with latex beads and a laser trap (Pralle et al 2000).
Due to the fact that the diffusion coefficient of membrane constituents is related to
their hydrodynamic radius, large tags such as antibody-coated gold beads may
pronouncedly alter diffusion characteristics, particularly if protein cross-linking
cannot be omitted. Most studies have been tailored to track only single proteins
(Suzuki et al 2005) or have exploited the improved signal to noise ratio (S/N) of total
internal reflection fluorescence (TIRF) microscopy to image fluorescent fusion
constructs or small molecule dyes directly.

The main disadvantages of SPT are that there is an inherent trade-off between
spatial and temporal resolution and that statistical analysis is somehow limited unless a
large number of molecules are tracked in each experiment. Thus, to map the entire cell
surface, localization and connectingmolecules into trajectories have to be achieved for
a high density of molecules. There has been no standardized tracking algorithm that
can simultaneously account for high particle density, heterogeneous particle motion,
particle interactions (merging and splitting) and temporary disappearance, such as
from blinking. However, progress has been made in addressing this (Sergé et al 2008,
Jaqaman et al 2008), but the interpretation of trajectories will continue to rely on
simulations (Wieser et al 2008) until robust algorithms have been established.

The advantages of SPT are that it enables molecular diffusion coefficients to be
calculated and different diffusion modes of the same molecule to be identified.
Monte Carlo simulations have identified how modes of movement differ from
Brownian motion when molecules are actively transported or confined in immobile
as well as in diffusing domains (Wieser et al 2008).
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Many examples that demonstrate the power of SPT have addressed the influence
of post-translational lipid modifications and raft affinity (Douglass and Vale 2005),
protein–protein interactions (Suzuki et al 2007a, 2007b) and the actin cytoskeleton
(Andrews et al 2008) on protein diffusion. Similar to FRAP experiments, SPT was
used to assess the contribution of lipid modifications to protein dynamics on the
surface of T cells. Palmitoylation of LAT or dual acylation of the Src-family kinase
Lck did not alter their diffusion pronouncedly, but the trapping of these signaling
proteins in cholesterol-independent clusters of the co-receptor CD2 did slow them by
approximately twofold (Douglass and Vale 2005). Such differential modes of
movement can only be detected by dual-color SPT, and not with FRAP. In the
case of the T cell plasma membrane, protein–protein interactions have to be factored
into the interpretation of modes of motion, which seems to be the case for other cell
types where stimulation of surface receptors results in multi-molecular protein
complexes. Dual-color tracking of the GPI-anchored receptor CD59 in the outer
leaflet and signaling proteins anchored to the inner leaflet also revealed how ligand
clustering of the receptor induces temporary immobilizations (named STALLs
(stimulation-induced temporary arrest of lateral diffusion)) that serve as short-lived
platforms for signal transduction activities (Suzuki et al 2007a, 2007b).

Another recent example of SPT revealing the mechanism of receptor dynamics is
the tracking of individual Fcε RI receptors using non-bleachable quantum dots
(Andrews et al 2008). Different modes of motion, such as immobile, free, directed
and confined, were all detected for the same receptor. Indeed, the confined motion
was attributed to the presence of the actin cytoskeleton, which was found to
dynamically restrict location of the receptor into micron-sized domains.

Transient confinement zones (TCZs), detected by SPT, define areas where an
observed molecule stays much longer than expected from the average diffusion
coefficient and are thought to bear some resemblance to lipid rafts. TCZs are
typically 200–300 nm in diameter (Simson et al 1998), preferentially trap GPI-
anchored proteins and glycosphingolipids (Sheets et al 1997) and are cholesterol-
dependent (Dietrich et al 2002). Whether the viscosity differential inside and outside
the raft is a sufficient mechanical diffusion barrier is still under investigation
(Dietrich et al 2001), particularly since TCZs appear to be temperature-independent
(Dietrich et al 2002). Fluorescent fusion constructs of only the membrane anchor
regions of H-Ras (raft), K-Ras (non-raft) and Lck (raft) have been tracked. These
three constructs showed similar diffusion coefficients, assuming Brownian motion,
however, two populations of diffusing molecules were observed (Lommerse et al
2006). The major population displayed similar diffusion times to small molecule
membrane dyes (0.6–1.6 μm2 s−1). However, a second population (16% for Lck and
27% for K-Ras) was confined to domains of roughly 200 nm. In this instance,
cholesterol depletion did not affect confinement. For H-Ras, the mobile fraction was
73%, with a diffusion coefficient of 0.53 μm2 s−1 (SPT) or 0.48 μm2 s−1 (FRAP)
(Lommerse et al 2004). Interestingly, the 200 nm confinement of the slow-diffusing
fraction was only observed for active GTP-bound and ‘raft-associated’ Ras, but not
the inactive GDP-bound form (observed by both mutagenesis and insulin activation
of H-Ras), indicating that confinement is not purely controlled by lipid–lipid
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interactions (Lommerse et al 2006, Prior et al 2001). A similar confinement was
shown for a G-protein coupled odorant receptor with ~50% of the receptor being
confined to larger domains (300–550 nm), ~30% to small domains (180–200 nm) and
the remaining 20% being either immobile or freely diffusing (Jacquier et al 2006).
For a different G-protein-coupled receptor, the μ-opioid one, it was found that 90%
of the receptors diffuse within a domain that diffuses itself by a motion, which has
been termed ‘walking confined diffusion’ (Daumas et al 2003). Taken together, these
studies suggest that confinement areas are unique to each of the analyzed receptors,
in turn suggesting that specific receptor interactions define these zones rather than
generic ‘raft domains’.

As with the observation area size in FRAP, the sampling frequency in SPT
experiments can impact on the values of the diffusion coefficients and data inter-
pretation. By developing SPTwith ultra-high temporal resolution (25 μs instead of the
typical video rate of 30 ms), it was possible to detect a different type of diffusion,
‘hop-diffusion’, in which the entire membrane is compartmentalized into 30–250 nm
compartments (Kusumi et al 2005, Fujiwara et al 2002, Murase et al 2004). In
particular, proteins and lipids are slowed downwhen they hop from one compartment
to another, whereas within each compartment the diffusion is not pronouncedly lower
compared to that observed for free diffusion. Thus, these membrane compartments
are distinctly different to the TCZs formed by lipidmicrodomains (Kusumi et al 2004)
and are considered to be the result of an underlying membrane cytoskeleton to which
the transmembrane proteins are anchored, creating a ‘picket fence’ within the
membrane (Morone et al 2006). However, it should be kept in mind that in order to
distinguish between Brownian motion and hop-diffusion a time resolution of tens of
microseconds is required, without such a time resolution the hop-diffusion is simply
interpreted as free diffusion with a slower average diffusion coefficient.

Multi-parameter imaging: combining diffusion with concentration
A key finding for raft characteristics through theoretical calculation is that global
diffusion retardation caused by high-viscosity islands increases the rate of protein–
protein interactions (Nicolau et al 2006). Moreover, the existence of raft domains with
high viscosity can elevate the local concentration of proteins with a low average
density but high raft affinity due to their specific membrane anchors. The maximal
collision rate, which is a measure of signaling efficiency, is achieved when 10% of the
membrane is covered by small (approximately 6 nm diameter), mobile domains and
Draft/Dnon-raft = 0.5. Indeed, values of Draft/Dnon-raft = 0.3–0.5 have been reported
previously in cells (Pralle et al 2000, Dietrich et al 2002). Raft domains of that nature
also increase the collision rate of proteins modestly, even if they have no affinity for
the raft domain. It has been demonstrated that this may have important biological
consequences for different types of membrane domains, such as caveolae (large and
immobile) and GPI-protein-enriched domains (small and mobile). However, it has
been predicted that experiments require a time resolution of 5–10 ms in order to detect
these small raft domains by SPT, which is at the technical limit of most set-ups.

An alternative single-molecule technique is FCS, which was first demonstrated in
1974 as a method for analyzing molecular kinetics (Elson and Magde 1974). In its
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most basic form, the femto-liter illumination volume of a laser scanning confocal
microscope can be held stationary. The intensity fluctuations as a low concentration
of fluorescent molecules diffuse in and out of this spot are then recorded using high-
speed detectors (Schwille et al 1999). From this time series of intensity measure-
ments, an autocorrelation analysis allows molecular diffusion rates to be obtained
with high statistical accuracy and over a wide range of timescales. In more detail,
modern detectors achieve a range from microseconds up to seconds (Digman et al
2005). In particular, this method uses low laser powers and low probe concen-
trations, making it applicable even to living cell measurements, with minimized
perturbation to the cell membrane. Several related techniques have been developed
recently (and continue to be developed), such as two-color cross-correlation
spectroscopy (FCCS) (Bacia et al 2006), image correlation spectroscopy (ICS)
(Hebert et al 2005) and raster-scanned FCS (raster ICS or RICS) (Digman et al
2005). Indeed, these novel methods have the potential to map the spatial distribution
of diffusion coefficients at selected membrane regions, as demonstrated for the
mobility of paxillin at focal adhesions (Digman et al 2008).

An advantage of FCS is that it not only provides extract diffusion coefficients and
identifies anomalous diffusion, it can also measure the number of molecules in the
observed spot. For instance, fluorescence fluctuation analysis has been used to
determine the degree of clustering of the EGF receptor (Saffarian et al 2007) and the
stoichiometry of protein complexes (Chen and Muller 2007). Thus, FCS has further
developed into a multi-parameter imaging mode that has been used to describe the
dynamics and oligomerization of GPI-anchored receptors (Malengo et al 2008),
adhesion receptors and tetraspanins (Barreiro et al 2008).

In order to reveal the relative contributions of membrane lipid microdomains and
the actin cytoskeleton, variable spot-size FCS and a defined ‘FCS diffusion law’
have been used, extracting structural information from below the diffraction limit of
optical microscopy (Lenne et al 2006). Microdomains and cytoskeletal confinement
impart different deviations to the relationship between the diameter of the
observation spot and the transit time that a molecule requires to diffuse through
that spot (Wawrezinieck et al 2005). On a plot of diffusion time against area,
dynamic partitioning results in a positive intercept with the y-axis, whereas a
meshwork produces a negative intercept (unhindered diffusion passes through the
origin) (Lenne et al 2006). Indeed, this was shown theoretically and confirmed by the
observation of Thy-1, which is raft-associated, has a positive intercept, and trans-
ferrin receptors, and which is a transmembrane protein that is hindered by the
cytoskeleton and has a negative intercept with the y-axis. In particular, this
approach has been used to demonstrate that the protein kinase Akt dynamically
partitions into microdomains in cells via its pleckstrin homology (PH) domain
(Lasserre et al 2008).

FCS has been combined with total internal reflection (TIR-FCS) excitation (Starr
and Thompson 2001, Thompson and Steele 2007). Such a setup enables measure-
ment of the local probe concentration and the local translational mobility within the
membranes, as well as kinetic rate constants, which describe the association and
dissociation of ligands with membrane receptors. The improved accuracy of TIR-
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FCS over FCS has been demonstrated by imaging a farnesylated variant of green
fluorescent protein (GFP) (Ohsugi et al 2006). While SPT under TIR illumination
cannot easily track cytosolic proteins due to their 3D motion, TIR-FCS was able to
quantify the proportion of the GFP construct bound to the membrane. Further
technical improvements to FCS measurements specific to membranes have been
accomplished (Ries and Schwille 2008).

An exciting prospect is the integration of time-resolved single photon counting
(TCSPC) techniques with unrestricted data acquisition to store spatial, temporal,
spectral and intensity information (Koberling et al 2008). In particular, this enables
the correlation of dependences between various fluorescence parameters. For
instance, FCS autocorrelation curves can be constructed for fluorescent events of
a certain fluorescence lifetime. This not only helps to remove background noise and
autofluorescence, thus providing more accurate diffusion measurements, it also
enables a single experiment to give information about the kinetics of, for instance,
monomers and dimers, local concentrations of proteins and their different states,
their relative stoichiometry and affinities. However, can this information be
combined with mathematical models to reveal a more detailed understanding of
how proteins function within the cell membrane?

Taken together, the technical advances in fluorescence microscopy hardware and
analysis have led to the quantification of the dynamics of membrane proteins in
living cells. FRAP, FCS and SPT can go beyond traditional fluorescence imaging
and have turned microscopes into molecular measurement devices that can operate
on many spatial and temporal length-scales. Synergistically, all these approaches
have developed a picture where the diffusion characteristics of membrane proteins
display complex and subtle behavior. The influence of membrane association type
on protein diffusion, diffusion restrictions imparted by the membrane cytoskeleton
and anchored-protein fences, protein oligomerization, clustering and protein–
protein interactions, and dynamic partitioning into small, heterogeneous and mobile
lipid microdomains have been measured with remarkable accuracy, given the
resolution limits of optical microscopy. The arrival of super-resolution microscopy
approaches, such as stimulated emission depletion (STED), photoactivated local-
ization microscopy (PALM) and stochastic optical reconstruction microscopy
(STORM) have further improved the accuracy of dynamic measurements, as
demonstrated by PALM being combined with SPT (Manley et al 2008) and
STED with FCS (Eggeling et al 2009). The reduced observation volume of STED
detected differences between the FCS autocorrelation curve of phosphoethanol-
amine and that of sphingomyelin, whose diffusion is transiently trapped in
cholesterol-enriched complexes (Eggeling et al 2009).

However, the interdependence of membrane organization and protein diffusion is
not yet well understood. Moreover, current models do not adequately take into
account the active transport systems, such as directed flow, membrane budding and
recycling. In order to investigate these parameters, multi-dimensional microscopy
techniques have to be performed, as they have the ability to extract more precise
information about molecular diffusion rates and other membrane parameters. To
date, there has only been a limited understanding of how local variations in
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membrane fluidity affect protein concentration, oligomerization and diffusion.
However, these questions can be addressed by integrating FCS or SPT with the
imaging of the membrane lipid order using microenvironmentally sensitive probes
such as Laurdan (Gaus et al 2006) or di-4-ANEPPDHQ (Jin et al 2006). Finally,
quantitative multi-parameter microscopy can further reveal how global cellular
manipulations and treatments act on the localized and molecular organization of
membrane domains and compartments, which in turn influence protein dynamics,
interactions and functions.

5.4 Role of the cortex confinement on membrane diffusion
The concept of the classical Singer–Nicolson fluid mosaic model for biological
membranes (Singer and Nicolson 1972) is still a milestone in cell membrane
research. However, other methods for investigating membrane dynamics have
revealed more insights that even contradict this model. One example is the
assumption that the proteins and lipids within the membrane undergo Brownian
diffusion, which turned out to be inaccurate (Fujiwara et al 2002, Kusumi et al 2005,
Wawrezinieck et al 2005, Eggeling et al 2009, Jacobson et al 1995, Lingwood and
Simons 2010, Wieser et al 2007). Moreover, using different methods it has been
revealed that the lateral motion of molecules within the membrane is restricted by
various mechanisms (figure 5.6).

The different confinements are evoked by different membrane-organizing princi-
ples: first, interactions of the molecules with transient self-assemblies of specific
lipids and lipid-anchored proteins in so-called ‘lipid rafts’ confines the diffusion
(Lingwood and Simons 2010, Dietrich et al 2002, Jacobson et al 2007). Second,
direct or indirect interactions of the molecules with actin-cytoskeleton based

Membrane organization models

Flow

Hop diffusion

Immobile ostacles

Transient confinement

Free diffusion

Figure 5.6. Different membrane organization models and the impact on diffusion of membrane constituents.
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barriers or anchors such as cytoskeleton-anchored proteins restrict their diffusion
(Wawrezinieck et al 2005, Eggeling et al 2009, Jacobson et al 1995, Edidin et al
1991, Gowrishankar et al 2012, Kwik et al 2003, Andrews et al 2008, Jaqaman
et al 2011).

Third, the curvature of the membrane affects the diffusion of the molecules
(Hatzakis et al 2009, Roux et al 2005). The second point has been addressed by
different methods and it has indeed been shown that various membrane proteins are
confined by the actin cytoskeleton (Gowrishankar et al 2012, Andrews et al 2008,
Jaqaman et al 2011). In line with this, based on single-cell particle (SPT) experiments
the phospholipid diffusion within the plasma membrane may even be constrained,
which may possibly be based on the cortical actin cytoskeleton (Fujiwara et al 2002,
Clausen and Lagerholm 2013). Based on this finding the ‘picket-fence’ model has
been revealed (Kusumi et al 2005), which hypothesizes that direct anchoring of
transmembrane proteins (called the pickets) to cortical cytoskeletal filaments (called
the fences) underneath the cell membrane builds confinements such as barriers.
These indirectly hinder the diffusion of nearby membrane proteins and lipids. These
specific barriers evoke the compartmentalization of the cell membrane. In each
compartment the molecules can solely diffuse freely, whereas the crossing from one
compartment to another is restricted and hence creates a compartmentalized or so-
called ‘hop’-diffusion. The premise of compartmentalization of membrane proteins
and lipids seem to be highly interesting as it is very attractive to associate the
individual localized proteins to specific signaling cues (Kusumi et al 2005). In
particular, the diffusion of integral membrane proteins within distinct compartments
has been found to increase the interaction probability of less abundant proteins,
which in turn induces certain cellular signaling pathways (Andrews et al 2008,
Jaqaman et al 2011).

The picket-fence model for compartmentalization of phospholipids in the cell
membrane contains several obstacles, which decrease its broad acceptance (Wieser
et al 2007, Abbott 2005, Clausen and Lagerholm 2011). However, in principle, the
compartmentalized phospholipid diffusion has only been revealed in SPT experi-
ments employing gold particles (Fujiwara et al 2002) and quantum dots (QDs)
(Clausen and Lagerholm 2013) in order to access the sub-millisecond temporal
resolution regime needed for the detection of compartmentalized diffusion. A
weakness of these probes is that they are very artifact-prone based on their large
size and on the difficulty in validating the probe specificity to target molecules.
Hence, it cannot be determined precisely whether or not these probes alter the native
target molecule in its mobility (diffusion) by steric hindrance or trigger the
oligomerization of the target molecules (causing a confinement) (Fujiwara et al
2002, Clausen and Lagerholm 2011). Indeed, the validity of SPT reports on
compartmentalized diffusion has been questioned by showing that the irregularity
of cell membrane topography can cause an artificial compartmentalized diffusion
using this technique (Adler et al 2010).

In order to resolve this problem of the actin-cytoskeleton-modulated lipid
compartmentalized diffusion, a stimulated emission depletion fluorescence correla-
tion spectroscopy (STED-FCS) (Eggeling et al 2009, Kastrup et al 2005, Mueller
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et al 2011) has been utilized to probe the diffusion of a phospholipid analog, which is
labeled with a small and potentially less invasive organic dye, in the cell membrane
of living cells. STED-FCS provides a systematic probing of molecular diffusion for
observation spot sizes that range from a diffraction-limited 240 nm down to below
40 nm, which is in the range of the size of the postulated actin-cytoskeleton-
facilitated compartments (Fujiwara et al 2002, Kusumi et al 2005, Wawrezinieck
et al 2005). A phospholipid di-palmitoyl-phosphoethanolamine (DPPE) labeled
with the fluorescent dye Atto647N at its head group has been used for these
experiments. However, the label has been found to alter some of the lipids
characteristics, such as preference of DPPE changes from forming more ordered
to more disordered membrane microenvironments (Mueller et al 2011, Honigmann
et al 2014, Sezgin et al 2012). As an advantage over other dyes, the Atto647N dye
modification has been shown using STED-FCS not to interfere with the diffusion
dynamics and lipid–lipid interactions in living cells (Eggeling et al 2009, Mueller
et al 2011). In line with this, previous STED-FCS experiments using living PtK2
and HeLa cells have been shown that diffusion of the DPPE analog is mainly free
and hardly impaired or reduced by transient interactions with other membrane
molecules such as slow-moving or cytoskeleton-connected proteins or by the
curvature of the membrane (Eggeling et al 2009, Mueller et al 2011, Honigmann
et al 2014). Based on these results this lipid analog seems to be a very good candidate
for analyzing the effect on phospholipid diffusion constricted by the cortical
cytoskeleton-dependent membrane partition or other hindrances.

The experimental studies have been performed by using two adherent cell types
such as NRK fibroblasts and Ink4a/Arf (−/−) mouse embryo fibroblasts (termed
IA32MEFs) (Andrade et al 2015, Wu et al 2012). These cell types have been selected
based on the results of previous work using SPT in combination with either gold
particles or QDs as lipid labels that proposed compartmentalized phospholipid
diffusion in these cell types (Fujiwara et al 2002, Clausen and Lagerholm 2011).
Moreover, both cell types contain very distinct actin-rich regions either in-between a
distinct stress-fiber network supporting strong adhesion sites to the cover glass
surface (NRK), or in the form of prominent exertion of lamellipodia in front of a
large, thin lamella (IA32) (Wu et al 2012). Thus, STED-FCS provides the possibility
to detect compartmentalized lipid diffusion and another advantage is that even
minimally invasive phospholipid probes can be used, which are spatially constrained
within compartments of the cell membrane.

Compartmentalized diffusion of lipids in cells and simulation
How can the compartmentalized diffusion be resolved? To confirm the applicability
of STED-FCS for detecting compartmentalized diffusion, simulated diffusion within
a heterogeneous lattice with a characteristic average compartment length L has been
performed in silico. In more detail, molecules diffuse freely within compartments
with a diffusion coefficient Dfree, while the transposition of compartment boundaries
is possible with a distinct ‘hopping probability’, termed Phop. In particular,
simulated trajectories are transformed into intensity traces, which are auto-
correlated to generate in silico FCS curves for different observation spots. After
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fitting these curves using standard STED-FCS analysis, the average apparent
diffusion coefficient Dapp of the molecules can be obtained as a function of the
observation spot diameter d (Mueller et al 2011). Indeed, the resulting dependence of
the apparent diffusion coefficientDapp on the diameter d of the observation spot shows
that molecular diffusion is spatial constrained (Wawrezinieck et al 2005, Mueller et al
2011). Within these simulations, free diffusion (Phop = 1) is characterized by Dapp,
which is independent of d, whereas compartmentalized diffusion (Phop < 1) is
indicated by a decrease of Dapp with increasing d. However, measurements at small
observation spots primarily reveal the free diffusion within the compartments (Dapp =
Dfree), whereas measurements at large observation spots (in the range of compartment
sizes) showed reduced apparent diffusion coefficientDapp<Dfree, as the compartments
represent barriers for molecular transits through the observation spot. In particular for
Phop « 1, which represents a strong confinement, the compartmentalized diffusion can
be separated easily from free diffusion using STED-FCS. Moreover, experimental
STED-FCS measurements using NRK fibroblasts and IA32MEFs revealed that both
cell types, in which the diffusion has been measured at thin peripheral areas of the cells
(within 2–5 μm from the cell edge) displayed a clear compartmentalized diffusion in
both apical and basal membranes, which is indicated by a significant decrease of
Dapp(d ) at large observation diameters.

What is the effect of actin and Arp2/3 on compartmentalized diffusion?
In order to reveal the underlying mechanism of the lipid compartmentalized
diffusion, the actin and the actin nucleating and branching protein Arp2/3 has been
inhibited by adding pharmacological inhibitors to NRK and IA32 cells using STED-
FCS. In particular, the actin-cytoskeleton modulation has been evoked by treating
cells with either latrunculin B (LatB) or CK-666 (Nolen et al 2009, Fritzsche et al
2013). LatB treatment impairs the polymerization of all F-actin networks, whereas
CK-666 inhibits solely the actin nucleator Arp2/3 (Goley andWelch 2006) and hence
decreases the cytoskeleton branching. The diffusion of the DPPE analog after LatB
addition was faster at d = 240 nm in both cell types, but still weak compartmentalized
diffusion was determined for measurements at d = 240 nm and d ≈ 40 nm. The
diffusion of DPPE in both cell types treated with CK-666 was pronouncedly faster at
d = 240 nm and compartmentalized diffusion was no longer detectable.

What are the effects of myosin and cholesterol on compartmentalized diffusion?
In contrast, blebbistatin inhibition of myosin II did not alter the DPPE diffusion in
either NRK nor IA32 cells, indicating that compartmentalized diffusion is inde-
pendent of myosin-based contractility. To reveal the effect of membrane cholesterol
on the underlying mechanism of compartmentalized diffusion, cholesterol has been
decreased by adding the cholesterol oxidase (Coase). Similar to myosin II inhibition,
cholesterol depletion using COase did not affect the DPPE diffusion indicating that
compartmentalization of DPPE is independent of cholesterol-dependent interac-
tions. Finally, the compartmentalized diffusion of DPPE seem to be dependent on
the cortical actin cytoskeleton and is particularly dependent on Arp2/3-based
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cortical actin networks. In order to reveal whether the observed results are
applicable to parts closer to the cell body, STED-FCS measurements are performed.

Dissimilar to IA32 cells, NRK cells are relatively large cell bodies, where STED-
FCS specifically measures the basal plasma membrane. These measurements
revealed that a faster and slightly less compartmentalized diffusion in deeper
regions, as compared to the measurements near the cell edge, which still the
combines effects of diffusion in the basal and apical plasma membranes. This result
may be explained by a less branched F-actin network beneath the cell body
compared to the cell edge or by a less branched F-actin network in the basal
plasma membrane, compared to the apical membrane (Xu et al 2012).

As compartmentalized diffusion of DPPE has been detected in IA32 and NRK
cells, the STED-FCS measurements in PtK2 cells revealed free diffusion (Eggeling
et al 2009, Mueller et al 2011). After CK-666 treatment, even in PtK2 cells diffusion
of DPPE was significantly faster than in untreated control cells, indicating that the
lipid diffusion is compartmentalized by Arp2/3-dependent cortical actin networks.
This result leads to the suggestion that either the compartment size L in unperturbed
PtK2 is smaller than the accessible spatial sampling range of STED-FCS or that the
compartment strength Phop is weaker than that of NRK cells and IA32 MEFs.
Another support for the role of the Arp2/3 complex in lipid compartmentalization
has been found by analyzing Arp2/3-depleted MEFs. To confirm the effects of
Arp2/3 depletion, the experiments are performed using IA32 MEFs depleted of
p34Arc and Arp2, which are two essential subunits of the Arp2/3 complex (IA32
2xKD) (Wu et al 2012). In more detail, these cells display no lamellipodia and
contain, as demonstrated by electron microscopy, a much sparser actin network in
the lamella, which possesses only frequent filopodia at the cell’s edge (Wu et al 2012).
STED-FCS measurements in deeper cell regions revealed that these cells display free
diffusion. However, this result is in contrast to the pivotal role of Arp2/3 in impairing
the lipid diffusion in the cell membrane. For small observation areas, the DPPE
diffusion was slower in IA32 2xKD MEFs than in either WT or CK-666 treated
IA32 MEFs. Hence it can be hypothesized that the reason for this discrepancy is due
to enhanced membrane curvature as a consequence of less sub-membranous cortical
actin mechanical support, which is also seen in the phenotypic observation that the
IA32 2xKD MEFs possess a defective cell volume response to osmotic stress
alterations (Wu et al 2013). However, no suitable biophysical methods are available
to examine the relation between impaired diffusion and an enhanced membrane
curvature obstacle in live cells. When the Saffman–Delbrueck model (Saffman and
Delbrueck 1975) has been applied to these observations, the viscosity of the cell
membrane within the confined regions seem to be identical in both cell types.

The actin cytoskeleton has been shown to be not a single structure but rather
composed of distinctly diverse substructures (Fritzsche et al 2013). Most important
for diffusion of receptors or lipids in the cell membrane seems to be the cortical actin
cytoskeleton, which is the actin network directly below the cell membrane, and
which directly couples to the cell membrane through a variety of actin binding
proteins and cytoplasmic domains of certain membrane proteins (Fritzsche et al
2014). However, a direct fluorescence imaging of the cortical cytoskeleton is
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currently still not possible in cells under physiological conditions, as it is smaller
than the limited axial resolution of the available microscopes. However, these results
indicated a prominent role of the cortical actin in constraining the phospholipid
diffusion and thereby evoking the compartmentalized diffusion in the cell
membrane.

Dissimilar to other cytoskeletal structures, the composition of the cell cortex is
poorly known (Salbreux et al 2012). In particular, a specific role in providing
compartmentalized diffusion fulfills the Arp2/3 complex as a component of the
cortical actin networks (Wu et al 2013, Bovellan et al 2014, Yang et al 2014).
Moreover, the Arp2/3 is highly crucial for the generation of dense, highly branched
F-actin networks at the leading edge of lamellipodia and/or at adhesion sites (Wu
et al 2012, Romer et al 2006), and orchestrates multiple functions performed by
the actin cytoskeleton (Goley and Welch 2006). The Arp2/3 inhibitor CK-666 and
Arp2/3-depleted mammalian cells have shown that in addition to the role of Arp2/3
in providing branched actin networks, the Arp2/3-branched actin network contrib-
utes to various cellular processes including matrix sensing, cytoplasmic streaming,
spindle positioning and cell–cell junction regulation (Wu et al 2012, Goley and
Welch 2006, Wu et al 2013, Yang et al 2014, Chaigne et al 2013, Yi et al 2011, Zhou
et al 2013). In addition, it has been proposed that membrane curvature is responsible
for the reported hop-diffusion (Alder et al 2010), although this has never been
demonstrated to affect STED-FCS experiments. However, the effect of the cell
curvature on hop-diffusion cannot be completely ruled out.

Taken together, cortical actin-assisted compartmentalization seems to be the
most accurate model for the general constraints that limit lipid diffusion in the
absence of specific molecular interactions. However, the determination of the precise
structural and molecular mechanisms by which the cytoskeleton causes the lipid
compartmentalization is still elusive (possibly provided by steric effects of the
transmembrane proteins connected to cortical actin filaments (Fujiwara et al 2002),
possibly associated with alterations in membrane order (Honigmann et al 2014) and
the mechanisms involving fundamental signaling processes). In conclusion, models
for membrane organization that ignore the symbiosis between the cell membrane
and the cytoskeleton are far too oversimplified (Gowrishankar et al 2012).

References and further reading
Abbott A 2005 Cell biology: hopping fences Nature 433 680–83
Abercrombie M and Dunn G A 1975 Adhesions of fibroblasts to substratum during contact

inhibition observed by interference reflection microscopy Exp. Cell Res. 92 57–62
Adams C L, Nelson J W and Smith S J 1996 Quantitative analysis of cadherin–catenin–actin

reorganization during development of cell–cell adhesion J. Cell Biol. 135 1899–911
Adler J, Andrew I S, Novak P, Korchev Y E and Parmryd I 2010 Plasma membrane topography

and interpretation of single-particle tracks Nat. Methods 7 170–1
Anderson C M, Georgiou G N, Morrison I E G, Stevenson G V and Cherry R J 1992 J. Cell Sci.

101 415–25
Andrade D M, Clausen M P, Keller J, Mueller V, Wu C, Bear J E, Hell S W, Lagerholm B C and

Eggeling C 2015 Cortical actin networks induce spatio-temporal confinement of

Physics of Cancer, Volume 1 (Second Edition)

5-35

https://doi.org/10.1038/433680a
https://doi.org/10.1016/0014-4827(75)90636-9
https://doi.org/10.1083/jcb.135.6.1899
https://doi.org/10.1038/nmeth0310-170


phospholipids in the plasma membrane—a minimally invasive investigation by STED-FCS
Sci. Rep. 5 11454

Andrews N L, Lidke K A, Pfeiffer J R, Burns A R, Wilson B S, Oliver J M and Lidke D S 2008
Actin restricts Fcε RI diffusion and facilitates antigen-induced receptor immobilization Nat.
Cell Biol. 10 955–63

Angres B, Barth A and Nelson W J 1996 Mechanism for transition from initial to stable cell–cell
adhesion: kinetic analysis of E-cadherin-mediated adhesion using a quantitative adhesion
assay J. Cell Biol. 134 549–57

Apodaca G 2002 Modulation of membrane traffic by mechanical stimuli Am. J. Physiol. Renal.
Physiol. 282 179–90

Armstrong P B 1989 Cell sorting out: the self-assembly of tissues in vitro Crit. Rev. Biochem. Mol.
Biol. 24 119–49

Bacia K, Kim S A and Schwille P 2006 Fluorescence cross-correlation spectroscopy in living cells
Nat. Methods 3 83–9

Bacia K, Scherfeld D, Kahya N and Schwille P 2004 Fluorescence correlation spectroscopy relates
rafts in model and native membranes Biophys. J. 87 1034–43

Barreiro O, Zamai M, Yanez-Mo M, Tejera E, Lopez-Romero P, Monk P N, Gratton E, Caiolfa
V R and Sanchez-Madrid F 2008 Endothelial adhesion receptors are recruited to adherent
leukocytes by inclusion in preformed tetraspanin nanoplatforms J. Cell Biol. 183 527–42

Bereiter-Hahn J, Fox C H and Thorell B 1979 Quantitative reflection contrast microscopy of
living cells J. Cell Biol. 82 767–79

Biswas A, Alex A and Sinha B 2017 Mapping cell membrane fluctuations reveals their active
regulation and transient heterogeneities Biophys. J. 113 1768–81

Borghi N and Nelson J W 2009 Intercellular adhesion in morphogenesis: molecular and
biophysical considerations Curr. Top. Dev. Biol. 89 1–32

Bouchaud J-P and Georges A 1990 Anomalous diffusion in disordered media: statistical
mechanisms, models and physical applications Phys. Rep. 195 127–293

Bovellan M, Romeo Y and Biro M et al 2014 Cellular control of cortical actin nucleation Curr.
Biol. 24 1628–35

Brodland G W 2003 New information from aggregate compression tests and its implications for
theories of cell sorting Biorheology 40 273–7

Brown D A 2006 Lipid rafts, detergent-resistant membranes and raft targeting signals Physiology
21 430–9

Cardoso Dos Santos M, Déturche R, Vézy C and Jaffiol R 2016 Topography of cells revealed by
variable-angle total internal reflection fluorescence microscopy Biophys. J. 111 1316–27

Chaigne A, Campillo C and Gov N S et al 2013 A soft cortex is essential for asymmetric spindle
positioning in mouse oocytes Nat. Cell Biol. 15 958–66

Chen Y and Muller J D 2007 Determining the stoichiometry of protein heterocomplexes in living
cells with fluorescence fluctuation spectroscopy Proc. Natl Acad. Sci. 104 3147–52

Chen C H, Tsai F C, Wang C C and Lee C H 2009 Three-dimensional characterization of active
membrane waves on living cells Phys. Rev. Lett. 103 238101

Cherry R J 1992 Keeping track of cell surface receptor Trends Cell Biol. 2 242–4
Chu Y-S, Thomas W A, Eder O, Pincet F, Perez E, Thiery J P and Dufour S 2004 Force

measurements in E-cadherin-mediated cell doublets reveal rapid adhesion strengthened by
actin cytoskeleton remodeling through Rac and Cdc42 J. Cell Biol. 167 1183–94

Physics of Cancer, Volume 1 (Second Edition)

5-36

https://doi.org/10.1038/srep11454
https://doi.org/10.1038/ncb1755
https://doi.org/10.1083/jcb.134.2.549
https://doi.org/10.1152/ajprenal.2002.282.2.F179
https://doi.org/10.3109/10409238909086396
https://doi.org/10.1038/nmeth822
https://doi.org/10.1529/biophysj.104.040519
https://doi.org/10.1083/jcb.200805076
https://doi.org/10.1083/jcb.82.3.767
https://doi.org/10.1016/j.bpj.2017.08.041
https://doi.org/10.1016/S0070-2153(09)89001-7
https://doi.org/10.1016/0370-1573(90)90099-N
https://doi.org/10.1016/j.cub.2014.05.069
https://doi.org/10.1152/physiol.00032.2006
https://doi.org/10.1016/j.bpj.2016.06.043
https://doi.org/10.1038/ncb2799
https://doi.org/10.1073/pnas.0606557104
https://doi.org/10.1103/PhysRevLett.103.238101
https://doi.org/10.1016/0962-8924(92)90312-B
https://doi.org/10.1083/jcb.200403043


Chugh P, Clark A G, Smith M B, Cassani D A D, Dierkes K, Ragab A, Roux P P, Charras G,
Salbreux G and Paluch E K 2017 Actin cortex architecture regulates cell surface tension Nat.
Cell Biol. 19 689–97

Clausen M and Lagerholm C 2011 The probe rules in single particle tracking current Protein Pept.
Sci. 12 699–713

Clausen M P and Lagerholm B C 2013 Visualization of plasma membrane compartmentalization
by high-speed quantum dot tracking Nano Lett. 13 2332–7

Curtis A S G 1964 The mechanism of adhesion of cells to glass. A study by interference reflection
microscopy J. Cell Biol. 20 199–215

Dai J and Sheetz M P 1999 Membrane tether formation from blebbing cells Biophys. J. 77 3363–70
Dai J, Ting-Beall H P and Sheetz M P 1997 The secretion-coupled endocytosis correlates with

membrane tension changes in RBL 2H3 cells J. Gen. Physiol. 110 1–10
Daumas F, Destainville N, Millot C, Lopez A, Dean D and Salome L 2003 Confined diffusion

without fences of a G-protein-coupled receptor as revealed by single particle tracking
Biophys. J. 84 356–66

Davis G S, Phillips H M and Steinberg M S 1997 Germ-layer surface tensions and ‘tissue
affinities’ in Rana pipiens gastrulae: quantitative measurements Dev. Biol. 192 630–44

Dietrich C, Bagatolli L A, Volovyk Z N, Thompson N L, Levi M, Jacobson K and Gratton E
2001 Lipid rafts reconstituted in model membranes Biophys. J. 80 1417–28

Dietrich C, Yang B, Fujiwara T, Kusumi A and Jacobson K 2002 Relationship of lipid rafts to
transient confinement zones detected by single particle tracking Biophys. J. 82 274–84

Digman M A, Brown C M, Horwitz A R, Mantulin W W and Gratton E 2008 Paxillin dynamics
measured during adhesion assembly and disassembly by correlation spectroscopy Biophys J.
94 2819–31

Digman M A, Brown C M, Sengupta P, Wiseman P W, Horwitz A R and Gratton E 2005
Measuring fast dynamics in solutions and cells with a laser scanning microscope Biophys. J.
89 1317–27

Doebereiner H-G, Dubin-Thaler B J, Hofman J M, Xenias H S, Sims T N, Giannone G, Dustin
M L, Wiggins C H and Sheetz M P 2006 Lateral membrane waves constitute a universal
dynamic pattern of motile cells Phys. Rev. Lett. 97 038102

Douglass A D and Vale R D 2005 Single-molecule microscopy reveals plasma membrane
microdomains created by protein–protein networks that exclude or trap signaling molecules
in T cells Cell 121 937–50

Drees F, Pokutta S, Yamada S, Nelson W J and Weis W I 2005 α-catenin is a molecular switch
that binds E-cadherin-β-catenin and regulates actin-filament assembly Cell 123 903–15

Dubin-Thaler B J, Giannone G, Döbereiner H G and Sheetz M P 2004 Nanometer analysis of cell
spreading on matrix-coated surfaces reveals two distinct cell states and STEPs Biophys. J. 86
1794–806

Duguay D, Foty R A and Steinberg M S 2003 Cadherin-mediated cell adhesion and tissue
segregation: qualitative and quantitative determinants Dev. Biol. 253 309–23

Edidin M 1997 Lipid microdomains in cell surface membranes Curr. Opin. Cell Biol. 7 528–32
Edidin M, Kuo S C and Sheetz M P 1991 Lateral movements of membrane glycoproteins

restricted by dynamic cytoplasmic barriers Science 254 1379–82
Eggeling C, Ringemann C and Medda R et al 2009 Direct observation of the nanoscale dynamics

of membrane lipids in a living cell Nature 457 1159–63

Physics of Cancer, Volume 1 (Second Edition)

5-37

https://doi.org/10.1038/ncb3525
https://doi.org/10.2174/138920311798841672
https://doi.org/10.1021/nl303151f
https://doi.org/10.1083/jcb.20.2.199
https://doi.org/10.1016/S0006-3495(99)77168-7
https://doi.org/10.1085/jgp.110.1.1
https://doi.org/10.1016/S0006-3495(03)74856-5
https://doi.org/10.1006/dbio.1997.8741
https://doi.org/10.1016/S0006-3495(01)76114-0
https://doi.org/10.1016/S0006-3495(02)75393-9
https://doi.org/10.1529/biophysj.107.104984
https://doi.org/10.1529/biophysj.105.062836
https://doi.org/10.1103/PhysRevLett.97.038102
https://doi.org/10.1016/j.cell.2005.04.009
https://doi.org/10.1016/j.cell.2005.09.021
https://doi.org/10.1016/S0006-3495(04)74246-0
https://doi.org/10.1016/S0006-3495(04)74246-0
https://doi.org/10.1016/S0012-1606(02)00016-7
https://doi.org/10.1016/S0959-440X(97)80117-0
https://doi.org/10.1126/science.1835798
https://doi.org/10.1038/nature07596


Elson E L and Magde D 1974 Fluorescence correlation spectroscopy: conceptual basis and theory
Biopolymers 13 1–27

Evans E and Yeung A 1989 Apparent viscosity and cortical tension of blood granulocytes
determined by micropipet aspiration Biophys. J. 56 151–60

Farhadifar R, Roeper J C, Aigouy B, Eaton S and Juelicher F 2007 The influence of cell mechanics,
cell–cellinteractions, and proliferation on epithelial packing Curr. Biol. 17 2095–104

Feder T J, Brust-Mascher I, Slattery J P, Baird B and Webb W W 1996 Constrained diffusion or
immobile fraction on cell surfaces: a new interpretation Biophys. J. 70 2767–73

Fenz S F, Bihr T, Schmidt D, Merkel R, Udo S, Sengupta K and Smith A-S 2017 Membrane
fluctuations mediate lateral interaction between cadherin bonds Nat. Phys. 13 906–13

Forgacs G, Foty R A, Shafrir Y and Steinberg M S 1998 Viscoelastic properties of living
embryonic tissues: a quantitative study Biophys. J. 74 2227–34

Foty R A and Steinberg M S 2005 The differential adhesion hypothesis: a direct evaluation Dev.
Biol. 278 255–63

Foty R A, Corbett S A, Schwarzbauer J E and Steinberg M S 1998 Effects of dexamethasone on
cadherin-mediated cohesion of human fibrosarcoma HT-1080 cells Cancer Res. 58 3586–9

Foty R A, Forgacs G, Pfleger C M and Steinberg M S 1994 Liquid properties of embryonic
tissues: measurement of interfacial tensions Phys. Rev. Lett. 72 2298–301

Foty R A, Pfleger C M, Forgacs G and Steinberg M S 1996 Surface tensions of embryonic tissues
predict their mutual envelopment behavior Development 122 1611–20

Foty R A and Steinberg M S 1997 Measurement of tumor cell cohesion and suppression of
invasion by E- or P-cadherin Cancer Res. 57 5033–6

Fritzsche M, Lewalle A, Duke T, Kruse K and Charras G 2013 Analysis of turnover dynamics of
the submembranous actin cortex Mol. Biol. Cell 24 757–67

Fritzsche M, Thorogate R and Charras G 2014 Quantitative analysis of ezrin turnover dynamics
in the actin cortex Biophys. J. 106 343–53

Fujiwara T, Ritchie K, Murakoshi H, Jacobson K and Kusumi A 2002 Phospholipids undergo
hop diffusion in compartmentalized cell membrane J. Cell Biol. 157 1071–82

Gaus K, Zech T and Harder T 2006 Visualizing membrane microdomains by Laurdan 2-photon
microscopy Mol. Membr. Biol. 23 41–8

Gauthier N C, Fardin M A, Roca-Cusachs P and Sheetz M P 2011 Temporary increase in plasma
membrane tension coordinates the activation of exocytosis and contraction during cell
spreading Proc. Natl Acad. Sci. USA 108 14467–72

Ghosh R N 1991 Mobility and clustering of individual low-density lipoprotein receptor molecules
on the surface of human skin fibroblasts PhD Thesis Cornell University

Giannone G, Dubin-Thaler B J, Döbereiner H G, Kieffer N, Bresnick A R and Sheetz M P 2004
Periodic lamellipodial contractions correlate with rearward actin waves Cell 116 431–43

Godwin S L, Fletcher M and Burchard R P 1989 Interference reflection microscopic study of sites
of association between gliding bacteria and glass substrata J. Bacteriol. 171 4589–94

Goldstein J L and Brown M S 1977 Annu. Rev. Biochem. 46 897–930
Goley E D and Welch M D 2006 The ARP2/3 complex: an actin nucleator comes of age Nat. Rev.

Mol. Cell Biol. 7 713–26
Goodwin J S, Drake K R, Remmert C L and Kenworthy A K 2005 Ras diffusion is sensitive to

plasma membrane viscosity Biophys. J. 89 1398–410

Physics of Cancer, Volume 1 (Second Edition)

5-38

https://doi.org/10.1002/bip.1974.360130102
https://doi.org/10.1016/S0006-3495(89)82660-8
https://doi.org/10.1016/j.cub.2007.11.049
https://doi.org/10.1016/S0006-3495(96)79846-6
https://doi.org/10.1038/nphys4138
https://doi.org/10.1016/S0006-3495(98)77932-9
https://doi.org/10.1016/j.ydbio.2004.11.012
https://doi.org/10.1103/PhysRevLett.72.2298
https://doi.org/10.1091/mbc.e12-06-0485
https://doi.org/10.1016/j.bpj.2013.11.4499
https://doi.org/10.1083/jcb.200202050
https://doi.org/10.1080/09687860500466857
https://doi.org/10.1073/pnas.1105845108
https://doi.org/10.1016/S0092-8674(04)00058-3
https://doi.org/10.1128/jb.171.9.4589-4594.1989
https://doi.org/10.1146/annurev.bi.46.070177.004341
https://doi.org/10.1038/nrm2026
https://doi.org/10.1529/biophysj.104.055640


Goswami D, Gowrishankar K, Bilgrami S, Ghosh S, Raghupathy R, Chadda R, Vishwakarma R,
Rao M and Mayor S 2008 Nanoclusters of GPI- anchored proteins are formed by cortical
actin-driven activity Cell 135 1085–97

Gowrishankar K, Ghosh S, Saha S, Rumamol C, Mayor S and Rao M 2012 Active
remodeling of cortical actin regulates spatiotemporal organization of cell surface molecules
Cell 149 1353–67

Graner F 1993 Can surface adhesion drive cell-rearrangement? Part I: biological cell-sorting J.
Theor. Biol. 164 455–76

Graner F and Glazier J A 1992 Simulation of biological cell sorting using a two-dimensional
extended Potts model Phys. Rev. Lett. 69 2013–6

Groulx N, Boudreault F, Orlov S and Grygorczyk R 2006 Membrane reserves and hypotonic cell
swelling J. Membr. Biol. 214 43–56

Guevorkian K, Colbert M-J, Durth M, Dufour S and Brochard-Wyart F 2010 Aspiration of
biological viscoelastic drops Phys. Rev. Lett. 104 218101

Harris A K 1976 Is cell sorting caused by differences in the work of intercellular adhesion? A
critique of the Steinberg hypothesis J. Theor. Biol. 61 267–85

Hatzakis N S, Bhatia V K, Larsen J, Madsen K L, Bolinger P Y, Kunding A H, Castillo J, Gether
U, Hedegård P and Stamou D 2009 How curved membranes recruit amphipathic helices and
protein anchoring motifs Nat. Chem. Biol. 5 835–41

Hebert B, Costantino S and Wiseman P W 2005 Spatiotemporal image correlation spectroscopy
(STICS) theory, verification, and application to protein velocity mapping in living CHO cells
Biophys. J. 88 3601–14

Holtfreter J 1944 A study of the mechanics of gastrulation J. Exp. Zool. 95 171–212
Honigmann A, Sadeghi S, Keller J, Hell S W, Eggeling C and Vink R 2014 A lipid bound actin

meshwork organizes liquid phase separation in model membranes eLife 3 e01671
Honigmann A, Mueller V, Ta H, Schoenle A, Sezgin E, Hell S W and Eggeling C 2014 Scanning

STED-FCS reveals spatiotemporal heterogeneity of lipid interaction in the plasma membrane
of living cells Nat. Commun. 5 5412

Imamura Y, Itoh M, Maeno Y, Tsukita S and Nagafuchi A 1999 Functional domains of α-catenin
required for the strong state of cadherin-based cell adhesion J. Cell Biol. 144 1311–22

Jacobson K, Mouritsen O G and Anderson R G 2007 Lipid rafts: at a crossroad between cell
biology and physics Nat. Cell Biol. 9 7–14

Jacobson K, Sheets E D and Simson R 1995 Revisiting the fluid mosaic model of membranes
Science 268 1441–2

Jacquier V, Prummer M, Segura J-M, Pick H and Vogel H 2006 Visualizing odorant receptor
trafficking in living cells down to the single-molecule level Proc. Natl Acad. Sci. 103 14325–30

Jaqaman K, Loerke D, Mettlen M, Kuwata H, Grinstein S, Schmid S L and Danuser G 2008
Robust single-particle tracking in live-cell time-lapse sequences Nat. Methods 5 695–702

Jaqaman K, Kuwata H, Touret N, Collins R, Trimble W S, Danuser G and Grinstein S 2011
Cytoskeletal control of CD36 diffusion promotes its receptor and signaling function Cell 146
593–606

Jin L, Millard A C, Wuskell J P, Dong X, Wu D, Clark H A and Loew L M 2006
Characterization and application of a new optical probe for membrane lipid domains
Biophys. J. 90 2563–75

Jovin T and Vaz W L C 1989 Rotational and translational diffusion in membranes measured by
fluorescence and phosphorescence methods Methods Enzymol. 172 471–513

Physics of Cancer, Volume 1 (Second Edition)

5-39

https://doi.org/10.1016/j.cell.2008.11.032
https://doi.org/10.1016/j.cell.2012.05.008
https://doi.org/10.1006/jtbi.1993.1167
https://doi.org/10.1103/PhysRevLett.69.2013
https://doi.org/10.1007/s00232-006-0080-8
https://doi.org/10.1103/PhysRevLett.104.218101
https://doi.org/10.1016/0022-5193(76)90019-9
https://doi.org/10.1038/nchembio.213
https://doi.org/10.1529/biophysj.104.054874
https://doi.org/10.1002/jez.1400950203
https://doi.org/10.7554/eLife.01671
https://doi.org/10.1038/ncomms6412
https://doi.org/10.1083/jcb.144.6.1311
https://doi.org/10.1038/ncb0107-7
https://doi.org/10.1126/science.7770769
https://doi.org/10.1073/pnas.0603942103
https://doi.org/10.1038/nmeth.1237
https://doi.org/10.1016/j.cell.2011.06.049
https://doi.org/10.1016/j.cell.2011.06.049
https://doi.org/10.1529/biophysj.105.072884
https://doi.org/10.1016/S0076-6879(89)72030-9


Kahya N, Scherfeld D, Bacia K, Poolman B and Schwille P 2003 Probing lipid mobility of raft-
exhibiting model membranes by fluorescence correlation spectroscopy J. Biol. Chem. 278
28109–15

Kastrup L, Blom H, Eggeling C and Hell S W 2005 Fluorescence fluctuation spectroscopy in
subdiffraction focal volumes Phys. Rev. Lett. 94 178104

Kenworthy A K, Nichols B J, Remmert C L, Hendrix G M, Kumar M, Zimmerberg J and
Lippincott-Schwartz J 2004 Dynamics of putative raft-associated proteins at the cell surface
J. Cell Biol. 165 735–46

Koberling F, Kramer B, Tannert S, Ruttinger S, Ortmann U, Patting M, Wahl M, Ewers B,
Kapusta P and Erdmann R 2008 Recent advances in time-correlated single-photon counting
Proc. SPIE 6862 09

Kozera L, White S and Calaghan S 2009 Caveolae act as membrane reserves which limit
mechanosensitive I(Cl, swell) channel activation during swelling in the rat ventricular
myocyte PLoS One 4 e8312

Krieg M, Arboleda-Estudillo Y, Puech P H, Kaefer J, Graner F, Mueller D J and Heisenberg C P
2008 Tensile forces govern germ-layer organization in zebrafish Nat. Cell Biol. 10 429–36

Kusumi A, Koyama-Honda I and Suzuki K 2004 Molecular dynamics and interactions for creation
of stimulation-induced stabilized rafts from small unstable steady-state rafts Traffic 5 213–30

Kusumi A, Nakada C, Ritchie K, Murase K, Suzuki K, Murakoshi H, Kasai R S, Kondo J and
Fujiwara T 2005 Paradigm shift of the plasma membrane concept from the two-dimensional
continuum fluid to the partitioned fluid: high-speed single-molecule tracking of membrane
molecules Ann. Rev. Biophys. Biomol. Struct. 34 351–78

Kusumi A, Sako Y and Yamamoto M 1993 Confined lateral diffusion of membrane receptors as
studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differ-
entiation in cultured epithelial cells Biophys. J. 65 2021–40

Kwik J, Boyle S, Fooksman D, Margolis L, Sheetz M P and Edidin M 2003 Membrane
cholesterol, lateral mobility, and the phosphatidylinositol 4,5-bisphosphate-dependent organ-
ization of cell actin Proc. Natl Acad. Sci. 100 13964–9

Lajoie P, Partridge E A, Guay G, Goetz J G, Pawling J, Lagana A, Joshi B, Dennis J W and Nabi
I R 2007 Plasma membrane domain organization regulates EGFR signaling in tumor cells J.
Cell Biol. 179 341–56

Lasserre R, Guo X-J and Conchonaud F et al 2008 Raft nanodomains contribute to Akt/PKB
plasma membrane recruitment and activation Nat. Chem. Biol. 4 538–47

Lecuit T and Lenne P F 2007 Cell surface mechanics and the control of cell shape, tissue patterns
and morphogenesis Nat. Rev. Mol. Cell Biol. 8 633–44

Lee G M, Ishihara A and Jacobson K A 1991 Direct observation of brownian motion of lipids in
a membrane Proc. Natl Acad. Sci. USA 88 6274–8

Lenne P-F, Wawrezinieck L, Conchonaud F, Wurtz O, Boned A, Guo X- J, Rigneault H, He H-T
and Marguet D 2006 Dynamic molecular confinement in the plasma membrane by micro-
domains and the cytoskeleton meshwork EMBO J. 25 3245–56

Limozin L and Sengupta K 2009 Quantitative reflection interference contrast microscopy (RICM)
in soft matter and cell adhesion ChemPhysChem 10 2752–68

Lingwood D and Simons K 2010 Lipid rafts as a membrane-organizing principle Science 327 46–50
Lo C M, Keese C R and Giaever I 1993 Monitoring motion of confluent cells in tissue culture

Exp. Cell Res. 204 102–9

Physics of Cancer, Volume 1 (Second Edition)

5-40

https://doi.org/10.1074/jbc.M302969200
https://doi.org/10.1074/jbc.M302969200
https://doi.org/10.1103/PhysRevLett.94.178104
https://doi.org/10.1083/jcb.200312170
https://doi.org/10.1371/journal.pone.0008312
https://doi.org/10.1038/ncb1705
https://doi.org/10.1111/j.1600-0854.2004.0178.x
https://doi.org/10.1146/annurev.biophys.34.040204.144637
https://doi.org/10.1016/S0006-3495(93)81253-0
https://doi.org/10.1073/pnas.2336102100
https://doi.org/10.1083/jcb.200611106
https://doi.org/10.1038/nchembio.103
https://doi.org/10.1038/nrm2222
https://doi.org/10.1073/pnas.88.14.6274
https://doi.org/10.1038/sj.emboj.7601214
https://doi.org/10.1002/cphc.200900601
https://doi.org/10.1126/science.1174621
https://doi.org/10.1006/excr.1993.1014


Lommerse P H M, Blab G A, Cognet L, Harms G S, Snaar-Jagalska B E, Spaink H P and
Schmidt T 2004 Single-molecule imaging of the H-Ras membrane-anchor reveals domains in
the cytoplasmic leaflet of the cell membrane Biophys. J. 86 609–16

Lommerse P HM, Snaar-Jagalska B E, Spaink H P and Schmidt T 2005 Single-molecule diffusion
measurements of H-Ras at the plasma membrane of live cells reveal microdomain local-
ization upon activation J. Cell Sci. 118 1799–809

Lommerse P H M, Vastenhoud K, Pirinen N J, Magee A I, Spaink H P and Schmidt T 2006
Single-molecule diffusion reveals similar mobility for the Lck, H-Ras and K-Ras membrane
anchors Biophys. J. 91 1090–7

Malengo G, Andolfo A, Sidenius N, Gratton E, Zamai M and Caiolfa V R 2008 Fluorescence
correlation spectroscopy and photon counting histogram on membrane proteins: functional
dynamics of the glycosylphosphatidylinositol-anchored urokinase plasminogen activator
receptor J. Biomed. Opt. 13 031215

Manley S, Gillette J M, Patterson G H, Shroff H, Hess H F, Betzig E and Lippincott-Schwartz J
2008 High-density mapping of single-molecule trajectories with photoactivated localization
microscopy Nat. Methods 5 155–7

Manning M L, Foty R A, Steinberg M S and Schoetz E-M 2010 Coaction of intercellular
adhesion and cortical tension specifies tissue surface tension Proc. Natl Acad. Sci. USA 107
12517–22

McClay D R, Wessel G M and Marchase R B 1981 Intercellular recognition: quantitation of
initial binding events Proc. Natl Acad. Sci. USA 78 4975–9

McMahon H T and Gallop J L 2005 Membrane curvature and mechanisms of dynamic cell
membrane remodelling Nature 438 590–6

Meder D, Moreno M J, Verkade P, Vaz W L C and Simons K 2006 Phase coexistence and
connectivity in the apical membrane of polarized epithelial cells Proc. Natl Acad. Sci. 103 329–34

Mgharbel A, Delanoë-Ayari H and Rieu J-P 2009 Measuring accurately liquid and tissue surface
tension with a compression plate tensiometer HFSP J. 3 213–21

Mierke C T, Frey B, Fellner M, Herrmann M and Fabry B 2011a Integrin α5β1 facilitates cancer
cell invasion through enhanced contractile forces J. Cell Sci. 124 369–83

Mierke C T, Bretz N and Altevogt P 2011b Contractile forces contribute to increased
glycosylphosphatidylinositol-anchored receptor CD24-facilitated cancer cell invasion J.
Biol. Chem. 286 34858–71

Mombach J C M, Glazier J A, Raphael R C and Zajac M 1995 Quantitative comparison between
differential adhesion models and cell sorting in the presence and absence of fluctuations Phys.
Rev. Lett. 75 2244–7

Monzel C and Sengupta K 2016 Measuring shape fluctuations in biological membranes J. Phys.
D: Appl. Phys. 49 243002

Monzel C, Schmidt D, Kleusch C, Kirchenbüchler D, Seifert U, Smith A S, Sengupta K and
Merkel R 2015 Measuring fast stochastic displacements of bio-membranes with dynamic
optical displacement spectroscopy Nat. Commun. 6 8162

Morone N, Fujiwara T, Murase K, Kasai R S, Ike H, Yuasa S, Usukura J and Kusumi A 2006
Three-dimensional reconstruction of the membrane skeleton at the plasma membrane
interface by electron tomography J. Cell Biol. 174 851–62

Morris C E and Homann U 2001 Cell surface area regulation and membrane tension J. Membr.
Biol. 179 79–102

Physics of Cancer, Volume 1 (Second Edition)

5-41

https://doi.org/10.1016/S0006-3495(04)74139-9
https://doi.org/10.1242/jcs.02300
https://doi.org/10.1529/biophysj.105.079053
https://doi.org/10.1117/1.2940570
https://doi.org/10.1038/nmeth.1176
https://doi.org/10.1073/pnas.1003743107
https://doi.org/10.1073/pnas.1003743107
https://doi.org/10.1073/pnas.78.8.4975
https://doi.org/10.1038/nature04396
https://doi.org/10.1073/pnas.0509885103
https://doi.org/10.2976/1.3116822
https://doi.org/10.1242/jcs.071985
https://doi.org/10.1074/jbc.M111.245183
https://doi.org/10.1103/PhysRevLett.75.2244
https://doi.org/10.1088/0022-3727/49/24/243002
https://doi.org/10.1038/ncomms9162
https://doi.org/10.1083/jcb.200606007
https://doi.org/10.1007/s002320010040


Mueller V, Ringemann C, Honigmann A, Schwarzmann G,Medda R, Leutenegger M, Polyakova S,
Belov V N, Hell S W and Eggeling C 2011 STED nanoscopy reveals molecular details of
cholesterol- and cytoskeleton-modulated lipid interactions in living cells Biophys. J. 101 1651–60

Murase K, Fujiwara T, Umemura Y, Suzuki K, Lino R, Yamashita H, Saito M, Murakoshi H,
Ritchie K and Kusumi A 2004 Ultrafine membrane compartments for molecular diffusion as
revealed by single molecule techniques Biophys. J. 86 4075–93

Nagle J F 1992 Long tail kinetics in biophysics? Biophys. J. 63 366–70
Nicolau Jr D V, Burrage K, Parton R G and Hancock J F 2006 Identifying optimal lipid raft

characteristics required to promote nanoscale protein–protein interactions on the plasma
membrane Mol. Cell Biol. 26 313–23

Nishimura S Y, Vrljic M, Klein L O, McConnell H M and Moerner W E 2006 Cholesterol
depletion induces solid-like regions in the plasma membrane Biophys. J. 90 927–38

Nolen B J, Tomasevic N, Russell A, Pierce DW, Jia Z, McCormick C D, Hartman J, Sakowicz R
and Pollard T D 2009 Characterization of two classes of small molecule inhibitors of Arp2/3
complex Nature 460 1031–4

Norotte C, Marga F, Neagu A, Kosztin I and Forgacs G 2008 Experimental evaluation of
apparent tissue surface tension based on the exact solution of the Laplace equation Europhys.
Lett. 81–46003

Ober R J, Ram S and Ward E S 2004 Localization accuracy in single-molecule microscopy
Biophys. J. 86 1185–200

Ohsugi Y, Saito K, Tamura M and Kinjo M 2006 Lateral mobility of membrane-binding proteins
in living cells measured by total internal reflection fluorescence correlation spectroscopy
Biophys. J. 91 3456–64

Paluch E and Heisenberg C-P 2009 Biology and physics of cell shape changes in development Curr
Biol. 19 R790–9

Park Y, Best C A, Auth T, Gov N S, Safran S A, Popescu G, Suresh S and Feld M S 2010
Metabolic remodeling of the human red blood cell membrane Proc. Natl Acad. Sci. USA 107
1289–94

Peters R 1988 Lateral mobility of proteins and lipids in the red cell membrane and the activation
of adenylate cyclase by β-adrenergic receptors FEBS Lett. 234 1–7

Peters R 1991 New Techniques of Optical Microscopy and Microspectroscopy ed R J Cherry
(Basingstoke: Macmillan) pp 199–228

Pezeshkian W, Gao H, Arumugam S, Becken U, Bassereau P, Florent J C, Ipsen J H, Johannes L
and Shillcock J C 2017 Mechanism of Shiga toxin clustering on membranes ACS Nano 11
314–24

Pierres A, Benoliel A M, Touchard D and Bongrand P 2008 How cells tiptoe on adhesive surfaces
before sticking Biophys. J. 94 4114–22

Pike L J 2006 Rafts defined: a report on the Keystone symposium on lipid rafts and cell function
J. Lipid Res. 47 1597–8

Pralle A, Keller P, Florin E-L, Simons K and Horber J K H 2000 Sphingolipid–cholesterol rafts
diffuse as small entities in the plasma membrane of mammalian cells J. Cell Biol. 148 997–1008

Prior I A, Harding A, Yan J, Sluimer J, Parton R G and Hancock J F 2001 GTP-dependent
segregation of H-ras from lipid rafts is required for biological activity Nat. Cell Biol. 3 368–75

Qian H, Sheetz M P and Elson E 1991 Single particle tracking. Analysis of diffusion and flow in
two-dimensional systems Biophys. J. 60 910–21

Physics of Cancer, Volume 1 (Second Edition)

5-42

https://doi.org/10.1016/j.bpj.2011.09.006
https://doi.org/10.1529/biophysj.103.035717
https://doi.org/10.1016/S0006-3495(92)81602-8
https://doi.org/10.1128/MCB.26.1.313-323.2006
https://doi.org/10.1529/biophysj.105.070524
https://doi.org/10.1038/nature08231
https://doi.org/10.1209/0295-5075/81/46003
https://doi.org/10.1016/S0006-3495(04)74193-4
https://doi.org/10.1529/biophysj.105.074625
https://doi.org/10.1016/j.cub.2009.07.029
https://doi.org/10.1073/pnas.0910785107
https://doi.org/10.1073/pnas.0910785107
https://doi.org/10.1016/0014-5793(88)81290-0
https://doi.org/10.1021/acsnano.6b05706
https://doi.org/10.1021/acsnano.6b05706
https://doi.org/10.1529/biophysj.107.125278
https://doi.org/10.1194/jlr.E600002-JLR200
https://doi.org/10.1083/jcb.148.5.997
https://doi.org/10.1038/35070050
https://doi.org/10.1016/S0006-3495(91)82125-7


Raedler J O and Sackmann E 1993 Imaging optical thicknesses and separation distances of
phospholipid vesicles at solid surfaces J. Phys. II 3 727–48

Raucher D and Sheetz M P 1999 Membrane expansion increases endocytosis rate during mitosis
J. Cell Biol. 144 497–506

Raucher D and Sheetz M P 2000 Cell spreading and lamellipodial extension rate is regulated by
membrane tension J. Cell Biol. 148 127–36

Ries J and Schwille P 2008 New concepts for fluorescence correlation spectroscopy on membranes
Phys. Chem. Chem. Phys. 10 3487–97

Rodríguez-García R, López-Montero I, Mell M, Egea G, Gov N S and Monroy F 2015 Direct
cytoskeleton forces cause membrane softening in red blood cells Biophys. J. 108 2794–806

Romer L H, Birukov K G and Garcia J G N 2006 Focal adhesions: paradigm for a signaling
nexus Circ. Res. 98 606–16

Roux A, Cuvelier D, Nassoy P, Prost J, Bassereau P and Goud B 2005 Role of curvature and
phase transition in lipid sorting and fission of membrane tubules EMBO J. 24 1537–45

Saffarian S, Li Y, Elson E L and Pike L J 2007 Oligomerization of the EGF receptor investigated
by live cell fluorescence intensity distribution analysis Biophys. J. 93 1021–31

Saffman P G and Delbrueck M 1975 Brownian motion in biological membranes Proc. Natl Acad.
Sci. 72 3111–3

Sako Y and Kusumi A 1994 Compartmentalized structure of the plasma membrane for receptor
movements as revealed by a nanometer-level motion analysis J. Cell Biol. 125 1251–64

Sako Y and Kusumi A 1995 Barriers for lateral diffusion of transferrin receptor in the plasma
membrane as characterized by receptor dragging by laser tweezers: fence versus tether J. Cell
Biol. 129 1559–74

Sako Y, Nagafuchi A, Tsukita S, Takeichi M and Kusumi A 1998 Cytoplasmic regulation of the
movement of E-cadherin on the free cell surface as studied by optical tweezers and single
particle tracking: corralling and tethering by the membrane skeleton J. Cell Biol. 140 1227–40

Salbreux G, Charras G and Paluch E 2012 Actin cortex mechanics and cellular morphogenesis
Trends Cell Biol. 22 536–45

Saxton M J 1993 Lateral diffusion in an archipelago. Single-particle diffusion Biophys. J. 64
1766–80

Saxton M J 1994 Anomalous diffusion due to obstacles: a Monte Carlo study Biophys. J. 66
394–401

SaxtonM J 1996 Anomalous diffusion due to obstacles: a Monte Carlo study Biophys. J. 70 1250–62
Saxton M J and Jacobson K 1997 Single-particle tracking: applications to membrane dynamics

Ann. Rev. Biophys. Biomol. Struct. 26 373–99
Saxton M J 1995 Single-particle tracking: effects of corrals Biophys. J. 69 389–98
Schmidt T, Schutz G J, Baumgartner W, Gruber H J and Schindler H 1996 Imaging of single

molecule diffusion Proc. Natl Acad. Sci. 93 2926–9
Schoetz E M, Burdine R D, Juelicher F, Steinberg M S, Heisenberg C P and Foty R A 2008

Quantitative differences in tissue surface tension influence zebra fish germlayer positioning
HFSP J. 2 1–56

Schoetz E-M 2008 Dynamics and Mechanics of Zebra Fish Embryonic Tissues—A Study of the
Physical Properties of Zebra Fish Germlayer Cells and Tissues and Cell Dynamics During
Early Embryogenesis (Saarbruecken: Mueller)

Schutz G J, Schindler H and Schmidt T 1997 Biophys. J. 73 1073–80

Physics of Cancer, Volume 1 (Second Edition)

5-43

https://doi.org/10.1051/jp2:1993163
https://doi.org/10.1083/jcb.144.3.497
https://doi.org/10.1083/jcb.148.1.127
https://doi.org/10.1039/b718132a
https://doi.org/10.1016/j.bpj.2015.05.005
https://doi.org/10.1161/01.RES.0000207408.31270.db
https://doi.org/10.1038/sj.emboj.7600631
https://doi.org/10.1529/biophysj.107.105494
https://doi.org/10.1073/pnas.72.8.3111
https://doi.org/10.1083/jcb.125.6.1251
https://doi.org/10.1083/jcb.129.6.1559
https://doi.org/10.1083/jcb.140.5.1227
https://doi.org/10.1016/j.tcb.2012.07.001
https://doi.org/10.1016/S0006-3495(93)81548-0
https://doi.org/10.1016/S0006-3495(93)81548-0
https://doi.org/10.1016/S0006-3495(94)80789-1
https://doi.org/10.1016/S0006-3495(94)80789-1
https://doi.org/10.1016/S0006-3495(96)79682-0
https://doi.org/10.1146/annurev.biophys.26.1.373
https://doi.org/10.1016/S0006-3495(95)79911-8
https://doi.org/10.1073/pnas.93.7.2926
https://doi.org/10.1016/S0006-3495(97)78139-6


Schwille P, Korlach J and Webb W W 1999 Fluorescence correlation spectroscopy with single-
molecule sensitivity on cell and model membranes Cytometry 36 176–82

Sergé A, Bertaux N, Rigneault H and Marguet D 1997 Dynamic multiple-target tracing to probe
spatiotemporal cartography of cell membranes Nat. Methods 5 687–94

Sergé A, Bertaux N, Rigneault H and Marguet D 2008 Dynamic multiple-target tracing to probe
spatiotemporal cartography of cell membranes Nat. Methods 5 687–94

Sezgin E, Levental I and Grzybek M et al 2012 Partitioning, diffusion, and ligand binding of raft
lipid analogs in model and cellular plasma membranes Biochim. Biophys. Acta 1818 1777–84

Sheets E D, Lee G M, Simson R and Jacobson K 1997 Transient confinement of a glycosyl-
phosphatidylinositol-anchored protein in the plasma membrane Biochemistry 36 12449–58

Sheets E D, Simson R and Jacobson K 1995 New insights into membrane dynamics from the
analysis of cell surface interactions by physical methods Curr. Opin. Cell Biol. 7 707–14

Sheetz M P and Dai J 1996 Modulation of membrane dynamics and cell motility by membrane
tension Trends Cell. Biol. 6 85–9

Shvartsman D E, Gutman O, Tietz A and Henis Y I 2006 Cyclodextrins but not compactin inhibit
the lateral diffusion of membrane proteins independent of cholesterol Traffic 7 917–26

Simons K and Ikonen E 1997 Functional rafts in cell membranes Nature 387 569–72
Simson R, Sheets E D and Jacobson K 1995 Detection of temporary lateral confinement of

membrane proteins using single-particle tracking analysis Biophys. J. 69 989–93
Simson R, Yang B, Moore S, Doherty P, Walsh F and Jacobson K 1998 Structural mosaicism on

the submicron scale in the plasma membrane Biophys. J. 74 297–308
Singer S J and Nicolson G L 1972 The fluid mosaic model of the structure of cell membranes

Science 175 720–31
Slattery J P 1995 Lateral mobility of FceRI on rat basophilic leukemia cells as measured by single

particle tracking using a novel bright fluorescent probe PhD Thesis Cornell University
Smith P R, Wilson K M, Morrison I E G, Cherry R J and Fernandez N 1998 MHC Biochemistry

and Genetics ed N Fernandez and G Butcher (Oxford: Oxford University Press) pp 133–51
Starr T E and Thompson N L 2001 Total internal reflection with fluorescence correlation

spectroscopy: combined surface reaction and solution diffusion Biophys. J. 80 1575—84
Steinberg M S 1996 Adhesion in development: an historical overview Dev. Biol. 180 377–88
Suzuki K G N, Fujiwara T K, Edidin M and Kusumi A 2007a Dynamic recruitment

of phospholipase Cγ at transiently immobilized GPI-anchored receptor clusters induces
IP3-Ca2+ signaling: single-molecule tracking study 2 J. Cell Biol. 177 731–42

Suzuki K G N, Fujiwara T K, Sanematsu F, Iino R, Edidin M and Kusumi A 2007b GPI-
anchored receptor clusters transiently recruit Lyn and Gαfor temporary cluster immobiliza-
tion and Lyn activation: single-molecule tracking study 1 J. Cell Biol. 177 717–30

Suzuki K, Ritchie K, Kajikawa E, Fujiwara T and Kusumi A 2005 Rapid hop diffusion of a
G-protein-coupled receptor in the plasma membrane as revealed by single-molecule techni-
ques Biophys. J. 88 3659–80

Tarantola M, Sunnick E, Schneider D, Marel A K, Kunze A and Janshoff A 2011 Dynamic
changes of acoustic load and complex impedance as reporters for the cytotoxicity of small
molecule inhibitors Chem. Res. Toxicol. 24 1494–506

Thompson N L and Steele B L 2007 Total internal reflection with fluorescence correlation
spectroscopy Nat. Protoc. 2 878–90

Physics of Cancer, Volume 1 (Second Edition)

5-44

https://doi.org/10.1002/(SICI)1097-0320(19990701)36:3 %3C176::AID-CYTO5%3E3.0.CO;2-F
https://doi.org/10.1038/nmeth.1233
https://doi.org/10.1038/nmeth.1233
https://doi.org/10.1016/j.bbamem.2012.03.007
https://doi.org/10.1021/bi9710939
https://doi.org/10.1016/0955-0674(95)80113-8
https://doi.org/10.1016/0962-8924(96)80993-7
https://doi.org/10.1111/j.1600-0854.2006.00437.x
https://doi.org/10.1038/42408
https://doi.org/10.1016/S0006-3495(95)79972-6
https://doi.org/10.1016/S0006-3495(98)77787-2
https://doi.org/10.1126/science.175.4023.720
https://doi.org/10.1016/S0006-3495(01)76130-9
https://doi.org/10.1006/dbio.1996.0312
https://doi.org/10.1083/jcb.200609175
https://doi.org/10.1083/jcb.200609174
https://doi.org/10.1529/biophysj.104.048538
https://doi.org/10.1021/tx200115q
https://doi.org/10.1038/nprot.2007.110


Wawrezinieck L, Rigneault H, Marguet D and Lenne P-F 2005 Fluorescence correlation
spectroscopy diffusion laws to probe the submicron cell membrane organization Biophys.
J. 89 4029–42

Weiss M, Hashimoto H and Nilsson T 2003 Anomalous protein diffusion in living cells as seen by
fluorescence correlation spectroscopy Biophys. J. 84 4043–52

Wieser S, Axmann M and Schutz G J 2008 Versatile analysis of single- molecule tracking data by
comprehensive testing against Monte Carlo simulations Biophys. J. 95 5988–6001

Wieser S and Schutz G J 2008 Tracking single molecules in the live cell plasma membrane-do’s
and don’t’s Methods 46 131–40

Wieser S, Moertelmaier M, Fuertbauer E, Stockinger H and Schutz G 2007 (Un)confined
diffusion of CD59 in the plasma membrane determined by high-resolution single molecule
microscopy Biophys. J. 92 3719–28

Wilson K W, Morrison I E G, Smith P R, Fernandez N and Cherry R J 1996 Single particle
tracking of cell-surface HLA-DR molecules using R-phycoerythrin labeled monoclonal
antibodies and fluorescence digital imaging J. Cell Sci. 109 2101–9

Wu C, Asokan S B, Berginski M E, Haynes E M, Sharpless N E, Griffith J D, Gomez S M and
Bear J E 2012 Arp2/3 is critical for lamellipodia and response to extracellular matrix cues but
is dispensable for chemotaxis Cell 148 973–87

Wu C, Haynes E M, Asokan S B, Simon J M, Sharpless N E, Baldwin A S, Davis I J, Johnson G
L and Bear J E 2013 Loss of Arp2/3 induces an NF-κB-dependent, nonautonomous effect on
chemotactic signaling J. Cell Biol. 203 907–16

Xu K, Babcock H P and Zhuang X 2012 Dual-objective STORM reveals three-dimensional
filament organization in the actin cytoskeleton Nat. Methods 9 185–8

Yamada S and Nelson W J 2007 Localized zones of Rho and Rac activities drive initiation and
expansion of epithelial cell–cell adhesion J. Cell Biol. 178 517–27

Yamada S, Pokutta S, Drees F, Weis W I and Nelson W J 2005 Deconstructing the cadherin–
catenin–actin complex Cell 123 889–901

Yang W, Thein S, Lim C-Y, Ericksen R E, Sugii S, Xu F, Robinson R C, Kim J B and Han W
2014 Arp2/3 complex regulates adipogenesis by controlling cortical actin remodelling
Biochem. J. 464 179–92

Yauch R L, Felsenfeld D P, Kraeft S K, Chen L B, Sheetz M P and Hemler M E 1997 Mutational
evidence for control of cell adhesion through integrin diffusion/ clustering, independent of
ligand binding J. Exp. Med. 186 1347–55

Yechiel E and Edidin M 1987 Micrometer-scale domains in fibroblast plasma membranes J. Cell
Biol. 105 755–60

Yi K, Unruh J R, Deng M, Slaughter B D, Rubinstein B and Li R 2011 Dynamic maintenance of
asymmetric meiotic spindle position through Arp2/3-complex-driven cytoplasmic streaming
in mouse oocytes Nat. Cell Biol. 13 1252–8

Zhou K, Muroyama A, Underwood J, Leylek R, Ray S, Soderling S H and Lechler T 2013 Actin-
related protein2/3 complex regulates tight junctions and terminal differentiation to promote
epidermal barrier formation Proc. Natl Acad. Sci. 110 E3820–9

Zimmerberg J and Kozlov M M 2006 How proteins produce cellular membrane curvature Nat.
Rev. Mol. Cell Biol. 7 9–19

Physics of Cancer, Volume 1 (Second Edition)

5-45

https://doi.org/10.1529/biophysj.105.067959
https://doi.org/10.1016/S0006-3495(03)75130-3
https://doi.org/10.1529/biophysj.108.141655
https://doi.org/10.1016/j.ymeth.2008.06.010
https://doi.org/10.1529/biophysj.106.095398
https://doi.org/10.1016/j.cell.2011.12.034
https://doi.org/10.1083/jcb.201306032
https://doi.org/10.1038/nmeth.1841
https://doi.org/10.1083/jcb.200701058
https://doi.org/10.1016/j.cell.2005.09.020
https://doi.org/10.1042/BJ20140805
https://doi.org/10.1084/jem.186.8.1347
https://doi.org/10.1083/jcb.105.2.755
https://doi.org/10.1038/ncb2320
https://doi.org/10.1073/pnas.1308419110
https://doi.org/10.1038/nrm1784


IOP Publishing

Physics of Cancer, Volume 1 (Second Edition)
Interplay between tumor biology, inflammation and cell mechanics

Claudia Tanja Mierke

Chapter 6

Cytoskeletal remodeling dynamics

Summary
The identification of how cells in 3D microenvironments or natural tissues sense and
respond to biophysical stimuli is a longstanding challenge in the physics of cancer
and tissue engineering. Cytoskeletal remodeling dynamics are involved in many
cellular processes, such as cell motility, transendothelial migration and cell–matrix
or cell–cell adhesion receptor recycling. In particular, the connection between the
cell’s cytoskeleton and the surrounding microenvironment is crucial for the proper
function of the cells, including the mechanical properties regulating cellular motility.
In this chapter, a strategy is provided to analyze morphological and mechanical
responses of contractile cells, such as fibroblasts or cancer cells, in a 3D micro-
environment. The cells are able to react to mechanical stimulation such as cell
stretch through specific, cell-wide mechanisms such as a staged retraction, cell
stiffening and reinforcement. Cellular retraction responses upon mechanical
cell stretch occurred for all orientations of stress fibers and cellular protrusions
relatively independent of the stretch direction, whereas the reinforcement responses,
including the extension of cellular processes and enhanced stress fiber formation,
occurred predominantly in the direction of the stretch in order to withstand
deformation or stretching. An unreported role of F-actin clumps has been seen, in
which clumps act as possible F-actin reservoirs for retraction and reinforcement
responses during stretch. These responses upon stretch seem to be related to a model
of cellular sensitivity to local physical cues. Moreover, these observations suggest
mechanisms for the global actin cytoskeletal remodeling in nonmuscle cells and
hence provide insights into cellular responses acting in pathologies such as fibrosis,
hypertension or cancer including metastasis.

6.1 Cytoskeletal remodeling dynamics within unperturbed cells
The dissipation and fluctuations of Brownian degrees of freedom can be applied to
living matter such as cells under nonequilibrium conditions. The dissipation in the
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cell’s actomyosin cytoskeleton, which acts on a microscopic scale as cytoskeletal and
polymerization motors, and the fluctuations in membrane proturberances are
supposed to regulate their migration through dense 3D extracellular matrices. The
exploration of the underlying mechanisms for cell migration will provide a tool for
hindering or promoting the motility of cells in human diseases such as cancer and,
subsequently, lead to a paradigm for proposing enhanced motility of distinct cancer
cell types.

In particular, the simplest modules of living systems such as Brownian motors are
unlikely to have emerged by chance (random event) or energy minimization, as they
are too complex (Vale and Milligan 2000). Many protein-based molecular motors in
the cells may represent Brownian motors including the Brownian ratchet as a
simplest candidate for which Brownian motion is essential. Cells are evolutionarily
designed Brownian molecular motors in complex fluids that migrate through
connective tissues by altering several parameters in order to be optimally adapted
to microenvironmental conditions. These molecular motors are responsible for
cellular shape alterations and hence cellular polarization, which represents a
symmetry-breaking event.

The migration of cells is basically the interaction between a macroscopic cell body
and multiple thermal baths. Dissipation within the cell’s actin cytoskeleton caused
by cytoskeletal rearrangements drives cellular migration on flat substrates (Bursac
et al 2005, Raupach et al 2007, Mierke et al 2008). In more detail, cells harvest
chemical or thermal energy to perform persistent motion. A migrating cell seems to
change its shape from a symmetric to an asymmetric and polarized shape which may
be provided by forces such as thermodynamic forces. There exists an analogy
between Brownian ratchets and mechanical motion of proteins in living matter and
possibly cells. Multiple ratchet-like processes in proteins seem to be the driving
factors for cellular functions such as cell motility (Lui et al 2014). Moreover, cellular
perturberances are observed in migrating cells and they fluctuate during migration
on 2D and within 3D environments, whereas they are absent in less motile cells.
However, the role of these cytoskeletal rearrangements and membrane perturber-
ances in regulating cellular motility in distinct 3D environments is not yet well
understood. In addition, the cell’s microenvironment for cellular motility, such as
structural or mechanical effects, hinders or restricts cellular motility and hence plays
a major role for cellular functions involving motility and the malignant progression
of cancer such as metastasis.

6.2 Cytoskeletal remodeling dynamics upon mechanical stretching
How cells respond to changes in mechanical forces is crucial for the maintenance of
homeostasis, during the development of tissues (Geiger et al 2001, Vogel and Sheetz
2006, Taber 2009) and under pathological conditions such as cardiomyopathy (Rohr
2009) and asthma (Fredberg 2002, Waters et al 2002, Fredberg 2004, Shore and
Fredberg 2005, Lenormand and Fredberg 2006, An and Fredberg 2007, Fabry and
Fredberg 2007, Nguyen and Fredberg 2008, Discher et al 2009). The mechanical
responses are particularly required in cells that fulfill a mechanical function, such as
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myofibroblasts, which are a unique group of smooth muscle-like fibroblasts acting in
oncogenesis, inflammation, wound contraction and fibrosis. The transition of
fibroblasts into the myofibroblastic phenotype occurs due to microenvironmental
changes caused by factors including mechanical stress, transforming growth factor β
(TGF-β), and extra domain-A (EDA) of fibronectin, which is a splice variant of
fibronectin (Gabbiani 2003, Wight and Potter-Perigo 2011).

In particular, in living cells cultured on two-dimensional (2D) substrata, it has
been shown that a range of mechanical and structural responses of cells are evoked
upon mechanical perturbation. These mechanically induced cellular responses
include cytoskeletal fluidization due to a single stretch, which is followed by a
release of the stretch (Trepat et al 2007, Krishnan et al 2009), and by cytoskeletal
reinforcement in response to the single sustained stretch (Trepat et al 2007) or
localized stressing (Krishnan et al 2009). These cytoskeletal alterations and the
associated reorientation of cellular tractions can be seen over time-scales that are
much shorter than those associated with reorientation of a cell body on a 2D
substrate (Krishnan et al 2012).

A major question is how cells cultured on 2D substrata can mirror the behaviors
of the same cells in a natural tissue environment in vivo. Hence, in order to
investigate the effect of a 3D microenvironment, 3D engineered tissue constructs
have been developed as model systems, in which cellular biophysical properties can
be analyzed. Indeed, cytoskeletal fluidization (depolymerization) and reinforcement
(polymerization) induced after rapidly applied, sustained stretch have been revealed
in cells cultured within 3D engineered tissue scaffolds (Nekouzadeh et al 2008).
However, the time courses and mechanisms by which these responses on stretch are
evoked have not yet been revealed for living cells in a 3D microenvironment. To
elucidate the mechanisms, a system has been established to stretch and then hold
engineered tissue constructs over the objective of a scanning confocal fluorescence
microscope. Using this system, the cytoskeletal dynamics can be monitored and
quantified in a fraction of cells within these 3D engineered tissue matrices, in which
the cells can be identified due to expression of the m-cherry LifeAct, as they are
transfected with m-cherry LifeAct, a fluorescent F-actin reporter, prior to the
experiment (Lee et al 2012).

Indeed, myofibroblasts can react to stretch via specific, cell-wide mechanisms
involving retraction and reinforcement. In particular, retraction responses have been
seen for all orientations of stress fibers and cellular protrusions have been exerted in
the stretch direction, while reinforcement responses such as the extension of cellular
processes and stress fiber formation been observed predominantly in the direction of
the stretch. Moreover, a previously unreported role of F-actin clumps has been
detected, with these clumps acting as F-actin reservoirs for the retraction and
reinforcement phases during the cell stretch. What are the underlying mechanical
mechanisms of these responses of cellular sensitivity to local physical cues?

Prior to the mechanical stretch exertion to most cells, they displayed a diffuse
cytoskeleton composed of randomly arranged actin filaments and aggregations of
actin ‘reservoirs’ and only a few cells showed visible stress fibers. Moreover, cells
displayed staged responses to mechanical stretch. The retraction responses of the
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cells employ the depolymerization of actin stress fibers, the retraction of filopodia-
like cellular protrusions and the creation and increase of F-actin reservoirs. Cellular
protrusions in all directions can be retracted. Stress fibers in all directions can
depolymerize. The F-actin reservoirs, newly formed or grown, are often located near
the retracting cellular protrusions or depolymerizing stress fibers.

The reinforcement responses require the polymerization and thickening of actin
stress fibers, extension of cellular protrusions, and a reduction in the sizes and
numbers of F-actin reservoirs, which are often near the extension site of cellular
protrusions. Actin reservoirs seems to feed the growth of stress fibers. In particular,
the extension of cellular protrusions and growth of stress fibers has been predom-
inately observed in the direction of applied stretch.

Cells in 3D engineered tissue matrices display reactions to stretch that can be
highly diverse, but follow a unifying set of underlying principles, with the local
physical cues transducing cell-wide alterations. Cellular responses encompass
retraction and then, in multiple cases, reinforcement leading to fiber alignment
towards the direction of a stretch over the course of several minutes. The retraction
responses have been found for stress fibers and cellular protrusions, which are
oriented in any direction, whereas the reinforcement have been observed predom-
inantly in the direction of the exerted stretch on the 3D engineered tissue matrix
scaffolds. However, no retraction responses have been found after 5% stretch that
leads to the hypothesis that a critical strain threshold is required for a retraction
response and also that a weak stretch event leads to a stabilization of stress fibers
and cellular protrusions. The dynamic nature of cellular responses upon mechanical
stretch can be divided into three general classes of behavior. First, monotonic
reinforcement causing the extension of stress fibers and the exertion of cellular
protrusions into the direction of the 3D engineered tissue scaffold stretch. Second,
monotonic retraction employs the depolymerization of stress fibers and the
retraction of cellular processes. Third, retraction, which is followed by reinforce-
ment, has been found frequently, whereas the opposite behavior has never been
observed.

6.3 Dynamic cell-level responses derive from local physical cues
A mathematical model applying three governing principles to stress fiber behavior is
able to predict a broad range of experimental observations. The first two principles
are still derived from the observations of cells cultured on 2D substrates. The first
principle is that the stress fibers collapse when the stretch of the cells is outside a
preferred range: both tensile and compressive strains can cause the depolymerization
of stress fibers through rupture or buckling, respectively. The second principle is that
stress near an adhesion site between the cell and the extracellular matrix guides the
reinforcement. For the 3D engineered tissue matrices, the extracellular matrix
stiffness is also increased with stress, so it is not possible to distinguish between
the effects of the initial stress and second event stiffening in this experiment. The
third principle is derived from the detection of clusters of F-actin within cells, which
provide a reliable mechanism by which cells can reinforce rapidly. These F-actin

Physics of Cancer, Volume 1 (Second Edition)

6-4



clusters are included indirectly in the mathematical model, as a conservation law for
the quantity of actin in stress fibers is omitted.

These principles help to explain the observations in several ways. Retraction
responses occur for stress fibers in any orientation, as a combination of two factors.
First, the Poisson contraction predicts that a tensile strain evokes a transverse
compressive strain of nearly equal magnitude and, second, as a distribution in the
prestretch of stress fibers emerges over a cell’s mechanical loading history (Small
et al 1998), the stress fibers near the critical point for depolymerization in tension or
compression can point in all orientations. A region exists at ±45° to the loading
direction in which strains due to the 3D engineered tissue scaffold loading are small,
but an increased association of stress fibers in these orientations that withstand the
mechanical stretch has not yet been found. Although this effect was not evident in
the experiments, it cannot be ruled out, as the sample size of cells containing clear
features of stress fibers oriented at ±45° to the loading direction was very small.

The time course of reinforcement responses after stretch are in line with a law of
growth rates increasing with poststretch stress in the extracellular matrix near a cell–
matrix adhesion site. The model predicted that even three different types of temporal
response are possible, regardless of the cellular shape. Based on the model, the
selection of a specific type of response is based on the probability that stress fibers
stay intact in the direction of stretch, which is predicted by the degree of variation in
the prestretch of cells.

This was found to be true for the two extremes: cells exhibiting no natural axis
and cells with a highly defined natural axis. In both cases, the variation in prestretch
in stress fibers is altered between the three detected types of temporal response.
Indeed, monotonic reinforcement has been predicted for cells with little variation in
prestretch, with few depolymerizing stress fibers and many adhesion sites supporting
the stress fiber driven cell growth. The monotonic retraction is predicted for some
cases of high variation of prestretch when even a sufficient fraction of stress fibers is
simply ruptured due to tension in order to decrease the stress level at the focal
adhesion sites below a stress level in which stress fiber growth can occur. The
retraction is followed by reinforcement, as it has been predicted for an intermediate
variation, whereas the reinforcement after retraction never occurred using this
model. This is can be explained by a separation of the time-scales for retraction and
reinforcement.

The model additionally predicted the polarization of cells into the direction of 3D
engineered tissue scaffold stretch. The reinforcement is observed predominantly in
the direction of stretch in this model, where stresses at the adhesion sites emerge then
to sufficiently high levels. Stress fibers, which are aligned in the stretch direction and
withstand the 3D engineered tissue scaffold stretch, play a key role for reinforcement
and polarization responses, as seen in the sectors near θ = 0°. Moreover, these
sectors become denser as they are filled with more stress fibers, whereas the 3D
engineered tissue scaffold is kept isometric unless the 3D engineered tissue scaffold
stretch evokes its depolymerization.

Cells in a 3D engineered tissue scaffold exhibit specific responses to mechanical
stimulation that are predicted through a few general principles that can be
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implemented in a simple model. Other additional factors, which have not yet been
modeled, are certainly critical for cellular responses. The active contraction of cells is
in certain cases initiated in response to stress, and the fibrosity can either increase or
decrease as cells pull back against their adhesion sites. The magnitude of active
cellular contraction measured at the level of a 3D engineered tissue scaffold is rather
independent of the magnitude of mechanical stretch in these scaffolds, which is in
line with previous observations (Wakatsuki et al 2000). It has been pointed out that
the model aimed to identify possible driving forces for the major findings. In one
case a cell is retracted into a ball-like shape, then elongated into a spindle-shaped
cell. However, the latter case cannot be modeled using the introduced model, and
hence it is mentioned to highlight that the scope of this model is somewhat restricted
to a specific set of phenomena that seem to cover the vast majority of observations.
However, the governing principles reported can predict the major trends and might
even broadly affect the development and remodeling of entire tissues.

6.4 Cytoskeletal dynamics in 3D differ from those observed in 2D
Many of the cellular behaviors which have been detected in 3D engineered tissue
constructs possess direct analogs in observations from cells cultured on 2D
substrates. Indeed, the poststretch retraction responses have been found to be
consistent with the Fredberg model (Trepat et al 2007) of cytoskeletal fluidization,
which has been induced exclusively through mechanical stimulation in 2D culture.

Consistent with these findings of the Fredberg model, the time scale for stress
fiber depolymerization was also too short to be identified by the 3D approaches.
The dependence of the cellular behavior on the distribution of prestained stress
fibers, as predicted by the Fredberg model, was also consistent with the Kaunas
models for cells loaded cyclically on a 2D substrate (Kaunas et al 2005, 2006, Hsu
et al 2010, Kaunas and Hu 2009). Although results are not available for the
allowable stretch range of stress fibers in cells within 3D engineered tissue scaffolds,
by applying the range that has been reported by the Kaunas group to the models
allows us to replicate the experiment results qualitatively. Moreover, the realign-
ment of cells and the increased protrusion of filopodia in the direction of sustained
stretch is also consistent with this work, as well as many other findings and models
predicting the polarization of endothelial cells adherent to flexible 2D substrates, on
which very low frequency stretch has been exerted (Zemel et al 2007, 2010a, 2010b,
De and Safran 2008, De et al 2010). The concept of stress-driven alteration of actin
stress fiber density is supported by the 2D Deshpande model (Deshpande et al
2006), and the concept of the alignment of stress fibers due to elastic interactions
with the extracellular matrix is in line with other results (De et al 2010, Friedrich
et al 2011).

However, several differences still exist. In particular, contrary to results of cells in
2D, the retraction and reinforcement responses were both detected during isometric
stretches, with the retraction responses pointing in all directions. In 2D, the F-actin
depolymerization has been found frequently in unloading of the actin cytoskeleton
following a stretch step (Chen et al 2010). The F-actin depolymerization was
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detected in 3D following both sustained stretch and also in compressed stress fibers,
which is dissimilar to the reinforcement and fluidization effects observed upon
stretch and compression, respectively, in 2D (Wu and Feng 2015).

6.5 Nano-scale particle tracking
Nano-scale single-particle tracking (NSPT) is an effective method to analyze the
dynamics of molecules in living cells. NSPT exists in two dimensions as well as three,
with 3D-NSPT being more sophisticated than 2D-NSPT. 2D-NSPT has been used
in numerous biological and medical research fields, for example in the analysis of
membrane dynamics (Fujiwara et al 2002, Murase et al 2004, Kusumi et al 2005,
Raupach et al 2007, Mierke 2013), to reveal the virus infection mechanism
(Lakadamyali et al 2003, Joo et al 2011, Liu et al 2011a, 2012) and to discover
the intracellular or intercellular transport dynamics of molecules (He et al 2010, Liu
et al 2011b, Wang et al 2012). For 2D-NSPT, the particle center of mass can be
determined with a precision of several nanometers by combining it with a 2D
Gaussian fitting method (Kural et al 2005, Liang et al 2007). The main limitation of
the 2D-NSPT method is that the particle can only be tracked within a thin focal
plane, otherwise the tracking mechanism will fail. The nano-scale tracking of beads
inside cells is of great interest (figure 6.1) as it is important for determining the
cytoskeletal remodeling dynamics within cells that migrate through a dense 3D
extracellular matrix microenvironment. Thus, 3D-NSPT tracking that captures the
full spatiotemporal behavior of the beads embedded on the living cells is becoming
more and more important for investigating the cellular microenvironment. Several
microscopy techniques have been developed for 3D localization in the SPT field
(Katayama et al 2009, Wells et al 2010, Dupont and Lamb 2011, Juette et al 2013,

Figure 6.1. Nano-scale particle tracking. Adherent cancer cells (red circle, examples for cell-bound beads,
green are beads connected to the substrate) are incubated with 4.5 μm beads coated with fibronectin for 15 min
and the bead displacement (blue line) is measured for several minutes.
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van den Broek 2013), resulting in many single-particle applications (Ram et al 2008,
Jones et al 2011, Planchon et al 2011, Han et al 2012, Quirin et al 2012). There are
basically two main types of techniques for tracking individual particles in 3D: (1) 3D
tracking by postanalyzing the recorded image data and (2) real-time 3D tracking via
feedback approaches (Dupont and Lamb 2011). The first approach is useful for
tracking multiple particles simultaneously. Most versions require modifications to a
standard microscope and use of a 2D Gaussian fitting algorithm to achieve super-
resolution localization precision, including astigmatic imaging (Holtzer et al 2007,
Huang et al 2008), multifocal plane (Ram et al 2008), biplane detection (Juette et al
2008) and a double-helix point spread function (Pavani et al 2009, Thompson et al
2010). However, with the development of sensitive cameras and bright fluorescent
tags, a high number of 2D images at different z-positions can be recorded, which
seems to be the most straightforward method for 3D single-particle imaging and
tracking in living cells.

Although several corresponding algorithms have been developed for locating the
particle center from a series of 3D image z-stacks (Kubitscheck et al 1996,
Patwardhan 2003, Ruthardt et al 2011), the frequently used centroid and
Gaussian nonlinear least-squares fitting methods are suitable for 3D-SPT. In more
detail, the high-speed centroid method has very low localization precision and high
edge sensitivity. Although the iterative Gaussian fitting methods are considered to be
the most accurate algorithm, they are not suitable for 3D-SPT because the large data
volumes require too much time to analyze. Additionally, the initial values should be
set for fitting parameters before calculation, which is a very tedious process. Thus, it
has been considered whether an efficient algorithm could be developed for 3D-SPT
with high computation speed and high precision.

There is a localization algorithm based on a radial-symmetry method that can
solve the challenges of 3D-SPT mentioned above. Although the whole-pixel and
sub-pixel localizations using the radial-symmetry method in 2D have been described
in previous reports (Loy and Zelinsky 2003, Parthasarathy 2012), such a method for
3D and sub-pixel localization has not been reported so far. The localization
accuracy and computation speed of the method is primarily assessed based on
two applications from theoretical and practical perspectives: (1) localization of
simulated 3D particle images by wide-field and confocal microscopy and (2) 3D-SPT
of a quantum dot (QD)-labeled influenza virus in living host cells. However, this
novel method determines the 3D particle center with low edge sensitivity and sub-
pixel precision, which is similar to the Gaussian nonlinear least-squares fitting
method. Without any iterative or numerical fitting steps, the computation speed of
this method is about two orders of magnitude higher than that of the Gaussian
fitting method and thus similar to that of the centroid method. These features make
this algorithm a very competitive method for 3D-SPT applications.

The 3D single-particle localization method
The 3D point spread function (PSF) of the Born–Wolf model (Born and Wolf 1980)
is introduced to simulate the 3D charge-coupled device (CCD) images of individual
particles. In particular, the axial intensity distribution of a 3D-PSF has the shape of
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a ‘butterfly’ in typical wide-field microscopy. Moreover, the intensity of the ‘wings’ is
dramatically reduced for confocal microscopy, whereas the ‘body’ is an approximate
ellipsoid, which can be characterized by the ratio of axial resolution (Rz) to lateral
resolution (Rxy):

=R
R

n
N

3.28
, (6.1)

z

xy A

where n represents the refractive index of the objective medium and the particular
NA is the numerical aperture of the objective (Pawley 2006). Based on this
approximation and by scaling of the 3D images in the axial direction according to
the ratio, images with the intensity distribution of an approximate sphere are
obtained. This 3D radial-symmetry localization method is based on the fact that the
gradient line at each pixel in a 3D sphere would intersect theoretically with the true
center of the 3D sphere, which has a distance of 0 to all gradient lines. Considering
any optical noise and deformation error, the center is estimated using the point
which has the least total distance to all gradient lines. Moreover, a displacement-
weighted method is implemented to reduce the influence of the intensity of the wings,
leading to a more accurate approach regarding the high-intensity areas.

Accuracy for wide-field microscopy
The performance of this method is evaluated for wide-field microscopy using 1000
3D CCD images, which are simulated with a signal-to-noise ratio (S/N) of 20 and
with the true centers distributed randomly between ±0.5 pixels in the x-, y- and
z -directions. By tracking 1000 images with a centered 7 × 7 × 11 pixel region (pixel
size: 100 × 100 × 150 nm), the 3D radial-symmetry method leads to a mean lateral
error of 0.011 pixels and an axial error of 0.044 pixels, much smaller than that of the
centroid method (lateral error: 0.077 pixels, axial error: 0.163 pixels) and in a similar
range to that of the Gaussian fitting method (lateral error: 0.011 pixels, axial error:
0.045 pixels). The 3D scatter plots of the errors in 3D further illustrate that the error
distribution of this method is similar to that of the Gaussian fitting method and more
concentrated compared to that of the centroid method. Meanwhile, the accuracy of
the 3D radial-symmetry method has been investigated without scaling the 3D image
in the axis direction by using simulated 3D CCD images with a S/N of 20. The
accuracy of the 3D radial-symmetry method (lateral error: 0.018 pixels, axial error:
0.089 pixels) is lower than that of the Gaussian fitting method, indicating that the
scaling process is very important for improving the precision of the 3D radial-
symmetry method.

The intensity distribution of the scaled image of a 3D particle shows that the
intensity in the axial direction is not only the shape of a sphere, but it also contains
halos (the wings of the 3D-PSF image). In order to eliminate the influence of the
wings of the 3D particle image on the localization accuracy, the centers have been
determined with different lateral sizes. The total error plots show that the accuracy
decreases with the shrinking of the lateral size. Moreover, the accuracy is similar to
that of the Gaussian fitting method for large lateral size and even better for small
size, indicating that this approach can reduce the surrounding interference.
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The accuracy of this method is further determined using simulated 3D images
with S/N of 3–100. The error plots indicate that the lateral accuracy is slightly lower
than that of the Gaussian fitting method for low S/N, whereas it is higher for high
S/N and the axial accuracy has the same trend. The total errors for the three
localization methods have been revealed. The total error is 7.06 nm for the radial-
symmetry method, 7.14 nm for the Gaussian fitting method and 28.44 nm for the
centroid method at a S/N of 20. The total error plots indicate that the accuracy of the
3D radial-symmetry method is much better than that of the centroid method and
seems to be as good as that of the Gaussian fitting method over almost the entire
range and even better for high S/N. Moreover, the average computation time is 0.39
ms for the radial-symmetry method, 0.16 ms for centroid method and 39.12 ms for
the Gaussian fitting method, which is about 100 times longer than that of the radial-
symmetry method. Indeed, this is a key attribute of this method for processing a
mass of 3D images in the SPT field.

The accuracy of confocal microscopy
Taking the z-stacks by confocal microscopy is a widely used tool for 3D particle
imaging and tracking. Thus, the accuracy of different localization methods is
obtained by using simulated 3D CCD images for confocal microscopy. Hence, the
3D radial-symmetry method (lateral error: 0.009 pixels, axial error: 0.036 pixels,
total error: 5.58 nm) is still as accurate as the Gaussian fitting method (lateral error:
0.008 pixels, axial error: 0.038 pixels, total error: 5.59 nm) and much better
compared to the centroid method (lateral error: 0.064 pixels, axial error: 0.097
pixels, total error: 18.59 nm) for 1000 CCD images with a S/N of 20. As shown
above, a series of simulated images with a wide range of S/N values has been
examined. Thus, it has been found that the accuracy of this method is slightly lower
than that of the Gaussian fitting method for low S/N, but even higher in the axial
direction for high S/N. Indeed, these results demonstrate that the localization
accuracy for three methods is improved by using the 3D confocal CCD images
and thus the 3D radial-symmetry method is applicable for confocal microscopy.
With the decrease of axial size, the accuracy decreases similarly for the three
localization methods. Taken together, this method is as accurate as the Gaussian
fitting method.

The accuracy estimated by actual experiments
In order to investigate locally the ability of cells to react mechanically under
particular distortions or imperfections, the algorithm using 3D CCD images from
actual experiments has been refined. In particular, the positions of multiple
fluorescent beads have been detected in 3D images using different methods.
However, the true centers could not be obtained in actual experiments, but the
positions located by the radial-symmetry method are consistent with those obtained
with the Gaussian fitting method. In addition, the 3D-SPT technique has been
utilized in order to investigate the behavior of a QDs-labeled influenza virus in live
Madin–Darby canine kidney cells and analyze the trajectory of a single virus
precisely. It has been observed that the trajectory of radial-symmetry-based tracking
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is very similar to that of the Gaussian fitting method. It has to be pointed out that the
3D radial-symmetry method took only 0.76 s to calculate the particle positions of
the trajectory (273 frames), whereas 47.77 s were needed for the Gaussian fitting
method. The relationship of mean square displacement (MSD) with time interval is
highly important for analyzing the motion mode and calculating the relative
motional parameters, such as the diffusion coefficient and fitting velocity (Saxton
and Jacobson 1997, Liu et al 2012). Indeed, it has been found that the MSD–time
plot for radial-symmetry-based tracking overlaps very significantly with that of the
Gaussian fitting method. In addition, the results obtained further indicate that
the radial-symmetry-based method is as accurate as the Gaussian fitting method in
the actual experiments, but it has a much higher computation speed.

Although z-stacks microscopy has been widely used for 3D single-particle
tracking, the relatively rapid algorithms for high-resolution single-particle local-
ization are only rarely provided. A noniterative localization algorithm has been
developed that first utilizes the scaling of 3D image in the axial direction and then
focuses on evaluating the radial-symmetry center of the scaled image to achieve the
desired single-particle localization. In the first step, the deformation of a 3D image
of single particles is accomplished by scaling the image in the axial direction based
on the ratio of axial resolution to lateral resolution. By evaluating the accuracy using
simulated 3D particle images, it can be confirmed that the scaling step is essential for
improving the accuracy of this localization method. In practice, the ratio of the axial
resolution to the lateral resolution may differ from microscope to microscope.
However, the localization method can be adjusted slightly with different micro-
scopes for higher precision. Localizing the particle position in the second step is
based on the particle center that has the least total distance to all gradient lines at
each pixel in the scaled 3D image. In addition, a displacement-weighted method is
applied to improve the localization precision pronouncedly, which can reduce the
influence of the edge intensity. Finally, the combination of these two steps achieves
3D single-particle localization with a sub-pixel localization accuracy and sub-
millisecond computation time.

Compared with the frequently used centroid and Gaussian fitting methods
(Kubitscheck et al 1996, Patwardhan 2003, Ruthardt et al 2011), this approach
seems to be more precise than the centroid method in its localization precision and it
also has the same precision as the 3D Gaussian fitting method, although the
computation speed is two orders of magnitude higher compared to that for the
Gaussian fitting method. High computation speed and precise localization ability
are the main contributions of the 3D radial-symmetry method. Meanwhile, although
the radial-symmetry method has been used in whole-pixel and sub-pixel localization
in 2D (Loy and Zelinsky 2003, Parthasarathy 2012), the present 3D radial-symmetry
method is a significant expansion of the radial-symmetry-based algorithm in 3D and
is expected to be exploited in some new algorithms. Moreover, by tracking a QD-
labeled influenza virus in living cells, it was further confirmed that the 3D radial-
symmetry method is suitable for rapidly localizing the position of single viruses with
a high precision in the 3D-SPT field. As a main advantage, this approach can
considerably reduce the time and cost for processing the large volume of data of 3D
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images, which makes it particularly suited to 3D high-precision single-particle
tracking, 3D single-molecule imaging and new microscopy techniques.

Single-particle tracking in 3D in a living cell microenvironment holds the promise
of revealing important new biological insights. However, conventional microscopy-
based imaging techniques are not well suited for fast 3D tracking of single particles
in cells. An imaging modality multifocal plane microscope (MUM) has been
developed to image fast intracellular dynamics in 3D in living cells. Thus, an
algorithm is introduced, the MUM localization algorithm (MUMLA), in order to
determine the 3D position of a point source that is imaged using MUM. MUMLA
has been validated through simulated and experimental data and indeed showed that
the 3D position of QDs can be determined over a wide spatial range. Moreover, it
has been shown that MUMLA provides the best possible accuracy for determining
the 3D position. This analysis demonstrates that MUM overcomes the poor depth
discrimination of the conventional microscope and thus paves the way for high-
accuracy tracking of nanoparticles in a living cell microenvironment. Using MUM
andMUMLA the full 3D trajectories of QD-labeled antibody molecules undergoing
endocytosis in living cells, from the cell membrane to the sorting endosome deep
inside the cell, have been reported.

Fluorescence microscopy of living cells represents a major tool for analyzing
intracellular trafficking events. Using state-of-the-art microscopy techniques, only a
single focal plane can be imaged at a particular time. Membrane protein dynamics
can be investigated in one focal plane and the significant advances can be regarded
as an advantage of fluorescence microscopy (Zenisek et al 2000, Kwik et al 2003).
However, cells are 3D objects and intracellular trafficking pathways are typically
not constrained to one focal plane. If the dynamics are not restricted to one focal
plane, the currently available technology is inadequate for the detailed investigation
of fast intracellular dynamics (Ehrlich et al 2004, Ober et al 2004, Oheim 2004, Hua
et al 2006, Rutter and Hill 2006). For instance, significant advances have been made
in the investigation of events that precede endocytosis at the cell membrane (Conner
and Schmid 2003, Maxfield and McGraw 2004, Pelkmans and Zervial 2005).

However, the dynamic events post-endocytosis typically cannot be imaged, as
they occur outside the focal plane that is set to image only the cell membrane.
Classical approaches based on altering the focal plane are often ineffective in such
situations, as the focusing devices are relatively slow in comparison to many of the
intracellular dynamics (Schütz et al 2001, Thomann et al 2002, Arhel et al 2006). In
addition, the focal plane may frequently fail to be in the right place at the right time,
thus missing important aspects of the dynamic events.

However, modern microscopy techniques have generated significant interest in
investigating the intracellular trafficking pathways at the single-molecule level (Sako
et al 2000, Ober et al 2004). In particular, single-molecule experiments overcome the
averaging effects and thus provide information that is not accessible using conven-
tional bulk studies. However, the 3D tracking of single molecules poses several
challenges. In addition to whether or not images of the single molecule can be
captured while it undergoes potentially highly complex 3D dynamics (Moerner
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2007), the question arises of whether the 3D location of the single molecule can be
determined and how accurately this can be performed.

Several imaging techniques have been proposed to determine the z-position of a
single molecule/particle. Approaches (Speidel et al 2003, Toprak et al 2007) that use
out-of-focus rings of the 3D-PSF to infer the z-position are not capable of tracking
QDs (Toprak et al 2007) and pose several challenges, especially for live-cell imaging
applications, since the out-of-focus rings can be detected only when the particle is at
a certain depth. Moreover, a large number of photons must be collected so that the
out-of-focus rings can be detected above the background, which severely compro-
mises the temporal resolution. Similar problems are also encountered with the
approach that infers the z-position from out-of-focus images acquired in a conven-
tional fluorescence microscope (Aguet et al 2005). Moreover, this approach is
applicable only at certain depths and hence is problematic, when the point source is
close to the plane of focus. The technique based on encoding the 3D position using a
cylindrical lens (Kao and Verkman 1994, Holtzer et al 2007, Huang et al 2008) is
somewhat limited in its spatial range to 1 μm in the z-direction (Holtzer et al 2007).
Moreover, this technique uses epi-illumination and thus poses the same problems as
conventional epifluorescence microscopy in tracking events that fall outside even
one focal plane. The approach based on z-stack imaging in order to determine the
3D position of a point source (Schütz et al 2001, Watanabe and Higuchi 2007) has
limitations in terms of the acquisition speed and the accuracy achievable for the
location estimates, and thus poses problems for investigating fast and highly
complex 3D dynamics. It should be pointed out that the above-mentioned
techniques have not been able to image the cellular microenvironment with which
the point sources interact. This is particularly important for gaining useful biological
information, such as identification of the final destination of the single molecules of
interest. Confocal/two-photon particle tracking approaches, which scan the sample
in 3D, can only track one or very few particles within the cell and require therefore
high photon emission rates of the beads (Levi et al 2005).

One of the key requirements for 3D tracking of single molecules within a cellular
microenvironment is that the targeted molecule must be continuously tracked for
extended periods of time at high spatial and temporal precision. However, conven-
tional fluorophores such as organic dyes and fluorescent proteins typically have a
limited fluorescent on-time (typically 1–10 s), after which they are irreversibly
photobleached, thus severely limiting the duration over which the tagged molecule
can be tracked. However, the use of QDs, which are extremely bright and photo-
stable fluorescent labels when compared to conventional fluorophores, enables
continuous tracking of single molecules for extended periods of time (several
minutes or even hours). There have been several reports on single QD tracking
within a cellular microenvironment, for example on the cell membrane (Dahan et al
2003, Crane and Verkman 2008) or inside the cells (Nan et al 2005, Courty et al
2006, Cui et al 2007). All of these reports have focused on QD tracking in 2D.
However, the 3D tracking of QDs in cells has been problematic due to the above-
mentioned challenges that relate to imaging fast 3D dynamics with conventional
microscopy-based techniques.
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Rapid progress has been made recently in developing localization-based super-
resolution imaging techniques (Lidke et al 2005, Betzig et al 2006, Hess et al 2006,
Rust et al 2006, Egner et al 2007). In particular, these techniques typically use
photoactivated fluorescent labels and exploit the fact that the location of a point
source can be determined with a very high (nanometer) level of accuracy (Thompson
et al 2002, Ober et al 2004). This is in conjunction with the working assumption that
during photoactivation, sparsely distributed (thus spatially well separated) labels are
turned on, enabling the retrieval of nano-scale positional and distance information
for the point sources well below Rayleigh’s resolution limit.

Originally demonstrated in 2D fixed-cell samples, these techniques have also been
extended to 3D imaging of noncellular/fixed-cell samples (Folling et al 2007, Huang
et al 2008, Juette et al 2008) and more recently have even been used to track single
molecules in 2D in living cells (Hess et al 2007, Manley et al 2008, Shroff et al 2008).
However, single molecules were tracked only for a short period of time because of
the use of conventional fluorophores, which are susceptible to rapid photobleaching.
Moreover, live-cell imaging was carried out using conventional microscopy-based
imaging approaches, with their 3D tracking problems in terms of imaging events
that fall outside the plane of focus. Thus, these techniques do not support the long-
term, continuous (time-lapse) 3D imaging of fluorophores, which limits their
applicability to 3D tracking in living cells.

An imaging modality, multifocal plane microscopy (MUM) has been developed
to ensure 3D subcellular tracking within a living cell microenvironment (Prabhat
et al 2004, 2007). In MUM, the sample is simultaneously imaged at distinct focal
planes. This is achieved by placing detectors at specific distances in the microscope’s
emission-light path. The sample can be concurrently illuminated in the epifluor-
escence mode and also in the total internal reflection fluorescence (TIRF) mode. In
MUM, the temporal resolution is determined by the frame rate of the camera that
images the corresponding focal plane, which does not produce a realistic limitation,
given current camera technology. Indeed, MUM has been performed to investigate
the exocytic pathway of immunoglobulin G molecules from the sorting endosome to
exocytosis on the cell membrane (Prabhat et al 2007), as facilitated by the receptor
FcRn interactions with IgG (Ghetie and Ward 2000). Prior results addressed the
problem of providing qualitative data, for instance, the imaging of the dynamic
events at different focal planes within a cell. A major obstacle to high-accuracy 3D
location estimation is the poor depth discrimination of a conventional microscope.
However, the z-position, which is the position of the point source along the optical
axis, is difficult to determine, and this is particularly the case when the point source is
closely located to focus. Aside from this, the accuracy with which the 3D location of
the point source can be determined is of fundamental importance. The latter is
particularly relevant in live-cell imaging applications, where the S/N is typically very
poor.

In the following, a methodology for determining the 3D coordinates of single
fluorescent point source images is presented using MUM in living cells. The specifics
of MUM acquisition exploit the fact that for each point in time more than one image
of the point source is available, each at a different focal level. By appropriately
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exploiting this data structure it can be demonstrated that estimates are obtained and
significantly more accurate compared to classical approaches, particularly in the
case when the point source is near the focus in one of the focal planes. Moreover,
simulations and experimental data have revealed that the proposed MUM local-
ization algorithm (MUMLA) is applicable over a wide spatial range (approximately
2.5 μm depth) and produces estimates whose standard deviations are very close to
the theoretically best possible level. This analysis shows that MUM overcomes the
poor depth discrimination of the conventional microscope and thus paves the way
for high-accuracy tracking of nanoparticles in a living cell microenvironment.

It should be pointed out that MUM supports multicolor imaging. This has
enabled us to image QDs in 3D and also to image, at the same time, the cellular
microenvironment with which the QD-labeled molecules interact. The latter was
realized by labeling the cellular structures with spectrally distinct fluorescent fusion
proteins. As is shown here, this has enabled us to track the fate of QD-labeled
antibody molecules from endocytosis at the cell membrane to its delivery into the
sorting endosome inside the cell in another focal plane.

The impressive developments in optical microscopy have made this technology
increasingly compatible with other biological studies. Fluorescence microscopy in
particular has contributed to investigation of the dynamic behaviors of living
specimens and it can resolve objects with nanometer precision and resolution due
to super-resolution imaging. Additionally, single-particle tracking provides infor-
mation on the dynamics of individual proteins at the nanometer scale both in vitro
and in cells. The development of fluorescent probes has complemented advances in
microscopy technologies. The QD, a semiconductor fluorescent nanoparticle, is
particularly suitable for single-particle tracking and super-resolution imaging.

Fluorescence microscopy has become standard for investigating the dynamic
behavior of biological phenomena such as the expression, movement and local-
ization of proteins and other molecules (Ellinger 1940, Lichtman and Conchello
2005, Drummen 2012, Miyawaki 2013, Peter et al 2014). However, optical
diffraction limits the spatial resolution to several 100 nanometers, thus no informa-
tion is obtained on many details for these phenomena (Abbe 1873). Two technol-
ogies have overcome this limitation and permit the observation of even smaller
nano-scale dynamics: single-particle tracking (Ritchie and Kusumi 2003, Saxton
2009, Chenouard et al 2014) and super-resolution microscopy (Schermelleh et al
2010, Galbraith and Galbraith 2011, Leung and Chou 2011). Single-particle
tracking ensures the observation of the precise position of single fluorescent probes
conjugated to separate target proteins over a 2D plane. In addition, super-resolution
microscopy provides highly resolved optical images beyond the aforementioned
spatial resolution.

In order to conduct the above imaging techniques, it is often required to label the
target protein with a fluorescent probe. Fluorescent proteins are most popular for
this purpose because of their simple and easy labeling procedure in living cells
(Shimomura and Johnson 1692, Tsien 1998, Nifosí et al 2007). In more detail,
organic dyes are also commonly used because of their wide application (Wombacher
and Cornish, 2011, Wysocki and Lavis 2011, Terai and Nagano 2013). Inorganic
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nanoparticles are forming another group of probes that gains attention and is made
of semiconductors, metals and silicon (Ruedas-Rama et al 2012, Chinnathambi et al
2014, Cupaioli et al 2014). Although usually larger than fluorescent proteins and
organic dyes, inorganic nanoparticles generally have stronger and more stable
fluorescence profiles, which makes them suitable and even applicable not only to
basic research, but also to clinical studies (Byers and Hitchman 2010, Choi and
Frangioni 2010, Saadeh et al 2014, Wang and Wang 2014). In more detail, these
same properties make them well suited for single-particle tracking methods (Chang
et al 2008, Saxton 2008, Barroso 2011, Bruchez 2011, Clausen and Lagerholm 2011,
Ruthardt et al 2011, Pierobon and Cappello 2012, Kairdolf et al 2013, Petryayeva
et al 2013).

This section is focused on advanced microscopy using QDs, perhaps the most
studied inorganic nanoparticles for biological applications (Pilla et al 2012). Single-
particle tracking using QDs has reached 3D (x, y, z) (Genovesio et al 2006, Holtzer
et al 2007, Watanabe and Higuchi 2007, Watanabe et al 2007, Ram et al 2008, 2012,
Wells et al 2008, 2010, Yajima et al 2008) and more recently has even reached four
dimensions (x,y,z,θ) (Ohmachi et al 2012, Watanabe et al 2013). For all their
benefits, QDs have major drawbacks, such as high blinking (Nirmal et al 1996, van
Sark et al 2001, Schlegel et al 2002, Hohng and Ha 2004, Ko et al 2011) and a
spectral blue-shift during observation (Nirmal et al 1996, van Sark et al 2002, Hoyer
et al 2011), which complicate the continuous tracking of the single particle and
emerge due to photo-oxidation while under high-power illumination. These limi-
tations have stimulated research into new super-resolution microscopy methods
(Lidke et al 2005, Dertinger et al 2009, Watanabe et al 2010, Chien et al 2011, Hoyer
et al 2011, Deng et al 2014).

QDs as fluorescent labeling probes
A QD is a semiconductor nanocrystal with electronic characteristics that depend on
its size and shape (Rossetti et al 1980, Ekimov and Onushchenko 1981). Due to their
unique characteristics and ease of synthesis, QDs have not only been applied to
biomedical research, but also to engineering- and industry-related fields, such as
transistors, solar cells, LEDs and diode lasers (Pilla et al 2012). QDs used in
biological studies have a core–shell structure; the most famous is the cadmium
selenide (CdSe) core and zinc sulfide (ZnS) shell (Dabbousi et al 1997, Bruchez et al
1998, Chan and Nie 1998, Pilla et al 2012). As a major advantage, this structure
results in QDs having narrow emission spectra, but wide absorption spectra. There
are two important criteria when applying QDs to biological studies: solubility and
conjugating capability (Li et al 2010). Highly fluorescent QDs are usually synthe-
sized in organic solvents in coordination with compounds such as tri-n-octylphos-
phine oxide (TOPO) or alkylamine. These compounds coat the QD, in order to
make it too hydrophobic to be dissolved in water. Thus, further surface coating or
exchange with hydrophilic compounds is needed for use in biological assays.
Furthermore, upon becoming water soluble, the surface of the QD must have
reactive groups such as amino and carboxyl chains in order for the QD to conjugate
with the target biological sample. The surface coating not only contributes to the
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water solubilization, but also to the stabilization of the fluorescence of the QD in
water because the photophysical properties are affected by the surface coating
(Kuno et al 1997, Kloepfer et al 2005). Some surface coating methods even suppress
the blinking that is a major drawback of QDs (Hohng and Ha 2004, Fomenko and
Nesbitt 2008, Mandal and Tamai 2011, Zhang et al 2013).

There are two main ways to prepare water-soluble QDs (Erathodiyil and Ying
2011, Zhang and Clapp 2011). The first is to encapsulate a hydrophobic QD with an
amphiphilic polymer or phospholipid (Dubertret et al 2002, Gao et al 2005, Li et al
2010, Tomczak et al 2013). The second is a ligand-exchange method in which the
capping hydrophobic ligands are exchanged with hydrophilic ligands (Gerion et al
2001, Guo et al 2003, Pinaud et al 2004, Kim et al 2005, Nann 2005, Jiang et al 2006,
Dubois et al 2007). While the water-solubilized QD obtained by the first method is
more stable and suitable for commercialization, its size increases to about 20–40 nm,
which increases the risk of steric hindrance against the function of the target protein
(Li et al 2010). The ligand-exchange method is inferior in stability, but it has a
simpler synthesis process and produces a smaller QD. The thin coating layer is
another advantage of this method, as it reduces the risk of steric effects that could
compromise the function of the protein upon conjugation with the QD.

Many coating reagents exist for the ligand-exchange method, including mercap-
tocarboxylic acid (Jiang et al 2006), carbon disulfide (Dubois et al 2007), thiosilanol
(Gerion et al 2001), dendrimer (Guo et al 2003), peptide (Pinaud et al 2004),
phosphine oxide (Kim et al 2005), and polyethylenimine (Nann 2005). The coating
reagents can also functionalize QDs for specific purposes. Examples of this include
β-cyclodextrin for ion-sensing (Palaniappan et al 2004), cyclodextrin for redox-
active substrates (Palaniappan et al 2006) and cyclodextrin thiol for pH sensing (Cao
et al 2006). Usually glutathione can be used as the coating compound because of its
relatively easy preparation, which only requires the mixing of hydrophobic QDs
with an aqueous glutathione solution (Jin et al 2008, Tiwari et al 2009). In
particular, glutathione-coated QDs have two reactive groups (amino and carboxyl)
that ensure easy conjugation with the target protein and show no cytotoxity (Tiwari
et al 2009).

Fluorescence microscopy for nano-scale measurements
The microscopy introduced requires a regular wide-field fluorescence microscope
and no complicated optical principles or special devices. However, because nano-
scale measurements require a high S/N, a highly photon-sensitive camera, such as an
electron multiplying charge-coupled device (EMCCD), is necessary. More recently,
complementary metal–oxide–semiconductor (sCMOS) cameras have become avail-
able as alternatives (Huang et al 2011, Long et al 2012, Ma et al 2013). The vibration
and/or stage drift of the microscope should of course be considered, as these can lead
to artifacts in the measurement by obscuring the behavior and the structure of the
target. Consequently, the microscope should be set on a vibration-isolation table
and built with minimum height and maximum rigidity to reduce any vibration. As
thermal expansion of the metals composing the microscope causes drifts in the stage
and focus position, microscopes made of metals with lower thermal expansion such
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as invar (a nickel–iron alloy) are generally preferred. In addition, the drifts can be
further suppressed by setting the microscopic system in a room with constant
temperature and humidity.

One strategy for reducing vibrations is discussed in the following. Specifically,
transition images of a silica bead with 1 μm diameter absorbed on a cover slip
surface were acquired with excess illumination so that the camera gain could be set
to zero. The frame rate was 2.0 ms, the images were acquired for 1.0 s, and the
precise position (x, y) of the bead was calculated by image analysis. Moreover, in
the usual initial setup, the position of the bead was kept stable within 0.7 nm in the
x-axis and 0.4 nm in the y-axis. When a screw to fix the CCD camera was loosened,
the vibration increased to 0.8 nm in both axes. Normally, a mono-objective revolver
is used, but when instead a commercially available size-position revolver was used,
the vibration was enhanced in the y-axis to 2 nm. Thus, rigid construction of the
microscope is paramount for nano-scale measurements and observations.

Single-particle tracking using QDs
Single-particle tracking is well adapted for investigation of motor and membrane
proteins, because resolving nano-scale movements is necessary for understanding the
protein function (Ritchie and Kusumi 2003, Park et al 2007, Toprak and Selvin
2007, Saxton 2009). Although the resolution of conventional fluorescence micro-
scopes is constrained by the diffraction limit, the 2D position of a single particle can
be determined by calculating the weight center of the image of the fluorescent spot.
The fluorescence emitted from a fluorescent probe forms a PSF that can be fitted
with a Gaussian distribution where I0 and (x0, y0) are the fluorescence intensity and
the position of the fluorescing center, respectively. Moreover, σ is the radial standard
deviation of the Gaussian function and C is the background fluorescence. Indeed,
this analysis can be used to measure the center position of the image (Kubitscheck
et al 2000, Cheezum et al 2001, Thompson et al 2002, Small and Stahlheber 2014).
Although there are other common methods for determining the center, including
cross-correlation, sum-absolute difference and the simple centroid, Gaussian fitting
has the highest robustness at low S/N, which is why it is commonly used (Thompson
et al 2002). In this case, the actual fitting computation is performed using the
Levenberg–Marquardt method (Levenberg 1944).

The calculation precision from Gaussian fitting depends strongly on the photon
number that the detection device receives from the emission of the fluorescent probe
and can be as small as a few nanometers (Deschout et al 2014, Small and Stahlheber
2014). The method described above is called fluorescence imaging with one-nano-
meter accuracy (FIONA) and has become a standard method (Yildiz et al 2003,
Yildiz and Selvin 2005, Park et al 2007, Hoffman et al 2011). However, the number
of photons emitted by single organic dyes and fluorescent protein molecules before
photobleaching, about 110,000 (Kubitscheck et al 2000), is too low for the
observation of protein movement over a long time. As the cause of photobleaching
is thought to be oxygen collisions with the dye molecule in its excited state, it can be
reduced by the addition of oxygen scavengers (Sambongi et al 1999, Adachi et al
2000). Thus, the photon number from a single dye molecule can be increased to
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1.4 million photons before photobleaching (Yildiz and Selvin 2005). Meanwhile,
QDs show little photobleaching and strong fluorescence even in the absence of
scavengers (Bruchez et al 1998). Although nonfluorescent nanoparticles such as gold
nanoparticles are becoming increasingly popular for precise and long-term tracking
using absorption (Kusumi et al 2005, Lasne et al 2006) or scattering (Nishikawa et al
2010), the QD is still preferred in biological studies because of its wider color
spectrum.

The relationship between the tracking precision and the average number of
photons emitted from a QD has been investigated. The tracking precision was
defined as the standard deviation of 100 data points obtained with a QD
immobilized on a glass surface. However, the experimental accuracy was a little
lower compared to the theoretical expectation because of high blinking, thus it was
still 2 nm when the photon number from a QD was 15,000 per exposure. In order to
demonstrate the potential of single-particle tracking as a biological tool, the
movement of kinesin, a microtubule-mediated motor protein was analyzed. In
more detail, the motor domain of the kinesin was fused with biotin career protein
(BCCP) and conjugated with a QD via biotin–avidin affinity. The QD-labeled
kinesins were then bound to microtubules adsorbed onto a cover slip. Upon adding 1
mM ATP, the QD was seen to move unidirectionally along the microtubule without
detaching, which is indeed consistent with kinesin using ATP to move. The
unidirectional movement of kinesin was composed of successive 8 nm steps.
Taken together, FIONA using QDs ensures a quantitative measurement for nano-
scale tracking of proteins at the single molecular level.

3D single-particle tracking using QDs
The original FIONA only measured movement on a spatial plane, but it has since
been expanded to three spatial dimensions. For this purpose, a 3D image under a
microscope is obtained by scanning the objective lens along the focal axis with an
actuator (Watanabe and Higuchi 2007, Wells et al 2008). This scanning, however,
reduces the temporal resolution of the tracking. In order to solve this problem, 3D
tracking methods without the objective scanning have been developed (Genovesio
et al 2006, Holtzer et al 2007, Watanabe et al 2007, Ram et al 2008, 2012, Wells et al
2010, Jia et al 2014). Multifocal plane microscopy uses the difference of distinct
optical pathways to estimate the z-position by simultaneously obtaining the
fluorescence intensities of several focal images (Toprak et al 2007, Watanabe et al
2007, Dalgarno et al 2010, Juette and Bewersdorf 2010, Ram et al 2012). Similarly,
3D tracking using a photon-limited double-helix response system with a spatial light
modulator, which has two twisting lobes along the optical axis of the image, results
in a single fluorescent probe appearing as two fluorescent spots from which the z-
position can be determined (Pavani et al 2009, Lew et al 2010).

One of the simplest 3D tracking methods intentionally generates astigmatism
(Kao and Verkman 1994, Holtzer et al 2007, Izeddin et al 2012). Here, a pair of
convex and concave cylindrical lenses is inserted into the optical pathway before the
detection device (Watanabe et al 2013). In more detail, these lenses generate
different optical path lengths along the x- and y-axes, resulting in a measurable
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relationship between the z-position of the particle and the ellipticity of the PSF. In
order to calculate the ellipticity in addition to the 2D position, the approximation
formula below is used, where σx and σy are the radial standard deviations of the
Gaussian function along the x- and y-axes, respectively. The ellipticity is defined as
the ratio of the full width at half maximum (FWHM) of the 2D Gaussian in the x-
and y-axes due to the different focal lengths. Alteration of the distance between the
convex and concave cylindrical lenses permits astigmatism for optimal tracking
resolution. When the detection device receives 15 000 photons from a fluorescent
probe, 3D tracking with precision of 2 nm in the x and y-axes and 5 nm along the
z-axis is reached. However, a reliable range is limited to a field view of between −800
and 800 nm. This drawback is common to several 3D tracking methods. A new 3D
tracking method based on Airy beams, however, may overcome this. Here, a
diffraction-free self-bending PSF is applied to a two-channeled detection system (Jia
et al 2014) and the z-position is translated to the distance difference of the two
x-positions of the two channels. In particular, this method elongates the dynamic
range of 3D tracking to 3 μm. Regardless of the 3D tracking method, the key is to
extract z information from the xy projection.

The 4D single particle using polarized QDs
As significant as acquiring the third spatial dimension is, 3D single-particle tracking
ignores any rotational movement performed by the protein. In order to acquire the
orientation, fluorescence anisotropy can be used, as the fluorescence emissions are of
unequal intensities along the P and S polar axes (P- and S-polarization), which are
defined by the polarizing beam-splitter, as described below (Werver 1953, Albrecht
1961, Harms et al 1999). In more detail, anisotropy is defined as (Ip − Is)/(Ip + Is),
where Ip and Is are the intensities in P- and S-polarization, respectively (Harms et al
1999). Indeed, anisotropy measurements have successfully tracked the rotatory
dynamics of single protein molecules in vitro (Sase et al 1997, Forkey et al 2003) and
in cells (Mizuno et al 2011). The fluorescence anisotropy of a QD depends on the
aspect ratio of its shape (Peng et al 2000, Hu et al 2001, Deka et al 2009). Taking
advantage of this property, a highly polarized rod-shaped QD (Qrod) can be
synthesized by elongating the CdS shell along one-axis of the CdSe core (Peng
et al 2000, Hu et al 2001). The anisotropy alterations in Qrod fluorescence can be
described as a sine function and the angular position by the arcsine function. The
tracking precision of the orientation was about 1–2° when the photon number from
a Qrod was 15 000. By utilizing this anisotropy technique, a fourth dimension, the
angular (θ) component, can be added to the orthogonal three coordinate axes
described by single-particle tracking.

In the 4D tracking system, a polarizing beam-splitter is set before the cylindrical
lens pair in the 3D tracking optics to divide the fluorescent image into S- and P-polar
channels (Watanabe et al 2013). For 3D tracking, the P- and S-polarized images are
summed before the 3D position is calculated. However, a small gap is generated if
the two channels are not completely overlapped, leading to an asymmetrical
relationship between the respective FWHM values of the x- and y-axes. The 3D
position can be determined by fitting the merged PSF with a 2D Gaussian function,
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as mentioned above, and the orientation can be determined by the ratio of the
intensities of the S- and P-polarized images. Thus, x, y, z and θ are obtained
simultaneously with an acquired image. However, when the number of photons
from a single Qrod is about 10 000 and the z-position is near zero, the calculated
precision for the X, Y, Z and θ-positions is at most 5, 7, 9 nm and 1°, respectively.

4D tracking is used to investigate the movement of a membrane protein
conjugated with a Qrod via antibody affinity (Watanabe et al 2013). Isolated
Qrods moving on the membrane are identified under a fluorescence microscope. The
different intensities in the P- and S-polarized images indicate that the Qrod is
inclined against the optical axis. One circular and one elliptical spot indicate that the
two Qrods are at distinct z-positions. In particular, one Qrod shows a half-moon like
motion in the x- and y-axes, accompanied by highly fluctuating movements along
the z-axis and fast rotational motion before endocytosis. However, this observation
suggests that this protein’s lateral diffusion is constrained by the membrane under-
coat, but that it could rotate freely along the cell membrane. In the cytoplasm, a
membrane protein seems to be moving along tracks such as microtubules, in 3D and
slowly rotating helically.

Another 4D tracking method was developed to obtain x, y, θ and ϕ coordinates,
the last of which provides information on the out-of-plane tilt angle (Ohmachi et al
2012). In this method, single Qrods are imaged as four crowded fluorescent spots by
dividing the beam path using a beam-splitter and two Wollaston prisms. Otherwise,
the orientation of the individual fluorescent probe can be directly estimated using the
dipole emission patterns of a defocused image (Bartko and Dickson 1999a, 1999b,
Fourkas 2001, Böhmer and Enderlein 2003, Lieb et al 2004), an approach that was
successfully applied to 4D tracking of a motor protein (Toprak et al 2006). The
combination of the Wollaston prism method with defocusing could achieve
comprehensive tracking of all rotatory and translational movements of a particular
molecule in a living cell.

Quantum dots
Super-resolution microscopy describes the resolution of two objects closer than the
diffraction limit of light (Schermelleh et al 2010, Galbraith and Galbraith 2011,
Leung and Chou 2011). It can be classified into two main categories. The first is
based on the photo-transition of a fluorescent probe between its radiative and
nonradiative states in order to confine the fluorescence emission into a sub-
diffraction-limit-sized volume. This approach is known as RESOLFT (REversible
Saturable OpticaL Fluorescence Transitions) and was initially proposed and
demonstrated by STED (STimulated Emission Depletion), which exploits the
stimulated emission phenomenon of a fluorescent dye (Hell and Wichmann 1994,
Klar and Hell 1999). RESOLFT can also be realized by other photoreactions,
including those from a ground-state transition phenomenon (ground-state depletion
(GSD)) (Hell and Kroug 1995, Bretschneider et al 2007), the saturation of
fluorescence excitation (SAX: SAturated eXcitation) (Fujita et al 2007) and
reversibly photoswitchable fluorescent proteins (Hofmann et al 2005). RESOLFT
can also be combined with structured illumination microscopy (SIM) (Heintzmann
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and Cremer 1999, Gustafsson 2000) in order to provide a wide-field imaging
capability with super-resolution (Heintzmann, 2003, Gustafsson 2005).

The second category is based on the separate detection of individual single
fluorescent probes in the time or spectra domain and can be further decomposed into
different concepts. One, known as spectral precision distance microscopy (SPDM),
localizes individual probes precisely over the many frames of sequentially obtained
images (Bornfleth et al 1998, Lemmer et al 2008). Stochastic optical reconstruction
microscopy (STORM) (Rust et al 2006) and fluorescence photoactivation local-
ization microscopy (FPALM) (Betzig et al 2006) are both SPDM-based techniques
that utilize repeated activation–deactivation cycles of photoswitchable fluorophores,
such that the fluorescence spots on an obtained image are completely discrete.

Another method from the second category is blinking-based super-resolution
(BBS). In more detail, BBS relies on the randomness and non-Gaussian properties of
blinking, which means stochastic processing can be performed to localize individual
fluorescent probes. The first report of BBS used independent component analysis,
which is a computational method that decomposes a multivariate signal into
independent non-Gaussian signals (Lidke et al 2005). Other BBS-based techniques
use temporal high-order cumulant (super-resolution optical fluctuation imaging
(SOFI)) (Dertinger et al 2009), temporal high-order variance (variance imaging for
super-resolution (VISion)) (Watanabe et al 2010), spatial covariance (spatial
covariance reconstructive (SCORE)) (Deng et al 2014) or Bayesian statistics (Cox
et al 2011). A great advantage of SPDM and BBS is that they only need a relatively
simple fluorescent microscope and no complicated optics.

QDs are the most compatible with BBS owing to their strong blinking phenom-
enon. Supposing that there are two adjoining QDs independently and randomly
fluctuating, the moment that one QD emits and the other does not is a stochastic
event (Dertinger et al 2009). To decrease the required number of images, a highly
fluctuating QD has been developed in which the switching frequency between the on
and off states has been increased greatly by optimizing the shell thickness to promote
more interaction between the CdSe core and oxygen atoms in water. Although the
quantum yield of this QD is less than that of standard QDs, it still has sufficient
intensity and stability when exposed to high-power illumination and no long off
state has been detected. Hence, we can easily obtain a super-resolved image by only
labeling the target protein and calculating the fluctuation of the blinking-enhanced
QDs. In this case, the spatial resolution has improved from 267 to 154 nm using
SOFI and only 100 images (Watanabe et al 2010).

However, conventional optical microscopy can quantitatively acquire 3D posi-
tion and orientation information at the nano-scale from the shape of the PSF and
the polarization characteristics of QDs and Qrods. The amount of spatial informa-
tion can be increased through analyzing the stochastic fluctuations of the fluores-
cence. Thus, the fluorescence of a probe attached to a molecule can provide
information about the molecular phenomena or state. Increasing the intensity,
stability and blinking of QDs and its derivatives will improve the acquisition.

However, super-resolution microscopy and single-particle tracking have made it
possible to resolve and follow two objects closer together than the diffraction limit of
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light. The result is quantitative information on the dynamics of biological phenom-
ena at the nano-scale level. Even more details for the dynamics can be acquired with
the above technologies by using QDs and their derivatives as probes for labeling the
molecules of interest. Moreover, the PSF and the polarization characteristics of the
QDs can be used to gain comprehensive information on both the position and
orientation of the targeted molecule. As this information can be extracted from the
stochastic properties of the fluorescence, increasing the intensity, stability and
blinking of QDs should provide even more quantitative details about the dynamics.

6.6 FRAP
After the beginning of the genomic era, a major challenge in the field of cell biology
has been to understand the dynamics of proteins during signal transduction events
regulating cellular responses and functions. In more detail, it is now possible to
perform live-cell assays of protein diffusion utilizing the advances in protein labeling
and fluorescence microscopy. Two classic techniques, fluorescence recovery after
photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS), are well-
known and convenient tools for analyzing protein diffusion (Reits and Neefjes 2001,
Medina and Schwille 2002). Noninvasive fluorescent tagging with green fluorescent
protein (GFP) or variants has increased the use of these techniques.

In FRAP, fluorescent proteins in a small region of interest in a cell expressing
them are permanently photobleached using a high-powered laser beam and the
subsequent movement of surrounding nonphotobleached fluorescent proteins into
the photobleached area is then recorded (Reits and Neefjes 2001). The rate of
fluorescence recovery provides information about how quickly the fluorescent
proteins can move into the bleached region. This ‘mobility’ is dependent on the
rate of free diffusion and the active transport of the fluorescent protein. Mobility is
also influenced by interactions with other proteins, which could even confine the
movement of fluorescent molecules that would otherwise be freely mobile.

In FCS, the fluorescence intensity in the tiny confocal volume is measured
with high repetition rates in order to detect fluctuations in the fluorescence
intensity, including the contribution of Brownian motion (Medina and Schwille
2002). Through time correlation analysis of the fluorescence fluctuations, the
diffusion coefficient, molecular concentration and molecular interactions can be
estimated.

Although FRAP is adequate for measuring the mobile and immobile fractions of
fluorescent molecules in a living cell, the measurability of diffusion rates is lower
than for FCS. Moreover, the general photobleaching time required for FRAP (less
than 10 ms) is sufficiently long that protein diffusion can start to occur during the
photobleaching process itself, hence preventing an accurate calculation of the
diffusion coefficient.

However, these problems can be overcome by using a photoswitchable fluorescent
protein (PSFP) instead of a conventional fluorescent protein. The advantage of the
usage of PSFPs is that they can change from dark to bright or undergo conversion of
their absorption/emission wavelength when they are stimulated by light of a specific
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wavelength (Lukyanov et al 2005). Indeed, the rapid (less than 1 ms) photoswitching
property of PSFPs encourages their use for protein mobility analyses. In particular,
PSFPs have been used to investigate the diffusion time of a protein by using
fluorescence decay measurements fitted to a single exponential curve (Theis-Febvre
et al 2005) and to estimate the diffusion coefficient of a special protein from the
alteration in the Gaussian profile of the fluorescence intensity (Ando et al 2002).
Although these analyses are useful for relative comparison, they are not comparable
to the values obtained by FCS, as the model equations to determine the diffusion
coefficient are not based on the theoretical background. In more detail, the
development of a method using rigorous analyses based on the FRAP theoretical
model enables us to determine a wider range of diffusion coefficients, which cover
the range of FCS to conventional FRAP (Matsuda 2008).

Photobleaching-based imaging
Although excitation irradiation of a sample is indispensable for fluorescence
imaging, strong irradiation causes photobleaching, through which the chromophore
becomes irreversibly nonfluorescent through a chemical structure alteration. In
order to avoid photobleaching, excitation light power and time is reduced for
general fluorescence imaging. However, for photobleaching-based imaging, bleach-
ing is actively used. In more detail, once a region of fluorescence loss is obtained, the
molecular movement is investigated by imaging the alterations in the nonfluorescent
pattern.

In particular, FRAP visualizes the dynamics of fluorescent or fluorescent-labeled
molecules. The method consists of photobleaching a fluorescent chromophore by
irradiation of a limited region with strong excitation followed by imaging the
fluorescence recovery caused by outflux of bleached molecules from that region and
influx of fluorescent molecules from outside (Carrero et al 2003, Dundr and Misteli
2003). In general, confocal scanning-laser microscopy (CSLM), which can easily
irradiate a specific region in the cell, is used for FRAP. In the past, switching the
irradiation light intensity between imaging excitation and photobleaching required a
significant time lag. However, recent CSLM techniques can simultaneously generate
photobleaching and excitation light in order to ensure that it is possible to collect
images immediately after photobleaching. By comparing the shapes of the fluo-
rescence decay curves, qualitative evaluations can be performed to demonstrate that
fast-moving molecules recover more quickly. It is even possible to perform
quantitative evaluations to obtain the physiological constants associated with
molecular dynamics by mathematical modeling of fluorescence recovery data
(Carrero et al 2003, Dundr and Misteli 2003).

When the fluorescence-labeled molecules do not interact with other molecules or
components in the cell, molecular dynamics are regulated by simple diffusion caused
by Brownian motion. To determine the diffusion coefficients in simple diffusion,
model equations based on Axelrod’s model equation for 2D diffusion are generally
used (Axelrod et al 1976). In this method, one must know the spatial distribution of
photobleaching as a function of the distance from the bleach center, because the
model equation for time recovery of fluorescence is expanded from the model
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equation for the initial bleaching profile. Thus, an image in which molecular
movement is fixed (the sample is fixed in formaldehyde) is collected after photo-
bleaching. That image is analyzed by fitting of the model equation for the initial
bleaching profile and parameters relating to the bleaching radius and bleach
constant are obtained (Axelrod et al 1976). The diffusion coefficient is calculated
by model fitting using the equation for fluorescence recovery, which contains these
parameters (Axelrod et al 1976). However, this method assumes the ideal situation
in which the concentration of the fluorescence molecule is homogenous, the initial
bleaching profile is adapted to the known model and diffusion is isotropic. A
recently developed method treats each cellular component in confocal images, such
as the cytoplasm, nucleus, plasma membrane or nuclear membrane independently
from a 3D cell model. In this model, a different position-dependent porosity is
assigned to each component. Then the diffusion coefficient is calculated using the
lattice Boltzmann method, which simulates molecular dynamics in the cell model as
movements of virtual particles (Khuen et al 2011). The development of analytical
methods that can treat anisotropic diffusion will facilitate analyses based on the
microenvironment in real cells. If molecular interactions are included in the system,
fluorescence recovery becomes slower compared to simple diffusion because of the
restricted motion of the labeled molecules.

When the counterpart of the interaction is immobile or has an extremely slow
movement two situations may apply: (1) molecular diffusion is overwhelmingly
faster than binding dissociation and the dynamics of the labeled molecule are
regulated by binding dissociation (Sprague and McNally 2005); (2) binding
dissociation is much faster and the labeled molecules repeat binding and diffusion
in the bleached area as they leave. Thus, different model equations specific to each
case are required for precise analysis. There is indeed an equation for simple binding
dissociation in the former case and an equation including diffusion for the latter case
(Sprague and McNally 2005).

Diffusion analysis using time correlations such as FCS do not provide informa-
tion about the immobile fraction in standard analysis. However, FRAP can extract
information about the immobile fraction as the fraction that does not recover with
time (Carrero et al 2003, Dundr and Misteli 2003). FRAP analysis is additionally
applicable for diffusion rates <1 μm2 s−1, which are difficult to analyze even using
FCS. However, FRAP cannot easily analyze diffusion rates faster than 10 μm2 s−1

because of the diffusion during photobleaching (Matsuda 2008). However, this can
be overcome by analysis using photoactivatable fluorescent proteins (PAFPs).

Fluorescence loss in photobleaching (FLIP) and inverse FRAP (iFRAP)
Fluorescence loss in photobleaching (FLIP) and inverse FRAP (iFRAP) are other
conventional photobleaching imaging techniques. For FLIP, instead of observing
fluorescence recovery in the bleached area, the areas for measurement are set outside
of the bleached area and measurement is performed with continuous photobleaching
(Dundr and Misteli 2003). Generally, the bleached area (∼1/4 to 1/2 of the whole cell
area) is larger than that for FRAP. Differences in molecular dynamics can be
observed as the difference in the starting time of the fluorescence reductions (for
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instance, faster molecules bleach earlier) (Dundr and Misteli 2003). There is no
general method to determine the diffusion coefficient or dissociation constant for
FLIP because fluorescence decay is related to the area of bleaching and the distance
between the bleached and observed areas. However, it is useful for relative dynamic
comparisons and is applicable for the fast diffusion, which is difficult to observe by
FRAP as the initiation of the fluorescence decrease can be prolonged by setting the
observation area farther from the bleaching area (Dundr and Misteli 2003). iFRAP
is a method for which only a limited area remains unbleached and then the dynamics
of the molecules in that area are traced (Dundr and Misteli 2003). This method is
indeed effective for the analysis of molecules with small dissociation constants
because molecular fluorescence is directly measured. However, it is also not suitable
for the measurement of fast-diffusing molecules, as the photobleaching requires
more time. In addition, there is the risk that strong irradiation over a larger area of
the cell could be phototoxic and induce diffusion that may not appear under normal
conditions (Dundr and Misteli 2003). As a similar image is obtained by the method
based on PAFPs, which is even available for measurement of fast diffusion, so
iFRAP will likely be replaced by this novel method.

Photoactivation-based imaging
Live-cell imaging technology based on fluorescent proteins has been developed and
it has become common to use PSFPs, in which the fluorescence properties can be
altered by photostimulation. These fluorescent proteins make it possible to alter the
fluorescence properties of molecules in a limited region of the living body by
photostimulation at a specific time (Patterson et al 2010, Miyawaki 2011).
Photostimulation of PAFPs can increase fluorescence intensity from the dark state,
allowing for the collection of inverted images from photobleaching techniques such
as FRAP. Only activated molecules appear on the nonfluorescent background,
providing high-contrast imaging. Using this advantage, PAFPs are used to measure
protein dynamics in the living body through region-specific highlighting and tracing
(Miyawaki 2011).

PSFPs
After the development of the photoactivatable protein (PA-GFP) from Aequorea
victoria GFP (Patterson and Lippincott-Schwartz 2002), many fluorescent proteins
that can be altered by photostimulation have been developed by genetic modifica-
tion or screening from new species and hence used for live-cell imaging (Patterson
et al 2010, Miyawaki 2011). In the initial development, PSFPs posed problems such
as the formation of oligomers or the need to use low temperatures for cell culturing,
however, recent PSFPs have improved and are useful for imaging (Patterson et al
2010). PSFPs are classified into PAFPs, which can alter from nonfluorescent to
fluorescent proteins, and photoconvertible fluorescent proteins, which change their
fluorescence wavelength with photostimulation. Both can be categorized further as
reversible or irreversible (Patterson et al 2010). Although a reversible photoconver-
tible fluorescent protein constructed by fusion of the yellow fluorescent protein
EYFP and the reversible photoactivatable red fluorescent protein rsTagRFP have
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been reported (Subach et al 2010), no single fluorescent protein has been reported
thus far. The rsTagRFP is the first monomeric red fluorescent protein with reversibly
photoswitchable absorbance spectra. In particular, the switching is performed by
irradiation of rsTagRFP with blue (440 nm) and yellow (567 nm) light, which turns
the protein fluorescence ON and OFF, respectively. Due to the photoswitchable
absorbance, rsTagRFP can be utilized as an acceptor in photochromic Förster
resonance energy transfer (pcFRET). Moreover, the yellow fluorescent proteins
YPet and mVenus have been revealed to be highly suitable pcFRET donors for the
rsTagRFP acceptor in its fusion constructs (Pletnev et al 2012). These photo-
switchable proteins are used as genetically encoded fluorescence tags to visualize
dynamics at the cellular, organelle and protein levels by highlighting and tracing
(Miyawaki 2011). Moreover, these proteins also find applications in super-resolution
imaging (Patterson et al 2010, Miyawaki 2011).

FDAP
As with imaging using photobleaching, PSFPs are available for time-lapse imaging
of molecular migration and for determination of diffusion coefficients. Because
reverse images are taken, diffusion coefficients can be determined by PSFPs through
using procedures similar to that of FRAP (Matsuda 2008). Contrary to FRAP,
which analyzes fluorescence recovery after photobleaching, analysis by PSFPs
measures the fluorescence decay after photostimulation caused by outflux of
photoactivated molecules. Thus, the method is known as fluorescence decay after
photoactivation (FDAP) (Matsuda 2008). The fluorescence decay curve of FDAP
and the fluorescence recovery of FRAP have a symmetric relationship to the time
axis. However, a model function for FRAP cannot be used directly. For normal-
ization, it is necessary to know the fluorescence intensity where all PAFPs are
photoactivated. Thus, the photostimulation proceeds until the fluorescence intensity
becomes saturated and the measurement of fluorescence intensity is included in the
method for FRAP (Matsuda 2008). The measurements and analysis are even based
on FRAP, however, there is a difference in the detectable range for diffusion
coefficients. Fluorescence recovery between photobleaching and first acquisition
significantly affects analysis for fast-moving molecules over 10 μm2 s−1 on FRAP. At
the first image for fluorescence recovery, if the profile of the bleached molecule is
significantly greater than that obtained by fixed cells, it breaks the basic assumption
of the model equation for fluorescence recovery. Hence, the results of the analysis
become inaccurate. On the other hand, the irradiation time for FDAP is much
shorter than that for FRAP because photoswitching of PSFPs occurs with much less
energy (approximately 10 times lower) compared to photobleaching. It is possible to
analyze diffusion near 100 μm2 s−1 in solution by FDAP, when the stimulation is
performed for 0.25 ms at a single spot and images are acquired with a high scanning
speed of 4000 Hz (Matsuda 2008). In addition, it can be applied for measuring slow
diffusion and binding dissociation (Plachta 2011).

FDAP does not require special equipment or software, hence, it is possible to
measure a wide range of diffusion coefficients from FRAP’s specialized slow
diffusion to FCS’s specialized fast diffusion with a general confocal microscope
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setup for cell observation. FDAP also contributes to research on protein dynamics
as a convenient tool to obtain fluorescence decay curves that can easily be applied
for relative comparison (Miyawaki 2011).

Imaging techniques using photobleaching and photoactivation of fluorescent
proteins are a versatile technology for analyzing molecular dynamics. Data obtained
from these methods comprise recovery or decay curves of fluorescence intensity that
are easy to understand and compare. However, these curves include information on
the simple diffusion of molecules and on molecular interactions. Thus, it is possible
to observe interactions as incomplete recovery (or decay) due to the immobile
fraction associated with intracellular structures or a significant inconsistency
between the diffusion coefficient determined by curve fitting and the values
estimated from molecular weight by using the Stokes–Einstein equation.
However, such differences from simple diffusion can be regarded as a particular
feature of the individual molecule that defines the molecular function in living cells.
Although the conventional model equation was based on 2D diffusions, the real
diffusion of intracellular molecules is definitely 3D and sometimes anisotropic. Thus,
the development of a model equation considering these realities will allow deeper
understanding of molecular dynamics in a living system.
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Part III

The role of actin filaments and intermediate
filaments during cell invasion



The process of cell migration is characterized by a polarized cell and plays a role in
many physiological and pathological processes such as malignant progression of
cancer. The polarization of the cells is provided by the exertion of a protrusive cell
front and the cell’s retracting trailing edge at its rear end. Mammalian cells possess
three cytoskeletal systems such as the actin cytoskeleton, the intermediate filament
network, and cell division facilitating microtubules, which all contribute to the
regulation of the cellular migration and invasion. The first two are described and
discussed in part 3 and the latter is presented in volume 2. The actin cytoskeleton is
highly dynamically as it spatially and temporally regulates the protrusion formation,
focal adhesions, cellular contraction and the retraction from the cell’s leading edge
to its rear end. Moreover, intermediate filaments reorganize during cell migration in
order to regulate the focal adhesion dynamics, cellular contractility and the nuclear
stiffness. Part 3 recapitulates selected current state-of-the-art knowledge on the
assembly of the actin and intermediate filamental cytoskeletal systems, includes
many recent advances in understanding the mechanical properties of these filaments,
how they are kept stable on larger length scales, and represents their regulation of
the migratory properties of cells. Cell physiological and pathological processes are
based on the regulation and coordination of both mechanical and dynamical
properties of the actin or intermediate filament cytoskeleton in order to perform
cellular migration and invasion.
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Chapter 7

Role of the actin cytoskeleton during
matrix invasion

Summary
Chapter 7 introduces the structure and function of actin as the most abundant
protein in cells and tissues from a biophysical point of view. The interaction of actin
with actin-binding proteins such as actin regulatory proteins determines the role of
actin and the actin filament network in distinct cellular structures such as
lamellipodia, filopodia, invadopodia, the cortex and cell–cell adhesive interactions.
The interaction of actin and myosin provides the cellular contractility, which is an
important feature for the regulation of cancer cell migration and invasion.
Moreover, the actomyosin interaction impacts the mechanical phenotype of the
cells. In addition to the actomyosin interaction, other actin crosslinking molecules
regulate cellular motility through the formation of distinct protrusive structures. In
order to reveal the dynamic restructuring of F-actin in living cells, some live-cell
imaging approaches are presented and compared to the established F-actin staining
approaches for fixed and hence dead cells.

7.1 The actin cell cytoskeleton
The mechanical cues regulate a large variety of cellular functions and processes (Bao
and Suresh 2003, Fletcher and Mullins 2010, Janmey and Miller 2011). The ability of
a cell to protect itself against deformation, to transport intracellular vesicles from the
membrane to cellular compartments (and the inverse) and to alter its shape during
cellular migration and invasion is driven by the cytoskeleton, which is an inter-
connected network of filamentous polymers and regulatory proteins. Both internal
and external physical forces impact the mechanical balance of the cytoskeleton by
acting on it in order to cause local mechanical property alterations and responsive
cellular behavior to mechanical cues. Cells can sense and react to these mechanical
alterations by utilizing structural cellular key players such as the extracellular matrix,
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cytoskeleton and membrane. These key players are able to respond to the mechanical
perturbations and hence the characterization of their roles in mechano-transduction
and mechano-sensitivity has become the focus of physical biology and oncology
(Hoffman et al 2011). In particular, the cytoskeleton is the major structural
component of the cells providing the mechanical phenotype of the entire cell.

The cytoskeleton consists of three different major filaments, the actin filaments
(synonymously termed microfilaments), the intermediate filaments and the micro-
tubules. The most prominent component of the cytoskeleton is actin, as it reacts
dynamically to mechanical deformation through remodeling of the network
structure within a short time period (Brugués et al 2010). The actin cytoskeleton
needs to act together with the flexible cell membrane as an overall supportive
structural network in order to withstand cellular deformations caused by the
environment, such as the extracellular matrix or cells and facilitate transmission
of extracellular forces through the entire cell (Guolla et al 2012). In more detail, the
deformation of the membrane causes chemical rearrangements through signal
transduction pathways involving protein activation and intracellular signaling
events (Dai and Sheetz 1999, DeMali and Burridge 2003, Farsad and De Camilli
2003, Grimm et al 2003, Janmey and Weitz 2004, Yang et al 2009). The cell
membrane is directly connected to the so-called actin cortex and hence this
membrane–cortex structure has been demonstrated to protect and guide the cellular
mechanical properties (Charras et al 2006, Diz-Muñoz et al 2010). Additionally, the
cortex fulfills a key function in regulating the cell shape during physiological
functions of the cells, such as mitosis during cell division, and migration, such as
wound healing processes during tissue injury (Kunda et al 2008, Diz-Muñoz et al
2010). The mechanical properties of the membrane and the cortex are closely
coupled by cellular constituents and hence pronouncedly affect one another and
subsequently determine how cells can respond to external forces.

The actin protein is a highly conserved and the most abundant protein in nearly
all eukaryotic cells. Moreover, the actin protein is known to be involved in most
protein–protein interactions than any other protein. Actin is able to polymerize from
monomeric globular actin (G-actin) to filamentous (F-actin) structures, which is
regulated by nucleotide hydrolysis, ions and a larger number of actin-binding
proteins. All these properties reveal that actin acts as a central regulator of several
cellular functions such cellular motility, maintenance of the cell’s shape and polarity,
and transcription activity. Moreover, the interaction of F-actin with myosin II
builds the basis for the contraction of muscles. As actin plays a major cellular role,
the disruption of the actin cytoskeleton or usage of the cytoskeletal scaffold as a
network for invasion by pathogens such as bacteria appear often. In the following,
the main two forms of actin are presented and some of the interactions regulating
polymerization, filament branching and disassembly of actin are discussed.

The architecture of the actin filaments (microfilaments) is presented in detail in
the following sections of this chapter. The polymerization process of microfilaments
is described and how a powerstroke is exerted by interaction with filamentous actin
(F-actin) and myosin is discussed. In addition, actin-interacting proteins and their
function are explored in terms of biochemical and mechanical regulation.
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7.2 The actin monomer
Three main actin isoforms are found in vertebrates such alpha-actin of skeletal,
cardiac and smooth muscle cells, beta-actin and gamma-actin in non-muscle and
muscle cells. The alpha-actin isoform is slightly different in these three cell tissue
types. In general actin isoforms can be distinguished only by the difference in a few
amino acids normally located at the N-terminus (5′ end) (Herman 1993) (figure 7.1).
In addition, actin is post-translationally modified in different ways, such as
methylation of the amino acid His73 of skeletal muscle alpha-actin and acetylation
and cleaving of N-terminal methionine and cysteine residues.

After the crystal structure of G-actin complexed with DNAse I (Kabsch et al
1990), over 80 structures have been reported, in which G-actin without any
conformational change is mainly in a complex with actin-binding proteins (ABPs)
and small molecules in order to prevent actin polymerization. In more detail, actin is
composed of 375 amino acids and folds in two major domains named the alpha and
beta domains or outer and inner domains, respectively. Between the two major
domains a hinge region exits and leads to the formation of two clefts, the upper
binds the nucleotide in association with a divalent cation such as Mg2+ and the lower
cleft is hydrophobic, representing the major binding site for many ABPs and
providing longitudinal contacts between actin subunits in the actin filament
(Dominguez 2004, Oda et al 2009, Fujii et al 2010). G-actin is not detected as an
effective ATPase, however, F-actin in crystal structures is detected with bound ATP.

Actin polymerization

Pointed (-) endBarbed (+) end

ATP

G-Actin

Stabil actin
oligomer

ATP-bound actin

ADP-bound actin

Nucleus 
formation

Assembly

Pi

Figure 7.1. G-actin polymerization to actin filaments.
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When F-actin binds ADP, it has a decreased stability due to conformational
changes. As the nucleotide is located directly at the interface between the two major
alpha and beta domains of actin, the hydrolysis of the nucleotide with the release of
the phosphate leads to a weakening of the connection between the two major actin
domains, which rotate then more freely.

7.3 The actin filaments and polymerization
The transition between G-actin and F-actin is facilitated by the hydrolysis of
the ATP nucleotide, as the ATP bound state has a higher stability than the ADP
bound state (figure 7.1). In in vitro experiments, G-actin monomers carrying ATP
bind to the fast-growing barbed end (also called the + end) of the actin filament
(microfilament). The hydrolysis of ATP occurs in the actin filament and bound
actinmonomers carryingADP dissociate faster from the pointed end (also called the−
end). This mechanism creates a steady-state of actin polymerization/depolymerization
and is called the treadmilling of actin filaments (Wegner and Isenberg 1983)
(figure 7.2).

The structure of G-actin and the actin subunit bound in F-actin are different. To
date, it has not been possible to crystallize actin filaments and no G-actin structures
can serve as a model for the conformation of an actin monomer within the actin
filament. The structural details of actin filaments have been provided by x-ray fiber
diagrams of orientated F-actin gels and scanning electron microscopy.

The latter method revealed that negatively stained actin fibers consist of two actin
chains that are turned around each other to assemble a right-handed, two-chained
helix (Hanson and Lowy 1963). The symmetry of the actin filament is a single left-
handed genetic helix with approximately thirteen molecules repeating every six
turns.

The individual actin monomers are globular proteins and consists of 375 amino
acids (43 kD). The globular (G) actin monomer possesses tight binding sites that

Barbed (+) end

Pointed (-) end 

G-Actin 
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Figure 7.2. Actin-filament treadmilling.
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facilitate head-to-tail interactions with two other actin monomers and hence actin
monomers polymerize in order to assemble actin filaments consisting of filamentous
(F) actin. Within the filaments each monomer is rotated by 166° and therefore they
appear as a double-stranded helix. As all actin monomers are oriented in the same
direction, the actin filaments exhibit a specific polarity and both ends of the filaments
are different. One end is termed the plus or barbed end and the other one is called the
minus or pointed end. The polarity of the actin filaments is necessary for both their
assembly and in the establishment of a unique direction of the myosin movement on
the actin filaments.

The ionic strength of actin solution is critical for the polymerization of actin
filaments in in vitro assays. In particular, in solutions with low ionic strength, the
actin filaments start to depolymerize to monomers. When the ionic strength is
increased to physiological levels, actin polymerizes spontaneously to actin filaments.
In more detail, the initial step in the polymerization of actin is the aggregation of
three actin monomers to a small group, which is termed the nucleation process. The
next step is the elongation phase, in which the actin filaments can grow by the
reversible addition of monomers to the plus and the minus ends. However, the plus
end elongates ten times faster than the minus end, which causes imbalanced growth
of the two actin filament ends. For the filament elongation, actin monomers bind
ATP, which is hydrolyzed to ADP after filament assembly. ATP is not essential for
the polymerization of actin, however, actin monomers with bound ATP polymerize
more easily than actin monomers with bound ADP. Hence the binding of ATP and
its hydrolysis are important for facilitating the assembly of actin filaments and the
remodeling of their dynamics. The polymerization of actin is reversible and, indeed,
the actin filaments depolymerize by the dissociation of actin subunits, which enables
the cells to rapidly decrease the amount of actin filaments under distinct conditions.
Subsequently, an obvious equilibrium state is established between actin monomers
and filaments that is regulated by the concentration of free actin monomers. In more
detail, the integration rate of actin monomers into filaments is highly dependent on
the concentration, as there exists a critical actin-monomer concentration, where the
rate of the actin-monomer polymerization into filaments equals the rate of actin-
filament dissociation. Thus, at this specific critical concentration, the actin mono-
mers and filaments are in obvious equilibrium.

Two distinct types of actin structures are assembled by individual actin filaments
that are termed actin bundles and actin networks and fulfill specific role within a cell
(figure 7.3). Within actin bundles, the actin filaments are orientated in parallel arrays
that are closely packed and crosslinked, whereas in networks the actin filaments are
arranged in orthogonal arrays building three-dimensional meshes—these scaffolds
are loosely crosslinked and possess properties of semisolid gels. The network
formation of these actin-filament structures is regulated by a distinct set of actin-
binding proteins that facilitate the connection of actin filaments in specific regular
patterns. All actin-binding proteins facilitating the crosslinking of actin filaments
possess at least two domains for the binding actin, which enables them to interact
with actin filaments and thereby to finally crosslink them. In particular, the kind of
association between the actin filaments depends on the size and structure of the
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actin-crosslinking molecules (figure 7.3). The actin crosslinking proteins connecting
actin filaments to bundles are termed actin-bundling proteins. They are usually small
rigid proteins that hold actin filaments closely aligned to each other. In contrast, the
actin-crosslinking proteins that link actin filaments to bulky networks are usually
large flexible proteins, which are able to crosslink perpendicular actin filaments. In
more detail, these actin-crosslinking proteins are composed of modular proteins
consisting of structural units. Their actin-binding domains are usually very similar in
structure, as these domains are interrupted by specific spacer sequences of varied
length and flexibility. The alterations within the spacer sequences prepare the
different actin-binding proteins with distinct crosslinking properties.

Dependent on the different actin-bundling proteins, two structurally and func-
tionally distinct types of actin bundles are assembled. The first type of actin bundle
consists of closely spaced actin filaments, which are aligned parallel and build the
protrusions of the cell membrane such as microvilli. Within these bundles, all the
actin filaments possess the same polarity, as their barbed (or plus) ends are located
toward the cell membrane. Fimbrin is one example of this type of bundling protein,
and is involved in the formation of these structures, and was initially isolated from
intestinal microvilli and then also detected in surface perturberances of a broad
variety of cell types. In more detail, fimbrin is composed of two adjacent actin-
binding domains and has a molecular weight of 68 kD. Fimbrin binds as a monomer
to actin filaments and thereby facilitates the close connection between two parallel
filaments. An example for the second type of actin-bundling protein is alpha-actinin,
which generates more loosely connected networks with spaces for the embedding of
additional regulatory molecules. Hence these networks are able to generate
contractions such as the actin bundles of the contractile ring structure during the
division of cell in at the end of the mitosis phase. The looser structure within these
so-called contractile bundles reflects the nature of the actin crosslinking protein
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Parallel actin bundle Actin network
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Figure 7.3. Actin bundles ain actin networks such as parallel actin bundles (left) or scaffold-like actin
networks (right).
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alpha-actinin. Contrarily to fimbrin, alpha-actinin, which is 102 kD protein, binds to
actin filaments solely as a dimer and each alpha-actinin within the dimeric structure
has a single actin-binding site. Thus, the actin filaments that are connected by the
alpha-actinin dimer are far apart from those actin filaments connected by fimbrin, as
the distance between adjacent crosslinked actin filaments is 40 nm instead of 14 nm,
respectively. Moreover, the increased distance between the actin filaments enables
motor proteins such as myosin to interact with actin filaments within these rather
loosely connected bundles and subsequently, myosin acts on the actin filaments to
contract them.

In networks the actin filaments are connected by large actin-binding proteins
(ABPs) such as filamin. Filamin (also called ABP-280) also binds actin as a dimer
that consists of the 280 kD subunits of the filamin monomers. In more detail, the
actin-binding domains and the dimerization domains are positioned at opposite ends
of each dimer subunit. The filamin dimer forms a flexible V-shaped molecule
containing actin-binding domains at the two ends of the dimer and subsequently,
filamin connects orthogonal actin filaments through crosslinks building a loose
three-dimensional network. These actin-filament networks are located underneath
the cell membrane and thereby provide a structural support for the surface of the cell
and its overall shape.

7.4 Actin structures: protrusions and cell–cell junctions
The cells utilize their cytoskeletons to fulfill several functions that are needed under
normal physiological conditions and also observed under pathological conditions such
as movement, polarization, cell division and maintenance of the entire organization of
multicellular tissues. In particular, the actin monomer is highly conserved and
represents an essential basic structural element of the cytoskeleton assembling
cable-like structures and long bars, which underlie continuous remodeling through
over 100 diverse actin-binding proteins. Cells require an ongoing initiation of new
actin filaments and their subsequent organization into membrane perturberances,
cytoskeletal networks or stress fibers represents a key feature for the development of
specialized cellular structures such as stress fibers (termed elastic contractile bundles),
lamellipodia (termed sheet-like protrusions), filopodia (termed spike-like protrusions),
microvilli (termed finger-like surface protrusions) and invadopodia (termed small
invasive cell feet). The cytoskeleton is necessary for fulfillment of normal cellular
function, whereas under pathological conditions such as cancer, the cytoskeleton of
cancer cells can be altered and hence lead to dramatic changes in cell proliferation and
growth rates, cellular stiffness, cellular movement and invasiveness into healthy tissue
surrounding a tumor—all of which represent hallmarks of cancer (Hanahan and
Weinberg 2011). What impact does actin-filament bundling have on cellular structures
and functions? How are alterations in the protein activity or expression levels of actin-
bundling proteins involved in the initiation of neoplasms, primary tumor formation
and the malignant progression of cancer?

The actin protein is among of the most abundant proteins in eukaryotic cells and
is a key player in supporting the compartmentalization within the cytoplasm and the
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entire motility of the cell. Moreover, actin can interact with myosin to transport
cargo such as molecules and small vesicles through the cell’s cytoplasm. Actin
filaments are generated by the assembly of actin filaments to higher structural
arrangements such as superstructures, facilitated by actin-filament-bundling pro-
teins. Among these actin-bundling proteins are two major groups. The first group of
actin-bundling proteins, such as fascin and alpha-actinin, builds parallel bundles of
actin, whereas the second group of actin-bundling proteins, such as filamin, forms
looser orthogonally arranged structural networks (Bartles 2000). Actin crosslinking
proteins have at least two actin-binding sites and as they are mostly dimerized, the
position of the actin-binding sites regulates the actin-filament arrangement and even
the type of crosslinked structure assembled. In more detail, actin filaments are
polarized, as they possess a fast-growing (plus and barbed end) and a slow-growing
end (minus and pointed end). The maintenance of the polarity is driven by the
hydrolysis of ATP (Pollard and Cooper 2009). Actin-bundling proteins can orientate
in a specific manner to the actin filaments in order to regulate through this binding
the distinct formation of bundles such as the creation of uniform or mixed polarized
actin bundles (figure 7.3). In particular, actin-bundling proteins are usually modular
and consist of repeated actin-filament-binding domains such as the calponin-
homology domains (CH domain), gelsolin domains and spectrin domains.

Actin-bundling proteins fulfill an important role in cancer metastasis
In order to metastasize, malignant and aggressive cancer cells utilize actin bundles to
extrude protrusions for the breakdown the basement membrane of the primary tumor
and their invasion into the surrounding tumor microenvironment. After transmigra-
tion in the vasculatory system or lymphatic system, these cancer cells find their
targeted new niche and form a new, secondary tumor that remains dormant for
months or years and can finally start to grow aggressively upon an unknown signaling
event (Hanahan and Weinberg 2011). During metastasis, cancer cells need to control
their motility and adapt their adhesiveness to the requirements of their microenviron-
ment, similar to embryonic cells during morphogenesis (Hanahan andWeinberg 2011,
Roussos et al 2011a). In more detail, the actin cytoskeleton fulfills the role of a scaffold
for signal transduction processes, provides coupling to the extracellular matrix
microenvironment and functions a mechano-sensor. Does the actin bundling promote
or impair the process of cancer metastasis? This question remains unanswered.
However, it seems to be the case that distinct cancer cells adapt their actin bundling
activity to facilitate the regulation of signal transduction processes, cellular growth,
adhesion and cellular mechanical properties. Hence, the actin-bundling amount seems
to be crucial for cell survival during the different phases of malignant cancer
progression and subsequently metastatic spread. The mechanical stiffness usually
seems to be positively correlated with the invasion and the metastatic potential
(Mierke et al 2008, Narumiya et al 2009, Mierke et al 2011, Mierke 2013), whereas
many exceptions still remain (Guck et al 2005, Swaminathan et al 2011).

The actin cytoskeleton keeps the compartmentalization within the cytoplasm and
hence is a major player in providing the cell polarity. The polarity is required for
normal tissue homeostasis. When the polarity is dramatically altered, the cell–cell
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adherens junctions may be ruptured and an epithelial to mesenchymal transition
(EMT) seems to be likely to occur (Royer and Lu 2011). Moreover, physiological
processes such as cell divisions are themselves polarized within tissues. If the polarity
is impaired, the tissue integrity may break down which may then cause overgrowth,
an aberrant invasive behavior and subsequently the initiation of neoplasms and solid
tumors (Royer and Lu 2011). Actin bundling is a major contributor to the polarity
of epithelial cells, as this process provides the integrity of cell–cell adherence
junctions, tight junctions and protrusive structures such as microvilli and also the
polarized membrane trafficking of vesicles or molecules. Finally, the knowledge of
the underlying mechanisms converting the actin bundling to a metastasis promoting
tool seems to be essential for impairing malignant progression of cancer.

Actin-bundle structures in normal ‘healthy’ and cancer cells
The processes of invasion and metastasis are facilitated by a deregulated cellular
motility of malignant cancer cells (Bravo-Cordero et al 2014, Martin et al 2014). The
alterations in cellular motility are based on certain ABPs that determine the
assembly, function and remodeling dynamics of the actin cytoskeleton (Weaver
2008, Albiges-Rizo et al 2009, Gau et al 2015, Madsen et al 2015). What is the
molecular basis of these cytoskeletal alterations and hence of the malignant trans-
formation of specific proteins such as the ABPs? The roles of distinct ABPs in this
process have been reported (Albiges-Rizo et al 2009, Madsen et al 2015, Gau et al
2015, Shishkin et al 2017) and some have even been selected as tumor markers
(Wang et al 2007, Shishkin et al 2011, Huang et al 2014). The integrity of several
cellular structures is based on actin bundles and the distinct actin-bundling proteins
that seem to fulfill a role in the initiation and malignant progression of cancer.

Cortex
Directly below the cell membrane is a thin layer consisting of an actin-filament
network and crosslinking proteins, which is called the cortex. The cortex provides a
strong attachment of the actin cytoskeleton to the cell membrane that is maintained
by a balanced contractility between actin and myosin, facilitating the protrusive,
mesenchymal motility of the cells. In contrast, a weaker attachment of the actin
cytoskeleton to the cortex without the involvement of the force of actin- and myosin-
based contractility supports the exertion of membrane blebs, which represent
detachment of the cell membrane form the underlying cortex, and subsequently
cause blebbing migration type of the cells (Friedl and Wolf 2010). Changes in the
cortical stiffness affects how the cells migrate through and into diverse micro-
environments. Hence, the cortex represents a structural scaffold for the organization
of transmembrane receptors and glycoproteins into crosslinked networks for
providing effective signal transduction processes and ensuring the mechanical
coupling between external mechanical stresses and intracellular signals.

The two non-muscle myosins IIa and IIb are the main actin-based contractile
myosin motors crosslinking the actin filaments of the cell cortex and thereby
regulating the cell stiffness. In particular, phosphorylation of the myosin II light
chain activates the contractile activity of myosin II (Narumiya et al 2009). In line
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with this, increased levels of the myosin kinase Rho-associated protein kinase 1
(ROCK1) correlate positively with poor survival rates in breast cancer patients
(Lane et al 2008) and the malignant progression of bladder cancer, such as poor
tumor differentiation, muscle invasion by cancer cells and lymph node metastasis
(Kamai et al 2003). A clinical study reported a positive correlation between the
myosin light chain kinase facilitating the activation of myosin II with the recurrence
of cancer such as cancer metastasis in non-small cell lung cancer (Minamiya et al
2005). There are still specific reagents for the detection of the active myosin II or
myosin II isoforms required to perform defined clinical investigations (Vicente-
Manzanares et al 2009). In addition, primary tumors affect the contractile properties
of neighboring stromal cells such as fibroblasts (Wyckoff et al 2006, Gaggioli et al
2007, Sanz-Moreno et al 2008). In turn, enhanced contractility of stromal cells
causes increased matrix stiffness and thereby additionally promotes tumor growth
and malignant progression (Samuel et al 2011). Moreover, the matrix stiffness
induces enhanced integrin adhesion, signaling and the activation of survival and
growth factor signals such as the activation of focal adhesion kinase (FAK), all of
which further prompt tumor progression (Frame et al 2010).

As myosin II builds parallel contractile actin bundles, the crosslinking protein
filamin represents a long, hinged actin bundler facilitating mechanical strength and
signal transduction processes in actin scaffolds near membranes (Popowicz et al
2006), similarly alpha-actinin cross-links actin filaments into largely spaced actin
bundles that enable myosin II interaction with these actin filament bundles
(figure 7.4). Indeed, filamins are mechano-sensory proteins, that regulate tran-
scription, membrane trafficking, the function of ion channels, cell adhesion and
receptor-facilitated signal transduction processes (Popowicz et al 2006). In more
detail, filamin is located within a complex with the androgen receptor and the β1
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Figure 7.4. Parallel actin bundle and contractile actin bundle.
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integrin subunit and regulates cellular motility based on downstream androgen
signal transduction processes driving the invasion in prostate cancer (Loy et al 2003,
Castoria et al 2011). Filamins can build a complex with a pro-prion protein PrP in
pancreatic cancer to provide a growth advantage for cancer cells (Sy et al 2010) and
the malignant progression of melanoma (Li et al 2010a). In addition, filamin alters
the hepatocyte growth factor receptor (HGFR or synonymously the proto-oncogene
Met) signal transduction processes that are critical for many epithelial cancers to
undergo malignant transformation and hence to metastasize (Zhou et al 2011). Parts
of the nuclear skeleton may be built by filamins, where they interact on the one hand
with DNA repair complexes such as breast cancer type 1 susceptibility protein
(BRCA1) (Velkova et al 2010) and on the other hand with cell cycle progression
proteins such as cyclin D1 (CCND1) (Zhong et al 2010). Moreover, a secreted form
of filamin has been detected in blood samples of patients with advanced metastatic
breast cancer and astrocytomas supporting the hypothesis that filamin can serve as a
tumor maker (Alper et al 2009).

Spectrins represent another class of actin crosslinking molecules within the cell
cortex and have also been associated with cancer. In particular, in colorectal and
pancreatic cancers, the β2-spectrin associates with transcriptional activators such as
SMAD3 and SMAD4 of the transforming growth factor β (TGF-β) and thereby
regulates their activity and the signal transduction pathway. TGF-β signaling
performs normally the function as a tumor suppressor of colorectal cancer by
suppressing growth and inducing apoptosis, whereas an impairment of β2-spectrin
causes a dysregulation of TGF-β, as the Wnt signaling is activated and hence
tumorigenesis is supported (Thenappan et al 2009, Jiang et al 2010). Additionally,
embryonic spectrin is decreased in certain cancers and leading to a deregulation of
cyclin D1 and enhanced cell cycle progression (Kitisin et al 2007).

Cell–cell adherence junctions
The epithelial cell layers are strongly connected by adherence junctions that contain
transmembrane cadherin cell surface receptors facilitating the direct interaction of
neighboring cells and intracellularly coupling of the two actin cytoskeletons
(Etienne-Manneville 2011). In more detail, adherens junctions couple the cell cortex
to the actin-filament bundles, which are kept at their individual location by actin-
bundling proteins such as alpha-actinin and myosin II (Etienne-Manneville 2011).
When these epithelial cells become cancerous and hence malignant, the adherens
junctions are disassembled and enable beta-catenin to translocate from the mem-
brane location to the nucleus, where it activates transcriptional alterations leading
subsequently to EMT through the canonical Wnt signal transduction pathway
(Heuberger and Birchmeier 2010). In addition, the breakdown of intercellular
junctions enables cancer cells to break out of the primary solid tumor and migrate
into the surrounding tissue microenvironment.

Alpha-actinin-1 and alpha-actinin-4 are localized to cell–cell contacts (Gonzalez
et al 2001) to facilitate the regulation of the actin bundling and maintain epithelial
integrity. Moreover, alpha-actinin-4 binds tight junctions and thereby recruits the
tight junction proteins such and subsequently promotes the formation of tight
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junctions (Nakatsuji et al 2008). The tight junctions are located more apical to
adherens junctions (figure 7.5) and provide the maintenance of the impermeability
within epithelial tissues. A loss of alpha-actinin-4 causes a disintegrity of tight
junctions and hence is correlated positively with the malignant progression of cancer
such as invasion of cancer cells and metastases formation in targeted organs
(Nakatsuji et al 2008). Increased levels of alpha-actinin-4 are associated with poor
outcome or advanced disease state (Honda et al 1998, Patrie et al 2002, Honda et al
2004, Menez et al 2004, Honda et al 2005, Weins et al 2007, Yamamoto et al 2007,
Kikuchi et al 2008, Welsch et al 2009, Yamamoto et al 2009, Yamada et al 2010) and
hence its role in tight junction assembly remains not yet fully understood. However,
the function of alpha-actinin-4 in the cell’s leading edge protrusion may even support
the migration of cells and subsequently promote cancer metastasis (Honda et al 1998).

7.4.1 Filopodium

The filopodia are membrane perturberances that represent thin, long, actin-based
protrusions, which facilitated cell migration and promote the invasion of cancer cells
(Mattila and Lappalainen 2008, Nürnberg et al 2011) (figure 7.6). The actin-
bundling protein fascin generates parallel actin filaments in filopodia and is usually
expressed in cells of mesenchymal and neural origin rather than epithelial origin
(Adams 2004a, 2004b, Hashimoto et al 2011). However, the expression of fascin is
found to be increased in epithelial cancers and is supposed to be involved in the
invasion of cancer cells and cancer metastasis (Machesky and Li 2010). Fascin-
facilitated actin bundling causes a strengthening of actin filaments and thereby
prolongs the lifetime of filopodia acting as invasive protrusions (Li et al 2010b). In
line with this, increased expression of fascin has been detected at the invasive front of
primary solid tumors and additionally the in vitro decrease of fascin levels leads to
impaired cellular motility and invasiveness (Hashimoto et al 2005, Hashimoto et al
2007, Li et al 2010b, Schoumacher et al 2010). Formins such as mammalian
Diaphanous-related (mDia) proteins also belong to the group of filopodial proteins
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Figure 7.5. Actin network at intercellular cell–cell junctions.
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and exhibit actin-nucleating as well as actin-bundling activity. In particular, the
actin-binding FH2 domains of mDia1, mDia2 and mDia3 can dimerize, nucleate at
both sites and perform actin bundling (Machaidze et al 2010). However, the role of
the mDia proteins is still not well understood, similarly to the role of the other 12
mammalian formins during the initiation or progression of cancer (Nürnberg et al
2011). In general, the mDia formin family of Rho-effector proteins create linear
actin filaments (F-actin) and regulate the modulation of microtubule dynamics in
order to induce and provide the maintenance of cellular polarity (Chesarone et al
2010). The GTP-bound Rho can activate mDia family members through the
impairment of interaction between the DID and DAD autoregulatory domains of
the formins, which subsequently exposes the FH2 domain for remodeling interaction
with actin and for providing the microtubule dynamics (Lash et al 2016).

The Ena/VASP proteins such as Mena, VASP and Evl in mammals belong to a
family of proteins inducing the polymerization of actin and subsequently the
formation of actin bundles. These proteins are located within filopodial tips,
lamellipodia and cadherin-based cell–cell adherence junctions (Scott et al 2006,
Breitsprecher et al 2008, Breitsprecher et al 2011) as well as in focal adhesions (Pula
and Krause 2008). A splice variant of Mena, which is termed MenaINV, has been
reported to be upregulated in breast and colorectal cancers, supporting the
malignant progression of the tumor (Di Modugno et al 2004). In line with this,
Mena deficiency reduces cell invasion, impairs cancer metastasis, slows down the
progression of the tumor in polyoma middle-T transgenic mouse models and impairs
normal breast development (Roussos et al 2010, 2011a, 2011b, 2011c).
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Figure 7.6. Filopodium.
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7.4.2 Lamellipodium

Cellular processes such as cell migration and invasion as well as intercellular
communication require actin-containing perturberances on the cell surface such as
lamellipodia and filopodia. Lamellipodia represent networks of actin filaments,
which are created by filament branching through the Arp2/3 complex (figure 7.7).
The impairment of actin branching seems to diminish the formation and main-
tenance of lamellipodial actin network structures. In contrast, the regulation of
nucleation or elongation of Arp2/3-independent filament subpopulations within the
lamellipodial network, such as by formins or Ena/VASP family members, as well as

Figure 7.7. Lamellipodium. (a) A fluorescence microscopic image of a fibroblast stained with Alexa Fluor546
and Hoechst 33342 (nucleus). (b) The same cell stained with the membrane fluorescent dye DID. (c) Simple
schematic drawing of the lamellipodial structure.
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their contribution to the effectiveness of protrusion formation still needs more
investigation and remains unclear. Several distinct formin fragments and VASP
have been investigated regarding their effects on site-specific, lamellipodial versus
cytosolic actin assembly and the consequences on protrusion formation.
Unexpectedly, it has turned out that the expression of formin variants but not
VASP diminished lamellipodial protrusion formation in B16-F1 cells to various
extents (Dimchev et al 2017). The actin network polymerization rates display a
similar trend. However, the degree of inhibition of both parameters (lamellipodial
protrusion formation and actin polymerization rates) depend on the extent of
cytosolic but not lamellipodial actin assembly. In line with this, an increased
assembly of cytosolic actin impairs the actin monomers from being rapidly trans-
located and efficiently incorporated into lamellipodial protrusive structures
(Dimchev et al 2017). Instead of exclusive regulation by actin polymerases, which
function at the tips of actin filaments, the efficiency of the lamellipodial protrusion
formation is precisely regulated by the delicate balance between the actin assembly
in lamellipodial and cytosolic structures (Dimchev et al 2017).

The actin polymerization can additionally generate forces through the simple
stochastic insertion of actin monomers to the barbed ends of actin filaments in actin
bundles or actin networks, such as the protrusive tips of lamellipodia and filopodia
(Small et al 2002). Essential regulators of the assembly and disassembly of actin
filaments in the cells’ leading edge protrusions such as lamellipodia have been
revealed. Among these regulators are the branching activity possessing Arp2/3
complex, the Scar/WAVE complex regulating the Arp2/3 complex, and the Rac
subfamily GTPases regulating the activation of the Scar/Wave complex and hence
controlling the entire lamellipodia formation (Campellone and Welch 2010, Ridley
2011, Steffen et al 2014). The actin remodeling within the lamellipodium has been
largely analyzed (Watanabe and Mitchison 2002, Iwasa and Mullins 2007, Lai et al
2008), whereas the precisely balanced homeostasis of actin assembly and disassem-
bly of the entire cell, such as the more proximal and cytoplasmic regions and the
impact on the assembly/disassembly of actin in protrusion, has not yet received
similar attention. The proximal, cytoplasmic actin structures should receive more
attention, as it has indeed been found that specific subcellular actin domains are able
to affect the actin assembly and disassembly by one another. Moreover, competition
has even been reported between different actin structures that are assembled either
by the Arp2/3 complex or the formins, which represent the two main actin assembly
factors (Rotty et al 2015, Suarez et al 2015).

In 2D environments, the lamellipodia are extensively described as flat networks of
actin filaments, which are connected to their substratum through focal adhesions,
but can migrate through lifting the membrane outermost region upwards and
backwards, which is termed membrane ruffling. In 3D or in suspension, the
lamellipodia protruding from the apical cell surfaces or from the surface of rounded
cells are also termed membrane ruffles. The generation of actin filaments within
lamellipodia, such as the branching of new actin filaments facilitated by the Arp2/3
complex, occurs at the interface between the cell membrane and the actin network
(Wang 1985, Iwasa and Mullins 2007, Lai et al 2008). At these distinct sites various
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actin assembly factors such as the Arp2/3 activator WAVE and associated WAVE
complex subunits (Innocenti et al 2004, Steffen et al 2004), formins such as FMNL2
and 3 (Block et al 2012, Kage et al 2017) and Ena/VASP family members (Rottner
et al 1999, Svitkina et al 2003) can be detected at increased expression levels. The
Arp2/3 complex and its ongoing activation seems to be an essential component of
the initiation and the maintenance of lamellipodia (Suraneni et al 2012, Wu et al
2012, Koestler et al 2013). However, the function of each regulator for the actin-
filament nucleation or elongation is not yet clearly understood. Similarly to the
dendritic nucleation model of a branched actin network assembly and disassembly
(Mullins et al 1998, Pollard and Borisy 2003), actin filaments are assembled and
continue to elongate until they are capped. However, there is not much known about
the relative filament numbers that grow and push in the lamellipodium compared to
capped and/or depolymerizing filaments therein. Even the relevance of the ratio of
actively growing actin filaments to non-productive actin filaments in lamellipodia
(or in the entire cell) and their contribution to protrusion efficiency is not yet clear.
Many questions remain to be answered, such as the following: what is the extent of
cooperation between individual actin assembly factors such as the Arp2/3 complex,
Ena/VASP or the formin family polymerases within lamellipodia?

It has been reported that formin family members seem to function both upstream,
as mDia1 and mDia2 generate template filaments for Arp2/3-dependent branching
(Yang et al 2007, Isogai et al 2015), and downstream or in parallel to the Arp2/3
complex driven actin-filament branching (Block et al 2012, Krause and Gautreau
2014, Kage et al 2017). Specific formins or Ena/VASP family members are each
supposed to fulfill a distinct function, however, it still needs to be revealed what kind
of specific activities contribute to lamellipodia formation based on their branching
and/or filament capping functions. Ultimately, the efficiency of protrusion formation
seems to depend on the availability of actin monomers. A limitation of actin
monomers seems to be unlikely as the actin concentrations (Koestler et al 2009) and
the actin diffusion rates (McGrath et al 1998, Lai et al 2008) in vivo are relatively
high.

How can a spatio-temporal control of actin monomers at the actin polymer-
ization sites be achieved? Control of the actin polymerization may be achieved by a
biased forward translocation (Zicha et al 2003) and cell edge accumulation of actin
(Vitriol et al 2013), similar to a sink of actin monomers for possibly intra-
lamellipodial recycling processes with short traveling distances for optimized
repolymerization of monomers (Cramer 1999, Vitriol et al 2015). However, the
relevance of each individual mechanism needs to be figured out for providing
effective protrusion exertion under different conditions and in distinct cell types.
Although not mutually exclusive, the respective relevance of each mechanism is still
not yet clear. Indeed, a straightforward, gain-of-function approach in migrating
B16-F1 melanoma cells and in fibroblasts has been utilized to investigate the effects
of formin variant or VASP overexpression on lamellipodium formation, such as the
speed of the protrusion formation and the actin network polymerization rates and
the Arp2/3 complex association to these structures. However, only very weak
correlation between the amount of lamellipodial actin filaments and the efficiency
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of protrusion formation has been observed at each time point, whereas instead the
amount of cytosolic F-actin assembly triggers the effective lamellipodium protrusion
exertion (Dimchev et al 2017).

7.4.3 Microvilli

Microvilli are finger-like perturberances of the cell membrane and dramatically
enhance the overall surface area of cells, which enables the cells to perform increased
absorption and secretion of molecules. The intestinal brush-border microvilli consist
of a parallel actin-bundle core that is formed by about 40 single actin filaments of
uniform polarity, which are crosslinked by at least three different actin-bundling
proteins such as T-plastin (synonymously termed T-fimbrin), villin and small espin
(Bartles et al 1998, Loomis et al 2003). In particular, microvilli are composed of the
cortical components spectrin and myosin II in their terminal web (termed the actin
network) at their projection base (figure 7.8) (Brown and McKnight 2010).
Moreover, microvilli are connected to the apical surface by the brush-border myosin
I (McConnell and Tyska 2007). In more detail, T-plastin is a monomeric protein that
is highly expressed in the small intestine and can crosslink F-actin into straight
bundles (Delanote et al 2005, Brown and McKnight 2010). L-plastin (synonymously
termed L-fimbrin) is usually only present in haematopoietic cells, however, it has
been reported to be, in contrast to other studies, expressed in epithelial carcinomas
and non-epithelial mesenchymal tumors (Delanote et al 2005). Moreover, the
L-plastin expression seems to correlate positively with the stage and severity of
colorectal cancers and therefore has been proposed to be a candidate for a
prognostic indicator (Foran et al 2006, Yuan et al 2010). Villin facilitates the

Espin

Myosin I

Parallel unipolar filaments

T-Plastin

Villlin

Myosin II

Spectrin

Fast growing
barbed end

Slow growing
barbed end

Lumen

Microvilli

Figure 7.8. Microvilli composed of actin-bundling proteins. In differentiated intestinal epithelial cells
membrane extrusions such as microvilli are formed to the luminal side of the intestine.
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bundling, nucleation (including the new filament initiation), capping and severing of
actin filaments in a Ca2+-dependent manner (Friederich et al 1990). In addition,
villin expression is increased in adenocarcinomas of the intestinal tract projecting
brush-border microvilli (Grone et al 1986, Moll et al 1987, Suh et al 2005). The small
espin provides the elongation of microvilli from the barbed end of the actin bundle,
however, it has not been associated with cancer. Malignant cancer cells display
increased numbers of microvilli exhibiting irregular morphology that can be
correlated with metastatic status (Ren et al 1990, Ren 1991). However, still more
studies are needed to reveal the functional dependence between microvilli exterion
and cancer progression.

7.4.4 Invadopodium

A special kind of membrane protrusions are invadopodia that are solely detected in
invasive cancer cells (Weaver 2006). They possess a mixture of bundled and
branched actin (Schoumacher et al 2010) and can remodel the extracellular matrix
environment (figure 7.9). Another kind of protrusion, called podosomes, are
structurally and functionally highly similar to invadopodia, but their appearance
is restricted to hematopoietic cells, endothelial cells and Src-transformed fibroblasts
(Murphy and Courtneidge 2011). Both invadopodia and podosomes consist of a
number of actin-bundling proteins such as fascin (Li et al 2010a, Schoumacher et al
2010), alpha-actinin, formins and Ena/VASP proteins (figure 7.9) (Murphy and
Courtneidge 2011). In particular, the actin bundles extrude as protrusions into
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Figure 7.9. Invadopodium.
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extracellular matrix and possibly release endocytic cargo such as matrix metal-
loproteases into the surrounding stroma (Murphy and Courtneidge 2011).

7.5 Does so-called ‘cortical actin’ and an actin cortex exist?
The nanoscale spacing between the cell membrane and the underlying cortical actin
cytoskeleton is essential in facilitating the cellular morphology, cell mechanical
properties and cellular function. However, the determination of the exact distance
has been a key challenge in the field of cell biology. The current methods for
determining the exact nanoscale spacing are limited in themselves as they require a
complex design based on fixed samples or rely on diffraction-limited fluorescence
imaging techniques whose spatial resolution is not sufficient to quantify the distances
of the nanoscale length. Using a novel dual-color super-resolution STED (stimu-
lated-emission-depletion) microscopy approach, the current limits can be overcome
and hence accurate measurements of the density distribution of the cortical actin
cytoskeleton can be performed, and the distance between the actin cortex and the
cell membrane in living Jurkat T cells can be analyzed. An asymmetric cortical actin
density distribution with a mean width of 230 (+105/−125) nm has been found
(Clausen et al 2017). Indeed, spatial distances can be measured between the
maximum density peaks of the actin cortex and the cell membrane, and they are
clearly bi-modally distributed with mean values of 50 ± 15 nm and 120 ± 40 nm
(Clausen et al 2017). Finally, the finite width of the cortex seems to be rather less
than 50 nm, as the regions the cortical actin are close to 10–20 nm to the cell
membrane (Clausen et al 2017).

Cells sense external stimuli such as mechanical property alterations of their
microenvironment and convert these signals into biological responses. These
responses are based on cellular processes that depend on the interactions of the
cortical actin network and the cell membrane (figure 7.10). In particular, external
signals are transmitted directly via signaling through distinct receptors such as the
T-cell receptor expressed on the cell membrane of T cells and/or even indirectly
through a mechano-transduction process, in which the physical coupling of the
interface between the cell membrane and the actin cortex with the entire cell
cytoskeleton provides the signaling. Further downstream these signals are translated
into distinct responses such as alterations of the cell shape changes, induction of
spreading, cell differentiation and cell migration (Fehon et al 2011, Kusumi et al
2012, Lewalle et al 2014, Fritzsche et al 2015). For efficient signal transduction the
state of the cell membrane, the cortical actin cytoskeleton and the physical coupling
of both of outermost cellular layers play a crucial role. A critical determinant for
altered cell morphology, mechanics, and function is the size of the interface, which is
regulated by the spatial distance between the two layers and the actin cortex density,
as it supports the maintenance of the cell membrane and cortex homeostasis
(Heinemann et al 2013, Fritzsche et al 2014, Saka et al 2014).

How dense is the cortical actin cytoskeleton? The interface between the mem-
brane and the cortex is determined by the precise regulation through the dynamic
and filamentous network scaffold, the cell’s cytoskeleton. In particular, the cortex
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can be regarded as a cortical actin skeleton that is located underneath the cell
membrane and thereby regulates the cellular morphology, cell mechanical properties
and function, which is critically based on the dynamical remodeling of the cortex.
This complex system has been proposed to be approximately 100–500 nm thick and
that encompasses the polydispersed actin filaments, which continuously turn over
with a constant growth of the actin filaments at their barbed (plus) ends and a
defined shrinkage at their pointed (minus) ends (Clark et al 2013, Fritzsche et al
2016). Indeed, the actin kinetics characterize and subsequently determine the cortex
network structure, whereas the dynamical remodeling of the filamentous actin
structures provide the cell mechanical properties (Colin-York et al 2016). The
derived cortical actin density distribution analysis at the cell membrane has revealed
two different density profiles for weakly and strongly active regimes of actin
polymerization with the maximum actin density closely located underneath the
membrane periphery (Joanny et al 2013). However, this theoretical approach of the
actin density analysis needs to be proven by experimental approaches. A function of
cortical actin may be to insulate the cytoplasmic signaling domains of membrane–
cortex spanning receptors from the binding of signaling-associated molecules, which
prevents the downstream cell signal transduction processes (Dustin and Davis 2014).

What role do the architecture and the dynamical remodeling of the membrane
play? Various membrane-dependent processes are regulated by the membrane–
cortex interface. An example is the diffusion–reaction dynamics of membrane–
cortex ligands, in particular the binding of diffusing proteins and lipids and/or
receptors to their extracellular agonists, that have been shown to regulate the initial

Figure 7.10. Actin-bundling proteins at the cell cortex. Cells possess a cell cortex which regulates their capacity
to withstand physical forces. Thereby the cortex alters signal transduction proteins and acts as a scaffold. (a) The
contractile forces are lower than the cortex attachment force and hence the membrane is still attached to the
cortex. (b) Membrane blebs are formed when the attachment force between the cortex and the cell membrane is
lower than the contractile forces of the cell. The cortex and the membrane ruptures and a bleb is exerted.
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signal detection, intracellular signaling and the signal conversion into biological
responses (Klann et al 2009, Klammt and Lillemeier 2012, Heinemann et al 2013).
Molecules within the membrane can generally not freely diffuse, as they are
commonly transiently trapped within specific confinements or compartments with
different diffusion coefficients when they interact with immobile and slowly moving
constituents. In particular, actin regulates the lateral diffusion by increasing the
assembly of lipid and multiprotein assemblies and thereby shifting the free diffusive
behavior of these molecules into a trapped, compartmentalized or so-called hop
diffusion (Clausen and Lagerholm 2013, Heinemann et al 2013, Andrade et al 2015,
Vicidomini et al 2015, Fujiwara et al 2016). The indirect signal transduction, such as
extracellular mechanical stress via the membrane–cortex interface seems to be
similarly affected by these constrictive processes of the membrane. All these
processes are supposed to be influenced by two main characteristic features of the
actin cytoskeleton such as the distance between the membrane and actin cortex and
the density of the entire actin cortex.

What is the distance between the cell membrane and the cortex? The nanoscale
spacing of the membrane–cortex interface affects the molecular activity and
interactions between the membrane and the actin cortex. In more detail, the cell
membrane is indeed physically tethered to the nearby underlying cortical actin
network, which provides by the proteins of the ERM family (ezrin, moesin, radixin)
(figure 7.11) (Charras et al 2006). Moreover, the kinetics of these membrane–cortex

Figure 7.11. Membrane–cortex interface. The membrane lipid bilayer is connected to the actin filaments
through ERM protein monomers or dimers. Cortical actin is located underneath the cell membrane and
extends into the cytoplasm, where it is connected to the cytoplasmic cytoskeleton.
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linkers, such as their association or dissociation rates and their ability to build
oligomers, changes the binding of the cell membrane to the actin cortex (Fritzsche
et al 2014). In turn, the local concentration of individual linkers and number of
oligomers per linkage defines the precise distance between membrane and cortex,
and subsequently the adhesion force. A local force of 16 pN per connection for the
membrane–cortex adhesion has been proposed (Alert et al 2015). The hydro-
dynamical properties of the membrane are affected by low spatial membrane–cortex
distances or a less permeable actin cortex, which in turn alters the entire architecture
of the membrane (Alert et al 2015). In particular, enhanced membrane–cortex
adhesion are observed by overexpression of constitutively active ezrin mutants such
as ezrinT567A and finally leads to decreased spacing of the membrane–cortex
interface and thereby creates high membrane tension and induces a spherical
morphology in epithelial cancer cells such as HeLa (Liu et al 2012, Fritzsche et al
2014). Similarly, overexpression of constitutively inactive ezrin mutants such as
ezrinT567D reduces the adhesion energy and hence enhances the spacing of the
membrane–cortex interface leading to weakly confined cell boundaries (Liu et al
2012, Fritzsche et al 2014). In line with this, the mechano-transduction processes
evoked by extracellular mechanical forces can be varied by altering the nanoscale
spacing between the membrane and the actin cortex (Charras et al 2006, Rouven
et al 2015).

How can the actin cortex density and membrane–cortex distance be measured?
The characterization of various processes at the interface of cell membrane and the
actin cortex have been studied at a coarse-grained level due to the limits of
microscopical observation techniques. In particular, the structural characterization
of actin networks has been a major problem (Eggeling et al 2009, Fritzsche et al
2016). The high actin density with small mesh-sizes or pore-sizes has fundamentally
limited the analysis of cortical structures (Fritzsche et al 2013, Fritzsche et al 2016).
The typical mesh-sizes of 10–15 nm cannot be accessed using conventional optical
microscopy due the limited spatial resolution and hence scanning electron micro-
scopy or super-resolution STORM-based optical microscopy need to be employed
to visualize cortical networks (Xu et al 2013). However, these measurements have
not revealed insights into the network structure such as the cortical actin density or
the actin-filament lengths, as the high actin density impairs the precise identification
of the actin-filament ends (Fritzsche et al 2016). The prediction of the spatial
distance between the membrane and the cortex based on the crystal structure of full-
length ERM proteins such as ezrin and moesin has so far failed. However, the
crystallization of the dormant and active FERM domain of ezrin and moesin
propose spacings in the rage of 10–50 nm for monomeric linkers (Pearson et al 2000,
Edwards and Keep 2001, Phang et al 2016). Based on electron tomography
reconstructions of fixed PtK2 cell cross-section samples lead to the prediction of a
distance between the membrane and the cortex of less than 10 nm (Fujiwara et al
2016). Based on electron microscopy observations, it has been proposed that the
density of the cortex is rather uniform in contact with the membrane, whereas
the uniformity is abolished at the cortex–cytoplasm interface (Hanakam et al 1996).
A weakness of these methods is that the cell samples are fixed and thereby contain
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well-known artifacts such as cell shrinkage and altered architecture of the cell
membrane and actin networks (Wollweber et al 1981, Stanly et al 2016). Thus, the
actin cortex density and membrane–cortex distance measurements need to be
performed with living cells. However, conventional confocal microscopy has
determined the actin cortex thickness to be approximately 190 nm by using a
dual-color labeling of the actin cortex and the implementation of a theoretical
description for the cortex geometry to overcome the limited resolution of their
microscope (Clark et al 2013). For their measurements they assumed a uniform actin
density and a direct connection between the cortex and the cell membrane. What
would the results be, if the assumptions are omitted, as we do not know whether
there is a direct connection between the membrane and the cortex or whether there
exists a nanoscale spacing between them? Hence the diffraction-limited nature of the
confocal experiments excludes them from further experiments.

Using dual-color super-resolution STED microscopy, it has been shown that the
fluorescently labeled cell membrane and the actin cortex can be accurately localized
(Clausen et al 2017). Due to the enhanced spatial accuracy of STED microscopy, the
density distribution of the cortical actin cytoskeleton can be analyzed directly
underneath the cell membrane and hence the nanoscale spacing between the two
layers can be determined in living Jurkat T lymphocytes. Indeed, a bimodal
distribution of the nanoscale distances between the cortex and the membrane
has been found and therefore cells can dynamically alter their own membrane
architecture.

7.6 The different stress-fiber types
There exist stress fibers in cells that contain bundles of parallel actin filaments
displaying a mixed polarity along their length (Cramer et al 1997) (figure 7.12).
These actin bundles interact with myosin II motors that are crosslinked by
alternating zones of alpha-actinin and Ena/ VASP proteins and they are anchored
at their ends towards the membrane by focal adhesion protein assembly (figure 7.12).
Moreover, stress fibers connect the cytoskeleton to the extracellular matrix through
focal adhesion sites, at which the integrin cell–matrix receptors span the cell
membrane and build clusters such as large macromolecular hubs for signaling

Figure 7.12. F-actin stress fibers.
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and cytoskeletal proteins (Wolfenson et al 2009). Indeed, focal adhesions are
mechano-sensitive assemblies that promote the signal transduction based on the
interaction of a cell with its surrounding stroma and thereby provide cell survival and
growth signals. Alpha-actinin-1 is distributed along the stress fibers in a periodic
manner, binds to several focal adhesion proteins (Edlund et al 2001) and hence
combines the actin cytoskeleton with the cell membrane. In general, alpha-actinin-4
is located at the leading edges of migrating cells within lamellipodia. Hence alpha-
actinins such as alpha-actinin-4 play a role in multiple tumors such as breast
(Guvakova et al 2002), ovarian (Yamamoto et al 2009), pancreas (Kikuchi et al
2008) and lung cancers (Menez et al 2004).

The epithelial protein lost in neoplasm (Eplin) also represents a component of
stress fibers and possesses an actin-filament side-binding and bundling activity,
which is antagonistic to the Arp2/3 complex branching activity (Maul et al 2003) and
is decreased during the progression of cancer. Eplin contains two actin-filament-
binding sites that are separated by a central LIM domain. As an immunoglobulin-
repeat-containing protein palladin interacts with actin filaments and thus builds a
scaffold for other stress-fiber-associated proteins such as VASP, alpha-actinin, EPS8
and the ERM (ezrin, moesin and radixin) proteins. Phalladin can be phosphorylated
by the AKT1 kinase, induce actin bundling and impair in vitro the invasion of breast
cancer cells (Chin and Toker 2010), whereas another study reported the opposite
behavior, as loss of palladin inhibits the invasion of breast cancer cells (Goicoechea
et al 2009). However, in vivo studies are needed to analyze whether palladin
functions in metastasis. A component of focal adhesions, supervillin consist of three
villin-related actin-binding sites (Wulfkuhle et al 1999) and possesses four predicted
nuclear localization signals indicating that it may shuttle between the cytosplasm
and the nucleus. Additionally, in prostate cancer, it seems to be bound to the
androgen receptor and hence involved in the regulation of cell growth and androgen-
dependent signal transduction processes (Sampson et al 2001).

There exist distinct types of actin stress fibers that represent major contractile
structures within cultured eukaryotic cells (Tojkander et al 2012). These actomyosin
bundles are pronouncedly established in fibroblasts, endothelial cells, smooth muscle
and distinct cancer cell lines. In non-motile cells, the stress fibers are rather thick and
stable compared to highly motile cells, in which the stress fibers are less pronounced,
deceased in numbers, thinner and can more easily undergo a dynamical remodeling
(Pellegrin and Mellor 2007). The polar and helical actin-filament structures grow
rapidly at their barbed end and slowly at their pointed end, exhibiting a ten-fold
difference (Pollard and Cooper 2009). In more detail, stress fibers are built by
bundles of 10–30 actin filaments, which are connected by crosslinking proteins such
as alpha-actinin by exhibiting a usually bipolar arrangement. These contractile
actomyosin bundles are connected to focal adhesions through which the entire actin
cytoskeleton is coupled to the extracellular matrix (Cramer et al 1997, Pellegrin and
Mellor 2007, Naumanen et al 2008). Stress fibers largely vary in morphology and
interaction with focal adhesion proteins. Hence, the stress fibers are grouped into at
least four different categories such as dorsal stress fibers, ventral stress fibers,
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transverse arcs and the perinuclear actin cap (Heath 1983, Small et al 1998, Khatau
et al 2009).

The dorsal stress fibers connected at their distal ends to focal adhesions.
Moreover, these actin-filament bundles usually contain no myosin II (Tojkander
et al 2011) and subsequently cannot contract. The precise organization of actin
filaments in dorsal stress fibers is still elusive. However, they display a structurally
related so-called ‘graded polarity’ of their bundles, as the distal ends consist of
unipolar actin filaments with rapidly growing barbed ends facing the cell periphery,
whereas the more proximal parts of the actin bundle consist of actin filaments with
mixed polarity (Cramer et al 1997, Pellegrin and Mellor 2007). Although dorsal
stress fibers cannot contract, they seem to be a platform for the assembly of other
stress fibers types and provide a linkage to focal adhesions (Hotulainen and
Lappalainen 2006, Tojkander et al 2011) (figure 7.13).

Transverse arcs consist of curved actin-filament bundles that show a periodic
alpha-actinin–myosin pattern, which is a characteristic feature of contractile
actomyosin bundles. As arcs do not directly bind to focal adhesions, they transfer
contractile force to the surrounding microenvironment via connections with dorsal
stress fibers. A main property of transverse arcs in migrating cells is that they can
flow from the cell’s leading edge toward the cell’s interior center (Heath 1983, Small
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Figure 7.13. Different types of stress fibers in cells. (a) Lamellipodia in mouse embryonic fibroblasts stained
with Alexa Fluor546 Phalloidin (actin, red) and Hoechst 33342 (DNA, blue). (b) Primary human dermal
microvascular endothelial cells stained with Alexa Fluor546 Phalloidin (actin, white). (c) Scanning electron
microscopic images of human MDA-MB-231 breast cancer cells cultured on a fibronectin coated glass
substrate. (d) Schematic presentation of the stress-fiber network in lamellipodia of mesenchymal cells. Dorsal
stress fibers are connected to focal adhesions at their distal end, whereas transverse arcs are curved stress fibers
that flow towards the cell’s center and they are anchored via adhesion indirectly through dorsal fibers.
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et al 1998, Hotulainen and Lappalainen 2006), which is known as retrograde
flow that is supposed to be facilitated by the continuous contraction of the arcs
(Zhang et al 2003).

Ventral stress fibers are contractile actomyosin bundles, which are connected to
focal adhesions at both ends and hence these ventral fibers build the major
contractile machinery in many interphase cells (Small et al 1998). In particular,
ventral stress fibers are usually located at the posterior parts of the cell, where cycles
of contraction facilitate the rear constriction and finally cell migration and invasion
(Chen 1981, Mitchison and Cramer 1996). Moreover, the perinuclear actin cap has
been identified as an actin structure based on fibers that are placed over the cell
nucleus and are connected to the nucleoskeleton. Hence, a major function of the
perinuclear actin cap is the regulation of the nuclear shape in migrating cells.
Additionally, the perinuclear actomyosin fibers may function as mechanotrans-
ducers to transmit forces from the cellular microenvironment to the cell’s nucleus
(Khatau et al 2009). Indeed, distinct stress-fiber-like structures are connected to the
nuclear membrane through special membrane proteins (Luxton et al 2010) and
thereby stabilize the position of the nucleus precisely (Nagayama et al 2011). Similar
to the connections between canonical stress fibers and the extracellular matrix via
focal adhesions, a subset of stress fibers seems to be mechanically linked to nuclear
membrane proteins in order to facilitate nuclear movement during the overall
cellular migration.

What are lamella within cells? Are they real?
Lamellipodium and lamella are two distinct actin-filament networks that have both
been shown to support the migration of cells. The structure of the lamellipodium is
based on a branched network of actin filaments that is regulated by the small Rho-
GTPase Rac1, however, the origin and organization of the actin filaments of the
lamella is not yet precisely known (Vallotton and Small 2009, Ydenberg et al 2011).
In particular, the lamella of migrating cells can be synonymous with the transverse
arc network, as both structures (the lamella and the transverse arcs) contain
condensed actin bundles and are able to undergo retrograde flow towards the cell’s
center (Ponti et al 2004, Hotulainen and Lappalainen 2006). Moreover, both lamella
and transverse arcs possess similar protein compositions such as tropomyosins,
which are hardly present within the lamellipodium, but are detectable at high levels
in the lamella (DesMarais et al 2002) as well as in transverse arcs (Tojkander et al
2011). Another feature supporting this view is that both arcs and the lamella are
created through the condensation of lamellipodial actin filaments into arc-shaped
actin bundles, which are positioned parallel to the cell’s edge (Hotulainen and
Lappalainen 2006, Burnette et al 2011, Tojkander et al 2011).

7.7 Actin–myosin interaction during cell migration
In muscle and cytoskeletal motor processes, the formation of the tight and hence
strong interactions between actin filaments and myosins are necessary for the
generation and transmission of forces.
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7.7.1 Introduction to the superfamily of myosins

The myosins are motor proteins that act on actin filaments in order to generate and
transmit forces. Thereby myosins require energy, which they generate by the
hydrolysis of ATP. Many functions of the myosins involve cellular contractility
such as cell signaling, endocytosis, vesicle trafficking and the localization of proteins
or RNAs (Krendel and Mooseker 2005, Woolner and Bement 2009, Hartman and
Spudich 2012). All myosins possess certain common structural and functional
features such as an actin-binding head domain, which carries the myosin ATPase
activity. The actin-dependent ATPase activity is employed by myosin motors for the
generation of force and the translocation of a cargo along the actin filaments. In
particular, myosins consist of a neck domain, which can bind light chains and a tail
domain, which has a variable sequence and length, and therefore it determines the
intracellular localization and cargo binding specificity of the individual myosin.

The first biochemical studies investigating myosin were on skeletal muscle
myosin, termed myosin II (Szent-Gyorgyi 2004). After the identification of non-
muscle myosins, the myosin family has been divided into two major groups—class I
(small, mostly monomeric motors) and class II myosins (dimeric myosins similar to
skeletal muscle myosin, including both muscle and non-muscle myosins). The class
II myosins are seen as conventional myosins. The identification of several other non-
muscle myosins markedly changed the myosin diversity (Berg et al 2001). The
myosin superfamily of motor proteins can be subdivided into various classes. The
classification is at first glance based on phylogenetic analysis of the myosin motor
domain (Hodge and Cope 2000, Berg et al 2001, Richards and Cavalier-Smith 2005,
Foth et al 2006, Odronitz and Kollmar 2007). Twelve classes, myosin I, II, III, V,
VI, VII, IX, X, XV, XVI, XVIII and XIX have been found in vertebrates including
humans. Apart from the myosin II class, myosin classes are termed unconventional
myosins and fulfill their function either as monomers or dimers of heavy chains that
are interacting with calmodulin-like light chains through binding via the IQ motifs in
their neck region. Thereby, the light chains stabilize the neck region and perform
conformational alterations in the motor domain to move along actin filaments.
Indeed, the velocity of myosins and their step size are positively correlated with the
neck region length (termed the lever arm) (Tyska and Warshaw 2002).

The stress fibers require tension and myosin-II-facilitated contractility, as myosin
II inhibition induces the disassembly of stress fibers (Chrzanowska-Wodnicka and
Burridge 1996, Bershadsky et al 2006). Multiple focal adhesion associated proteins
are involved in the regulation of stress fibers. In particular, zyxin has been revealed
to function in force-dependent actin polymerization (Hirata et al 2008), the
mechano-sensing of stress fibers (Colombelli et al 2009) and repairing of stress
fibers (Smith et al 2010).

How is the contraction of stress fibers regulated?
The myosin light chain (MLC) regulates the contractility of stress fibers (Somlyo and
Somlyo 2000). The reversible phosphorylation of MLC on the Thr18 and Ser19
phosphorylation sites enhances the assembly of non-muscle myosin II filaments and
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increases the actin-activated ATPase activity of the myosin motor domain (Vicente-
Manzanares et al 2009). The MLC-phosphorylation-facilitated contractility of stress
fibers is regulated by at least two distinct pathways, a Ca2+/calmodulin-dependent
pathway and a Rho-dependent pathway (Katoh et al 2001a, Katoh et al 2001b). The
Ca2+/calmodulin pathway functions similarly in smooth muscle and non-muscle
cells, and activates of the myosin light chain kinase (MLCK), which subsequently
phosphorylates MLC. The Rho–ROCK pathway regulates the actomyosin activity
either through the direct phosphorylation of MLC or through the inhibition of the
phosphorylation of the myosin light chain phosphatase (MLCP), which causes its
inactivation (Amano et al 1996, Kimura et al 1996, Totsukawa et al 2000). Finally,
both phosphorylation pathways create distinct contractile responses. In particular,
the Ca2+/calmodulin pathway causes a local and rapid response, whereas the
activation of the Rho pathway leads to more persistent response. The septin
SEPT2, which is a member of a conserved family of filamentous GTPases,
additionally regulates contractile structures through binding and subsequently
activation of myosin II. Under physiological conditions, septins are closely
associated with actin stress fibers within interphase cells, whereas they regulate the
contractile ring formation in mitotic cells during cell division.

The impairment of the interaction between SEPT2 and myosin II in interphase
cells leads to a loss of stress fibers, the septin-facilitated regulation of myosin II
activity seems to be necessary for the proper assembly and maintenance of stress
fibers (Kinoshita et al 2002, Joo et al 2007). The dephosphorylation of MLC and
hence the disassembly of stress fibers is facilitated by MLCP that is connected to
actin stress fibers through the interactions of its regulatory subunit MYPT1 with the
myosin phosphatase Rho-interacting protein (MPRIP) (Mulder et al 2003, Surks
et al 2005). The activity of MLCP can be altered by the interaction of the tumor
suppressor liver kinase B1 (LKB1 or synonymously named STK11) with NUAK
family kinases, which shows that phosphorylation and dephosphorylation of MLC
are connected with various signaling pathways (Zagorska et al 2010, Vallenius et al
2011).

What is the role of myosin in tensional development of stress fibers and focal
adhesions?
In addition to the effect of the blockage of Rho-driven myosin activity that inhibited
ventral stress fibers and focal adhesion assembly in quiescent cells (Chrzanowska-
Wodnicka and Burridge 1996), further support for a mechanical tension driven
assembly is based on the following observations (Burridge and Guilluy 2016). Shear
stress at levels equivalent to shear stress levels in arteries, has been shown to facilitate
the formation of stress fibers in endothelial cells lining blood vessels (Franke et al
1984). More direct evidence for the growth stimulation of focal adhesions has been
provided by the application of force directly to individual cells with a simple glass
rod, with the growth of adhesion seen using interference reflection microscopy
(IRM) optics by employing fluorescently labeled focal adhesion proteins (Riveline
et al 2001). Moreover, the adhesion growth can be inhibited by reducing RhoA
activity, which is rescued by expression of the constitutively active formin, mDia1,
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which is usually activated by RhoA. Thus, focal adhesion growth seems to require
tension and actin polymerization, each of which is facilitated by activated RhoA. In
line with this, the growth of focal adhesions mirrors the tension applied to them,
which has been demonstrated by using 2D traction force microscopy to reveal a
positive correlation between the size of focal adhesions and the forces which have
been transmitted across them (Balaban et al 2001, Schwarz et al 2002).

When the mechanical force induces the growth and maturation of focal
adhesions, it may be concluded that new components are recruited to focal
adhesions as a response to force application. Indeed, individual components of
focal adhesions such as vinculin have been analyzed (Galbraith et al 2002).
Moreover, a so-called focal adhesion proteome has been identified, in which the
composition of distinct proteins depends on the presence of active myosin (Kuo et al
2011, Schiller et al 2011). The hypothesis that tension increases the growth,
composition and thereby maturation of focal adhesions has been further confirmed
by biophysical experiments using beads coated with integrin ligands in order to
apply force towards the cells. Indeed, a reinforcement of the adhesions connected to
beads has been detected (Wang et al 1993, Choquet et al 1997, Galbraith et al 2002,
Matthews et al 2006, Guilluy et al 2011). In particular, focal adhesion proteins are
recruited in greater numbers to tensioned bead adhesion sites (Galbraith et al 2002),
which is also consistent with the force promoting the focal adhesion assembly.

What is the reason for the stiffening or reinforcement occurring upon external
tension application via integrins? The RhoA pathway is among the signaling
pathways that are activated in response to tension application via integrins
(Matthews et al 2006, Guilluy et al 2011, Zhao et al 2007). The enhanced actin
polymerization is not exclusively regulated through the RhoA-activated formin
mDia1 (Watanabe et al 1997), but it contributes to the stability of actin filaments, as
the severing activity of cofilin is impaired through the ROCK1 dependent LIMK1
phosphorylation of cofilin, which inhibits its function (figure 7.14). Moreover, the
activation of myosin II by ROCK (Amano et al 1996, Kimura et al 1996) causes a
positive feedback loop and thereby increases the cellular tension. Similarly, activated
myosin II that has assembled into bipolar filaments represents a multivalent
crosslinker and F-actin-bundling protein (Burridge and Chrzanowska-Wodnicka
1996, Choi et al 2008). Moreover, F-actin exhibits enhanced affinity for myosin II
when it is under tension (Uyeda et al 2011). In line with this, also in response to
tension, F-actin decreases the binding to cofilin and it can hence withstand more
pronouncedly its own severing by cofilin (Hayakawa et al 2011).

How might force on a focal adhesion complex increase the recruitment of new
components?
In order to reveal how the force acts on the focal adhesion complex, it is necessary to
identify tension-sensitive cryptic protein binding sites. These tension-sensitive cryptic
protein binding sites were first identified for fibronectin (Zhong et al 1998). Later,
these tension-sensitive cryptic binding sites were demonstrated for proteins within
focal adhesions, such as talin. In particular, the application of tension to single talin
molecules exposed previously hidden binding sites for vinculin (del Rio et al 2009).
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Similar to talin, other proteins may expose sites upon application of tension,
facilitating new interactions (Tamada et al 2004). An example is p130cas, which
upon mechanical stretching exposes multiple tyrosines serving as phosphorylation
sites for Src (Sawada et al 2006). In addition, it has been found that stress fibers
reinforce in response to strain applied to cells using cyclic stretch or shear stress
(Yoshigi et al 2005). In more detail, zyxin can shuttle from focal adhesions to zones
of tension within the stress fibers and initiate the local recruitment of α-actinin and
vasodilator-stimulated phosphoprotein (VASP) to stress fibers, which then causes a
thickening and reinforcement of stress fibers (Yoshigi et al 2005, Colombelli et al
2009). However, zyxin-dependent stress-fiber reinforcement can be found in cells
exposed to external mechanical stress and it instead represents a repair mechanism
limiting stress-fiber elongation and breakage at sites of excessive strain (Smith et al
2010). The targeting of zyxin to stress fibers depends on MAPK activation, but the
mechanism involved is not yet fully clear. However, several models propose tension-
dependent conformational alterations in stress-fiber-associated proteins that cause
the exposure of new docking sites for zyxin (Smith et al 2010).

However, how the bonds between different proteins within the focal adhesion
complex are facilitated or strengthened upon exposure to mechanical tension is not
yet understood. A passive or an active process may drive the interaction of the
tightly locally restricted focal adhesion proteins, such as the exertion of a new
previously hidden binding site or a reaction towards the mechanical force causing
deformation of the complex. However, so-called ‘catch’ bonds (Evans and
Calderwood 2007), that strengthen in response to tensional force, have been revealed
for distinct proteins such as for the fibronectin-binding integrin α5β1 (Friedland et al
2009, Kong et al 2009). It seems to be possible to identify more catch bonds that
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function in focal adhesions. In line with this, it is supposed that mechanical tension
signaling can modify the protein interactions by turning slip bonds into catch bonds,
which finally increase the stabilization through increased tension. Conversely, the
change of catch bonds into slip bonds is assumed to disassemble adhesions at the
cell’s rear during cell migration.

What proteins are associated with stress fibers?
The two main components of stress fibers are actin and myosin, and these create a
functionally precise, regulated actomyosin structure contracting the stress fibers and
hence the entire cell. Several ABPs and focal adhesion molecules are able to localize
to stress fibers, and hence provide their assembly and stability. As the interactions of
ABPs with stress fibers are known to be normally highly dynamic, using fluorescence
recovery after photobleaching (FRAP) experiments (Schmidt and Nichols 2004,
Hotulainen and Lappalainen 2006, Endlich et al 2009, Tojkander et al 2011), it is
supposed that stress fibers are highly dynamic structures and the proteins associated
with them undergo constant dissociation and association.

Different ABPs can be classified based on biochemical functions and their distinct
localizations along the stress fibers. An example is α-actinin, an actin crosslinking
protein, which shows a punctate localization pattern on the stress fibers, which is
complementary to the myosin II localization within the stress fibers (Lazarides and
Burridge 1975). In many non-muscle cells, the expression of the two isoforms, α-
actinin-1 and -4, can be detected. In cultured cells, α-actinin-1 is found enriched in
stress fibers, whereas the α-actinin-4 is more pronouncedly localized to the
lamellipodia (Honda et al 1998). In addition to its actin-bundling activity, α-actinin
can associate with kinases and signaling proteins, such as the PDZ-LIM-containing
proteins, and thereby acts as a regulator for cytoskeleton-targeted signaling
(Vallenius et al 2000, Vallenius and Makela 2002). Various actin-filament cross-
linking proteins such as fascin, filamin and palladin localize to stress fibers, whereas
their distinct functions within these actomyosin bundles are not yet well understood
(Wang et al 1975, Adams 1995, Dixon et al 2008). In addition to their crosslinking
activity, many of these proteins fulfill additional roles in regulating cytoskeletal
dynamics, such as palladin which can interact with the ABPs’ profilin and vaso-
dilator-stimulated phosphoprotein (VASP) and may thereby operate as a scaffolding
protein inducing actin dynamics in stress fibers (Boukhelifa et al 2004, Boukhelifa
et al 2006).

The calponin family represents another group of multifunctional proteins that
associate with stress fibers in a punctate pattern similar to α-actinin (Strasser et al
1993). The most studied isoform is calponin-1 (synonymously termed calponin h1),
which can be detected in smooth muscle cells and regulates contractility (Winder
et al 1998). The other calponin isoforms such as calponin-2 and -3 (synonymously
termed calponin h2 and h3) are located in several non-muscle and muscle cells
(Draeger et al 1991, Hossain et al 2003). In addition to the regulation of muscle
contraction, calponins are proposed to crosslink and hence stabilize actin-based
structures in order to facilitate cell migration (Leinweber et al 1999b, Danninger and
Gimona 2000). In addition, calponins associate with several kinases such as
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extracellular-signal-regulated kinase 1/2 (ERK1/2) and protein kinase C (PKC) and
seem to act as scaffolding proteins regulating cytoskeletal dynamics (Leinweber et al
1999a, Patil et al 2004).

In addition to myosin II, other proteins such as tropomyosins (TPMs) and
caldesmon (CaD, synonymously known as CALD1) can manage to bind to stress
fibers in a complementary pattern to α-actinin. TRMs belong to a large family of
actin-binding proteins, whereas caldesmon functions in the regulation of stress-fiber
contraction and reorganization (Weber and Groeschel-Stewart 1974, Lazarides
1975, Yamashiro-Matsumura and Matsumura 1988, Castellino et al 1995). In
particular, non-muscle cells possess distinct myosin II isoforms that have specific
binding partners and distinct localization patterns and among which myosin IIA and
IIB are the most well-studied (Vicente-Manzanares et al 2009). Myosin II assembles
bipolar bundles that are essential for the assembly and maintenance of stress fibers
(Bao et al 2005, Hotulainen and Lappalainen 2006). TPMs can regulate the
recruitment of myosin II to contractile stress fibers (Gunning 2008, Tojkander
et al 2011). Within muscle cells, TPMs act together with troponin and thereby
control the amount of contraction by sterical inhibition of the actin–myosin
interaction in a Ca2+-dependent mode (McKillop and Geeves 1993).

Additionally, TPMs regulate actin dynamics through the impairment of filament
depolymerization at pointed ends and actin-filament disassembly that is driven by
actin depolymerization factor (ADF or cofilin) (Broschat 1990, Ono and Ono 2002).
The loss or inactivation of specific TPMs is associated with abnormal actin stress-
fiber structures leading finally to increased filament disassembly and reduced myosin
recruitment (Gupton et al 2005, Tojkander et al 2011). TPMs cooperate with CaD to
stabilize actin filaments (Ishikawa et al 1989a, Ishikawa et al 1989b), which are both
able to bind actin with its C-terminal region and myosin with its N-terminal region
and hence induces the crosslinking of myosin bundles to actin filaments (Marston
et al 1992, Katayama et al 1995). In particular, the interaction of CaD with actin is
facilitated by phosphorylation, and during the cell cycle the CaD phosphorylation
causes a disassembly of actin stress fibers (Kordowska et al 2006). Based on similar
localization patterns of CaDs and TPMs on stress fibers and their closely linked
expression levels, the functions of the two protein families within stress fibers are
closely related (Yamashiro-Matsumura and Matsumura 1988, Kashiwada et al
1997). However, stress fibers also contain multiple other proteins acting in stress-
fiber assembly, contractility or repair.

7.7.2 Myosin motors and their diverse functions

Myosin isoforms are variable in their mechanochemical properties, such as the duty
ratio, which means the fraction of the ATPase cycle that is still in the strong actin-
bound state, and processivity, which is the ability of myosin to move continuously
(and hence persistently) along an actin filament without diffusing randomly
(O’Connell et al 2007). In fast contractile events, the low duty ratio myosins may
fulfill their function and thereby act as dynamic, short-lived tethers connecting the
actin filaments and myosin cargo, whereas high duty ratio myosins have the ability
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to adapt faster in order to generate persistent tension. Moreover, processive myosins
are optimal for the transport of organelles and macromolecules over long distances.
The different mechanochemical properties and various cargo binding domains
enable non-muscle myosins to fulfill many processes involved in the malignant
progression of cancer, which includes several consecutive steps, such as the cell
migration and invasion through the extracellular matrix, regulation of the local-
ization of proteins and organelles, alterations of the cell shape and induction of
different cell signaling pathways.

The non-muscle myosins are found in various actin-containing cellular structures
such as microvilli, stereocilia, filopodia (containing linear, unipolar bundles of actin
filaments), stress fibers (consisting of linear actin filaments of mixed polarity that are
similar to muscle sarcomeres in their periodic organization and are connected at
their ends to cell–matrix adhesions), adhesion belts (displaying parallel bundles of
actin filaments along the apical portion of epithelial cells and connecting to cell–cell
junctions), and even other actin assemble types (figure 7.15). The polymerization of
actin polymerization in cells is driven by the activity of actin nucleators inducing the
formation of short nuclei consisting of 2–3 actin monomers that start the initiation
of the assembly of actin filaments. The kind of nucleator determines the structure of
the actin network, such as the Arp2/3 complex inducing the formation of branched
actin networks or formins nucleating parallel bundles and other nucleators that are
associated with distinct subsets of ABPs or actin crosslinking proteins (Campellone
and Welch 2010, Arjonen et al 2011, Yang and Svitkina 2011, Michael and Yap
2013, Vindin and Gunning 2013).

Distinct classes of myosin favor binding to specific actin structures. Examples are
yeast and metazoan myosins II and yeast myosin V, which usually interact with
parallel actin bundles nucleated by formins, which contain the ABP tropomyosin,
whereas class I myosins are not even able to interact with tropomyosin-containing
actin assemblies and hence preferably connect to Arp2/3-nucleated branched actin
networks (Ostap 2008, Pruyne 2008, Stark et al 2010, Wang and Coluccio 2010,
Tojkander et al 2011, Pollard and Lord 2014). In mammalian cells, tropomyosin can
be found in stress fibers, in contractile rings during cell division and in apical
adhesion belts. All these actin structures become highly contractile after myosin II
binding. In contrast, class I myosins prefer binding to actin structures that are free
of tropomyosin, such as branched actin networks enveloping clathrin-coated
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Figure 7.15. Myosin II and actin filament.
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vesicles, actin filaments of nascent (immature) adherence junctions and fimbrin-
crosslinked actin bundles in microvilli (figure 7.15). Another preferential interaction
of a specific actin structure with a distinct myosin class has been observed in
filopodia consisting of parallel bundles of actin filaments crosslinked by fascin and
associated with increased levels of Myo10. The mechanism regulating the Myo10
interaction with filopodia is still elusive (Kerber and Cheney 2011). The specificity of
myosin toward distinct cytoskeletal structures serves as an additional control
mechanism for the activity of myosins. Examples are the alterations of the
tropomyosin or fascin expression detected in cancer cells (Wang and Coluccio
2010, Arjonen et al 2011) that may cause alterations in myosin-facilitated cellular
tension and subsequently on cellular motility.

The actomyosin system generates forces through the ATP-facilitated cyclical
interaction of myosin with actin (figure 7.16). This cycle includes the binding of ATP
to the strongly actin-bound myosin motor domain (MD) and thereby induces a
drastic reduction in actin affinity, which causes the dissociation of the myosin from
the actin filament. Based on the hydrolysis of ATP, the rebinding of the myosin to
the actin filament initiates several consecutive events leading finally to the dissoci-
ation of hydrolysis products such as phosphate (Pi) and ADP, which thereby re-
establishes the strong binding of the myosin-head domain to actin filaments and
induces a force-generating step (termed the powerstroke) (Geeves and Holmes 2005).
The powerstroke process involves the swing of the myosin’s arm (through a
conformational change) followed by the translocation of the distal part of the
myosin molecule (and subsequently the entire thick filament in muscle) relative to
the actin filament. Finally, at the end step of the force-generating pathway, the ATP-
free and strongly bound actomyosin complex (termed the rigor state) is a key
intermediate of the mechanochemical cycle. However, this rigor state possesses a
very short lifetime and has a low abundance at physiological ATP concentrations.

Figure 7.16. Actin and myosin cyclical interaction.
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The formation of the strongly bound actomyosin complex seems to be a major
contributor to the free energy necessary to perform the work during the powerstroke
event (Karatzaferi et al 2004).

7.8 The effect of actin-bunding proteins on cell migration
and invasion

These actin-bundling proteins are molecules that crosslink actin filaments into
bundles. It is known that the actin cytoskeletal architecture regulates multiple
cellular processes related to cancer invasion. An alteration of the relative levels of
two profilin paralogs affects the architecture of the actin cytoskeleton and hence
influences the physiological behavior of cancer cells. Functional divergence has been
found between profilin-1, which induces membrane protrusion, motility and
invasion, and profilin-2, which represses all the processes promoted by profilin-1.
In order to provide these opposing phenotypes, the two profilins need to be specific
to actin cytoskeletal remodeling processes. Profilin-2 performs these suppressive
effects via the selective interaction with the actin polymerization regulator EVL that
supports the profilin-2-driven actin cytoskeletal remodeling and subsequently
reduces cell migration and invasiveness. Analyses of breast tumors indicate that
lower EVL expression is associated with high invasiveness and hence poor
prognosis, which reveals EVL as a potential candidate for a biomarker predicting
the patient outcome.

Cellular motility needs to be precisely regulated of multicellular linearly organ-
ized processes that include the dynamical reorganization of the actin cytoskeleton.
This reorganization is regulated by ABPs facilitating the nucleation, branching,
elongation, bundling, severing and capping of actin filaments (Pollard and Borisy
2003, DesMarais et al 2005, Insall and Machesky 2009). In more detail, profilins
play a key role in the regulation of actin polymerization, facilitating the conversion
of ADP-actin to ATP-actin and thereby interacting with poly-L-proline domains
(PPP[A/P]PPLP termed the PLP domain). These PLP domains have been detected in
various actin nucleation promotion factors, actin nucleators and elongation factors
acting on the barbed end of actin filaments. These factors comprise WASP/WAVE/
SCAR, formins, and Ena/VASP proteins (Mena, VASP and EVL) (Reinhard et al
1995, Gertler et al 1996, Mahoney et al 1997, Lambrechts et al 2000, Ferron et al
2007, Jockusch et al 2007). The orchestrated regulation of these actin polymerization
factors causes specific alterations in the architecture of the entire actin cytoskeleton.
These cytoskeletal alterations control cellular processes influencing cell motility and
thereby are able to either induce or impair invasive migration. Four isoforms of
profilin are characterized. Since profilin-1 is ubiquitously expressed, other isoforms
of profilin-1 display a more selective expression in distinct tissues. Whether profilin-
2/3/4 isoforms possess distinct functional activities regarding actin polymerization or
simply protect against the loss of one isoform by genetic or epigenetic alterations is
not yet well understood.

Using a siRNA high-throughput screening approach, the suppression of PFN1, a
ubiquitously expressed profilin isoform, has been found to inhibit cell migration in
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MCF-10A mammary epithelial cells, whereas the downregulation of PFN2
increased the MCF-10A cell migration (Simpson et al 2008). Profilin-2 has been
initially identified as a neuronal-specific isoform (Honore et al 1993, Witke et al
1998), however, it is expressed in wide variety of tissues such as breast epithelium.
Despite the structural similarities in the PLP binding sites of profilin-1 and profilin-2
(Lambrechts et al 1997, Witke 2014, Kursula et al 2008), these two profilins are
variable in surface charge distributions at these PLP sites (Nodelman et al 1999).
Indeed, differences in ligand binding preferences are found between the two profilins
using in vitro binding assays or mass spectrometry analysis of profilin-1 and
profilin-2 binding proteins (Miki et al 1998, Witke et al 1998, Nodelman et al
1999, Lambrechts et al 2000, Veniere et al 2009). Whether these binding differences
indeed alter actin-based cellular processes has to be figured out mechanistically. As
expected it has been shown that the alteration of profilin-1 or profilin-2 levels causes
pronouncedly different effects on the organization of the actin cytoskeleton, which
then affects cell migration and invasiveness. Profilin-2 regulates the protrusive
activity and migratory behavior of normal and cancer cells through supporting the
EVL-based polymerization of long actin filaments, which forms contractile bundles.
Moreover, the decrease of profilin-2 or EVL pronouncedly increases the invasion in
vitro and in vivo, and thus the expression profiles of these actin regulators are
associated with the tumor grade and invasiveness of distinct human tumors.

The assembly of stress fibers
The assembly of stress fibers is controlled in time and space through signaling
pathways that function upstream of ABPs. In this process, the small GTPases
RhoA, Rac1 and Cdc42 play central regulatory roles in providing actin dynamics in
many eukaryotic organisms (Heasman and Ridley 2008). Among these GTPases, at
least RhoA directly induces the stress-fiber assembly through its effectors, the Rho-
associated protein kinase (ROCK) and the formin mDia1 (mammalian Dia1 or
synonymously termed DIAPH1 or DRF1) (Watanabe et al 1997, Leung et al 1996).
In particular, mDia1 regulates the polymerization of long parallel actin filaments
and play a prominent role in the formation of dorsal stress fibers (Tominaga et al
2000, Hotulainen and Lappalainen 2006), whereas ROCK impairs ADF- or cofilin-
driven disassembly of actin filaments through the activation of the LIM domain
kinase 1 (LIMK1) (Maekawa et al 1999). In addition to the direct effects on the actin
cytoskeleton, the RhoA signal transduction determines the transcription of several
genes encoding cytoskeletal proteins through interaction with the myocardin-related
transcription factor (MAL or synonymously termed MKL1 or MRTF-A) and
serum response factor (SRF) pathway, and subsequently guides the composition of
the actin cytoskeleton (Hill et al 1995, Miralles et al 2003).

The small GTPases Rac1 and Cdc42 both coordinate stress-fiber assembly
indirectly. In more detail, Rac1 promotes the formation of lamellipodia and
membrane ruffles through activation of the actin-nucleating complex Arp2/3,
whereas Cdc42 regulates the formation of filopodia by inducing the polymerization
of actin through the formin mDia2 (also known as DIAPH3 and DRF3) (Pollard
2007). Arp2/3-nucleated filaments and mDia2-nucleated actin filaments fulfill both
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their function as building blocks for contractile stress fibers in human osteosarcoma
U2OS cells. In particular, Arp2/3 initiates the formation of α-actinin-crosslinked
actin filaments, which then assemble endwise with mDia2-facilitated and tropo-
myosin-decorated actin filaments to finally generate transverse arcs near the cell’s
leading edge (Hotulainen and Lappalainen 2006, Tojkander et al 2011). Actin
filaments, which are generated in filopodial protrusions, are shown to be recyclable
for the construction of stress-fiber structures (Anderson et al 2008, Nemethova et al
2008). Both formins, mDia1 and mDia2, are also activated by the small RhoA-
related GTPase RhoF (also known as ARHF and Rif), and hence seem to contribute
to stress-fiber formation in distinct cell types (Fan et al 2010, Tojkander et al 2011).

Live-cell imaging microscopy has shed more light on the assembly mechanisms of
different types of stress fibers. Dorsal stress fibers connected to focal adhesions at
their distal ends are created through actin polymerization at focal adhesions. During
the forward movement of a cell, new focal adhesions appear and the elongation of
dorsal stress fibers starts from these adhesion sites (Hotulainen and Lappalainen
2006). Moreover, the polymerization of dorsal stress fibers is tightly connected to the
assembly of a contractile actin stress-fiber network. During the formation of a
protrusion, the cell membrane at the leading edge performs ongoing constant cycles
of membrane extension and retraction. During the retraction phase, precursors of
transverse arcs translocate into the lamellipodium through the process of actin and
myosin bundle condensation (Burnette et al 2011). More precisely, these structures
are generated through, on the one hand, the endwise assembly of Arp2/3-nucleated
and α-actinin-crosslinked actin-filament bundles and, on the other hand, the endwise
assembly of formin-nucleated actin bundles with embedded tropomyosin and
myosin (Hotulainen and Lappalainen 2006, Tojkander et al 2011). Moreover, these
nascent arcs move toward the cell’s center and collide there with more immobile
focal adhesions (Shemesh et al 2009). The coupling of actin filaments to adhesion
sites may reduce the velocity of the arc precursors (Hu et al 2007, Gardel et al 2008,
Burnette et al 2011), which then condense into mature arcs at the lamellipodium–

lamella interface (Shemesh et al 2009). Early in the assembly process of the stress
fibers, the connections between newly formed arcs and elongating dorsal stress fibers
can be observed, and even several arcs can associate with a single dorsal stress fiber
and flow towards the cell’s center together with the still elongating dorsal stress fiber
(Tojkander et al 2011). Dissimilar to the assembly of dorsal stress fibers and arcs,
ventral stress fibers are generated from the pre-existing dorsal stress fiber and the arc
network (Hotulainen and Lappalainen 2006). In particular, ventral stress fibers are
formed by the fusion of two dorsal stress fibers that are attached to focal adhesions
(Small et al 1998). A schematic model describing these mechanisms that control
stress-fiber assembly in cells as U2OS is presented in figure 7.17.

7.9 The actin-binding proteins
The actin treadmilling contributes to dynamical filament assembly and disassembly,
but other processes such as bound actin-binding proteins (ABPs) additionally
account for the filament dynamics found in living cells. Thus, many ABPs regulate
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actin cytoskeletal dynamics (Pollard and Borisy 2003), but they have diverse other
functions such as actin-monomer sequestration, filament capping at barbed (+) and
pointed (−) ends, filament severing and finally also the crosslinking of filaments.

Although G-actin-binding proteins have several functions, are found in many
structural families and bind to different actin-binding sites, the ABPs bind
preferentially in the target-binding cleft of actin by inserting an amphiphilic helix
(Dominguez 2004). Hence, the overall position of these helices is conserved, but the
directionality of the polypeptides varies.

7.9.1 DNAse I

Actin and DNAse I build in vivo and in vitro a complex with high-affinity, which was
the first crystal structure of actin to have been crystalized (Rohr and Mannherz
1978, Mannherz et al 1980). The binding of monomeric G-actin to the DNase I
impairs their DNA-degrading activity and hence possibly inhibits the induction of
programmed cell death such as apoptosis.

7.9.2 Gelsolin

Gelsolin is an actin-severing and actin-capping protein and belongs to a family with
other proteins such as adseverin, villin, capG, advillin and supervillin (Silacci et al
2004). In more detail, gelsolin has six homologous domains (called G1 to G6), is
affected by Ca2+, phosphoinositides and regulated through phosphorylation at

Figure 7.17. Theoretical model for the assembly of dorsal stress fibers. (a) Mature transvers arcs become
connected with focal adhesions to build a stress-fiber network. The transverse arcs display a network of α-
actinin crosslinks and myosin contractility. (b) Retrograde flow leads to actin scaffold localization towards the
cell’s center. A ventral fiber is formed from two dorsal fibers with focal adhesion attachments and a central
transverse arc.
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tyrosine residues. When Ca2+ is absent, gelsolin is inactive and stabilized by
interactions masking the actin-binding sites and has hence undergone a conforma-
tional change. Two major binding sites for actin are in gelsolin’s G1 and G4 domains.
Both bind similarly to actin by inserting a helix into the target actin-binding cleft. For
the filament severing function of Ca2+ activated gelsolin, a three-step model has been
proposed (Burtnick et al 1997). The first step is that Ca2+ binding induces a
conformational change partly exposing actin-binding sites within gelsolin. The second
step involves a transitional complex in which gelsolin binds to the actin filament. In
the third step, gelsolin fully exposes its actin-binding sites leading to engagement of
actin protomers on two different actin-filament strands by G1 and G4 and severing of
the actin filament through a coordinated pincer-like movement.

In addition to gelsolin’s localization in the cytoplasm, a slightly longer gelsolin
isoform can circulate in blood plasma. There gelsolin is part of a homeostatic
mechanism called the actin-scavenger system (Lee and Galbraith 1992). Under certain
conditions such as cell death or tissue injury, the actin protein is released into the
blood. In order to remove the actin from the blood plasma the actin-scavenger system
depolymerizes filamentous actin. This mechanism involves several steps. In the first
step gelsolin severs actin filaments and in the second step gelsolin builds a high-affinity
complex for monomeric actin together with vitamin D binding protein (DBP). In the
third step this complex is largely cleared from the plasma by transport to the liver.

7.9.3 Profilin

Profilin works together with thymosin-β4 to maintain a large fraction, approx-
imately 50%, of the cellular actin in the unpolymerized pool at a concentration of
approximately 20–100 μM. The concentration is even 200-fold to 1000-fold higher
than the critical concentration needed for barbed (+) end polymerization. In the cells
there are commonly only low amounts of free ATP-actin present (0.1–1 μM) and
actin bound to thymosin-β4-actin cannot polymerize, instead actin bound to profilin
at a typical intracellular concentration of 5–40 μM is the main source for actin
monomers to polymerize to filamentous actin (Pollard and Borisy 2003). Profilin has
several functions and hence it plays a major role in actin-filament polymerization
(dos Remedios et al 2003). First, profilin can induce the exchange of ADP for ATP
on actin, which increases the pool of ATP-actin monomers available for actin
polymerization. Second, profilin impairs the nucleation of filaments and hence
provides an explanation for why filament nucleators are necessary. Third, actin
monomers bound to profilin are not able to bind to the pointed (−) ends of actin
filaments, however, they account for the growth of actin-filament barbed (+) ends at
rates similar to unbound actin monomers. Fourth, as profilin possesses a higher
affinity towards actin, it binds faster and more efficiently than thymosin-β4 to actin
and, fifth, in addition to actin-binding, profilin binds simultaneously to prolin-rich
sequences even with higher affinity by forming a ternary complex than to separate
binding to one (Ferron et al 2007). The prolin-rich sequences are highly found
among many cytoskeletal proteins, which is supposed to regulate the binding of
profilin–actin complexes to actin filaments. Nonetheless, the elongation rate of actin
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filaments is enhanced through binding of profilin–actin complexes to the prolin-rich
FH1 domain of formin (Kovar et al 2006). As with the majority of ABPs, profilin
binds to the target-binding cleft of actin and localizes to its back, which enables
profilin to bind its C-terminal to a prolin-rich profilin-binding sequence to WH2-
related sequences such as the GAB domain of the Ena/VASP protein.

7.9.4 The actin-depolymerizing factor (ADF)/cofilin

Classification of the superfamily
Among the actin-depolymerizing factor (ADF)/cofilin superfamily, the protein
cofilin-1 (Cfl-1) has gained much attention (Wang et al 2007, Huang et al 2014,
Chang et al 2015) together with other members of the family (Estornes et al 2007,
Bockhorn et al 2013). The actin-depolymerizing factors (ADF)/cofilin play a role in
recycling actin monomers through actin-filament depolymerization. In some proc-
esses, such as membrane ruffling or cytokinesis, the fast turnover of the cell’s
cytoskeleton is favorable (Bernstein and Bamburg 2010). Cfl-1 is present in non-
muscle cells, whereas Cfl-2 is found in muscle cells. Cfl-2 seem to have at least two
variants that are generated by alternative splicing of a single gene CFL2 (Thirion
et al 2001) such as Cfl-2b (present in skeletal muscle and heart) and Cfl-2a (found in
various tissues). In addition, Dstn encoded by the DSTN gene has been found in
various tissues. As various proteins with actin-depolymerizing activity have been
found in vertebrates (Bamburg et al 1980, Thorstensson et al 1985), the actin-
depolymerizing proteins are initially characterized and grouped by molecular weight
(MW) into approximately 19 kDa (Bamburg et al 1980) or approximately 93 kDa
(Thorstensson et al 1985). Proteins of the 19 kDa group are termed cofilins, as they
form cofilaments with actin (Nishida et al 1984). Another similar protein in this
group is destrin (Dstn or, as an old alternative name, ADF) that destroys F-actin
(Vartiainen et al 2002). An actin-depolymerizing protein of the 93 kDa is gelsolin
(Thorstensson et al 1985, Li et al 2012). The alternative name ADF is also used for
gelsolin. The traditional group of cofilins in vertebrates is formed by the three closely
related actin-depolymerizing proteins Cfl-1, Cfl-2, and Dstn (ADF). This family is
now called ADF/cofilin family (Moon and Drubin 1995, Ono et al 1999, Vartiainen
et al 2002). In addition, a special actin-binding domain (or module) of about 150
amino acids has been identified in each of the members of the ADF/cofilin family
(Lappalainen et al 1998). These modules build specific three-dimensional structures
with six-stranded mixed β-sheets and hence these modules are termed the actin-
depolymerizing factor homology domains or ADF-H domains (Lappalainen et al
1998). Among the group are 39 proteins that have been found by searching for
sequences similar to ADF/cofilins within databases and they are divided into three
structurally distinct classes: the highly conserved ADF/cofilins, the twinfilins and the
developmentally regulated brain proteins (drebrins)/actin-binding proteins 1
(Abp1s) (Lappalainen et al 1998). The first group, the ADF/cofilin superfamily,
encompases the traditional cofilins such as Cfl-1, Cfl-2, Dstn, depactin and
actophorin, and the members have significant structural similarity, as they possess
a specific ADF-H domain.
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The ADF/cofilins bind F-actin and sever the actin filaments. First, the severing of
the actin filaments leads to depolymerization of actin filaments. Second, the severing
of the actin filaments can cause de novo actin polymerization directly or indirectly
through the production of free barbed ends (Bravo-Cordero et al 2013). ADF/
cofilins can bind F-actin and G-actin in a 1:1 ratio (Nishida et al 1984, Lappalainen
et al 1998), as the traditional ADF/cofilins contain two distinct actin-binding sites.
One site is the G/F-site in the C-terminus and the other site is the F-site in the
N-terminus. Whereas the F-site facilitates the binding of F-actin, the G/F-site is
essential for the binding to both the G-actin and the F-actin (Shukla et al 2015). In
particular, ADF/cofilins bind preferentially to ADP-forms of G- or F-actin and
utilize energy from the hydrolysis of ATP in polymerization of actin (Carlier et al
1997). In addition to cofilins binding to actin, they can additionally bind to
phosphatidylinositol 4,5-bisphosphate (PIP2) (Yonezawa et al 1991) and to the
serine/threonine-protein kinase LIMK1 (Ivanovska et al 2013). Moreover, ADF/
cofilins of vertebrates possess a nuclear localization site.

The function of cofilins
Cofilins of the ADF/cofilin superfamily modulate actin dynamics through the
induction of actin depolymerization or polymerization through the severing of actin
filaments. The effect of cofilins on actin-filament assembly or disassembly relies on
the concentration of active cofilins, the relative G-actin concentration and specific
protein factors. In low concentrations of ADF/cofilins, they sever the actin filaments
and induce filament depolymerization. In contrast, a high concentration of ADF/
cofilins is assumed to facilitate the actin nucleation and polymerization
(Andrianantoandro and Pollard 2006). Indeed, cofilins promote actin polymer-
ization by the production of free barbed ends and the supply of actin monomers.
However, Cfl-1 is known to regulate actin nucleation and filament branching in
synergy or even in competition with the Arp2/3 complex. In particular, the Arp2/3
protein complex is a seven-subunit complex of actin-related proteins, which promote
the binding to actin, and initiate nucleation and assembly of actin branches (Dos
Remedios et al 2003, Winder et al 2005). Indeed, actin branching is a key event in the
generation of lamellipodia, which are required for cellular motility. Cfl-1 and Arp2/3
are reported to act in synergy in producing free barbed ends for actin polymerization
(Tania et al 2013). In parallel, Cfl-1 reduces the affinity of the Arp2/3 complex to
actin filaments inducing the dissociation of ‘old’ actin branches (Chan et al 2009).
Both Cfl-1 and Cfl-2 can regulate the assembly of actomyosin complexes through
inhibition of the tropomyosin and myosin II binding of actin filaments (Nishida et al
1984, Nakashima et al 2005). In vivo cofilins are shown to reorganize the actin
cytoskeleton due to external stresses and different cell stimuli (Yahara et al 1996).
The overexpression of cofilins causes the assembly of stress fibers. These contractile
actin bundles are found in non-muscle cells fulfilling a key role in cellular
contractility necessary for proper cell adhesion and migration (including the
associated protrusion formation such as the assembly of lamellipodia and filopodia)
and morphogenesis (Tojkander et al 2012). Hence, cofilins are seen as molecular
modulators of development processes. Indeed, Cfl-1 and destrin are needed for
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ureteric bud branching morphogenesis (Kuure et al 2010) and, moreover, Cfl-1 is
required for dynamic alterations in the cytoskeleton needed for axon engagement,
which is essential for myelination of Schwann cells (Sparrow et al 2012). There exists
evidence for the involvement of Cfl-1 (and also the Arp2/3 complex) in the
regulation of axonal growth cones (Dumpich et al 2015). Cofilin partly regulates
the cell proliferation upon response to mechanical stresses. In mammalian epithelial
cells, cofilin impairs through diminishment of the cytoskeleton the remodeling
activity of yes-associated protein 1 (YAP1) and translin-associated zinc finger
protein 1 (TAZ1), which are both promotors of the Hippo signaling pathway and
hence of organ growth and cell proliferation (Aragona et al 2013). In addition, Cfl-1
plays a role in development (Ohashi 2015). In summary, ADF/cofilins are key
players in the regulation of actin dynamics and have a dual effect on actin filaments
and may hence contribute to cellular contractility through two mechanisms: first, the
local actin depolymerization and, second, the assembly of stress fibers. Taken
together cofilins are key players in morphogenesis and development.

Additionally, cofilins fulfill functions in cells that are not related to actin
dynamics regulation. For example, cofilins transport actin molecules possessing
no nuclear localization signals to the nucleus (Nebl et al 1996). The activity of ADF/
cofilin superfamily members can be regulated by different mechanisms such as pH,
phosphatidylinositols, protein kinases and phosphatases, as well as several other
proteins. ADF/cofilin superfamily member activities even depend on the cellular
redox status as the F-actin-binding and depolymerizing activity of cofilins is pH-
dependent. In vitro, in an F-actin-containing protein assembly/disassembly model
system, at pH < 7.3 the concentration of monomeric actin (G-actin) is less than
1 μM, even with an excessive amount of cofilin (Yonezawa et al 1985). In contrast, at
pH > 7.3 the concentration of G-actin increases proportionally to the concentration
of added cofilin, until the total depolymerization of F-actin is achieved. In
conclusion, cofilin is able to reversibly control actin polymerization and depolyme-
rization dependent on the pH. Additionally, the pH has been shown to regulate the
activity of cofilin activity in vivo (Bernstein et al 2000). pH sensitivity is not common
to all ADF/cofilins in all species, as mouse Cfl-1 (dissimilar to human Cfl-1) as well
as mouse Cfl-2 are not pH-independent (Vartiainen et al 2002).

Membrane phosphoinositides such as PIP2 can affect the regulation of ADF/
cofilin activity. Cofilins directly bind to phosphatidylinositols and their PIP2-
binding area overlaps with the actin-binding site, which causes the inhibition of
actin binding upon PIP2 binding of cofilins (Yonezawa et al 1991). Alterations in
PIP2 density of the cellular membrane affect the balance between membrane-bound
and free, active ADF/cofilins (Zhao et al 2010).

In particular, the phosphorylation of Cfl-1 on a serine residue (Ser3) abolishes its
binding to F- and G-actin (Moriyama et al 1996). Similarly results have been
reported for phosphorylation of Dstn (Agnew et al 1995). Only the dephosphory-
lated (and hence active) cofilin fulfills the functions associated with the binding of
actin and the protein translocations to the nucleus and mitochondrion. However,
phosphorylated cofilin is necessary to activate phospholipase D1 (Bernstein and
Bamburg 2010). The regulation of cofilins is facilitated by its phosphorylation or
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dephosphorylation through signaling pathways involving kinases and phosphatases
due to extracellular signals and alterations in the microenvironment (Wang et al
2007, Tomasella et al 2014, Chang et al 2015). In mammals, Cfl-1 can be
phosphorylated and hence inactivated by LIM-kinases such as LIMK1 and
LIMK2 as well as testicular protein kinases such as TESK1 and TESK2. In turn,
cofilin is dephosphorylated and hence activated by slingshot protein phosphatases
(SSH1, SSH2, SSH3), protein phosphatases 1 and 2A (PP1, PP2A) and chronophin
(CIN) (Aragona et al 2013). These events of cofilin phosphorylation and dephos-
phorylation are important for the alteration of actin dynamics, affecting cell motility
and morphogenesis (Abe et al 1996, Obinata et al 1997). Thus, kinases and
phosphatases of cofilins are critical in development. The overexpression of
LIMK1 or the inactivation of SSH1 causes abnormal accumulation of F-actin
and thereby incorrect cytogenesis during mitosis (Davila et al 2007). As LIMK1
inactivates cofilin, it decreases the formation of lamellipodium and reduces cell
migration (Zebda et al 2000). Indeed, the addition LIMK1 inhibitor to Jurkat T cells
impairs the stromal cell-derived factor (SDF) 1α-induced chemotaxis of T cells
(Nishita et al 2002). Thus, the LIMK1-catalyzed phosphorylation of cofilin seems to
be required for chemotactic response of T lymphocytes. In contrast, a non-
phosphorylatable mutant cofilin can still generate protrusions and control the
direction of cell migration (Ghosh et al 2004). What role does the phosphorylation
or dephosphorylation of cofilin play? Further experiments are required to confirm
the positive role of LIMK1 in migration of chemokine-stimulated Jurkat T cells.
Indeed, the cell migration can be suppressed by LIMK1 knockdown, whereas a
knockdown of SSH1 induces the formation of lamellipodia around the periphery of
the cell upon cell stimulation (Nishita et al 2005). These results demonstrate that
LIMK is essential for the generation of multiple lamellipodia in the initial stages of
the cell response and SSH1 impairs the lamellipodial protrusion exertion for
directional cell migration (Mizuno 2013). Although LIMK acts as a positive
regulator of cell migration, the underlying mechanisms are still not well known.

In addition to the regulation through kinases and phosphatases, the interaction of
ADF/cofilins with actin may also be directly or indirectly regulated by a large
number of proteins. An example for such an interaction is the binding of cofilin to
cortactin, inactivating the function of cofilin and is typically found in podosomes
and invadopodia, which are actin-based protrusions that display a high dynamical
remodeling and are produced by invasive cancer cells, vascular peripheral blood
cells and macrophages (Beaty and Condeelis 2014, Zalli et al 2016). Actin-
interacting protein 1 (AIP1) and cyclase-associated protein 1 (CAP1) induce the
disassembly of cofilin-bound actin filaments (Zhou et al 2014, Nomura et al 2016).
Coronin regulates the recruitment of cofilin to actin-filament sides and thus enhances
the severing of actin filaments (Mikati et al 2015). The Rho GTPases are key
regulators of actin dynamics such as the formation of stress fibers and additionally
are associated with the regulation of ADF/cofilins through LIMK. In particular,
RhoA activates the Rho-associated coiled-coil forming kinase (ROCK) that in turn
phosphorylates and thereby activates LIMK. Indeed, RhoA stabilizes the stress
fibers and thereby prevents depolymerization of actin filaments through the
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phosphorylation of cofilin and the Rho–ROCK–LIMK–cofilin pathway, altering
the actin assembly in many cell types due to microenvironmental stimuli (Ohashi
2015). Epidermal growth factor (EGF) can alter the LIMK pathway or phospho-
lipase C-facilitated hydrolysis of PIP2 and subsequently release of cofilin from
membrane sequestering (Mouneimne et al 2004). These mechanisms, involving the
activation of cofilin and the generation of free barbed ends for lamellipodial
extension due to EGF stimulation, have been revealed mainly for migrating
malignant cancer cells (Chan et al 2000, Mouneimne et al 2004). In contrast, an
enhanced cofilin-dependent severing activity upon EGF stimulation cannot in every
case be correlated with the level of dephosphorylated cofilin (Song et al 2006), which
suggests a more complex and not yet revealed regulatory mechanism.

The cellular redox state seems to be important for the regulation of ADF/cofilins.
The regulation of the redox state is provided by oxidative post-translational
modifications of Cys residues such as S-glutathionylation (Fratelli et al 2002),
disulfide bonds (Klemke et al 2008) and S-nitrosylation (Zhang et al 2015). These
redox-related alterations affect the activity of cofilin and cofilin associated signaling
pathways. Cofilin has been identified as a target for oxidation under oxidative stress
inT cells. Inmore detail, the oxidation of cofilin causes the formation of intramolecular
disulfide bonds and the dephosphorylation at Ser3. However, dephosphorylated
oxidized cofilin can bind to F-actin, but it cannot fulfill its actin-depolymerizing
function and hence the amount of F-actin increases (Klemke et al 2008). Instead,
the oxidized cofilin translocates actin to the mitochondria, where a cytochrome-c
release is triggered by the opening of the permeability transition pore. Finally, the
mitochondria are damaged, which induces apoptosis (Klamt et al 2009).

Thus, the cellular microenvironment (such as pH, phosphoinositides and proteins
including enzymes) alter pronouncedly the function of cofilin. Other members of the
ADF/cofilin superfamily display only some features of regulation. In particular,
twinfilins can induce filament severing, which is also pH-dependent. In contrast to
ADF/cofilins, TWF-1 severs actin filaments in vitro at pH under 6.0 (Moseley et al
2006). Twinfilins are able to bind PIP2 similar to ADF/cofilins and in turn this
interaction decreases their actin-binding, actin-filament severing and actin-monomer
sequestering activities (Vartiainen et al 2003, Moseley et al 2006, Nevalainen et al
2011). Both TWF-1 and TWF-2 manage to bind to a capping protein (CP), which
abolishes directly the severing activity of TWF-1 (Moseley et al 2006). The small
GTPases Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell division
control protein 42 homolog (Cdc42) can both facilitate the localization of TWF-1
toward membrane ruffles and cell–cell adhesion contacts, whereas they cannot alter
the localization of TWF-2 (Vartiainen et al 2003). The cyclin-dependent kinase 5
(Cdk5) facilitates drebrin phosphorylation that drives the cytoskeletal reorganiza-
tion involved in neuronal migration. Moreover, drebrin E is phosphorylated on
Ser142, and drebrin A on Ser142 or Ser342 (Tanabe et al 2014). The location of
drebrin to the distal part of axonal filopodia and the branching in drebrin
overexpressing neurons are both negatively regulated by myosin II (Ketschek et al
2016). ADF/cofilins and GMF-family proteins are known to be regulated by
phosphorylation. In particular, GMF-G is phosphorylated at Tyr104 by Abelson
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tyrosine-protein kinase 1 and induces the dissociation of GMF-G from Arp2/3
leading to actin disassembly and subsequently smooth muscle contraction (Wang et
al 2014). The subfamily of the Rho-GTPase Rac is associated with the regulation of
coactosin activity. As a response to Rac induced signaling, coactosin is translocated
to lamellipodia and filopodia, increasing the polymerization of actin and enhancing
neural crest cell migration (Hou et al 2013).

The ADF/cofilin superfamily proteins perform multiple roles in cells, that range
from physiological roles in proliferation and migration of mammalian cells to
pathological roles during diseases such as cancer, whereas they promote the
malignant phenotype of cancer cells and hence they are highly important for
molecular and physical oncology. Taken together, there is no clear model of how
cofilin functions in malignant cancer progression. Cfl-1 has been found in different
cancer cell lines and cancer tissues such as adenocarcinomas (Yan et al 2007, Zhang
and Tong 2010, Shishkin et al 2011, Wei et al 2012, Neely et al 2016), osteosarcoma
(Zhang et al 2014), lymphoid tissue neoplasms (Jiang et al 2011), astrocytoma (Yan
et al 2012), glioma (Du et al 2015) and neuroblastoma (Patil et al 2015). Finally, it
can be concluded that Cfl-1 may be a common component in various cancer
phenotypes.

The overexpression of Cfl-1 is correlated positively with cancer cell proliferation,
invasion and metastasis (Wang et al 2007, Zhang and Tong 2010, Nagai et al 2011,
Yang et al 2013). Moreover, the expression of the dephosphorylated and hence
active form of cofilin is enhanced in aggressive and invasive cancer cells (Nagai et al
2011). In contrast, there are still a few opposing reports. A first example is the
overexpression of Cfl-1 that repressed growth and invasion of non-small-cell lung
cancer (Tsai et al 2015) and a second example is the phosphorylation of cofilin that
has been increased in bladder cancer compared to normal bladder tissue resections
or biopsies (Chung et al 2013). However, the molecular mechanisms of Cfl-1 during
expression of the malignant phenotype of cancer cells are not yet fully understood.
In cancer cells, the actin dynamics and cell motility are induced by alterations within
the tumor microenvironment. EGF, transforming growth factor-α (TGF-α), stromal
cell-derived factor 1 (SDF1) and heregulin have all been found to be associated with
cancer cell migration and correlate positively with the malignant progression of
certain tumor types (Wang et al 2007). EGF-induced dephosphorylation and
activation of Cfl-1 enhances the F-actin-severing activity of cofilin and creates free
barbed ends, which are essential in lamellipodial extension and chemotaxis toward
EGF, promoting cancer invasiveness and finally metastasis (Mouneimne et al 2004,
Wang et al 2006). Thus, an increased amount of dephosphorylated Cfl-1 seems to be
an indicator for the malignant phenotype of cancer cells (Nagai et al 2011, Ito et al
2015, Dubois et al 2016). Overexpression of a non-phosphorylatable cofilin mutant
(cofilin-S3A) in astrocytoma cells induced a highly invasive phenotype compared to
cells expressing wild-type cofilin (Nagai et al 2011).

The nuclear translocation of dephosphorylated Cfl-1 supports the malignant
phenotype of cells. Moreover, dephosphorylated Cfl-1 facilitates the transport of
G-actin to the nucleus. In turn, nuclear actin is associated with chromatin
remodeling, transcription, RNA processing, intranuclear transport and nuclear
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export, and provides the maintenance of the nuclear skeleton (Migocka-Patrzalek
et al 2015). In line with this, gene expression alterations during the malignant
progression of cancer may be evoked by Cfl-1 through the translocation of actin.
Another mechanism for providing the malignant phenotype of cancer cells is related
to Cfl-1 dephosphorylation and nuclear translocation (Samstag et al 1994, Samstag
et al 1996). In nontransformed T lymphocytes, cofilin participates in a costimulatory
pathway inducing T-cell proliferation in order to produce IL-2. Upon ligand
attachment to accessory receptors such as CD2, cofilin is dephosphorylated and
translocates in the nucleus. In malignant T lymphoma cells, dephosphorylation and
nuclear translocation of cofilin can even be seen spontaneously through the
constitutive activation of serine protein phosphatase. Moreover, these events
cause the proliferation of T cells and inhibits apoptosis (Samstag et al 1994,
Samstag et al 1996).

Cofilin activation/inactivation is challenged by alterations in the balance of
kinases, phosphatases and other cofilin upstream regulatory proteins. These alter-
ations evoke the early steps of cancer cell invasiveness and metastasis (Zebda et al
2000). The SSH1, which is a well-studied cofilin phosphatase, has been demon-
strated to be increased in a variety of invasive cancer cells. Moreover, the
overexpression of slingshot-1L (SSH1L) in pancreatic cancer showed that it
contributes to cancer cell migration (Wang et al 2015). Indeed, this phosphatase is
activated by F-actin which is formed during the formation of lamellipodia in
malignant cancer cells (Kurita et al 2008). The phosphorylation and hence inhibition
of SSH1L by protein kinase D (PDK) reduces the invasion of cancer cells (Peterburs
et al 2009). However, the role of the kinase LIMK1 in cancer invasion and
metastasis is still under strong debate, as is its role in cellular motility, as LIMK1
can either cause a decrease (Zebda et al 2000, Wang et al 2006) or an increase
(Yoshioka et al 2003, Nishita et al 2005, McConnell et al 2011) in cellular
invasiveness and metastasis. In metastatic rat mammary adenocarcinoma cells,
expression of the kinase domain of LIMK1 causes nearly total phosphorylation of
cofilin, which abolishes the appearance of barbed ends and lamellipodia protrusion
upon EGF stimulation (Zebda et al 2000). The overexpression of LIMK1 decreased
EGF-induced membrane protrusion and migration of rat mammary carcinoma cells
(Wang et al 2006). In contrast, the increased LIMK1 activity induces human breast
cancer progression (McConnell et al 2011). Moreover, it has been revealed that the
amount and activity of endogenous LIMK1 was elevated in invasive breast and
prostate cancer cell lines in comparison with less invasive cancer cells (Yoshioka et al
2003). The knockdown of LIMK1 has been found to repress the chemokine-induced
assembly of the lamellipodium and impair the migration of Jurkat T cells (Nishita
et al 2005). These data on the positive role of LIMK1 in cancer cell migration seem
at first glance to contradict the mechanism of tumor progression that is correlated
with Cfl-1 dephosphorylation. Hence, it has been suggested that LIMK1 regulates
tumor progression via other mechanisms that are independent of cofilin. However,
LIMK1 clearly determines the metastatic phenotype of cancer cells through
regulation of cofilin activity and controversial effects of LIMK1 expression on
migration and metastasis of cancer cells require additional experimental verification
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or explanations. As the LIMK1 expression separately cannot determine the motility
and invasion phenotypes of carcinoma cells, the collective activity and output (the
barbed end production) of the LIMK1/cofilin pathways need to be determined
(Wang et al 2006). However, the contradictory results may be due to the different
cell types investigated in these studies.

It is known that oncoproteins and tumor suppressor proteins regulate the invasive
and metastatic potential of primary tumors through cofilin-regulating pathways.
Among the most prominent oncoproteins is the tyrosine-protein kinase transforming
protein of Rous sarcoma virus (v-Src) that is able to inhibit the function of the Rho–
ROCK-LIM kinase pathway leading to the dephosporylation of Cfl-1 and sub-
sequently to elevated levels of active Cfl-1 (Pawlak and Helfman 2002). In contrast
to the oncogene Src, the tumor suppressor protein phosphoinositide phosphatase
and tensin homolog (PTEN) can inactivate cofilin in cancer cells, whereas the loss of
PTEN and the activation of phosphoinositide 3-kinase (PI3K) promote a differential
activation of the cofilin regulators such as LIMK1 and the cofilin phosphatase
SSH1L and hence cofilin dephosphorylation induces the formation of tubuin-based
microtentacles increasing the metastatic risk (Vitolo et al 2013). Moreover, the
tumor suppressor Ras has been found to interact with the domain-containing
protein 1 (RASSF1A) inhibiting tumor growth by stimulation of the cofilin/
PP2A-driven dephosphorylation (Dubois et al 2016). Hence, the role of Cfl-1 as a
major participant of various signaling pathways in invasive and malignant cancer
cells needs still further investigation. However, contributions of Cfl-1 to the
malignant phenotype in breast cancer have been revealed (Maimaiti et al 2017).
In conclusion Cfl-1 may represent an interesting candidate for designing new early
diagnostic tools or treatment for cancer.

7.9.5 Arp2/3

Arp2/3 proteins act as nucleation sites for actin-filament assembly and, similarly to
cofilin or profilin, the Arp2/3 proteins induce a rapid turnover of actin filaments and
hence the remodeling of the actin cytoskeleton necessary for cellular motility and the
cell’s shape. The Arp2/3 complex is composed of seven subunits, named Arp2, p16,
p20, p21, p34, p40 and Arp3, and it plays an important role in the regulation of the
cell’s actin cytoskeleton. Two components, Arp2 and Arp3, are actin-related
proteins and are similar in their structure to actin monomers. Arp2 and Arp3 serve
as nucleators by providing a new nucleation site for new actin filaments on existing
actin filaments inducing filament branching. In particular, the nucleation core
activity of Arp2/3 is activated by members of the Wiskott–Aldrich syndrome family,
such as WASP, N-WASP, WAVE and WASH proteins. The Arp2/3 complex is
found in specific intracellular regions such as the leading edge of migrating cells such
as lamellipodia.

7.9.6 G-actin-binding RPEL domain

Actin’s role in the nucleus has been proposed, but its precise role is not yet well
known. Moreover, it has been supposed that actin regulates the myocardin
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transcriptional coactivator MAL (Miralles and Visa 2006, Olson and Nordheim
2010), which moves in and out of the nucleus to affect the activity of serum response
factor (SRF) as a transcription factor. In the N-terminus of MAL is a tandem repeat
of three G-actin-binding RPEL domains with the consensus motif RPxxxEL. The
activity of MAL is impaired by binding of actin to RPEL domains, which inhibits
MAL accumulation in the nucleus and the interaction of MAL with SRF. This
system is regulated by RhoA-induced alterations of G-actin to F-actin ratios. In
more detail, increased cytoplasmic G-actin levels build the inactive actin–MAL
complex via two possible interactions with the RPEL domains of MAL. Thus,
decreased G-actin levels due to increased actin polymerization releases MAL from
its interaction with actin and leads to MAL translocation into the nucleus (Miralles
and Visa 2006).

7.9.7 The effect of small molecules on actin

Several macrolides isolated from marine organisms can interact with actin and thus
impair actin polymerization (Yeung and Paterson 2002). Some of these substances
have strong antitumor activities and may be of interest for anticancer drugs. Several
drugs serve as a useful tool in investigating actin structures, dynamics and
polymerization.

The fungal toxin cytochalasin D is a substance that inhibits by its binding to the
barbed (+) end of actin filaments the polymerization or depolymerization of actin
monomers. This behavior leads to cell shape alterations and possibly inhibition or
reduction of cellular motility, such as cell division during mitosis, demonstrating
that actin polymerization is required in cell division. Like most proteins, cytocha-
lasin D associates to the target-binding cleft of actin.

Phalloidin binds to actin filaments and stabilizes them to impair depolymeriza-
tion. Thus, fluorescently labeled phalloidin is used to visualize actin filaments in
fixed cells using fluorescence microscopy.

Other examples are the latrunculin A and B substances derived from sponges and
nudibranchs (Yarmola et al 2000). They both act in contrast to other marine
macrolides, as latrunculin A and B bind in the nucleotide-binding cleft of actin and
hence inhibit actin polymerization.

7.9.8 Effect of pathogens on actin assembly

Human pathogens such as Salmonella, Shigella and Listeria are able to disrupt or
hijack the cell’s cytoskeleton during infection. This represents a passive pathogen
invasion mechanism. However, pathogens such as Toxoplasma gondii use their own
actin cytoskeleton in order to actively invade the host cell (Gouin et al 2005). In
more detail, T. gondii uses toxofilin, which is a G-actin-binding protein released
during host cell invasion. In particular, toxofilin builds a high-affinity complex with
an antiparallel actin dimer by inserting a helix into the target-binding pocket of one
actin monomer.

Other pathogenic bacteria produce toxins such as ADP-ribosylate actin leading to
cytoskeletal disorganization and finally death (Barth and Stiles 2008, Lang et al
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2010). The Clostridium botulinum C2 toxin and Clostridium perfringens iota-toxin
alters actin at Arg177 and impair its function.

7.10 Actin-binding domains and their roles in de novo actin
polymerization

ABPs regulate the de novo polymerization of actin filaments involving actin-filament
nucleation and elongation factors (Pollard 2007, Campellone and Welch 2010,
Dominguez 2010) such as the filament nucleator Arp2/3 and the nucleation-
promoting factors such as formins, Spire, Cobl, VopL/VopF, TARP and Lmod.
The polymerization time and location are controlled, which has an influence on the
actin networks within the cell. Filament nucleators (except of formins) interact with
actin through the WASP-homology 2 (WH2) domain. Formins interact through the
formin homology 2 (FH2) domain with actin to facilitate actin nucleation and actin-
filament elongation at the barbed (+) end (Goode and Eck 2007).

7.10.1 The β-thymosin/WH2 domain

The WH2 domain of actin-binding proteins is abundant, but functionally diverse
(Paunola et al 2002, Dominguez 2007) and is located in proteins regulating the
sequestration of actin monomers and cytoskeleton scaffolding (Dominguez 2010). A
similar architecture has been observed in Spire, Cobl, and VopL/VopF, in which
tandem WH2 domains bind three to four actin subunits to assemble an actin-
filament nucleating complex. The WH2 domain consists of 17–27 amino acids and
its N-terminal region builds a helix facilitating the binding to the binding cleft of
actin. Downstream of this helix in the WH2 domain is an extended region with the
conserved motif LKKT(V), which is also located in the linker region between the
domains G1 and G2 of gelsolin.

Thymosin-β4 consists of 43 amino acids, belongs to the β-thymosin family and
has a structural relationship with the WH2 domain (Paunola et al 2002, Dominguez
2007). Similarly to the WH2 domain, the N-terminal portion of the β-thymosin fold
contains a helix which interacts with the targeted binding cleft of actin and an
LKKT motif linker is located downstream. In contrast to the WH2 domain, the C-
terminal region consists of a helix binding on top actin subdomains 2 and 4. The
combination of N- and C-terminal helices inhibit the actin-monomer addition to the
barbed (+) and pointed (−) ends and reveals thymosin-β4 as a potent actin-
monomer-sequestering protein. However, thymosin-β4–actin complexes do not
regulate actin-filament nucleation or elongation. Thymosin-β4 seems to be an actin
buffer and hence binds actin in competitive equilibrium to profilin, which possesses
higher affinity for actin monomers and is a reservoir of actin monomers for actin-
filament polymerization (Pollard and Borisy 2003).

7.10.2 The FH2 domain

Formins provide cell motility and morphogenesis as well as cytokinesis by facilitat-
ing the assembly of unbranched actin networks such as filopodia, actin stress fibers

Physics of Cancer, Volume 1 (Second Edition)

7-49



and even large actin cables (Goode and Eck 2007). The diaphanous-related formins
contain a profilin-binding prolin-rich region, termed the FH1 domain. The recruit-
ment of profilin–actin by the FH1 domain increases the formin-facilitated actin-
filament elongation (Kovar et al 2006). The FH2 domain is downstream of the
prolin-rich region, and regulates actin nucleation and actin-filament elongation. In
addition, the structure of the FH2 dimer has two rod-shaped domains, which are
flexibly linked in a head-to-tail fashion (Xu et al 2004). Formin consists of a helix
that interacts with the target-binding cleft of actin.

7.10.3 The WH2 domain and filament elongation

Formins promote actin nucleation and filament elongation, in contrast, the WH2-
based nucleators seem not act in filament elongation. One of the WH2-containing
proteins, the Ena/VASP (Drees and Gertler 2008), seems to be involved in
elongation, but not in actin nucleation. Similar to formins, the Ena/VASP proteins
contain a central prolin-rich region and WH2-related sequences, termed G-actin-
binding (GAB) and F-actin-binding (FAB) domains, respectively. Similar to the
stimulation of formin-driven filament elongation produced by profilin (Kovar et al
2006), it is proposed that profilin–actin stimulates Ena/VASP-driven filament
elongation (Dominguez 2010). The ternary complex of profilin–actin and a fragment
of VASP containing a prolin-rich segment and the GAB domain leads to the
hypothesis that these complexes can be delivered directly to the barbed (+) end of
elongating actin filaments.

7.11 Microscopic visualization of F-actin in fixed cells and
tissue samples

The onset of actin cytoskeleton visualization involved immunofluorescence techni-
ques, which are based on antibody staining against fixed actin structures (Lazarides
and Weber 1974). In order to overcome the artifacts produced by the fixation of the
cells and to perform measurements over time in living cells, the problems of
antibody-based labeling techniques, such as nonspecific binding, actin scavenging,
high background fluorescence or variations in the epitope among different species,
need to be overcome. Hence additional nonantibody-based actin-binding compo-
nents with a high specificity for F-actin have been developed. Until now, the most
commonly used marker for labeling endogenous actin filaments in fixed samples,
such as cells, spheroids and tissues, has remained phalloidin, which represents a
fluorescently labeled derivative of the phallotoxin that is able to bind to F-actin with
high affinity (Wulf et al 1979; Vandekerckhove et al 1985). A disadvantage of
phalloidin is that it is restricted to the labeling of fixed cells, as it only possesses low
permeability for cellular membranes and even stabilizes the actin filaments in vivo
and in vitro, which excludes it from usage in living cells (Wehland et al 1977,
Coluccio and Tilney 1984, Visegrády et al 2004). The actin structures visualized by
fluorescent phalloidin need to be carefully assessed as the necessary fixation and
permeabilization procedures may alter the results of the labeling. Moreover, due to
the permeabilization and fixation protocol, the formation of artifacts has been
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observed, such as the artifact caused by methanol fixation, which destroys the native
F-actin confirmation. Another disadvantage is that fluorescent phalloidin has been
shown not to label all endogenous F-actin in native cells, as the binding of cofilin to
F-actin alters the F-actin structure such that phalloidin no longer interferes with F-
actin (McGough et al 1997, Bunnell et al 2011). Another major disadvantage is that
at least seven actin subunits are required for the binding of phalloidin to F-actin
(Kristó et al 2016), which impairs the labeling of short F-actin polymers.

Hence, the ectopic expression of epitope-tagged actin such as HA-, Myc- or Flag-
tagged actin in combination with immunofluorescence staining has been commonly
utilized to analyze the actin cytoskeleton in cells (Copeland and Treisman 2002,
Miralles et al 2003). However, a weakness is that the expression levels of tagged
actin variants need to be controlled, as their overexpression may even lead to subtle
alterations in the levels of G-actin and subsequently impact the physiological actin
dynamics or even initiate the polymerization of actin (Mounier et al 1997,
Ballestrem et al 1998). Moreover, this approach is also not well suited for live-cell
imaging approaches, as additional immunofluorescence staining needs to be
performed or actin needs to be labeled with directly stainable tags such as SNAP
tags (Keppler et al 2004, Lukinavicius et al 2013) or tetracysteine tags (Griffin et al
1998). When actin is labeled with a tetracysteine tag it can be directly visualized by
using biarsenical dyes such as FlAsH and ReAsH (Martin et al 2005). As the
tetracysteine tag has a small size of approximately 2 kDa, it may not exhibit a bulky
structure that interferes with the functions of actin. However, a disadvantage is that
the fission yeast formin Cdc12p, which is essential for the contractile ring formation,
interferes with tetracysteine-tagged fission yeast actin, indicating that there may even
be structural requirements for formins in the facilitation of actin-filament elongation
(Chen et al 2012). Moreover, chemical toxicity evoked by the labeling, such as
accumulation of FlAsH in active mitochondria (Langhorst et al 2006), may impact
the cell’s viability and is hence only used for short-term live-cell imaging.

7.12 Microscopic visualization of F-actin for live-cell-imaging during
migration and invasion of cells

The main problem in the past was to observe actin monomers and actin filaments in
living cells, for example, when the cells are migrating and invading in 3D
extracellular matrices such as collagen gels.

7.12.1 GFP–actin derivatives for live-cell imaging

GFP derivative tags are extensively employed for live-cell analysis. The GFP–actin
can be used for fluorescence recovery after photobleaching (FRAP) approaches to
investigate actin remodeling dynamics and turnover within a distinct cellular F-actin
structure such as the actin cortex (Clark et al 2013) or cellular protrusions such as
lamellipodia (Koestler et al 2009, Melak et al 2017). The relatively large size of
approximately 28 kDa of GFP-like proteins (Sliogeryte et al 2016) may cause
problems such as the incorporation of GFP-tagged actin monomers into actin
filaments. Hence, the GFP–actin visualization may only partly reflect the F-actin
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network in cells, as in yeast GFP–actin cannot incorporate efficiently in a distinct
subpopulation of actin filaments (Doyle and Botstein 1996). Moreover, specific actin
nucleators such as members of the formin family are known to expel GFP–actin
monomers from actin nucleation and elongation, which seems to be based on steric
hindrances during the formation of actin nucleations or fast and efficient barbed end
actin-monomer incorporation (Wu and Pollard 2005, Vavylonis et al 2006, Carvalho
et al 2009). In conclusion, similarly to any genetically encoded protein tagging, the
expression of GFP–actin requires the control of the expression levels in the cell
system. The GFP–actin fusion protein has been widely used to visualize the
functions of actin in living cells or organisms, such as in mammalian cells
(Ballestrem et al 1998), yeast (Doyle and Botstein 1996), Dictyostelium discoideum
(Neujahr et al 1997, Westphal et al 1997), Drosophila (Verkhusha et al 1999) and
mice (Gurniak and Witke 2007).

7.12.2 Actin-binding proteins for live-cell imaging

In 2008, a novel highly promising marker for the visualization of actin stress fibers
during live-cell imaging was presented. For many fundamental biological processes
such as cellular motility, proliferation, development, force transmission and gen-
eration, the observation of actin is essential and previous approaches had failed. The
solution to the this problem was the development of LifeAct. LifeAct is a short
peptide of 17 amino acids, which bind to filamentous actin in individual eukaryotic
cells as well as in tissues. In particular, LifeAct shows no interference with actin
remodeling dynamics in in vitro cell culture models and in in vivo animal models
(Riedl et al 2008). Another advantage of LifeAct is that cells, even when they are
barely transfectable can now be stained for actin using this chemically altered
peptide.

In previous approaches for imaging actin dynamics, discussed above, it was
attempted to inject fluorescently labeled actin, small amounts of fluorescently
labeled phalloidin, which is known to be toxic for the cells and affects cellular
mechanics by stabilizing actin stress fibers and thus stiffening the cells. A commonly
performed alternative live-cell imaging of actin dynamics is the transfection of cells
with GFP–actin fusion proteins, which involves overexpression of the physiological
levels of actin within the cells under investigation. In addition, the GFP-part of the
fusion protein can either be attached to the N- or C-terminus of actin, however, it
can affect the function of actin (Snapp 2010). In order to reduce these effects,
nontagged actin will additionally be transfected (Yamada et al 2005). In addition,
GFP has been fused to actin-binding domains such as moesin in Drosophila
melanogaster, ABP 120 or LimE in Dictyostelium discoideum (Edwards et al 1997,
Bretschneider et al 2004, Lenart et al 2005). A major restriction for the usage is that
they can only be transfected into cells, are large in size and impair the function of
natural endogenous ligands for actin binding to these sites, which obvious affect
their function.

The only fusion protein suitable to bind to actin fibers in the budding yeast
Saccharomyces cerevisiae was Abp140-GFP (Asakura et al 1998, Yang and Pon
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2002). The short peptide Abp140 has been found solely in S. cerevisiae and close
relatives, between which it is highly conserved. The first 17 amino acids are sufficient
to bind to actin and hence this peptide was named LifeAct. As the LifeAct peptide is
relatively short, it serves as a C-terminal GFP fusion protein suitable as an in vivo
marker for actin (figure 7.18). In order to access the biochemical properties, LifeAct
has been fused to FITC at its N-terminus. LifeAct has affinities to G-actin and
F-actin (280 ± 100 nM to G-actin and 2.3 ± 0.9 μM to F-actin) (Riedl et al 2008).
The next focus was on answering the following question: how is the sequestering of
actin by factors such as latrunculin A and profilin affected by LifeAct binding? The
simple answer is that the actin sequestering is not affected by the binding of LifeAct,
because it does not interfere with the binding of G-actin to F-actin fibers and uses
another nonoverlapping binding site on the actin protein. Moreover, the polymer-
ization (including nucleation and elongation phases) and depolymerization rates of
actin filaments are not impaired up to 55 μM LifeAct (Cooper et al 1983). In
addition, LifeAct shows, up to a concentration of 55 μM, no competition with
myosin II and α-actinin binding leaving these interactions unperturbed. It has been
reported that LifeAct is able to build a nascent helix in water and can be further
stabilized by alcohol addition to form a typical alpha helix at residues two to ten
similar to the physiological G-actin-interacting protein thymosin-β4 (Riedl et al
2008). However, the stability and function in vivo are tested by using this LifeAct in
living cells such as fibroblasts or epithelial cells without any cytotoxic or function
affecting side effects. Indeed, it specifically stained actin and recovered more rapidly
after photobleaching than actin–GFP transfected cells (Riedl et al 2008). Moreover,

M G V A D L I K K F E S I S K E E
LifeAct peptide sequence

Figure 7.18. LifeAct sequence and a human MDA-MB-231 breast cancer cells stained with LifeAct.
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it has been described that LifeAct–GFP can be used to visualize actin dynamics,
such as in dynamics lamellipododial actin at the cell periphery and during cell
division, as the typical circular actin belts are observed in epithelial cells. In addition,
it has been analyzed whether LifeaAct–GFP alters actin dynamics, such as the
retrograde flow of actin in lamellipodial structures, the chemotactic migration
towards the highest concentrations of a chemical gradient of certain chemokine or
the polarization of neuronal cells. The speed (4 μm min−1) of the retrograde actin
flow in lamellipodia of LifeAct–GFP expressing fibroblasts was not impaired.
However, when analyzing actin–GFP expressing fibroblasts the speed, of the
retrograde flow was pronouncedly reduced (Riedl et al 2008). The expression of
LifeAct–GFP had no effect on the speed of chemotactic migration of dendrocytes in
a 3D collagen matrix, whereas the expression of actin–GFP reduced the speed
drastically (Riedl et al 2008). The neuronal polarization was also not significantly
altered by the expression of LifeAct–GFP, however, when actin–GFP was
expressed, the polarization was reduced. Finally, all these control experiments
showed that the expression of LifeAct–GFP is preferable to the expression of the
classical actin–GFP. LifeAct–GFP is also suited for paraformaldehyde-fixed cells
such as MDCK and tissue sections such as mouse skeletal muscle. The LifeAct
peptide represents a nontoxic and universal alternative to the phalloidin labeling of
F-actin stress fibers. Additionally, the LifeAct peptide seems unlikely to compete
with endogenous proteins in higher eukaryotes, as no homologous sequences have
been found in these organisms. In addition to transfection, the LifeAct peptide can
be brought into living cells using a scrape loading approach, in which the living cells
are injured by a sharp scissor or scraper and take up by the LifeAct peptide by
diffusion through the gaps (wounded membrane areas) into the still living cells.

Visualization of F-actin structures and dynamics using peptides with
actin-binding domains
Several probes can be use to analyze the dynamical remodeling of the actin
cytoskeleton in living cells. Except for SiR–actin, these substances possess actin-
binding domains (ABDs), which are taken from yeast or human proteins and then
fused to GFP derivatives. A well-known substance is the so-called LifeAct (discussed
above) which is composed of a short 17 amino acid peptide derived from the yeast
Abp140 protein (Riedl et al 2008). LifeAct has been successfully used to investigate,
using live-cell imaging, cellular motility in various mammalian cells (Duleh and
Welch 2012, Fiolka et al 2012, Rullo et al 2012, Grikscheit et al 2015, Suarez et al
2015). However, there are some experimental and technical drawbacks to using
LifeAct as a marker for actin structures in living cells. A first disadvantage of
LifeAct–GFP variants is the high amount of background fluorescence based on the
high affinity of LifeAct–GFP variants toward G-actin (Riedl et al 2008).

A second disadvantage is that, although LifeAct has been generated as a universal
marker for actin (Riedl et al 2008), distinct actin structures such as the specialized
class of actin-based filopodia in mesenchymal cells of the developing limb bud of
chick embryos (Sanders et al 2013) and stress-induced cofilin-bound F-actin
structures in mouse striatal neuron-derived STHdh cells (Munsie et al 2009) are
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both not stained. Hence it has been hypothesized that an extensive interaction of
actin filaments with actin-binding proteins such as cofilin induces conformational
alterations of F-actin which in turn impair the interaction with LifeAct at its actin-
binding site. A third disadvantage is that increased expression levels of LifeAct can
themselves alter the formation of actin filaments. Indeed, an increased expression of
LifeAct in germline cells of Drosophila facilitates extreme actin remodeling and
finally fertility defects, whereas weak expression in somatic cells or germline cells has
no effect (Spracklen et al 2014). A fourth disadvantage is that LifeAct alters the
assembly of actin during endocytosis and cytokinesis in fission yeast (Courtemanche
et al 2016). However, even though the underlying mechanisms are not yet clearly
understood, both studies revealed that the LifeAct-facilitated effects on actin
dynamics depend on the LifeAct concentration, indicating that the use of LifeAct
needs more precisely defined optimization processes. In conclusion, a major
advantage of LifeAct is the low toxicity when the expression level is optimal. In
line with this, LifeAct has been used for the generation of transgenic animals such as
mice or zebrafish (Riedl et al 2010, Schachtner et al 2012, Phang et al 2013,
Mizoguchi et al 2016).

In addition to the LifeAct marker, the tandem calponin-homology domains (CH1
and CH2) of utrophin (UtrCH) can be employed as a marker for stable and dynamic
F-actin investigations in living and fixed cells (Burkel et al 2007). UtrCH is
composed of the first 261 amino acids of human utrophin, which is an actin-binding
and dystrophin-related protein (Winder et al 1995). The two CH domains of Utr261
have been suggested to bind to adjacent actin subunits (Lin et al 2011). Based on the
feature that actin is highly conserved, UtrCH can be utilized as a marker for actin
filaments in a broad range of organisms and cell types such as mammalian cells,
amphibic or echinodermal oocytes and embryos without interference with either
actin organization or actin dynamics (Burkel et al 2007, Holubcova ́ et al 2013).
However, disadvantages have been reported, such as severe defects toward actin
dynamics when UtrCH is expressed at higher levels, such as the breakdown of
cortical actin and alterations in actin-bundle morphology, as well as female sterility
during Drosophila oogenesis (Spracklen et al 2014).

Another tool for live-cell actin staining is F-tractin, which is a peptide of 43 amino
acids of the rat actin-binding inositol 1,4,5-trisphosphate 3-kinase A (representing
residues 10-52) (Schell et al 2001, Belin et al 2014). F-tractin is less well-studied
compared to LifeAct. As F-tractin is larger in size than LifeAct, it may more easily
interfere with other regulatory or accessory F-actin-binding proteins. In particular,
F-tractin expression changes the actin cytoskeletal organization and morphology in
a mesoderm-derived cell line of Xenopus (Belin et al 2014). In contrast to LifeAct
and UtrCH, F-tractin has been seen not to disturb the actin rearrangement during
Drosophila follicle development (Spracklen et al 2014), which turns it into a suitable
marker for F-actin dynamical studies in Drosophila nurse cells. As distinct actin
markers are excluded from specific actin-filament structures, the choice of the
actin marker may affect the outcome of the cytoskeletal architecture and dynamics.
A comparison of the distribution of GFP–actin, F-tractin, LifeAct and utrophin
in different living cells (Belin et al 2014) revealed that actin-binding probes such as

Physics of Cancer, Volume 1 (Second Edition)

7-55



F-tractin, LifeAct and utrophin preferably stain insufficiently in filopodia-rich
regions, whereas GFP–actin has been shown to be incorporated well into filopodia.
In contrast, GFP–actin is found to be excluded from stress fibers and lamellar
filament structures, which demonstrates that GFP–actin is unable to interact with
other endogenous actin-binding proteins. Finally, among all the tested fluorescent
derivatives of actin and ABDs, F-tractin turned out to be the most accurate in
reproducing F-actin structures similar to phalloidin labeling of fixed cells in a wide
variety of cells (Belin et al 2014).

Another cell-permeable and chemically synthesized probe termed SiR–actin has
been used for live-cell imaging (D’Este et al 2015). SiR–actin is structurally derived
from Jasplakinolide, which is a toxin from the marine sponge Jaspis johnstoni that
binds with high affinity to F-actin (Bubb et al 1994). An advantage of SiR–actin is
that the cell transfection or protein overexpression systems are not utilized, as it can
just be added to the cell culture system. A disadvantage may be that SiR–actin in live
cells can stabilize F-actin or even induce the polymerization of actin, which is based
on the structural similarities to Jasplakinolide. Due to this, the interpretation of
results of observed F-actin structures may then be rather difficult, as these actin
structures may be assembled by the actin marker itself. Hence more investigations
need to be performed to reveal the full advantages and possible disadvantages of
SiR–actin in comparison to commonly used live-cell imaging actin markers.
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Chapter 8

Intermediate filaments and nuclear
deformability during matrix invasion

Summary
Intermediate filaments belong to one of the three major classes of intracellular
filaments and are hence an important component of the cellular cytoskeleton. The
first role of intermediate filaments is their support of the mechanical properties of the
cells. Intermediate filament proteins can assemble to produce polymers that build
viscoelastic gels. Intermediate filament networks display a striking nonlinear
elasticity with increasing stiffness that has been quantified by analyzing the shear
modulus, which can even increase by an order of magnitude when the networks are
probed by large stains. It is clear that intermediate filaments fulfill many different
roles, regulating a broad variety of biological functions, such as the organization and
assembly of microtubules and microfilaments, the regulation of nuclear structure
and the connection of the chromatin to the nuclear lamina, and subsequently they
facilitate the regulation of the activity of genes, the cell cycle and signal transduction
pathways. This chapter introduces and discusses the role of intermediate filaments
and nuclear deformability, including how they may affect cell matrix invasion
through connective tissue. Special emphasis is placed on the role of intermediate
filaments in providing cytoskeletal and nuclear stiffness and hence supporting
cellular motility. As intermediate filaments are integrated into a broad cytoskeletal
and nuclear network, the interaction between them and actin filaments in supporting
cell motility is highlighted. In addition to cellular motility regulation, the strong
involvement of intermediate filament proteins in the regulation of intracellular
trafficking has been established, as they associate with key proteins of the vesicular
membrane transport machinery and subsequently of the endocytic pathway.

Moreover, a number of intermediate filament proteins have been identified to
function in the acquisition of tumorigenic properties. Finally, it is suggested that
cancer cells may overcome the steric restrictions of dense 3D extracellular matrix
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fiber networks by undergoing mitosis and thereby restructuring their entire cytoske-
leton including the intermediate filament network.

8.1 Structure and assembly of intermediate filaments
Intermediate filament proteins belong to a large family of proteins that make up one
of the three major components of the cytoskeleton. The family of intermediate
proteins includes a large number of proteins which are encoded in the human
genome by 70 different genes. Moreover, multiple splice variants of the same gene
increase the broad variety of proteins assembling intermediate filaments (Hesse et al
2001, Rogers et al 2004, 2005, Szeverenyi et al 2008). Intermediate filaments exhibit
an intermediate size of 8–15 nm in diameter, compared to the other cytoskeletal
components, such as microtubules and actin filaments (also termed microfilaments),
whose diameters are approximately 25 nm and 5–8 nm, respectively (Ishikawa et al
1968, Goldmann and Follett 1969, 1970, Franke et al 1978, Fuchs and Weber 1994,
Geisler and Weber 1982). Intermediate filaments are different from the other
cytoskeletal proteins, as they are apolar, which prevents them from being used as
tracks for motor proteins, as these proteins require polar tracks (Herrmann et al
2009).

Although there exist a large number of intermediate filaments, all the proteins of
this family possess the same tripartite structural organization. In particular,
intermediate filaments are built on a central α-helical rod domain that is flanked
by two non-α-helical domains. The amino acids are organized in a heptad repeat
pattern within the central rod domain. The broad variability in the primary structure
of intermediate filaments is provided in the amino-terminal head and the carboxy-
terminal tail domains. The in silico structural prediction of intermediate filaments
proposes that the central domain is subdivided into four domains, interrupted by
three linker domains (L1, L12, L2), where the heptad repeats assemble into four sub-
helices (coil 1A, coil 1B, coil 2A, coil 2B). However, crystallographic analyses
indicate that the segments coil 2A, L2 and coil 2B provide a continuous coiled
domain (Geisler and Weber 1982, Quax-Jeuken et al 1983, Fuchs and Weber 1994,
Parry et al 2007, Herrmann et al 2009). The structure of intermediate filaments is
crucial for their self-assembly. Unlike the other cytoskeletal components, inter-
mediate filament monomers do not possess any enzymatic activity, therefore their
assembly is simply based on the direct association of several monomers. In
particular, two α-helical rods associate in parallel and form a dimer, which then
associates with another dimer in an antiparallel manner in order to build a tetramer.
Tetramers rapidly associate laterally to assemble into unit length filaments (ULF),
whose length is approximately 60 nm, and then they anneal longitudinally to each
other in order to assemble longer filaments (Strelkov et al 2003). Their assembly into
mature insoluble filaments and their disassembly into soluble components (such as
from tetramers to monomers) are regulated by cycles of phosphorylation and
dephosphorylation events (Izawa and Inagaki 2006).

Based on comparisons to the primary structure of intermediate filaments of higher
vertebrates, they are grouped into six classes. Acidic and basic keratins belong to
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classes I and class II, respectively. The class III of intermediate filaments is the most
heterogeneous collection as it contains desmin, glial fibrillary acidic protein
(GFAP), peripherin and vimentin, whereas class IV encompasses α-internexin,
nestin, synemin, syncoilin and the neurofilament (NF) triplet proteins, which are
classified based on their molecular weight into NF-L (light), NF-M (medium) and
NF-H (heavy). Lamins belong to class V and, unlike the intermediate filaments of
classes I–IV, provide the cytoplasmic intermediate filaments, and they build the
nuclear intermediate filaments. Class VI has been added recently and comprises two
lens-specific proteins, the beaded filament structural proteins, Bfsp1 (also termed
filensin) and Bfsp2 (also termed phakinin or CP49) (Herrmann et al 2009, Kornreich
et al 2015). In more detail, keratins can only form heteropolymers in epithelial cells
through the combination of I and II class proteins in a 1:1 ratio (Miller et al 1993),
whereas type III intermediate filaments form mostly homopolymers, however, they
can also associate with other type III or type IV intermediate filaments to form
heteropolymers. Moreover, vimentin assembles into heteropolymeric filaments with
desmin in vascular smooth muscle tissue (Quinlan and Franke 1982), with glial
fibrillary acidic protein (GFAP) in glioma cells (Quinlan and Franke 1983) and with
neurofilaments (Monteiro and Cleveland 1989).

During embryonic developmental processes and cell differentiation, the intermedi-
ate filament expression is highly regulated. For example, the expression of vimentin is
widely distributed in mesenchymal cells, in leukocytes, in blood vessel endothelial cells
and in distinct epithelial cells (Franke et al 1979, Schmid et al 1979, Lilienbaum et al
1986), whereas it can also be expressed in neurons during axonal regeneration together
with peripherin (Shea et al 1993, Cochard and Paulin 1984). Moreover, intermediate
filament expression is cell-type and tissue specific in adults (Lazarides 1982).
Specifically, desmin is expressed in both cardiac and skeletal muscle cells (Schmid
et al 1979), GFAP is located in astrocytes and in other glial cells (Jessen and Mirsky
1980, Chiu et al 1981) and peripherin is found to be present in peripheral neurons and
in central neurons that project towards peripheral structures (Portier et al 1984, 1993,
Errante et al 1998). Moreover, neurofilaments are expressed in mature neurons
(Pannese 1962). In addition, the expression levels of intermediate filaments are altered
under pathological conditions. For instance, overexpression of keratins has been
connected to certain diseases (Toivola et al 2015) and hence alterations of neurofila-
ment levels in distinct body compartments represent hallmarks of neurological
disorders (Norgren et al 2003, Gaiottino et al 2013). In addition, GFAP and vimentin
expression is increased in reactive astrocytes (Hol and Pekny 2015), whereas
peripherin expression is enhanced after injury (Xiao et al 2006).

Intermediate filaments represent essential parts of the cellular architecture and
functions. To fulfill a wide range of cellular function, the alterations in the head and
tail domains of the intermediate filament proteins, their distinct expression and their
posttranslational modifications are essential parts to determine the individual
function of a certain intermediate filament. At the first glance, intermediate filaments
have been revealed to support the mechanical strength of cells and maintain the
entire structure of tissues by providing a rather static scaffold within the cytoplasm.
Indeed, intermediate filaments contribute strongly to the cell’s resistance to
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mechanical and nonmechanical stress and deformation. In particular, vimentin
provides cellular stiffness in fibroblasts and chondrocytes (Wang and Stamenovic
2000, Haudenschild et al 2011), whereas it also maintains and contributes to cellular
elastic properties and subsequently protects against compression by external stress
application. In embryonic fibroblasts isolated from wild-type and vimentin knock-
out mice, it has been found that vimentin filaments contribute to intracellular
mechanics through their localization towards and stabilization of organelles inside
the cell and hence increase cellular elastic behavior (Guo et al 2013, Mendez et al
2014). Keratins represent another example of intermediate filaments that are
important for the integrity of the cellular structure of epithelial cells. Indeed,
keratins are located mainly in epithelial cells for simple epithelia regulation, for
instance, cellular stiffness in hepatic epithelial cells (Bordeleau et al 2012).

The traditional and established roles of intermediate filaments encompass the
regulation of the nuclear shape, its nuclear structure and the activity of specific gene
transcription. In more detail, lamins are localized within the nuclear lamina, which
represents one of the three most prominent components of the nuclear envelope. The
other two major components of the nuclear envelope are the nuclear membrane and
the nuclear pore complexes. Lamins are highly critical for maintenance of the
nuclear architecture and provide important mechanical anchorage functions for
other structural proteins towards the nuclear envelope (Hutchison 2002). In
addition, they distribute the nuclear pore complexes within the nuclear membrane
and thereby regulate the transport of molecules and ions in and out of the nucleus
(Hutchison 2002). Moreover, a strong physical connection between cytoplasmic
intermediate filaments, actin filaments and microtubule and lamins is provided
through the location of nuclear protein complexes at a specific position in the
nuclear envelope (Bloom et al 1996, Tolstonog et al 2002, Stoffler et al 2003,
Kiseleva et al 2004).

Several studies have consistently shown that correct lamina assembly is necessary
for the establishment of DNA replication centers and have demonstrated that lamins
are highly necessary for the elongation phase of the synthesis of DNA (Ellis et al
1997, Spann et al 1997). Lamins are also able to alter and stabilize heterochromatin
domains (Chaturvedi and Parnaik 2010, Rochman et al 2010, Montes de Oca et al
2011, Solovei et al 2013, Zhang et al 2013) and additionally they affect the activity of
the DNA transcription regulating RNA polymerase II (Spann et al 2002).
Specifically, they facilitate DNA repair through the recruitment of the DNA damage
response machinery (Manjiu et al 2006, Gonzalez-Suarez et al 2009, Gibbs-Seymour
et al 2015, Ghosh et al 2015) and the phosphorylation of lamins is required for the
breakdown of the nuclear envelope during mitosis (Peter et al 1990, Ward and
Kirschner 1990, Beaudoin et al 2002, Kochin et al 2014). However, lamins are not
the only intermediate filaments regulating nuclear activities, as also vimentin
filaments, together with lamins, provide the controlled regulation of the nuclear
shape (Sarria et al 1994, Coffinier et al 2011).

Intriguingly, the involvement of intermediate filaments in several other biological
functions revealed a dynamic intermediate filament network with multiple cellular
functions. All three major cytoskeletal filaments constantly communicate with each
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other such as intermediate filaments, microtubules and microfilaments and, more-
over, they are connected to each other by proteins termed cytolinkers (Oriolo et al
2006, Conover and Gregorio 2011). Hence, the modulation of intermediate
filaments causes an additional modification in the microtubule and microfilament
networks (Oriolo et al 2006, Conover and Gregorio 2011). As expected, direct
interaction between vimentin and actin filaments has been shown and rheological
measurements have clearly revealed that these two cytoskeletal components con-
tribute together to the overall cellular stiffness (Cary et al 1994, Esue et al 2006). In
particular, vimentin alters the extracellular-signal-regulated kinases; (ERKs) signal
transduction pathway (Perlson et al 2005, 2006, Kumar et al 2007, Virtakoivu et al
2015), whereas keratins are associated with the precise regulation of the cell cycle
(Toivola et al 2001). Moreover, keratins and lamins fulfill a role in apoptosis (Rao
et al 1996, Caulin et al 2000), whereas vimentin, keratins and nestin perform
established roles in cell migration and cancer (Gilles et al 1999, Fortier et al 2013, Ju
et al 2013, Narita et al 2014, Sutoh et al 2014).

8.2 Involvement of intermediate filaments in vesicular trafficking
Endocytosis represents an active process that is utilized by cells in order to engulf
and phagocytize into vesicular structures, molecules, macromolecules, particles and
fluids from the extracellular milieu. In contrast, cells can also exocytose substances
or waste products in secretory vesicles. Moreover, transport in the endocytic and
secretory pathways is facilitated by the formation of vesicles. In endocytosis,
material from the extracellular milieu is phagocytized by a portion of the cell
membrane that creates a vesicle around the substance to be internalized. This vesicle
fuses in the next step with early endosomes, which are compartments possessing
tubular extensions that are localized at the cell’s periphery. Then the transport goods
are sorted to late endosome in order to be delivered to lysosomes by fusion of the late
endosome with the lysosome for degradation or recycling of the transport goods
back to the cell membrane directly or through perinuclear recycling endosomes. The
endocytic pathway is determined by progressive acidification of the endosomal
organelles, the assembly of multivesicular bodies and the formation of late endo-
somes, the recruitment of lysosomal hydrolases from the trans-Golgi apparatus and
subsequently the degradation of the transport goods. In contrast, in the secretory
pathway the Golgi apparatus engulfs and thereby sorts out macromolecules into
vesicles that are transported towards the cell membrane and fused to it in order to
release the vesicle content outside the cell (Jahn 2004, Brooks 2009).

A complex molecular machinery precisely regulates the different steps of intra-
cellular vesicular trafficking, such as the creation of the vesicle from the donor
compartment, the selection of the transport goods, the overall movement of the
vesicle, and the tethering, docking and fusion to the acceptor compartment’s
membrane. Rab proteins and small GTPases form the class of the Ras superfamily,
and they represent key players of this machinery, that are localized to specific
compartments in the endocytic and exocytic pathway and facilitate the regulation of
the different steps of intracellular vesicular transport, which begins with the
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formation of the vesicle and ends with its fusion with the target compartment (Bhuin
and Roy 2014). Each Rab protein is able to control the transport between defined
compartments. In particular, Rab5 facilitates the first steps of endocytosis from the
cell membrane to early endosomes and for early endosomes it governs biogenesis
and maturation, regulates the cargo selection, drives the early endosome motility
and fusion, and recruits multiple relevant molecules, which are required for
endocytosis (Gorvel et al 1991, Bucci et al 1992, Nielsen et al 1999, Zeigerer et al
2012). Moreover, Rab4, Rab11 and Rab25 are all involved in the regulation of the
recycling of endosomes to the cell membrane (Ullrich et al 1996, Casanova et al
1999, McCaffrey et al 2001). However, the role of intermediate filaments in vesicular
trafficking has been revealed and several links between intermediate filaments and
vesicular membrane transport machinery have been identified. Moreover, inter-
mediate filaments play a role in endocytosis and exocytosis.

8.3 Intermediate filaments play a crucial role in cellular mechanical
properties and cellular motility

Intermediate filaments provide a pronounced structural scaffold for many non-
cellular materials, such as hair and nails. The mechanical properties of intracellular
intermediate filaments are proposed to be required for the normal function of many
soft tissues, and hence mutations in distinct intermediate filament proteins can lead
to human diseases such as cardiomyopathies and skin-blistering disorders, which are
associated with a failure of the affected tissues to withstand structurally mechanical
stress. The structures of intermediate filament proteins and their method of
assembling into filaments are highly different from those of the other cytoskeletal
filaments such as F-actin filaments and microtubules and hence the mechanical
properties of intermediate filaments also differ strongly from the other filaments of
the cytoskeleton. The viscoelasticity of intermediate filament networks in vitro, and
also their contribution to the entire viscoelasticity of living cells are increasingly
being revealed using a wide variety of different biophysical techniques. These
findings demonstrate how the unusual structures of intermediate filaments provide
and support the normal function of a large number of different cell types.

Keratins (previously called cytokeratins) are intermediate filament-assembling
proteins that provide cells with their mechanical properties and fulfill a variety of
functions in epithelial cells. Keratin genes encode most of the intermediate filaments
in the human genome and build the two largest sequence homology groups of this
large multigene family, the type I and II keratin groups. They are highly differ-
entiation-specific in their expression patterns, which suggests different cellular
functions. In particular, mutations in most of them are often associated with specific
tissue-fragility disorders and hence antibodies to keratins are important markers of
tissue differentiation as well as helpful tools in diagnostic pathology. The first
comprehensive keratin nomenclature used 2D isoelectric focusing and SDS-PAGE
to map the keratin profiles of normal human epithelia, tumors and cultured cells
(Moll et al 1982). In more detail, they grouped the basic-to-neutral type II keratins
as K1–K8 and the acidic type I keratins as K9–K19 (figure 8.1) (Moll et al 1982).
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The current naming of keratins is not systematic and hence a reorganized and
durable scheme is overdue. Genome analyses have shown that humans possess 54
functional keratin genes, 28 type I and 26 type II keratins, which form two clusters of
27 genes each on chromosomes 17q21.2 and 12q13.13, with the gene for the type I
keratin K18 being located in the type II keratin gene domain (Hesse et al 2001, 2004,
Rogers et al 2004, 2005). Knowledge of the extent of this mammalian gene family
led to a revised nomenclature (Hesse et al 2004) based on an extended Moll system,
K1–K8 and K9–K24 (Moll et al 1982, 1990, Chandler et al 1991, Zhang et al 2001,
Sprecher et al 2002). Then, for both type I and II keratins, these four categories were
arranged in the following numerical order:

1. Human epithelial keratins.
2. Human hair keratins.
3. Nonhuman epithelial/hair keratins.
4. Human keratin pseudogenes.

For historical reasons and because of the extensive number of existing publica-
tions, the Moll designation for the epithelial keratins K1–K8 and K9–K24 has been
retained (Moll et al 1982, 1990, Chandler et al 1991, Zhang et al 2001, Sprecher et al
2002).

Many keratins are found in epithelia, which are exposed to multiple forms of
stress. These keratin intermediate filaments are abundant in epithelia and build
cytoskeletal networks providing cell-type-specific functions, such as cellular adhe-
sion, migration and metabolism. There is a perpetual keratin filament turnover
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cycle that supports these cellular functions. In particular, this multistep process
regulates the involvement of the cytoskeleton in motion, facilitating rapid protein
biosynthesis, whereas the network is still intact during the remodeling process.
However, the molecular mechanisms underlying the regulation of the keratin cycle
are still elusive compared to the actin and microtubule networks. What regulatory
role does the keratin cycle play in epithelial tissue function?

The protection of tissue and organs against microenvironmental alterations is a
major functional role of epithelial tissues. In more detail, the renewal and repair of
epithelia involves continuous cycles of cellular proliferation, migration and differ-
entiation. Thus, the epithelial cytoskeleton is constantly remodeled in order to
optimize epithelial functions. Keratin intermediate filaments are the most diverse
and abundant cytoskeletal components of epithelial cells. More than 50 isotypes of
keratin intermediate filaments have been expressed in epithelia (Schweizer et al 2006,
Moll et al 2008, Bragulla and Homberger 2009). The regulatory functions of
keratins in organelle trafficking, motility, translation, signaling, immune response
and cell survival have been revealed, demonstrating that keratin intermediate
filaments have the plasticity and network architecture required to regulate the
epithelial function precisely (Toivola et al 2005, Kim et al 2006, 2007, Long et al
2006, Kim and Coulombe 2007, Magin et al 2007, Vijayaraj et al 2009, Depianto
et al 2010, Ku et al 2010). How can keratins provide rigidity and strength, while still
remaining dynamic and flexible in their structure? The molecular mechanisms that
regulate keratin assembly, disassembly and network architecture are not yet well
understood. What are the properties of a biosynthesis-independent multistep
assembly and disassembly cycle of keratins that provides rapid network remodeling
without the disruption of the whole network?

Time-lapse imaging of cultured monolayers of living cells expressing fluorescent
keratins demonstrates that the keratin network is highly dynamic (Windoffer and
Leube 1999, Yoon et al 2001, Windoffer et al 2004). These results suggest a
perpetual cycle of keratin intermediate filament assembly and disassembly under
standard 2D culture conditions (Koelsch et al 2010, Leube et al 2011). In particular,
the cycle starts with the nucleation of keratin particles at the cell periphery, which is
in most cases closely associated with lamellipodial focal adhesions. The next step is
the elongation of newly assembled keratin particles during actin-dependent trans-
location to the peripheral ‘old’ keratin network. After the integration of precursor
keratin particles into the existing network, keratin intermediate filaments are
transported to the nucleus and they form bundles. In some cases, these novel
bundles disassemble into soluble oligomers, which rapidly diffuse through the
cytoplasm and are then available for another cycle of nucleation in the cell periphery
near the cell membrane. In addition, other bundles mature into a stable network;
they surround the nucleus and are anchored to desmosomes (cell–cell adhesions) or
hemidesmosomes (cell–matrix adhesions). Taken together, cycling of the keratin
bundles keeps the epithelial cytoskeleton in motion without losing structural
integrity.
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8.3.1 The assembly of the keratin intermediate filament network

In cultured epithelial cells, the assembly of keratin intermediate filaments (called
nucleation) starts in the cell periphery in the close neighborhood of focal adhesions
(Windoffer et al 2006). The focal adhesions are known to connect actin bundles to
the cell membrane and subsequently to the extracellular matrix microenvironment
(Petit and Thiery 2000, Geiger et al 2001, Carragher and Frame 2004), which
thereby induces alterations in the microtubule network architecture (Krylyshkina
et al 2003, Small and Kaverina 2003). Through the keratin intermediate filament
nucleation at the cell periphery close to focal adhesions, the coordinated restructur-
ing of the entire cytoskeleton is achieved. This spatial coordination of the
restructuring is of special relevance for migrating cells. In line with this, a
pronounced increase of keratin particle assembly has been reported in the lamelli-
podia of migrating cells (Woell et al 2005, Koelsch et al 2010, Rolli et al 2010). An
appropriate nucleus for the initiation of the intermediate filament assembly has been
identified in vitro: it should have an approximately 60 nm long unit length filament
(ULF) containing 32 monomers (Herrmann et al 1999, Herrmann et al 2002).
However, in living cells it is still not understood whether the particles that can
assemble keratin intermediate filaments (termed keratin intermediate filament
precursors) (Windoffer et al 2004) are the same as ULFs, because the resolution
of a standard light microscope is lower than a single ULF and hence it is not possible
to distinguish between single ULFs.

As there is no keratin intermediate filament precursor polarity, both ends are
equally suited to support the elongation by oligomer addition. In vitro observations
of vimentin intermediate filaments indicate that single and multiple ULFs are added
at either end without any differences (Kirmse et al 2007). In accordance with these
observations, live-cell imaging of keratins detects continuous particle elongation and
fusion of larger particles (Windoffer et al 2004, 2006, Woell et al 2005). As long as
keratins retain their free ends, they still elongate. When particles approach the
keratin intermediate filament network, they integrate via their ends and thus add
another novel branch to the filament network (Windoffer et al 2004, 2006, Woell
et al 2005). However, in mutant keratins, which cause blistering skin diseases in
humans, these elongated filaments cannot be assembled; instead, only short-lived
spheroidal granules are built close to focal adhesions (Werner et al 2004, Windoffer
et al 2006).

Keratin networks are heterogeneous, because they are assembled by two to ten
different isotypes. However, the regulatory modes and mechanisms governing their
organization and distribution are still elusive, and they seem to depend partly on
cellular polarity. It has been suggested that the intracellular distribution of keratin
isotypes is related to their primary sequence, but this has not been confirmed by
experimental data. In particular, in the intestinal epithelia of mice the isotypes K20
and K8 are codistributed throughout the cell, whereas in the umbrella cells of the
bladder K20 is located in the apical domain, indicating cell-type-specific regulatory
mechanisms (Magin et al 2006). Another phenomenological feature of the network
organization is the coexistence of individual filaments and bundles (inter-filament
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assemblies). The bundling of intermediate filaments increases the mechanical
stability and reduces the turnover (Flitney et al 2009, Lee and Coulombe 2009,
Kim et al 2010), which are two prerequisites for elastic and durable cytoskeletal
scaffolding. However, this is not always observed, as in the absence of plectin, which
acts as a cytoskeletal crosslinker, the bundling is enhanced, but plectin seems to be
dysfunctional due to reduced cellular tension (Osmanagic-Myers et al 2006). In
cultured cells, the bundling is reflected by an increase to the keratin intermediate
filament diameter toward the nucleus, which is evoked by lateral association of
keratin intermediate filaments (Windoffer et al 2004, Lee and Coulombe 2009,
Koelsch et al 2010). Several factors influence the bundling: (i) intermediate-filament-
associated proteins (Krieg et al 1997, Xu et al 2000, Makino et al 2001, Listwan and
Rothnagel 2004, Long et al 2006, Osmanagic-Myers et al 2006, Boczonadi et al
2007, Ishikawa et al 2010); (ii) intrinsic and isotype-specific properties of keratin
intermediate filaments (Eichner et al 1986, Blessing et al 1993, Hofmann et al 2000),
which bundle spontaneously in vitro (named self-organization) (Lee and Coulombe
2009, Kim et al 2010); and (iii) phosphorylation, which is thought to coincide with
bundling after mechanical and chemical stress application (Strnad et al 2001, Flitney
et al 2009).

8.3.2 The disassembly of keratin intermediate filaments

As keratin intermediate filament assembly is highly favored over disassembly, there
may be mechanisms to remove assembled filaments and especially dense filament
bundles (figure 8.2), which would otherwise interfere with cellular functions. Suitable
mechanisms to regulate this balance are the degradation of keratin intermediate
filament polypeptides and the disassembly of keratin intermediate filaments into

Figure 8.2. Assembly of keratins.
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reusable subunits. One fact that supports the first mechanism is the ubiquitination of
keratins and their subsequent proteasomal degradation (Ku and Omary 2000,
Loeffek et al 2010, Rogel et al 2010). This mechanism is elevated in stress and
pathology as a consequence of increased network restructuring (Zatloukal et al
2007, Jaitovich et al 2008, Na et al 2010). This process has been used to reduce
aggregates typical of keratinopathies by the addition of chemical chaperones and
chaperone-associated ubiquitin ligases into tissue (Lee et al 2008, Chamcheu et al
2010, Loeffek et al 2010). However, the second mechanism seems to be the most
prominent mode in rapidly proliferating cultured cells, as time-lapse fluorescence
recordings have demonstrated that keratin intermediate filament assembly occurs
independently of and in the absence of protein biosynthesis (Windoffer et al 2004,
Koelsch et al 2010). The detection of single inward-moving keratin intermediate
filament bundles further highlights that they dissolve over time without the
appearance of distinct fragments, which leads to the suggestion that the released
subunits are nonfilamentous. The release of soluble subunits seems to be similar to
the lateral subunit exchange, which has been observed for intermediate filaments at
the equilibrium state (Eriksson et al 2009). Although how the disassembly is
regulated remains elusive, the involvement of phosphorylation seems to be most
likely, because inhibition of p38 MAPK or PKCζ activities leads to enhanced
network stability and, unexpectedly, to increased kinase activity, which results in
increased keratin intermediate filament network turnover (Woell et al 2007,
Sivaramakrishnan et al 2009). Moreover, the nonfilamentous keratin pool is
elevated during mitosis and in different stress conditions, such as elevated network
remodeling, which occur simultaneously with increased keratin phosphorylation
(Chou et al 1993, Liao and Omary 1996, Omary et al 1998, Strnad et al 2002, Ridge
et al 2005). Interestingly, sumoylation has also been implicated in keratin network
dynamics (Snider et al 2011).

What are the properties of the soluble keratin fraction?
Heterotypic, nonfilamentous keratins build up the biochemically defined soluble
pool of tetramers and/or small oligomeric keratin assemblies (Soellner et al 1985,
Chou et al 1993, Bachant and Klymkowsky 1996). In order to inhibit immediate
assembly after biosynthesis or directly after filament disassembly, the soluble,
nonassembled state needs to be stabilized. This stabilization may be performed by
protein modification, association with chaperones such as Hsp70 and Hsc70,
interaction with intermediate filament-associated proteins (IFAPs) or binding to
14-3-3 proteins (Liao and Omary 1996, Wiche 1998, Planko et al 2007, Mashukova
et al 2009). 14-3-3 proteins bind to phosphorylated target proteins and are then able
to alter their conformation (Kjarland et al 2006, Díaz-Moreno et al 2009). Thus, Ser
phosphorylation of keratin subunits along the head domain occurs immediately
after biosynthesis or disassembly in order to inhibit the assembly at nonpermissive
sites in the cytoplasm. In particular, hyperphosphorylation by Cdk1, Plk1, Rho-
kinase and Aurora B is important for the local breakdown of several intermediate
filament classes during mitosis and is hence essential for the efficient segregation of
intermediate filament networks into the two daughter cells (Izawa and Inagaki
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2006). Due to the small size of the disassembled subunits and their solubility in the
aqueous cytoplasm, it is suggested that they can be distributed rapidly within the
cytoplasmic space by diffusion. Indeed, a fast diffusing pool has been detected by
fluorescence recovery after photobleaching (Koelsch et al 2010). The nucleation
continues even in the presence of substances that disrupt actin filaments and
microtubules. This suggests that diffusive delivery of keratins to peripheral nucle-
ation sites is sufficient (Woell et al 2005, Koelsch et al 2009).

8.3.3 Regulation of the keratin cycle in space and time

A continuous transport of filamentous keratins to the nucleus is necessary for keratin
cycling (figure 8.3). The keratin isotype, cell-type-specific properties and other
factors such as filament-associated proteins seem to regulate this transport process.
In particular, growing keratin particles move along actin stress fibers with a velocity
of approximately 300 nm min−1 (Woell et al 2005, Koelsch et al 2009). This
movement is supposed to be directly coupled to lamellar actin treadmilling through
plectin-facilitated linkage (Litjens et al 2003, Rezniczek et al 2004). In addition,
keratin particles are also transported along microtubules (Yoon et al 2001, Liovic
et al 2003, Woell et al 2005, Windoffer et al 2006).

The molecular mechanism of the subsequent inward-directed movement of the
keratin network (Windoffer and Leube 1999, Yoon et al 2001, Koelsch et al 2010) is
not yet understood. The intrinsic elasticity of the filaments (Kreplak et al 2008), in
combination with their nuclear anchorage, may be responsible through the inter-
action between plectin and the cytoplasmic nuclear membrane protein nesprin-3
(Wilhelmsen et al 2005). As an alternative, actin filaments and/or microtubules are
also supposed to be involved in this movement. In more detail, it has been observed
that energy depletion inhibits keratin intermediate filament motility, which suggests
an energy-requiring and motor-protein-driven active movement process (Hollenbeck
et al 1989, Strnad et al 2001, Yoon et al 2001).

Focal adhesion-dependent nucleation is in vitro another major cycle determinant.
It is known that the cytoskeletal crosslinker plectin (particularly isoform 1f) is in
close proximity to focal adhesions and is able to bind to keratins (Nikolic et al 1996,
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Figure 8.3. The keratin cycle.
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Steinboeck et al 2000, Litjens et al 2003; Rezniczek et al 2003). Other candidate
proteins that may regulate keratin dynamics are integrins, vinculin, metavinculin,
talin and zyxin. All these focal adhesion proteins can bind to intermediate filaments
(Kreis et al 2005, Ivaska et al 2007, Kostan et al 2009, Sun et al 2008a, 2008b, 2010).
In addition to these structural components, focal adhesion-dependent signal trans-
duction seems to be involved in keratin nucleation. Among additional factors, PKCs
and MAPK have been discussed (Omary et al 1992, Ridge et al 2005, Osmanagic-
Myers et al 2006, Akita et al 2007, Woell et al 2007, Bordeleau et al 2008, 2010,
Sivaramakrishnan et al 2009). However, the spatiotemporal interaction of these
components with the keratin assembly at focal adhesions is not well understood.

Cell shape alterations have been seen frequently in motile and dividing cells and
are additionally suggested to enhance cycling, whereas stably anchored and non-
moving cells in mature tissues are not supposed to cycle extensively. In order to
account for the gradual transition between the moving and nonmoving cells,
regulators need to be present to provide graded and locally restricted responses.
In line with this, cycling of wild-type and mutant keratins is slowed down by p38
MAPK inhibitory drugs, which are supposed to affect keratin phosphorylation
(Woell et al 2007). Indeed, this seems to be a possible mechanism for the regulation
of keratin cycling through stress-induced signaling. In addition, the compartment-
alization of kinases and phosphatases, such as focal adhesion kinase and protein
kinase C, can further help to regulate the localized alteration of the network
configuration precisely. Members of the plakin family, which link cytoskeletal
networks, and members of the plakophilin family, which are localized to adhesion
sites, are both good candidates to regulate these organizational functions, as they
possess keratin binding sites and can affect kinase/phosphatase activity (Osmanagic-
Myers et al 2006, Bass-Zubek et al 2009, Kostan et al 2009, Bordeleau et al 2010).
Moreover, the shear stress increased PKCζ-dependent phosphorylation of K18-S33
leads to an increased exchange rate of the keratin intermediate filament network
(Sivaramakrishnan et al 2009). In particular, the relevance of signaling-dependent
keratin phosphorylation for dynamic network organization is most prominent in the
case of a disease: autoantibodies from the skin-blistering disease (Pemphigus
vulgaris) have been demonstrated to facilitate p38 MAPK-dependent keratin
retraction (Berkowitz et al 2005). Moreover, toxic liver injury induced by the
antifungal drug griseofulvin mediates increased keratin phosphorylation, increases
soluble keratins and leads to enhanced aggregate formation (Ku et al 1996,
Stumptner et al 2001, Toivola et al 2004, Fortier et al 2010), which can be inhibited
in vitro by p38 MAPK inhibitors (Nan et al 2006).

How can the keratin intermediate filaments exit from the turnover cycle?
The plasticity of cells needs to be balanced by the stabilizing properties of the keratin
network promoting mechanical strength for resting cells. In cultured interphase cells,
the desmosome- and hemidesmosome-anchored filaments as well as the perinuclear
cage-like structures are stabilized under this condition and no longer dynamic.
Moreover, desmosome-anchored filaments are more tensile compared to the rest of
the keratin intermediate filament network and are able to withstand disruption by
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the tyrosine phosphatase inhibitor vanadate (Strnad et al 2002). In a stable tissue,
cycling is less important, because mechanical functions are more important.

Anchorage-dependent mechanosensing seems to affect keratin intermediate
filament stability by altered interaction with regulatory proteins such as desmopla-
kin, BPAG1, plectin, periplakin and epiplakin facilitating keratin intermediate
filament dynamics (Bornslaeger et al 1996, Wan et al 2004, Osmanagic-Myers
et al 2006, Boczonadi et al 2007, Spazierer et al 2008, Ishikawa et al 2010). For the
perinuclear network, attachment to the nuclear envelope through the plectin–
nesprin-3a connection (Wilhelmsen et al 2005) provides filament stabilization. In
the case of junction-associated keratin intermediate filaments, special keratins such
as K80 (Langbein et al 2010) and keratin-binding proteins such as desmoplakin,
plakophilin, plectin and BPAG1 seem to be involved in the keratin intermediate
filament stabilization (figure 8.4) (Guo et al 1995, Eger et al 1997, Holthoefer et al
2007, Kostan et al 2009, Green et al 2010). All these results demonstrate that
anchorage protects keratin intermediate filaments against disassembly, whereas the
filament turnover has not been analyzed in detail at the single bundle or filament
level. In more detail, chemical and/or biophysical keratin modification seems to be
the result of the coupling of keratin intermediate filaments to the mechanotransduc-
ive systems and hence may support keratin intermediate filament stabilization,
similar to the phosphorylation of the tail domain of the intermediate filament glial
fibrillary acidic protein (GFAP), which impairs the turnover (Takemura et al 2002).
Finally, this property can be seen as maturation, which has been observed for the
other cytoskeletal filaments, such as the association with proteins and the detyrosi-
nation of tubulin (Bulinski and Gundersen 1991, Arce et al 2008, Konishi and Setou
2009, Ikegami and Setou 2010).
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Figure 8.4. Stabilization of keratins at cell junctions.
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What are the advantages of cytoskeletal cycling?
The cycling of keratins is more efficient than degradation and de novo biosynthesis.
The cycling process has also been recognized for other cytoskeletal components,
such as for the actin system, which is characterized by filament treadmilling and
retrograde flow in migrating cells (Small and Resch 2005, Schaus et al 2007,
Michalski and Carlsson 2010). Another example of the cycling process is the
dynamic instability of microtubules, for example the switching between growing
and shrinking (Mitchison and Kirschner 1984, Gardner et al 2008). Time-dependent,
cyclic alterations of the total amount of cellular components increase the diversi-
fication of functional states and enhance the probability for the cell to adapt to
microenvironmental alterations through immediate responses, ensuring survival and
function (Wolf et al 2005, Vogel and Sheetz 2009).

The cycling of keratins is a mechanism for probing and sensing the cell periphery
for the occurrence of new cell adhesions. The presence/absence of keratins alters the
stability of desmosomes and hemidesmosomes (Long et al 2006). In the case of focal
adhesions, the cycle is accelerated by enhanced nucleation and thus promotes
network growth toward the leading edge. It has been suggested that in migrating
cells, this cycle participates in the complex assembly and disassembly mechanisms
needed to move the cell body (Proux-Gillardeaux et al 2005). Indeed, upon filament
attachment to hemidesmosomes and desmosomes, the cycle decreases and hence
favors mechanical stability. This mechanism may additionally support in vivo
distribution patterns, such as localization in the terminal web, a dense filamentous
network below the apical surface of the polarized epithelial cells of the gut (Oriolo
et al 2007). Collectively, keratin cycling may be regarded as a continuous sensing of
the immediate extracellular surroundings until new physical adhesion contacts with
other cells and/or the extracellular matrix can be established and stabilized through
desmosomes and hemidesmosomes. Without de novo protein biosynthesis, the cell
has a variety of ways to respond to microenvironmental alterations within a small
time frame. Thus, it is the dynamical remodeling of keratin intermediate filament
networks that guarantees the adaptability and subsequently the function of moving
cells.

Another function of keratin cycling is to maintain an intact network during
epithelial differentiation, which promotes gradual polypeptide exchange without the
disruption of filaments. Different admixtures of keratins are found in basal versus
suprabasal epidermal keratinocytes and thus, basal type keratins can be detected in
cells that possess no corresponding mRNAs (Lersch and Fuchs 1988, Reichelt et al
2001).

How does the keratin cycling process alter the epithelial functions?
Keratin intermediate filaments have been seen as a rather static component of the
cytoskeleton, providing the mechanical strength of the epithelia. Moreover, this
property is essential for resting cells, providing the whole epithelium with mechan-
ical strength. Disruption of the keratin intermediate filament network integrity and,
consequently, of epithelial rigidity induces skin-blistering disease (Coulombe et al
2009). Indeed, keratin intermediate filaments fulfill an important role in dynamic
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processes such as wound healing and cancer metastasis (Paladini et al 1996,
Mazzalupo et al 2003, Knösel et al 2006, Ptitsyn et al 2008, Karantza 2011). The
keratin cycle can run at different length scales, ranging from diffusible filament
precursors to macromolecular network components, involving the entire cytoplasm
and hence it seems to be a key promoting factor.

Importantly, the keratin cycling regulates epithelial motility, migration and
vesicle trafficking, which is known to be important for the epithelial stress response.
The regulation of the keratin cycling is connected to keratin modification, such as
phosphorylation, and is hence a target of signaling pathways. A hypothesis is that
the predisposition of transgenic mice carrying phosphorylation-deficient K8 and
K18 mutants to liver disease (Ku and Omary 2006) and, conversely, the cytopro-
tective effects of glycosylated keratins (Ku et al 2010), are associated with differences
in keratin dynamics. The extent to which keratins impact on protein biosynthesis
through 14-3-3 proteins or glucose transporters is determined through the keratin
dynamics (Kim et al 2006, Vijayaraj et al 2009). The activity of 14-3-3 proteins
depends on targeted protein phosphorylation and their nucleo-cytoplasmic distri-
bution (Mackintosh 2004). The expression of K17 (and possibly additional type I
keratins) recruits 14-3-3 to the cytoplasm, where it activates the mammalian target
of the rapamycin (mTOR) pathway (Kim et al 2006). However, the presence of
keratins provides the correct localization and function for the glucose transporter
GLUT, whereas in the absence of keratins increased levels of glucose can be taken
up and an AMPK-facilitated down-regulation of mTORC1 occurs (Vijayaraj et al
2009). Taken together, the degree of translational stimulation through elongation
factor 4A (eIF4A)–plakophilin-1 seems to be guided through the interaction of
keratins with plakophilin-1 (Wolf et al 2010). Do distinct keratin assembly forms,
such as filamentous or nonfilamentous keratin, possess different specific regulatory
functions? In more detail, is it true that filamentous subdomains fulfill specific
regulatory roles, while nonfilamentous keratins function solely in a context-specific
manner?

Another prediction is that the accumulation of several cycle intermediates leads to
functional consequences for the behavior of the epithelial cell. In line with this, cells
lacking keratins or producing mutant keratins, which are characterized by reduced
keratin intermediate filaments and increased soluble keratins, are able to migrate
even faster in 2D scratch assays (Morley et al 2003, Long et al 2006, Seltmann et al
2013).

Does the cycling process exist in other intermediate filament systems?
Other intermediate filament networks have been shown to utilize similar subunit
exchange mechanisms to those found for keratins (Tsuruta and Jones 2003, Mignot
et al 2007, Burgstaller et al 2010). There is evidence for intense cross-talk between
vimentin intermediate filaments and focal adhesions (Seifert et al 1992, Gonzalez
et al 2001, Tsuruta and Jones 2003, Spurny et al 2008, Bhattacharya et al 2009,
Burgstaller et al 2010) and in addition it has been demonstrated that plectin 1f is
involved in the recruitment of growing vimentin particles to focal adhesions
(Burgstaller et al 2010). Particle elongation occurs through end-to-end annealing
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for vimentin and neurofilament intermediate filament proteins (Colakoğlu and
Brown 2009). Moreover, the cytoplasmic transport of filament precursor particles
has been reported for many intermediate filament types (Brown 2003, Helfand et al
2004, Woell et al 2005, Barry et al 2007, Koelsch et al 2009). However, differences
have been observed: although actin filaments play an important role for keratin
intermediate filament particles, microtubules seem to be more important for other
intermediate filaments, such as vimentin, peripherin and neurofilaments (Roy et al
2000, Wang et al 2000, Yoon et al 2001, Helfand et al 2003). In addition, bundling
has been found for neuronal type IV intermediate filaments. In more detail, highly
phosphorylated intermediate filaments are tightly packed and located at the center
of the axoplasm, whereas less phosphorylated and hence more dynamic intermediate
filaments are found to be localized in the peripheral axoplasm (Sihag et al 2007,
Kushkuley et al 2009).

The cycling of the intermediate filament cytoskeleton is also important for many
cell types, including neurons for growth cone probing (Chan et al 2003), mesen-
chymal cells and astrocytes for motility (Eckes et al 1998, Lepekhin et al 2001,
Nieminen et al 2006, Pan et al 2008) and endothelial cells for adaptation to fluid
shear stress (Helmke et al 2001). In particular, intermediate filament cycling seems to
be essential for the regeneration occurring upon neuronal axon injury or in diverse
stress situations, such as in reactive gliosis (Pekny and Lane 2007).

The strongest evidence for the importance of intermediate filament cycling comes
from observations in C. elegans, where the inhibition of sumoylation leads to a
reduction in the intermediate filament network turnover associated with enhanced
intermediate filament bundling and aggregation (Kaminsky et al 2009). However, it
has also been demonstrated that intermediate filament phosphorylation is linked to
network organization, and these are in turn both coupled to hemidesmosome-
facilitated mechanotransduction processes (Zhang et al 2011).

Finally, several observations support the view that the plasticity of the epithelial
keratin intermediate filament network not only relies on alterations in biosynthesis
and degradation, but is solely provided by the cycles of assembly and disassembly.
Although this concept is supported by microscopic observations in cultured living
cells, the underlying molecular mechanisms still need to be confirmed in vivo and
correlated with observations on in vitro keratin intermediate filament assembly
(Herrmann et al 2002) as well as alternative concepts of intermediate filament
network dynamics (Ngai et al 1990, Miller et al 1991, Chang et al 2006). Some
questions remain unanswered. What is the driving force of the cycle? How do
keratin-associated proteins such as plectin, 14-3-3, Akt-1, Hsp70 and others affect
the cycle? How do microenvironmental factors such as mechanical force, cytokines
and microbes modulate the keratin cycle and what effects does the cycle have on the
cell? How can keratin isotypes affect the keratin intermediate filament cycling? What
impact does keratin modification have on the cycling process? Which cellular
processes are associated with the keratin cycling and how is this achieved? Is the
cycling necessary for the stress protection facilitated by keratins? Is the cycling
concept universal and hence observed in other intermediate filaments?
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8.4 Viscoelasticity of purified intermediate filaments in vitro
Purified intermediate filament proteins can be assembled in vitro to produce
polymers closely related to those assembled in living cells and subsequently these
filaments form viscoelastic gels. The crosslinks tightly connecting the intermediate
filaments in the network are provided by specific bonds between polypeptides
extending from the filament surface and ionic interactions facilitated by divalent
cations. In more detail, intermediate filament networks display a striking nonlinear
elasticity with increasing stiffness that has been quantified by determining the shear
modulus. In particular, the shear modulus increases even an order of magnitude,
when the networks are deformed to large strains, which resemble those strains that
soft tissues are probed in vivo. Individual intermediate filaments can be elongated by
stretching to more than two or three times their resting length without breaking or
rupture. Many different rheometric methods have been employed to quantify the
viscoelasticity of intermediate filament networks over a broad range of timescales
and strain magnitudes. Moreover, the mechanical roles of different classes of
intermediate filament have also been investigated by using an even wider range of
microrheological methods in vitro in mesenchymal and epithelial cells. Indeed, these
experiments have demonstrated the effects on cellular mechanical properties when
intermediate filaments are genetically or pharmacologically altered or even dis-
rupted or when normal or mutant intermediate filament proteins are expressed in
these cells. Consistently with in vitro rheology findings, the mechanical role of
intermediate filaments is more prominently displayed by the cells when they are
probed by larger and more frequent deformations. In more detail, the mechanical
properties of individual intermediate filaments of different types have been analyzed
directly by applying forces to them and then imaging their deflection. As an
alternative method, when forces are applied to the intermediate filaments, they
have been inferred from images by assuming that the polymer contours are solely
deformed by thermal energy.

The mechanical properties of intermediate filament networks constituted in vitro
either as homogeneous networks or as composite network, in which they are
copolymerized with F-actin, have been analyzed by a large number of rheologic
methods. The unique mechanical properties of intermediate filaments seem to be
based on two major structural differences between intermediate filaments and the
other cytoskeletal polymers such as F-actin and microtubules. Intermediate fila-
ments are much more flexible than microtubules and actin filaments. Moreover, this
flexibility differs largely from other cytoskeletal polymers by orders of magnitude
and can be quantified by the persistence length lp, which is a measure of the distance
over which a filament exhibits an approximately straight configuration. In partic-
ular, lp is defined by the expression θ〈 〉 = −s ecos ( ) s lp/ , where 〈cosθ(s)〉 represents an
ensemble average of the angle θ formed by two tangents drawn at distances, s, along
the contour of the filament. Moreover, the persistence length is related to the elastic
bending constant of the filament K by the expression K = λp / kBT, where kBT
represents the thermal energy. In addition, the great flexibility of intermediate
filaments seems to be related to the greater degree of disorder and open hydrated
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space within these intermediate filaments compared to actin filaments or tubulin
polymers. How precisely the subunit packing and higher-order structure of inter-
mediate filaments contributes to their flexibility and resistance to breakage is not yet
clear, but many different measurement approaches reveal that intermediate fila-
ments can potentially contribute the mechanical phenotype of the cells and tissues
that cannot be provided by the other polymer types.

Several distinct features unique to the intermediate filament network mechanical
properties emerge from all of these studies, however, some issues correlating with the
magnitude of the intermediate filament network stiffness and even the nature of
inter-filament connections still require further investigation. Unlike other elements
of the cytoskeleton, individual intermediate filaments as well as the associated
intermediate filament networks are able to withstand large deformations that would
rupture F-actin filaments or microtubules (Janmey et al 1991, Kreplak et al 2005,
Guzman et al 2006). Apart from not getting ruptured at large strain, intermediate
filament networks increase their elastic moduli, and hence the incremental stiffness
of vimentin, neurofilament, and other intermediate filament types can exhibit ten
times larger values at 100% strain that in the limit of a low strain (Janmey et al 1991,
Leterrier et al 1996, Schopferer et al 2009, Bertaud et al 2010, Lin et al 2010,
Pawelzyk et al 2014). The elastic moduli depend on the intermediate filament
network protein connections, which are different from that of other biopolymer gels.
Instead, the shear moduli of fibrin and actin networks scale with at least the square
of the protein concentration, whereas the shear moduli of vimentin and desmin
networks increase much more gradually with power law exponents that are as low as
0.5 (Janmey et al 1991, Schopferer et al 2009, Lin et al 2010) relating the elastic
modulus to the concentration. However, it is not yet clear, why there is such a
discrepancy between intermediate filament and other biopolymer gels in their
physical behavior.

The molecular mechanisms that connect intermediate filaments to each other and
the manner in which they build mechanically resistant networks are also not yet well
understood. Specific crosslinking proteins do not seem to be required for the
network formation, and additionally several bonds between the intermediate
filament subunit C-terminal extensions and the sides of other filaments have been
revealed (Bousquet et al 2001, Esue et al 2006, Pawelzyk et al 2014). However,
complementary attractive interactions between neurofilament sidearms are also
supposed to connect intermediate filaments to each other (Gou et al 1998). The most
common procedure to assemble intermediate filament networks in vitro is to add
divalent cations, usually Mg2+, at several millimolar concentrations. Although the
mechanisms by which divalent ions can crosslink intermediate filaments are not yet
clearly understood, it has been hypothesized that they involve either specific metal-
binding bonds (Lin et al 2010) or polyelectrolyte effects, which rely on the high
surface charge of all intermediate filaments (Huisman et al 2011, Janmey et al 2014).
However, the identifying of the molecular mechanisms that are involved in the
crosslinking of intermediate filaments and the formation of bundles remains elusive
and hence represents a major challenge to define this system in the same great detail
that is available for the network formation by other biopolymers.
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8.5 Functional role of intermediate filaments in
mechanotransduction processes

The process of cellular mechanotransduction represents an integration of multiple
mechanical cues that are derived from sensing, transmission of force and the
transductionof amechanical signal into abiochemical response.There exists extensive
evidence that cell–cell, cell–extracellular matrix and flow forces are actively sensed
by cells through their junctional protein complexes in different cellular situations
(Riveline et al 2001, Weber et al 2012, Conway et al 2013, Sanghvi-Shah and Weber
2017). The different mechanical forces affect the structure, assembly, adhesive
strength, function, and signaling of these adhesive complexes, which in turn has
effects on the cytoskeleton. Cytoplasmic intermediate filaments function as
an elastic and conductive network for force transmission and propagation of
mechanical stimuli within and between cells through adhesion complexes. Indeed,
cytoplasmic intermediate filaments serve as modulators of specific signal trans-
duction pathways in a variety of biological conditions. Abundant availability,
overall cytoplasmic presence and subcellular reorganization of intermediate
filaments depend on cellular conditions, which supports cytoplasmic intermediate
filaments to function in various signaling pathways in several ways. Based on this
view, cytoplasmic intermediate filaments act to transduce mechanical stimuli during
development while integrating an adaptable physical environment through cell
signal transduction processes.

Fluid flow shear stress fulfills important roles in the development of the
vasculature system. Intriguingly, fluid flow shear stress represents an important
mechanical stimulus in tissues, which is not often primarily associated with exposure
to fluid flow shear stresses, such as bone and glandular epithelia. Indeed, fluid flow
shear stress experiments have revealed an important role of intermediate filaments in
mechanotransduction pathways. In particular, cytoplasmic intermediate filaments
can change their network organization usually by mechanisms such as conforma-
tional alterations, changes in their assembly, interacting proteins and others.
Mechanical forces such as shear stress can cause a rapid reorganization of vimentin
and keratin intermediate filament networks in multiple cell types, which leads to the
suggestion that they fulfill a role in the spatial redistribution of intracellular forces
(Helmke et al 2000, 2001, Yoon et al 2001, Sivaramakrishnan et al 2008). Shear
stress elevates the stiffness of the keratin intermediate filament network in the
peripheral region of the cytoplasm (Sivaramakrishnan et al 2008). In line with this,
shearing also dramatically transforms the keratin intermediate filaments into more
‘wavy’ tonofibril bundles, which is a process that is induced by K8 and K18
phosphorylation on the serine residues 73 and 33, respectively (Flitney et al 2009,
Sivaramakrishnan et al 2009). The phosphorylation driven reorganization of
intermediate filaments is facilitated by a variety of protein kinases including
PKCδ and PKCζ (Ridge et al 2005, Sivaramakrishnan et al 2009). The phosphor-
ylation of keratins in the regulatory head domain (K18 pSer33) recruits binding of
14-3-3 that provides a dynamic exchange and the remodeling of the entire network
(Sivaramakrishnan et al 2009). In order to impair hyperphosphorylation evoked
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disruption, keratin intermediate filaments can recruit epiplakin, which perhaps
serves as a chaperone during filament reorganization (Spazierer et al 2008). In
addition to the local deformation of the intermediate filaments, there is increased
association of vimentin intermediate filaments with β3-integrin focal contacts,
further stabilizing cell–matrix adhesions (Tsuruta and Jones 2003). Similarly, due
to shear stress, endothelial cells initiate a transition from cell–cell adhesion loading
on VE-cadherin to interaction of platelet endothelial cell adhesion molecule-1
(PECAM-1) with vimentin in order to stabilize cell–cell junctions (Conway et al
2013). Due to this behavior, mechanical loads may be transduced from one
cytoskeletal network to another. Indeed, the keratin intermediate filaments display
less motion, when actomyosin-dependent rigidity is enhanced, which seems to be a
consequence of stress generated by the actomyosin cytoskeleton transmission of
prestress the keratin intermediate filament network (Nolting and Koster 2013).

Experimentally evoked physical forces, induced by optical tweezers and fibro-
nectin beads on epithelial cells, can promote the alteration of both the K8/K18
intermediate filaments and the actin filament network through Rho–ROCK path-
way signaling (Bordeleau et al 2012). Tensile forces reinforce stress fibers by
coordination between the Solo protein a RhoA GEF and the K8/K18 intermediate
filament network (Fujiwara et al 2016). The actin stress fiber assembly and
contractility are also altered by vimentin filament driven regulation of RhoA and
GEF-H1 (RhoA GEF protein; Jiu et al 2017). The decoupling the intermediate
filaments from the mechanotransduction pathway has even demonstrated unrecog-
nized roles of intermediate filaments in this process. For instance, cells with impaired
vimentin expression exhibit decreased mechanical resistance to the effects of flow
(Tsuruta and Jones 2003). Moreover, mutant keratin intermediate filament network
cannot withstand mechanical stress (Ma et al 2001), and hence show a pronounced
reorganization of the filaments into discrete aggregates (Russell et al 2004). In the
absence of vimentin intermediate filaments or their displaced anchorage, which is
based on the impairment or loss of plectin, cells show compromised activation of
FAK and its downstream targets Src, ERK1/2, and p38 and subsequently the
migration of the cells is impaired. In more detail, exploiting stress conditions in the
absence of plectin induces prominent fragmentation of the intermediate filament
network (Gregor et al 2014). In agreement with these results, cytoplasmic inter-
mediate filaments sense tension through the upstream mechanosensors and hence
initiate rearrangements that act as stress buffers. How can cytoplasmic intermediate
filaments sense the tension? This is not yet fully understood and requires further
investigation. A highly speculative possibility seems to be that cytoplasmic inter-
mediate filaments alter their conformation or assembly in response to stress in order
to uncover cryptic sites crucial for sensing tension. For instance, the vimentin
Cys327 site is blocked under tension (Johnson et al 2007, Pérez-Sala et al 2015).
Cytoplasmic intermediate filaments of all types display plasticity in their structural
folding, which seem to provide both elasticity and the possible cryptic unmasking of
several sites (possible additional binding sites). These conformational alterations in
the intermediate filament structure within the polymerized filament may have
pronounced impacts on cellular signal transduction processes and hence provide
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a linkage between the maintenance of the physical architecture and biochemical
signal transduction pathways.

8.6 The role of intermediate and actin filament interactions
Cellular mechanical activity generated by the connection between the extracellular
matrix and the actin cytoskeleton seems to be essential for the regulation of cell
adhesion, spreading and migration during normal and cancerous development. In
particular, keratins are the intermediate filament proteins of epithelial cells,
expressed as pairs in a lineage/differentiation manner. The hallmarks of all relatively
simple epithelia are intermediate filaments that contain only keratins 8/18 (K8/K18).
In addition, in these epithelia the intermediate filaments K8/K18 play a key
regulatory role in adhesion and migration, through facilitating integrin interactions
with the extracellular matrix, actin adaptor proteins and signaling molecules at focal
adhesions (figure 8.5). Using a K8 knockdown in rat H4 hepatoma cells and their
K8/K18-containing wild-type counterparts seeded on fibronectin-coated substrata of
different rigidities, it has been shown that the K8/K18 intermediate filament-lacking
cells are unable to spread and hence display an altered actin fiber organization when
seeded on a low-rigidity substrate. In addition, a concomitant reduction of local
cellular stiffness, especially at focal adhesions generated by fibronectin-coated
microbeads attached to the dorsal cell surface, has been detected (Bordeleau et al
2012). Furthermore, this K8/K18 intermediate filament modulation of cellular
stiffness and actin fiber organization is mediated by RhoA–ROCK signaling
(Bordeleau et al 2012). Taken together, these results reveal that K8/K18 intermedi-
ate filaments contribute to the cellular stiffness–extracellular matrix rigidity inter-
action through alteration of their Rho-dependent actin organization and
cytoskeletal dynamics.

It has been shown that the ability of cells to sense and adapt to mechanical
properties from the extracellular matrix is crucial for many biological processes,
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Figure 8.5. Intermediate filament and actin filament interaction.
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such as the involvement of mechanical force in supporting embryonic development
(Butcher et al 2009). In particular, embryonic stem cells progressively stiffen when
they undergo differentiation and hence adapt their individual stiffness to the rigidity
of the underlying extracellular matrix (Pajerowski et al 2007). Similarly, there is
evidence for the involvement of increased extracellular matrix rigidity in promoting
the occurrence and development of primary tumors, and subsequently in supporting
cancer metastasis by enhancing the migration of certain escaping cancer cells (Lopez
et al 2008). In more detail, aggressive and invasive cancer cells in suspension (where
they are independent of interaction with the extracellular matrix) are more
compliant than less aggressive cancer cells, which in turn are more compliant
than healthy cells (Guck et al 2005). However, when these tumorigenic cancer cells
are adhered on a rigid extracellular matrix substratum, they display increased
contractility (Paszek et al 2005). Alterations in matrix rigidity can cause great
differences in cell behavior and thus highlight how important changes in the
mechanical properties of the microenvironment are for the cells to adapt and
counterbalance the extracellular matrix constraints. Indeed, an extracellular matrix-
produced stress is perceived and integrated intracellularly through the involvement
of integrin receptors, which act as mechanotransducers by inducing signaling
cascades in order to facilitate cellular responses such as cell migration and
contractility through modulation of the actin cytoskeleton at focal adhesions
(Matthews et al 2006, Butcher et al 2009). Cell contractility and the associated
internal stiffness can be measured by tracking the force-induced displacement of
fibronectin-coated beads that are bound to integrin receptors and subsequently to
focal adhesions generated at the dorsal cell surface (Bausch et al 1999, Matthews
et al 2004). These measurements at the cellular level have shown that a depolyme-
rization of the actin cytoskeleton reduces cell stiffness, which demonstrates that this
cytoskeletal network can respond to the mechanical force applied at focal adhesions
(Matthews et al 2004, Bordeleau et al 2011). There is a molecular-based balance
between internal stiffness and extracellular force exerted at focal adhesions, which is
maintained by alteration of the fibrillar actin contractility (McBeath et al 2004,
Paszek et al 2005, Matthews et al 2006) In particular, this is mediated by activation
of Rho and the effector ROCK, which is in turn a regulator of the myosin light chain
(Asparuhova et al 2009, Amano et al 2010). This Rho-dependent contractility
suggests prominent actin cytoskeleton involvement in the interaction between cell
stiffness and extracellular matrix rigidity.

Keratins belong to the largest family of cytoskeletal proteins and are grouped into
type I (K9–28) and type II (K1–K8 and K71–K80) subfamilies (Amano et al 2010).
Keratin intermediate filaments are heteropolymers that include at least one type I
and one type II keratin. Due to cellular differentiation and special cell lineage, these
keratins are coordinately expressed as specific pairs. Intermediate filaments from all
simple epithelial cells contain K8/K18 and most of them also express two to three
other keratins (Omary and Ku 1997, Pekny and Lane 2007). In more detail, K8 and
K18 are the ancestral genes for the multiple specialized type II and type I keratin
classes, respectively, and are the first cytoplasmic intermediate filament genes
expressed in the embryo when stem cells differentiate into different cell lineages
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(Oshima et al 1996, Coulombe and Wong 2004). In cancer disease, there is indeed
some evidence that the persistence of K8/K18 intermediate filaments is a hallmark of
invasive squamous cell carcinoma, where such perturbed K8/K18 expression contrib-
utes to cell invasiveness based on actin-dependent motility (Alam et al 2011). In
addition, point mutations in K8 and K18 genes cause intermediate filament
disorganization and consequently a predisposition to liver cirrhosis (Omary et al
2009), while in turn cirrhosis enhances hepatic tissue stiffness. This extracellular
matrix-linked mechanical alteration is mostly associated with the occurrence of the
hepatocellular carcinoma (Kuo et al 2010, Jung et al 2011). Keratin intermediate
filaments assemble an elastic and flexible cytoskeletal network, which is responsible
for the ability of epithelial cells to withstand mechanical stress (Coulombe and Wong
2004). Moreover, it can be hypothesized that K8/K18 intermediate filaments need to
be included as the factor responsible for providing the interaction between actin-
mediated cell stiffness and extracellular matrix rigidity in simple epithelial cells.

This hypothesis has been addressed by using monolayer cultures of K8-knock-
down H4-II-E-C3 (shK8b) rat hepatoma cells and their K8/K18-containing wild-
type counterparts (H4ev) (Bordeleau et al 2010). The intermediate filaments of
hepatocytes are made up solely of K8/K18 (Omary and Ku 1997, Oshima 2002),
which means that a loss of K8 leads to the degradation of K18, leading to the
epithelial cells lacking K8/K18 intermediate filaments (Galarneau et al 2007). H4ev
cells and shK8b cells have been cultured on fibronectin-coated substrates of diverse
rigidity (Wang and Pelham 1998). After their adhesion, a laser-tweezers-driven force
was exerted on a fibronectin-coated microbead attached to integrins (Matthews et al
2004, Bordeleau et al 2008). Then the cell stiffness at focal adhesions was determined
by measuring the bead displacement (Matthews et al 2004). In addition, the
involvement of Rho–ROCK was investigated in shK8b cells and compared to
H4ev cells regarding cell stiffness and fibrillar actin organization. The results
revealed an intervention of K8/K18 intermediate filaments in the cell stiffness–
extracellular matrix rigidity interaction through alteration of the Rho-dependent
actin organization and dynamics.

Intermediate filaments consist of a heterogenic group of evolutionarily conserved
proteins and are specified in a tissue-, cell-type- and context-dependent manner.
Intermediate filaments feature in multiple cellular processes, such as the mainte-
nance of cell and tissue integrity and the response and adaptation to various external
stresses. Inherited mutations in intermediate filament coding sequences can lead to a
broad array of clinical disorders. As a consequence, the expression, assembly and
organization of intermediate filaments are precisely regulated (Chung et al 2013).
Indeed, cell migration is a cell-based phenomenon in which intermediate filaments
act as effectors and regulators. In the following the focus is on vimentin and keratin
and how intermediate filaments provide the cell’s mechanical properties, cytoarch-
itecture assembly and adhesion, and how they regulate the pathways, which impact
cellular motility.

Ten-nanometer-wide intermediate filaments were first described in muscle
(Ishikawa et al 1968). They are composed of the most diverse and heterogeneous
group of proteins among intracellular cytoskeletal fibers. There are approximately
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70 genes that encode for intermediate filament-forming proteins in the human
genome. Among them are 54 genes encoding for keratin proteins that occur in
epithelia (Schweizer et al 2006, Pan et al 2013). Intermediate filaments can be
subdivided into six major subtypes based on their gene substructure or sequence
homology regarding their signature within the central rod domain. All intermediate
filaments proteins self-assemble into approximately 10 nm wide filaments by
forming obligatory or facultative heteropolymers, along with a defining tripartite
domain structure with a central α-helical rod domain with long-range, coiled-coil
forming heptad repeats, flanked by variable end domains located at their N- and C-
termini. Intermediate filament proteins display pronounced heterogeneity, because
their molecular mass ranges from 40 kDa (type I keratin 19) to 240 kDa (type IV
nestin). However, focusing on individual keratins, their primary structure is
evolutionarily well conserved. Intermediate filament systems are present across
nearly all multicellular eukaryotes (Erber et al 1998). The evidence suggests that they
appeared as nuclear proteins similar to lamins in lower eukaryotes such as
Dictyostelium (Batsios et al 2012). The presence of the intermediate filament-like
crescentin in Caulobacter crescenti (Ausmees et al 2003) raises the question of
whether intermediate filaments might have existed earlier, in prokaryotes.

Another important signature feature of the intermediate filament superfamily
of genes and proteins is the tissue-type-, differentiation-program- and context-
dependent nature of their regulation. Accordingly, the list of functions fulfilled by
intermediate filaments in their natural biological setting is growing longer as
intermediate filaments and their associated proteins have been linked to cell motility
(Toivola et al 2010, Burke and Stewart 2013, Pan et al 2013). Due to their status as
abundant fibrous elements inside cells, intermediate filaments regulate cellular
migration on the mechanical and cytoarchitectural levels. Intermediate filaments
also impact on migration as regulators, because they can interact with and regulate
various cellular effectors, such as signaling molecules (Pan et al 2013).

There are intermediate filament proteins such as vimentin that consistently
stimulate cell migration and invasion independently of the setting, whereas others,
such as various keratins, exert a more variable, fine-tuned and complex impact on
these processes. Beyond the type of intermediate filament protein, additional
determinants such as the expression level, associated proteins, intracellular organ-
ization and covalent modifications such as phosphorylation, act together to regulate
cell migration. In addition, the cellular and biological features are crucially
important. The nature and impact of various intermediate filaments during migra-
tion under normal and disease settings reflect their pervasive integration in a
microenvironment-dependent manner within the broader background of the cell.

Which basic attributes of intermediate filaments are relevant for their properties
and function in vivo? Similar to F-actin and microtubules, intermediate filaments
depend on an array of partner proteins for their assembly, organization, function
and regulation. Moreover, plakin family proteins are ‘cytoskeletal organizers’ that
link intermediate filaments, microtubules and actin at several strategic locations
within the cell’s interior (Leung et al 2001). Beyond their signature plakin domain,
plakin family members are large and possess a modular substructure that helps them
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act as key organizers of the cytoskeleton (Leung et al 2002). Plakin proteins facilitate
intermediate filament attachment to the cytoplasmic so-called plaque domain
present in cell–cell desmosome adhesions and cell–matrix hemidesmosome adhe-
sions to the other two main cytoskeletal protein filaments, such as F-actin and
microtubules, as well as to the surface of the nucleus (Leung et al 2001, Leung et al
2002, Desai et al 2009).

Intermediate filament proteins are modified by posttranslational modifications
such as phosphorylation, O-glycosylation, ubiquitination, sumoylation and acety-
lation (figure 8.6) (Izawa and Inagaki 2006, Hyder et al 2008, Zencheck et al 2012).
In particular, these modifications are site-specific within the intermediate filament
protein backbone, reversible and regulate nearly all aspects of their assembly,
organization, biochemical and mechanical properties, and their function (Omary
et al 2004, Rogel et al 2010, Pan et al 2013). Associated proteins and posttransla-
tional modifications of intermediate filaments help to define the polymerization
status and their intracellular organization. Actively migrating, polarized cells
possess a specific intermediate filament system reorganized around the nucleus or
at their rear, trailing end (Paladini et al 1996, Helfand et al 2011, Weber et al 2012)
and when mutant intermediate filament proteins are expressed (Morley et al 2003).

What is the interplay between intermediate filaments, cell adhesion and other
cytoskeletal components?
Desmosomes are composed of transmembrane cadherins, armadillo proteins such as
plakoglobin and plakophilins, and also plakin proteins such as desmoplakin, which
anchors desmosomal plaques to intermediate filaments on the intracellular site
(Desai et al 2009). Thus, desmosomes maintain tissue integrity even under
mechanical stress conditions (Desai et al 2009) that start at an early stage during
mouse embryogenesis (Gallicano et al 1998). In particular, pro-migratory stimuli
such as epidermal growth factor (EGF) support the assembly and functional state of

Figure 8.6. Posttranscriptional modification of intermediate filaments.
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desmosomes, hemidesmosomes and the whole network architecture of the inter-
mediate filaments (Keski-Oja et al 1981, Baribault et al 1989, Chung et al 2012,
Felkl et al 2012). However, the induction of cell migration is typically linked to
weaker desmosome-facilitated cell–cell adhesion (Kitajima 2013). Moreover,
increased turnover of desmosomes and their decreased colocalization with keratins
have been revealed in migrating oral squamous cell carcinoma cells (Roberts et al
2011).

Moreover, cell migration is a function of dynamic interactions between extrac-
ellular matrix components and the cell’s cortex. The transmembrane, adhesion-
facilitating entity in hemidesmosomes is the α6β4 integrin heterodimer, which binds
to extracellular laminin (Giancotti and Ruoslahti 1999). Intracellularly, the integrin
connection to intermediate filaments is provided by plakin proteins such as the
bullous pemphigoid antigens 1 and 2 (BPAG1 and BPAG2), as well as plectin
(Leung et al 2002). In the complete absence of keratins, the hemidesmosome
components are still present, but they are scattered in skin keratinocytes.
However, these cells lacking keratins adhere faster to the extracellular matrix
microenvironment and show increased migration compared to wild-type cells
(Seltmann et al 2013). Re-expression of the K5–K14 keratin pair alone, which is
typically expressed in progenitor basal keratinocytes, in such keratin-free skin
keratinocytes reverses this phenotype, even when the K5–K14 expression is at a
sub-physiological level. In contrast, keratinocytes with no expression for BPAG1
show a normal density of hemidesmosomes at the cell–matrix interface, but lack a
cytoplasmic plaque as well as attachment to keratin intermediate filaments and
display a delayed wound healing response (Guo et al 1995). The knockdown of
actinin-4, which can bind to actin, leads to a loss of directionality during migration
of keratinocytes. In more detail, this behavior is correlated with a mislocalization of
α6β4 integrin as well as BPAG1e and defects in cellular polarity and lamellipodial
dynamics (Hamill et al 2013). It has been suggested that the p90 ribosomal protein
S6 kinase (RSK) is involved in hemidesmosome remodeling (Frijns et al 2010, Faure
et al 2012), and also in the regulation of wound-inducible K17 (Pan et al 2011).
What is the influence of K17 in complete keratin-null and/or actinin-4 knockdown
keratinocytes? It has also been shown that the knockdown of K8 in cultured
hepatoma cells decreases cell migration in a 2D scratch-wound assay (Bordeleau
et al 2010), reduces cell spreading, alters Rho-dependent actin fiber organization and
reduces local stiffness at focal adhesions, suggesting that an interaction between K8/
K18 intermediate filaments and Rho-facilitated actin dynamics occurs through
plectin, RACK1 and Src (Bordeleau et al 2012).

Linker of nucleoskeleton and cytoskeleton (LINC) is a protein complex located at
the nuclear membrane and it participates in linking the nuclear lamina to
cytoskeletal proteins on the cytoplasmic side (Mellad et al 2011). In particular,
Nesprin-3 is a component of LINC and can associate with plectin (Wilhelmsen et al
2005). However, the disruption of LINC via expression of mutated nesprin reduces
the transmission of intracellular forces, alters the organization of F-actin as well as
vimentin intermediate filaments and causes reduced migration and polarization
in mouse embryonic fibroblasts (Lombardi et al 2011). Similarly, depletion of
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Nesprin-3 in human aortic endothelial cells impairs the organization of vimentin
intermediate filaments and reduces cell migration (Morgan et al 2011). In line with
this, depletion of other major intermediate filaments, such as nestin, vimentin and
glial fibrillary acidic protein in astrocytes, changes the localization and rotation of
the nucleus during astrocyte migration (Dupin et al 2011) and subsequently reduces
their migration (Lepekhin et al 2001). Cell migration has been shown to depend on
dynamic alterations of the position and shape of the nucleus (Friedl et al 2011) and
additionally it has been demonstrated that intermediate filaments contribute to
nuclear architecture in skin keratinocytes (Pan et al 2013) and migrating cells (Friedl
et al 2011).

How is the keratinocyte migration regulated?
Although there is an interaction between intermediate filaments and their associated
proteins in supporting cell motility, it is obvious that there are converging migration
phenotypes which are still exhibited by many genetic null mutants in mouse skin
keratinocytes. Genetic loss of epiplakin, a plakin family member, in mice results in
increased skin keratinocyte migration (Goto et al 2006), associated with the loss of
keratin intermediate filament bundling in postwounding (Ishikawa et al 2010). In
line with this, increased migration occurs in mouse keratinocytes that are genetically
null for plectin (Osmanagic-Myers et al 2006), plakoglobin (Yin et al 2005),
plakophilin (Yin et al 2005) and keratin 6 (K6a/K6b) (Yin et al 2005, Rotty and
Coulombe 2012). Moreover, the loss of K6a/K6b, plectin or plakoglobin leads to Src
family kinase activation and changes to the F-actin reorganization (Goto et al 2006,
Osmanagic-Myers et al 2006, Todorovic et al 2010). A plectin deficiency phenotype
demonstrated that the intermediate filament is supposed to indirectly regulate the
organization and stability of microtubules through an interaction with the plectin1c
isoform. In addition, this then has an associated impact on focal adhesion dynamics
and the directional migration of keratinocytes (Valencia et al 2013).

Finally, the Src kinase is known to regulate leading edge protrusion through Rac
and Cdc42 signaling and thus facilitate focal adhesion dynamics and building of
invadopodia. In addition, Src is able to induce epithelial-to-mesenchymal transitions
(EMT) directly.

Intermediate filaments, the epithelial-to-mesenchymal transition, tumor growth,
invasiveness and metastasis
Invasion of the local microenvironment (such as the connective tissue stroma) by
cancer cells is a critical initial step in determining in cancer metastasis. In addition,
epithelial cancer cell invasion is mediated by the EMT. It is called this because
epithelial cells lose their polarity and other characteristics, such as E-cadherin and
keratin expression, and can adopt a fibroblast-like morphology, which includes
vimentin expression and leads to aggressive migratory properties. One of the key
differences between the epithelial and mesenchymal phenotypes is based on the tight
cell–cell and cell–matrix contacts provided by epithelial cells compared to the weak
contacts of mesenchymal cells (Thiery et al 2009, Nakamura and Tokura 2011). The
process of EMT seems to be an important mechanism to account for the increased
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motility and invasiveness of epithelial-derived cancer cells (Kalluri and Weinberg
2009, Yilmaz and Christofori 2009, Mendez et al 2010).

Because epithelial cells can undergo EMT, their intermediate filament system
switches from being keratin-dominated to vimentin-dominated, which is another
characteristic feature of mesenchymal cells. Indeed, many cancer cell lines display
both a keratin-based and a vimentin-based intermediate filament network and these
possess distinct intracellular organization and regulatory mechanisms (Gilles et al
1999). Cell-culture-based (Chu et al 1993, 1996) and xenograft-assays-based in vivo
studies (Hendrix et al 1997) revealed that vimentin has a pro-migratory potential,
which is facilitated by the interplay between vimentin and keratins 8/18 and the
regulatory role of focal adhesions.

Src has been shown to interact directly with keratin intermediate filaments in a
K6-dependent fashion through a novel, nonphosphotyrosine-dependent contact
involving Src’s SH2 domain using K6a/K6b null keratinocytes (Rotty and
Coulombe 2012). Also, Src’s localization in the membrane, where it is transiently
inactive, is reduced in K6a/K6b null keratinocytes (Rotty and Coulombe 2012).
Whether such findings also occur in epiplakin, plakophilin, plakoglobin and/or
plectin null keratinocytes is still elusive (Bordeleau et al 2012). However, the keratin-
containing multiprotein partnership, its mechanisms and the effectors through which
it is so precisely regulated during keratinocyte migration, are not yet fully under-
stood. The apparent paradox between the wound-inducible character of K6 and its
negative influence for pure cell migration has also been found for several other
cytoskeletal proteins. How is the optimal speed and mode of cellular migration
achieved under certain conditions? It seems that this has to be determined for each
case separately (Weber et al 2012).

Keratin 6 and K16 are often up-regulated in various types of carcinomas,
suggesting that they may serve as useful diagnostic markers (Karantza 2011).
K6’s impact on keratinocyte migration (and possibly also its interaction with Src)
may help to explain clinical correlations (Depianto et al 2010). For example, the lack
of K6 expression correlates with an aggressive behavior for endometrial carcinomas
(Stefansson et al 2006), whereas decreased K6 expression is coupled with reoccur-
rence of K8/K18 expression and consequently correlates with the acquisition of
malignancy in mouse skin subjected to chemical carcinogenesis (Larcher et al 1992).
These findings suggest that the functional significance of inducing or modifying K6
(and possibly K16, plakoglobin, plectin and others) may be a natural strategy to
withstand dedifferentiation- and malignancy-promoting signaling and cellular
processes, such as EMT (Rotty and Coulombe 2012). However, the link between
keratins and cancer has not yet been clearly revealed and hence cannot be regarded
as simple (Karantza 2011). Higher levels of K16 lead to poorer survival rates among
breast cancer patients with metastatic reoccurrence (Joosse et al 2012), while higher
levels of keratins 5, 6 and 17 have been associated with a poor prognosis in breast
cancer (van de Rijn et al 2002, Abd El-Rehim et al 2004, de Silva Ruland et al 2011).
Whether a keratin or a conglomerate of intermediate filament proteins and binding
partners promotes or inhibits cell migration and displays cancer cell properties is
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determined by the overall microenvironemtal background within the cell, such as
associated proteins, posttranslational modifications and biological setting.

How do intermediate filaments affect cellular mechanics and migration behavior?
Cells develop a polarized cytoarchitecture upon the initiation of cell migration, as
their front and rear contain different molecular components and possess different
functional properties (Laemmermann and Sixt 2009, Friedl and Wolf 2010). As a cell
senses microenvironmental properties, signaling events, actin polymerization and
myosin motor function can be spatially regulated in order to generate membrane
protrusions at the leading edge and retractive forces at the trailing edge. Mechanical
signals facilitate polarized cell protrusions and directional migration and hence there is
evidence that intermediate filaments regulate cell migration from the cellular
mechanics point of view (Eckes et al 1998, Gilles et al 1999, Seltmann et al 2013).

In addition, mechanotransduction processes involving intermediate filaments are
important for the attachment of epithelial cells to their microenvironment, such as
the extracellular matrix. A mechanotransduction pathway has been revealed in C.
elegans that includes hemidesmosome-like elements regulating intermediate fila-
ments (Zhang et al 2011). In particular, it has been observed that muscle contraction
mechanically alters the epidermis and activates p21-activated kinase (PAK). Then
PAK phosphorylates intermediate filament proteins, which induces hemidesmosome
biogenesis. Thus, hemidesmosomes act as mechanosensors, which, when under
tension, trigger intracellular signaling pathways that promote epithelial morpho-
genesis. Cell–cell junctions are involved in local traction force generation, providing
long-range gradients of intra- and inter-cellular tension during collective cell
migration (Trepat and Fredberg 2011). When investigating Xenopus gastrulation,
the application of a punctual mechanical force to single Xenopus mesendoderm cells
through magnetic tweezers and cadherin-coated beads connected to the cells
promoted polarized protrusions at the opposite end of the force (and the cell) and
subsequently induced persistent directional cell migration (Weber et al 2012). It has
been suggested that this localized tension increases induces plakoglobin-dependent
redistribution of the keratin intermediate filaments at the cell’s rear. Indeed, these
events based on keratin and plakoglobin are needed for force-induced, polarized cell
protrusions and normal mesendoderm polarity, as well as organization in vivo.

8.7 The role of vimentin as a promotor of cell migration during
cancer progression

Vimentin and desmin are the most prominent filaments in the class III intermediate
filament subgroup. The investigation of the mechanical influence of type III
intermediate filaments on cell mechanical properties has revealed divergent results,
as the results of mechanical measurements are strongly dependent on the type of
probing the cell and the magnitude of the exerted strain on the cell during the
biophysical experiments. In particular, the most commonly utilized biophysical
method to characterize the cortical stiffness of cells is by the indention of the cells’
surface with a conical tip or a colloidal bead, which has been glued to an AFM
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cantilever. Moreover, the AFM method enables us the identify stiffness differences
between different cell types, which can even be determined at various degrees of
deformation and often be combined with simultaneous imaging of the cells. The
calculation of the absolute magnitude of elastic moduli using AFM or other
microrheological techniques is difficult, as various assumptions about contact
geometry, the homogeneity of the material and conservation of the volume need
to be performed (Charrier and Janmey 2016).

Vimentin is expressed significantly throughout embryogenesis, whereas it is
restricted to mesenchymal cell types in the adult setting, such as fibroblasts, bone
marrow-derived blood cells and endothelial cells (Hansson et al 1984, Dellagi et al
1985). Vimentin can reoccur in adults, as it is drastically up-regulated after injury to
diverse tissues, such as muscle, the central nervous system and various connective
tissues, and during EMT. Vimentin exerts pleiotropic and context-dependent roles in
cells (Satelli and Li 2011) and, in particular, has a marked impact on cell migration
in several physiologically normal settings (Ivaska et al 2007). For instance, vimentin
is essential for lymphocyte adhesion to the endothelial cell lining of blood and
lymphoid vessels and their subsequent transmigration through the endothelium into
the connective tissue (Nieminen et al 2006), for fibroblast or individual breast cancer
cell motility (Mendez et al 2010) and for the in vitro wound healing and closure
processes of alveolar epithelial cells (Rogel et al 2011).

Vimentin has been detected at unusually high levels in many types of epithelial
cancers (Satelli and Li 2011). Vimentin expression is necessary for the invasive
phenotypes of prostate cancer cells (Singh et al 2003, Wei et al 2008), soft tissue
sarcoma cells and breast cancer cells, in in vitro assays (Zhu et al 2011). In line with
this, inhibition of vimentin expression in a squamous carcinoma cell model not only
decreases motility (McInroy and Maatta 2007), it also promotes a more pronounced
epithelial phenotype, as supported by the up-regulation of K13, K14 and K15
(Paccione et al 2008) and alteration of the cellular shape (Mendez et al 2010).
Conversely, vimentin overexpression has been shown to increase prostate cancer cell
invasion (Zhao et al 2008) and invadopodia elongation (Schoumacher et al 2010).

Numerous studies support the idea that vimentin and the process of cellular
migration mutually regulate one another. The tumor suppressor adenomatous
polyposis coli (APC), which is frequently mutated or lost in colorectal cancer,
directly binds to and thus regulates vimentin organization (Sakamoto et al 2013). In
addition, in migrating astrocytes APC is required for vimentin intermediate filament
alignment with the microtubule network (Sakamoto et al 2013). A C-terminal APC
truncation mutant can bind to and disorganize vimentin, whereas the keratin
intermediate filament organization remains unaltered when expressed in human
SW480 colon cancer cells. It has been suggested that the loss of APC in cancer cells
that have undergone EMT alters vimentin intermediate filament organization and
impacts on motility and invasiveness. In cultured breast epithelial cells, over-
expression of oncogenic H-Ras-V12G or the transcription factor Slug, which both
favor cell migration and EMT, induces vimentin expression. In turn, vimentin
expression is necessary for H-Ras-V12G- and Slug-induced migration and expres-
sion of the receptor tyrosine kinase Axl, whereas epithelial markers such as K6 are
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suppressed (Vuoriluoto et al 2011). Overexpression of Axl is able to rescue the
decreased migration phenotype of a breast cancer cell line expressing vimentin
siRNA, suggesting that vimentin acts through interaction with Axl.

An RNAi screen has identified regulators of vimentin expression such as the
mitochondrial enzyme methylenetetrahydrofolate dehydrogenase 2 (MTHFD2),
which is required for vimentin expression and network organization (Lehtinen et al
2013). Similar to vimentin, the siRNA-mediated knockdown of MTHFD eliminates
the migration of breast cancer cells and their invasion into the extracellular matrix,
suggesting their interdependence in cell motility. Moreover, vimentin expression is
also regulated by miRNAs. In more detail, overexpression of mir-138, which is down-
regulated in several primary tumors, leads to decreased vimentin expression and
reduced cell migration and invasion in renal cell carcinoma cell lines (Yamasaki et al
2012). Similarly, mir-30a represses vimentin expression and thus consequently cell
migration and invasion in breast cancer cell lines (Cheng et al 2012). As some cancer
cells show decreased expression of mir-138 and mir-30a (Cheng et al 2012, Yamasaki
et al 2012), these findings may provide evidence regarding how vimentin expression is
up-regulated in EMT and cancer.

8.7.1 Vimentin knock-out cells

Several biomechanical studies have been carried out on mesenchymal cells with a
disrupted or even no vimentin network (Klymkowsky 1981, Holwell et al 1997). The
first identification of the role of vimentin in providing cellular mechanical properties
utilized a rotational force magnetic twisting cytometer (Wang and Ingber 1994) to
investigate primary fibroblasts from vimentin knock-out mice (Eckes et al 1998). In
particular, vimentin null cells displayed a lower cortical rigidity than wild-type cells
and impaired migratory capacities that leads to the hypothesis that vimentin plays a
role in the stabilization of actin and microtubules networks within cells. Another
subsequent study of fibroblasts isolated from vimentin knock-out mice even
quantified the mechanical contribution of vimentin on the cells (Wang and
Stamenovic 2000). Using the same magnetic twisting device, it has been demon-
strated that the mechanical alteration of those fibroblasts is based on the lack of
vimentin and in addition, a softer cortex and the decreased ability to stiffen, is solely
detectable only when cells are exposed to large strain. Using AFM, the stiffness
mapping revealed that the cortical stiffness of vimentin null cells measured at small
strains, is not altered compared to wild-type cells, however, in the absence of
vimentin it is observed that the cells are more strongly and repeatedly deformable.
Hence, a loss of vimentin also elevates the amount of viscous loss during a cycle of
cell deformation (Mendez et al 2014). Another study using fibroblasts from knock-
out vimentin mice that are probed by optical magnetic twisting cytometry, revealed
that the cortical rigidity of cells is not affected by the loss of vimentin, whereas the
strain intensity applied to the cells during the measurement was not reported (Guo
et al 2013). However, the same study reported that the interior cytoplasmic rigidity
of fibroblasts null for vimentin using active bead microrheometry is decreased by a
factor of two, which evokes an elevated velocity of vesicular trafficking, and hence it
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can be proposed that vimentin filaments are crucial for the stabilization of the
position of organelles in the cytoplasm (Guo et al 2013).

8.7.2 Disruption of vimentin by drugs

To determine the contribution of vimentin network of cells to their mechanical
properties, pharmacological drugs specifically targeting vimentin or the enzymes can
be used that alter vimentin’s phosphorylation and inducing the disruption, aggre-
gation or depolymerization of the entire vimentin network. In particular, withaferin
A treatment causes the disruption of the vimentin network and finally, leads to its
aggregation (Thaiparambil et al 2011). In addition, incubation of suspended natural
killer cells with withaferin A leads to a global cell softening of about 20%, when
probed at large strains using a microfluidic optical stretcher (Gladilin et al 2014).
Calyculin A is a pharmacological drug that targets vimentin phosphatases and hence
causes the disruption of the vimentin network (Eriksson et al 1992, Eriksson et al
1998). In T lymphocytes, the vimentin network is primarily organized as a cortical
cage that preserves the mechanical integrity of the cell since the collapse of this
network is evoked by addition of calyculin A, which then enhances cell deform-
ability by about 40% and thereby softens the cell, as it has been quantified by high
g-force centrifugation onto adhesive substrates and a subsequently morphological
analysis of the remaining cells (Brown et al 2001). Although calyculin A is an
inhibitor of vimentin protein phosphatases, it can also inhibit other cellular
phosphatases such as the myosin light chain phosphatase and hence alter the
actomyosin contractility of the cell. Moreover, acrylamide can also be used to
depolymerize and aggregate vimentin intermediate filaments (Eckert 1985). The
characterization of acrylamide-treated primary human articular chondrocytes
revealed that the impaired vimentin network integrity causes a three-fold softening
of the entire cells as evaluated by exerting large strains to cells that are embedded in
alginate gels (Haudenschild et al 2011). In this study, a low 4 mM acrylamide
concentration is used to restrict the effect on other cytoskeletal components, whereas
this concentration is still high enough to alter the nuclear lamina architecture and
mitochondrial homeostasis (Hay and De Boni 1991). Moreover, at higher concen-
trations acrylamide can even disrupt actin and microtubules networks (Sager 1989)
and thus an effect of acrylamide on other cellular elements such as actin or
microtubules can no longer be excluded.

In addition, the overexpression of an oncogene protein (simian virus 40 large T
antigen) is another approach to cause a perinuclear reorganization of the vimentin
network in human fibroblasts. Moreover, this spatial reorganization of the network
evokes a two-fold increase of the Young’s modulus of the cytoplasm, when
quantified using a colloidal probe force-mode AFM (Ducker et al 1991), in the
region where the vimentin density is elevated (Rathje et al 2014).

8.7.3 The mutant desmin disrupts vimentin

Another possible mechanism to disrupt the entire vimentin network is through the
expression of wild-type or mutated desmin in cells that originally express solely
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vimentin. In particular, desmin is able to copolymerize with vimentin and hence
dominant negative desmin mutants can cause a collapse of the former highly
functional vimentin network. The expression of the L345P desmin mutant in rat
fibroblasts leads to a perinuclear aggregation of the vimentin network that is
associated with a local stiffening of the cytoplasm in certain areas, which are
probed by AFM (Plodinec et al 2011). At least three prominent desmin mutants
affect the elastic modulus of fibroblasts. Expression of GFP-fused wild-type desmin
causes a small softening of the cell, which is possibly provided by a destabilization of
the entire intermediate filament network through the GFP-desmin fusion protein. In
contrast, the desA213V point mutant of desmin, which is still able to polymerize
filaments, stiffens the cell possibly through an increase in the total amount of
intermediate filaments but also potentially by changing the mechanical properties of
the intermediate filaments into which this mutant is incorporated. The nonfilament
forming desmin-mutant desL345P evokes a complex effect on cellular stiffness, as it
leads to a breakdown of the endogenous vimentin network around the nucleus and
subsequently it strongly stiffens the perinuclear region and thereby causes the rest of
the cell to be slightly less stiff than under normal conditions. However, desmin
fulfills a negligible role in the mechanical properties of the cellular cortex, however,
it is still a major determinant of the overall cellular stiffness (Charrier et al 2018). In
particular, higher forces are needed to cause high indentation depths in desmin-
mutated cells than in wild-type cells, where desmin intermediate filaments are
typically located. Moreover, a heat-shock treatment enhanced the proportion of
desmin-mutant cells with aggregates and hence leads to the production of a
secondary peak in the distribution of Young’s moduli (Even et al 2017).

8.8 The impact of keratins 8/18 on epithelial cell migration
Type II keratin 8 has also been shown to be involved in cell migration and cancer
metastasis (Raul et al 2004, Bordeleau et al 2010). Similar to vimentin, K8 is
expressed broadly during development, but is then restricted to simple epithelial
lineages, such as in the liver, gut, kidney and lungs, in adults (Moll et al 1982).
Moreover, K8 expression is induced or enhanced in special cancer types, such as
breast, lung and pancreatic cancers, and specific tumor-derived cell lines (Moll et al
1982). Dissimilar to vimentin, K8’s impact on cancer cell migration and invasion is
inhibitory. Thus, the balance between vimentin and K8/K18 expression is supposed
to be a key determinant of the migratory properties and invasiveness of various types
of cancer cells in vitro and in vivo.

In line with this, it has been reported that treatment of pancreatic cancer Panc-1
cells with sphingosylphosphorylcholine (SPC), which is a bioactive lipid, leads to
keratin phosphorylation, promotes a dramatic reorganization of the keratins’
intermediate filaments to the perinuclear region, reduces cellular elasticity and
induces pronounced cell migration (Beil et al 2003). These observations are
supported by other studies. One study showed that SPC treatment facilitates the
expression of transglutaminase-2 expression in Panc-1 cells, which precedes JNK
kinase activation and phosphorylation of K8 at Ser 431 (Park et al 2011). Another

Physics of Cancer, Volume 1 (Second Edition)

8-34



study reported that SPC can activate ERK kinase upstream of keratin intermediate
filament reorganization and provides phosphorylation of K8 and K18 at Ser 431 and
Ser 52, respectively, in pancreatic and gastric cancer cells (Busch et al 2012).
However, do these events contribute to the so-called mechanical softening of the
cytoplasm in SPC-treated Panc-1 cells (Beil et al 2003), which contributes to their
enhanced motile behavior?

The expression and/or site-specific phosphorylation of K8 (and of its partner K18)
alters the migratory behavior and invasiveness of various types of cancer cells. An
inhibitory influence for K8 on cell migration was observed by studies in which
pancreatic cancer cells (Busch et al 2012) and a weakly invasive subclone of MDA-
MB-468 breast cancer cells were subjected to K8 knockdown (Iyer et al 2013), a
highly invasive subclone of MDA-MB-435 breast cancer cells was transfected to
overexpress K8 (Iyer et al 2013) and KLE endometrial cancer cells and also HepG2
hepatocellular cancer cells expressed no K8/K18 due to silencing (Fortier et al 2013).
By contrast, other studies reported that the loss of K8 phosphorylation at either Ser
73 or Ser 431 led to elevated migration and enhanced metastatic potential for oral
squamous cell carcinoma cells (Alam et al 2011) and colorectal cancer cells
(Mizuuchi et al 2009). In addition, K8-dependent stimulation of cell migration led
to reduced collective migration of hepatoma cells after K8 silencing (Bordeleau et al
2010). Taken together, the silencing of the desmosomal plaque protein plakophilin 3
enhances the migration and metastasis of human colon carcinoma cells (Kundu et al
2008), while another study speculated that this result is caused by increased levels of
K8 protein and phosphatase PRL-3, which evokes K8 dephosphorylation (Khapare
et al 2012).

Keratin-dependent activation of Akt signaling seems to be important during
tumorigenesis. Indeed, lactotransferrin has anti-tumor activity and is even down-
regulated in cancer (Bezault et al 1994). In particular, interaction with lactotrans-
ferrin blocks the binding of K18 to 14-3-3σ and hence suppresses K18-induced Akt
activation and its impact on cancer cell proliferation and invasion (Deng et al 2012).
However, others have shown that K17 interacts with 14-3-3σ and regulates the Akt-
mTOR signaling pathway (Kim et al 2006), whereas vimentin interacts with and
becomes activated by Akt to promote cancer cell invasion (Zhu et al 2011).
Although not related to migration so far, O-linked N-acetylglucosamine modifica-
tion of K18 induces Akt activity and consequently protects against liver injury (Ku
et al 2010).

In addition to vimentin and keratin, the increased expression of nestin, which is a
class IV intermediate filament protein and a marker of stem/progenitor cells
(Lendahl et al 1990), has been found in multiple types of tumors (Florenes et al
1994, Parry et al 2008). Moreover, nestin regulates cellular motility and metastatic
properties, whereas it does not affect the growth of prostate (Kleeberger et al 2007)
and pancreatic cancer cells (Matsuda et al 2011). Based on its connection to stem/
progenitor cells, it may be possible that nestin expression can be useful to identify
cancer stem cells (Matsuda et al 2012). However, this is still a hypothesis that needs
to be tested in future studies.
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Taken together, the complex role of intermediate filaments during cell migration
has been detected. In particular, intermediate filaments affect cell migration because
(i) they are intrinsic determinants of cellular micromechanical properties and (ii)
they contribute to the regulation of certain migratory pathways. Finally, the impact
of intermediate filaments during cell migration in normal and disease settings reflects
their full integration into the cytoskeletal framework of migratory and invasive cells.

8.9 Interaction between filamin A and vimentin in cellular motility
The role of filamin A and vimentin in cell migration
Cell adhesion and spreading are regulated by diverse and complex interactions
between the cytoskeleton and extracellular matrix proteins. Thus, it has been
suggested that the interaction of the intermediate filament protein vimentin with
the actin crosslinking protein filamin A may regulate the spreading in HEK-293 and
3T3 cells (Kim et al 2010). In more detail, filamin A and vimentin-expressing cells
spread on collagen and exhibit numerous cell extensions containing filamin A and
vimentin. However, when the cells are treated with small interfering RNA (siRNA)
in order to knockdown filamin A or vimentin, they spread badly. Both of these
filamin A and vimentin knockdown cell populations have exhibited a less than 50%
decrease in cell adhesion, cell surface expression and β1 integrin activation. In more
detail, the knockdown of filamin A decreases vimentin phosphorylation and blocks
recruitment of vimentin to cell extensions, whereas the knockdown of filamin A and/
or vimentin diminishes the exertion of cell protrusions. Decreased vimentin
phosphorylation, impaired cell spreading and reduced β1 integrin surface expression
and decreased activation occur in cells that have been cultured with the protein
kinase C inhibitor bisindolylmaleimide. In addition, cell spreading has been shown
to be reduced by siRNA-facilitated knockdown of protein kinase C-ε.
Immunoprecipitation of cell lysates and pull-down assays with purified proteins
has revealed a direct binding interaction between filamin A and vimentin. Filamin A
is additionally associated with the protein kinase C-ε, which has been observed to
increase in cell extensions. Taken together, these data propose that filamin A
associates with vimentin and protein kinase C-ε, thereby inducing vimentin
phosphorylation, which is crucial for β1 integrin activation and cell spreading on
collagen substrates.

The adhesion and spreading of fibroblasts is critical for development, tissue
remodeling and wound healing. Cell spreading is characterized by the extension of
cell membrane protrusions, including filopodia and lamellipodia (Albrecht-Buehler
and Lancaster 1976, Guillou et al 2008, Johnston et al 2008, Ladwein and Rottner
2008). The exertion of protrusions during cell spreading on extracellular matrix
proteins such as collagen and fibronectin is regulated by complex cell–matrix
signaling pathways involving β1 integrins, small GTPases and actin-binding
proteins, which facilitate actomyosin remodeling (Price et al 1998, Zimerman et al
2004, Li et al 2005). Whereas the actin cytoskeleton is crucially involved in cell
adhesion and spreading (Serrels et al 2007, Vicente-Manzanares et al 2009), the
intermediate filament cytoskeleton and, in particular, vimentin seems to be
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additionally involved in cell adhesion and spreading (Eckes et al 1998, Ivaska et al
2002, 2007, Tsuruta and Jones 2003, Fortin et al 2010). As actin and vimentin
cytoskeletons colocalize at the leading edge of spreading cells (Correia et al 1999),
the two systems may also be functionally correlated during cell adhesion and
spreading. However, the mechanisms through which the two cytoskeletal compo-
nents act together in order to promote cell spreading are not yet well understood.
Numerous proteins can bind to both actin and intermediate filaments and thus may
functionally coordinate the two different cytoskeletal systems. Candidate proteins
for the interaction are plectin (Seifert et al 1992, Svitkina et al 1996), BPAG1 (Yang
et al 1996), fimbrin (Correia et al 1999) and filamin A (Brown and Binder 1992).
Filamin A is an actin crosslinking protein inducing gelation, membrane stability,
adhesion and motility (Brotschi et al 1978, Glogauer et al 1998, Stossel et al 2001,
Feng and Walsh 2004, Popowicz et al 2006). In addition, filamin A is appropriately
located in order to regulate cell–matrix interactions, as it binds to actin and regulates
the properties of β1 integrins (Loo et al 1998, Stossel et al 2001, Popowicz et al
2006). Moreover, filamin A is concentrated in focal adhesions (Glogauer et al 1998,
Critchley 2000, Campbell 2008) and hence regulates cell adhesion through the
control of the cell surface expression (Meyer et al 1998) and activation (Kim et al
2008) of β1 integrins.

Vimentin has several functions in common with filamin A, such as the regulation
of cell adhesion and motility (Eckes et al 1998, Tsuruta and Jones 2003, Nieminen
et al 2006, McInroy and Maatta 2007, Whipple et al 2008), the clustering of β1
integrin in focal adhesions (Kreis et al 2005) and the mechanical stabilization of cells
(Eckes et al 1998). In more detail, the expression of filamin A and vimentin is
elevated during shear stress in osteoblasts (Jackson et al 2008), indicating that they
protect against external mechanical stimulation. As with filamin A, many functions
of vimentin are facilitated upon its phosphorylation (Eriksson et al 2004, Izawa and
Inagaki 2006, Chou et al 2007, Sihag et al 2007). In particular, the phosphorylation
of vimentin by PKC is necessary for the recycling of β1 integrins to the cell
membrane and, consequently, for cell migration (Ivaska et al 2002, Fortin et al
2010). In addition, filamin A can bind PKC (Glogauer et al 1998, Tigges et al 2003,
Feng and Walsh 2004), which then facilitates the phosphorylation of mediates
vimentin (Ando et al 1989, Ogawara et al 1995, Yasui et al 2001, Iwasza and Inagaki
2006).

In summary, it has been demonstrated that filamin A and vimentin coregulate the
activation and cell surface expression of β1 integrin in order to provide cell spreading
in fibroblasts. Indeed, PKC-facilitated phosphorylation of vimentin is involved in β1
integrin activation as well as cell spreading and consequently this phosphorylation is
dependent on filamin A, which can bind directly to vimentin.

Does filamin A interact with vimentin during cell spreading?
Filamin A is an important determinant for cell spreading (Kim et al 2008). In
addition to revealing novel filamin A binding proteins involved in filamin
A-mediated cell spreading, an isotope-coded affinity tag analysis was performed
on filamin A immunoprecipitates. Twenty-one peptides have been identified
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with >99% certainty and at least six different proteins were predicted to be
differentially expressed in suspended and spreading cells. Among these six proteins
was vimentin. Starting from the previously identified roles of filamin A and vimentin
in cell adhesion and migration (Eckes et al 1998, Bellanger et al 2000, Vadlamudi
et al 2002, Tsuruta and Jones 2003, Nieminen et al 2006), subsequent investigations
have focused on the roles of filamin A and vimentin in the onset of cell spreading.

The coregulation of filamin A and vimentin in cell spreading
The extrusion of filopodia and/or lamellipodia by cells is an important marker of
early cell spreading (figure 8.7) (Price et al 1998, Zimerman et al 2004, Li et al 2005).
It has been shown whether filamin A and/or vimentin are present in the earliest build
extensions of spreading cells. Indeed, immunofluorescence revealed that in control
HEK cells spreading on collagen, filamin A and vimentin colocalized within these
extensions. As true filopodial and lamellipodial extensions consist of cortactin,
vinculin and paxillin in addition to actin filaments (Nobes and Hall 1995, Artym
et al 2006, Perrin et al 2006, Webb et al 2007), the presence of these proteins in
cell extensions could be confirmed using immunofluorescence. To investigate the
individual roles of filamin A and vimentin in cell spreading, RNA interference was
performed to diminish filamin A and vimentin expression in HEK cells. To evaluate
the combined roles of filamin A and vimentin in cell spreading, siRNA was used for
vimentin in cells stably transfected with a filamin A shRNA, thereby creating a
double knockdown cell line. As the initial extension of filopodia and lamellipodia
normally occurs within 30 min of after plating (Defilippi et al 1999, Ren et al 1999,
Arthur and Burridge 2001), time points between 15 and 120 min were assessed for

Actin filament

Filamin a

Dimerization domain

Actin network

Plectin

Vimentin

Figure 8.7. Interaction of vimentin and filamin A.
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differences in cell spreading between control and filamin/vimentin-deficient cells.
Unexpectedly, knockdown of either filamin A or vimentin expression leads to a
pronounced reduction in the number of cell extensions. Concurrent knockdown of
filamin A and vimentin did not reveal further reductions in the number of cell
extensions compared with each individual knock-downs of filamin A or vimentin,
suggesting that the role of vimentin in mediating cell spreading is not additive to the
role of filamin A. Similar results have been obtained for the reductions in cell
extension numbers upon silencing of filamin A and/or vimentin in mouse 3T3
fibroblasts. In more detail, filamin A expression was then rescued by introducing a
filamin cDNA into filamin knockdown cells. The vimentin expression was restored
in vimentin-knockdown cells after four days following transient and hence reversible
siRNA knockdown. In addition, the formation of cell extensions by filamin- and
vimentin-deficient HEK-293 cells was rescued after the restoration of filamin or
vimentin expression.

What is the difference between filamin A and vimentin during actin assembly
in spreading cells?
The single and combined effects of filamin A and vimentin have been analyzed on
the generation of actin filament free barbed ends in spreading cells. Filamin A can
regulate the GTPase activity of Rac and Cdc42 (Ohta et al 1999, Bellanger et al
2000, Vadlamudi et al 2002), which then control cell spreading through determining
the generation of free barbed ends, which are required for actin filament assembly
(Winokur and Hartwig 1995, Sun et al 2007). Indeed, the incorporation of rhod-
amine-labeled actin monomers into growing actin filaments was pronouncedly
decreased in filamin A-deficient cells. No difference was found in the number of
free barbed ends in vimentin-knockdown cells compared to their wild-type counter-
parts. However, incorporation of actin monomers into actin filaments was hardly
detectable after concurrent knockdown of filamin A and vimentin. Finally, these
data indicate that vimentin contributes to the generation of free barbed ends in the
absence of filamin A, whereas vimentin is not able to regulate actin assembly
independently.

As filamin A plays a role in binding and regulating the activity of Rac and Cdc42
(Bellanger et al 2000, Stossel et al 2001, Vadlamudi et al 2002), it has been
investigated whether vimentin supports the association between filamin A and
Rac and/or Cdc42. Thus, filamin A was immunoprecipitated from spreading control
and vimentin-deficient cells and then the immunoprecipitates were immunoblotted
for Rac and Cdc42. As expected, the amount of filamin A-bound Rac and Cdc42 did
not differ significantly between the control and vimentin-deficient cells. In particular,
the levels of active, GTP-bound Rac and Cdc42 were similar in the control and
vimentin-deficient cells. Finally, the data suggest that vimentin may regulate cell
spreading independently of the filamin A–small GTPase-actin assembly pathway.

Do filamin A and vimentin facilitate β1 integrin expression and activation?
As cell spreading is β1 integrin-dependent (Price et al 1998, Jovic et al 2007, Frame
and Norman 2008) and filamin A-null cells express fewer cell surface β1 integrins
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(Meyer et al 1998), it has been suggested that filamin A and vimentin coregulate cell
surface β1 integrin expression. To address the individual and collective effects of
filamin A and vimentin knockdown on β1 integrin expression and activation, HEK
cells were spread on collagen for 15 min to allow initial adhesion (Zimerman et al
2004). Then, cells were suspended and incubated with the 4B4 antibody in order to
detect cell surface β1 integrins. In addition, active, ligand-bound β1 integrins were
labeled with the 12G10 antibody. Flow cytometric analysis revealed that cell surface
β1 integrin was reduced to 50% upon knockdown of filamin A and/or vimentin. This
phenomenon was rescued after reexpression of filamin or vimentin, which is still
consistent with the cell spreading results. In particular, 12G10 staining intensity was
reduced four-fold after filamin A and/or vimentin-knockdown. Taken together, these
findings showed that filamin and vimentin are important determinants of β1 integrin
expression, while they are especially important for regulating β1 integrin activation.

Which proteins are associated with nascent cell adhesions? To investigate this
collagen-coated magnetite beads were incubated with cells and isolated and bead-
associated proteins were immunoblotted (Glogauer et al 1998, Glogauer et al 1998,
Zhao et al 2007). There was indeed more bead-associated vinculin and paxillin in
control cells compared to filamin A- or vimentin-deficient cells, suggesting that filamin
A and vimentin are both necessary for the generation of stable adhesions. Moreover,
these data suggest that filamin A and vimentin regulate β1 integrin activation, cell
adhesion and the early steps of cell spreading, possibly using the same mechanism.

The role of vimentin phosphorylation for β1 integrin expression, activity
and cell spreading
As expected, the phosphorylation of vimentin facilitated by PKC-ε is a major
regulatory step for β1 integrin trafficking and cell migration (Ivaska et al 2002,
Fortin et al 2010). In particular, the role of PKC-mediated phosphorylation of
vimentin in early cell spreading was analyzed. Cells were treated for 90 min with
bisindolylmaleimide (BIM) (1 μM), which inhibits PKC-ε (Ivaska et al 2002, Ivaska
et al 2002) and then plated on collagen-coated planar substrates. In order to verify
the specificity of BIM as a PKC inhibitor, all experiments were additionally
performed with cells pretreated with calphostin-C (100 nM). In BIM- and calphos-
tin-C-treated cells undergoing early spreading, vimentin was decreasingly phos-
phorylated at serines-6, -38, and -50, which are PKC phosphorylation sites (Ando
et al 1989, Ogawara et al 1995, Yasui et al 2001, Izawa and Inagaki 2006). Indeed,
BIM-treated and calphostin-C-treated cells both displayed a significant reduction in
the number of cell extensions compared to untreated controls. In more detail, the
BIM- and calphostin-C-induced effects on cell spreading were comparable to siRNA
knockdown of vimentin in magnitude. In order to validate the use of BIM as an
inhibitor of PKC-ε, the phenotype of BIM-treated and calphostin-C-treated cells
was compared to the phenotype of PKC-ε-deficient cells obtained by siRNA
knockdown. In line with this, PKC-ε-knockdown cells displayed reduced numbers
of cell extensions compared to those detected in vimentin-knockdown, BIM-treated
and calphostin-C-treated cells. Although vimentin is not a direct substrate for
PKC-ε (Ivaska et al 2002), its phosphorylation is PKC-ε dependent. Thus, these
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findings suggest that the phosphorylation of vimentin regulated by PKC-ε may be a
key regulatory step for initial cell adhesion and spreading.

PKC-ε-facilitated vimentin phosphorylation is a critical for cell surface β1
integrin expression (Ivaska et al 2002). In flow cytometric analysis, nonpermeabi-
lized cells performing initial spreading displayed less active and total cell surface β1
integrin after knockdown of filamin A and/or vimentin, BIM treatment, calphostin-
C treatment or PKC-ε knockdown. Thus, these data indicate that the phosphor-
ylation of vimentin by PKC seems to be crucial for cell surface β1 integrin expression
and activation.

Does filamin A bind directly to vimentin in spreading cells under in vitro conditions?
As filamin A can bind PKC (Glogauer et al 1998, Tigges et al 2003, Feng and Walsh
2004), it has been hypothesized that filamin A facilitates vimentin phosphorylation
by interacting with it. In order to investigate the filamin A–vimentin interaction,
filamin A was immunoprecipitated from the lysates of spreading HEK-293 cells and
subsequently blotted for vimentin. Consistently, a small increase in vimentin–filamin
A association in response to spreading has been seen, and a small increase of filamin
A-associated vimentin in spreading versus suspended cells has been found by
immunoprecipitation. These data suggest that filamin A–vimentin interactions are
mostly constitutive and depend only moderately on cell adhesion.

Dot-blot analysis revealed that purified filamin A and vimentin seem to interact
directly in vitro. In addition, the question of whether there is direct interaction was
explored using purified GST-tagged vimentin bound to glutathione beads, with the
beads being incubated with purified FLAG-tagged filamin A. A direct filamin A–

vimentin interaction was detected by immunoblotting the bead-associated proteins
for filamin A. Conversely, purified vimentin associated with purified FLAG-filamin
A bound to beads was detected by immunoblotting for vimentin. As filamin A has
been shown to bind to vimentin directly, it has been suggested that filamin A
regulates the phosphorylation of vimentin by PKC.

The role of filamin A in vimentin phosphorylation and reorganization
Indeed, the phosphorylation by PKC is needed for the assembly and disassembly of
vimentin filaments and distribution in the cytoplasm (Eriksson et al 2004, Izawa and
Inagaki 2006, Sihag et al 2007), and for processes that affect cell adhesion and
motility through possible regulation of the recycling and trafficking of β1 integrins to
the cell membrane (Ivaska et al 2002, Fortin et al 2010). The spatial colocalization of
vimentin and PKC-ε has been determined through immunofluorescence and it has
been confirmed that vimentin and β1 integrins colocalize in spreading control cells.
However, this colocalization can be disrupted after knockdown of filamin A or
treatment with the cell permeable and reversible inhibitor of PKC BIM to block
PKC. Moreover, the cytoplasmic distribution of vimentin was pronouncedly altered
among filamin A-expressing, filamin A-deficient and BIM-treated cells. In partic-
ular, control cells displayed a well-defined vimentin filament network throughout the
cytoplasm, in which vimentin was located in cell extensions. In contrast, the location
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of vimentin in filamin A-deficient or BIM-treated cells appeared as a single focal
accumulation in the cytoplasm. These data support the hypothesis that filamin A
expression and PKC activity are both required for the reorganization and redis-
tribution of vimentin.

What is the role of filamin A in PKC-driven phosphorylation of vimentin in
respect of the association between PKC and filamin A? Coimmunoprecipitation
revealed that filamin A associates with phosphorylated vimentin as well as with
phosphorylated PKC-ε, which leads to it being catalytically active through its
phosphorylation at serine-729 (Cenni et al 2002). Indeed, using coimmunofluor-
escence, the spatial colocalization of filamin A and PKC-ε can be found after 30 min
of cell spreading on collagen-coated planar substrates.

The effect of filamin A knockdown on PKC-mediated phosphorylation of
vimentin was analyzed using phospho-specific antibodies on serine-6, serine-33,
serine-38 and serine-50, all of which are known to be phosphorylated by PKC (Ando
et al 1989, Ogawara et al 1995, Yasui et al 2001, Izawa and Inagaki 2006).
Knockdown of filamin A eliminated vimentin phosphorylation at serines-6, -38
and -50 in spreading cells, whereas there was no detectable alteration of phosphor-
ylation at serine-33. In more detail, filamin A-deficient cells revealed lower levels of
the phosphorylated, catalytically active form of PKC-ε. These findings emphasize
that filamin A is crucial for PKC-mediated phosphorylation of vimentin. However,
phosphorylation of vimentin at serines-6, -38 and -50 can be restored after
pretreatment of filamin-knockdown cells with the PKC activator, bryostatin. In
addition, the impaired assembly of cell extensions and reduced cell surface β1
integrin expression found in filamin-deficient cells is reversed after bryostatin
treatment.

The major finding is that in spreading fibroblasts, filamin A can bind to vimentin
and hence act as a scaffold for PKC-provided phosphorylation of vimentin.
Moreover, these functions regulate the activation of β1 integrins and their trafficking
to the cell surface. The direct interaction between filamin and vimentin leads to a
novel mechanism by which the actin and intermediate filament cytoskeletons
coregulate cell adhesion and spreading. Although actin and intermediate filament
cytoskeletons have distinct roles in regulating cell adhesion, spreading and motility
(Ivaska et al 2007, Serrels et al 2007, Vicente-Manzanares et al 2009), the functions
of these two cytoskeletal systems may be interdependent and coregulated (Green
et al 1987, Chang and Goldman 2004, Kasas et al 2005, Arocena 2006). Proteins
that bind both actin and intermediate filaments such as plectin (Seifert et al 1992,
Svitkina et al 1996), BPAG1 (Yang et al 1996) and fimbrin (Correia et al 1999) can
combine the functions of these different cytoskeletal systems. In summary, these
findings provide a new mechanism in which the actin-binding protein filamin A
serves as a linker protein between vimentin and actin filaments.

Filamin A colocalizes with vimentin (Brown and Binder 1992) and filamin A and
vimentin can bind directly in vitro. In particular, the two proteins have been reported
to colocalize at the extensions of spreading cells, which is indeed consistent with the
colocalization of filamin A and vimentin in pseudopodia of cancer cells (Jia et al
2005). As there is direct interaction between these proteins and their roles in
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regulating cell motility (Eckes et al 1998, 36, Stossel et al 2001, McInroy and Maatta
2007), it seems to be likely that filamin A and vimentin also coregulate early events
in cell spreading.

Filamin A and vimentin coregulate cell spreading
Cell spreading and migration require the extrusion of cell extensions such as
filopodia and lamellipodia (Guillou et al 2008, Johnston et al 2008, Ladwein and
Rottner 2008). Indeed, the formation of cell extensions can be evaluated by
recording the numbers, and they can even be validated as authentic filopodia/
lamellipodia through immunostaining for vinculin, paxillin and cortactin. The
assembly of these actin-rich cell extensions is facilitated by β1 integrins, small
GTPases and actin-binding proteins (Zimerman et al 2004, Li et al 2005), such as
filamin A which regulates β1 integrin activity and small GTPases by binding to the
actin filaments (Bellanger et al 2000, Stossel et al 2001, Vadlamudi et al 2002).
Knockdown of filamin A and/or vimentin inhibits the extrusion of cell extensions,
which is consistent with hindered migration in vimentin-deficient cells (Eckes et al
1998, McInroy and Maatta 2007). In addition, knockdown of filamin A and
vimentin blocked cell spreading compared to control cells, in which either filamin
A or vimentin was knocked down, suggesting that filamin A and vimentin coregulate
early processes in cell spreading.

Actin-free barbed ends have been reported to decrease in number after knock-
down of filamin A, whereas a knockdown of vimentin has no effect. Surprisingly,
combined knockdown of filamin A and vimentin further decreases free barbed end
formation, suggesting that vimentin may also support actin assembly in the absence
of filamin A, partially superseding the role of filamin A. In particular, vimentin
associates with PAK, which is a protein that facilitates actin-free barbed end
formation via the LIM kinase–cofilin pathway (Chan et al 2002, Goto et al 2002).
Indeed, mutation of vimentin’s PAK-binding site eliminated PAK activation (Li
et al 2005), indicating that vimentin is involved in PAK activation and actin-free
barbed end formation. However, vimentin does not modulate free barbed end
formation independently of filamin A and in addition knockdown of vimentin does
not interfere with binding between filamin A and Rac or Cdc42, the small GTPases
regulating filopodia and lamellipodia formation, respectively (Nobes and Hall
1995). These findings show that filamin A–vimentin interactions do not affect actin
assembly directly, while they seem to regulate β1 integrin function as an upstream
target protein in the cell-spreading process.

The coregulation of β1 integrin expression and activation by filamin A and vimentin
In the early stages of cell spreading and migration, cell surface β1 integrins are
endocytosed and still need to be transported back to the cell membrane (Skalski and
Coppolino 2005, Dunphy et al 2006, Jovic et al 2007). As the location, availability
and activation of cell surface integrins are crucial regulatory factors in cell adhesion
and spreading (Guillou et al 2008), it has been supposed filamin A and vimentin
regulate β1 integrin activation in spreading. Moreover, β1 integrin activation assays
have shown that initial β1 integrin–ligand binding is dependent on the presence of
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both filamin A and vimentin. In line with cell spreading, ligand-bound β1 integrins
decrease equivalently after knockdown of filamin A, vimentin, or both proteins,
indicating that they coregulate β1 integrin activation. In particular, focal adhesion
proteins have revealed that filamin A and vimentin are both required for the
targeting and localization of vinculin and paxillin to focal adhesions. However,
other studies have shown the importance of vimentin for cell adhesion (Eckes et al
1998, Tsuruta and Jones 2003, Nieminen et al 2006), thus filamin A has been
identified as a novel regulator of cell adhesion. Whereas some reports suggest that
cell surface expression of β1 integrins is regulated by filamin A (Meyer et al 1998) or
vimentin (Nieminen et al 2006, Rizki et al 2007), other results show that filamin A
and vimentin coregulate β1 integrin trafficking, β1 integrin activation, cell adhesion
and spreading.

The role of vimentin phosphorylation by PKC in delivering β1 integrin activity and cell
spreading
PKC-ε-facilitated vimentin phosphorylation, β1 integrin recycling and directed cell
migration seem to be linked processes (Ivaska et al 2005), while the regulatory role
of vimentin phosphorylation during the onset of cell spreading is not yet well
understood. In particular, it has been reported that vimentin-knockdown (as well as
inhibition of PKC) impairs the formation of cell extensions and reduces the β1
integrin–ligand binding and expression on the cell surface. Moreover, cell extensions
in the early stages of spreading have been found to be enriched with filamin A,
vimentin and PKC-ε. Thus, filamin A, vimentin and phospho-vimentin seem to be
involved in the same pathway for regulating cell spreading. As β1 integrins associate
with filamin A (Loo et al 1998, Kiema et al 2006) and with vimentin (Ivaska et al
2005, Kreis et al 2005), while filamin A additionally associates with PKC (Glogauer
et al 1998, Tigges et al 2003), it has been proposed that filamin A regulates the
activity of β1 integrins and cell spreading through facilitating the phosphorylation of
vimentin, which is performed by PKC.

The role of filamin A in PKC-facilitated vimentin phosphorylation
There is a close spatial relationship between filamin A and PKC, which is in line with
the finding that filamin A is phosphorylated by PKC (Glogauer et al 1998, Tigges
et al 2003). In more detail, the catalytically active, phosphorylated form of PKC-ε
can be coimmunoprecipitated with filamin A, which is important since the PKC-ε
isoform is essential for integrin recycling (Ivaska et al 2005). Moreover, knockdown
of filamin A impairs vimentin phosphorylation at serines-6, -38 and -50, which are
known PKC targets for phosphorylation (Ando et al 1989, Ogawara et al 1995,
Izawa and Inagaki 2006). While these findings do not indicate a direct interaction
between filamin A and PKC-ε, they strongly suggest a role for filamin A in
promoting vimentin phosphorylation by PKC. Moreover, knockdown of filamin
A prevents the translocation of vimentin to the cell periphery. The same result is
observed after inhibition of PKC by the PKC inhibitor, BIM. These results support
the model in which phosphorylation by PKC-ε is necessary for vimentin reorgan-
ization and for β1 integrin trafficking to the cell membrane (Ivaska et al 2005).
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In addition, filamin A regulates this crucial vimentin phosphorylation step. Taken
together, filamin A, vimentin and PKC regulate β1 integrin activity, cell adhesion
and the exertion of early cell extensions caused by the binding of filamin A to
vimentin.

8.10 The role of nuclear intermediate filaments in cell invasion
Mutations in nuclear lamins or other proteins of the nuclear envelope are the cause
of a group of phenotypically diverse genetic disorders called laminopathies. These
laminopathies have diverse symptoms, ranging from muscular dystrophy through
neuropathy to premature aging syndromes. The precise disease mechanisms are not
yet well understood. However, there has been substantial progress in our under-
standing of the biological nature of the nuclear structure and thus also of
laminopathies. In particular, the dysfunction of the nuclear envelope is based on
altered nuclear activity, impaired structural dynamics and signal transduction. As a
result of these observations, small molecules are used as effective therapeutic
substances.

Since the discovery of the constituents of the nuclear lamina in 1978 (Gerace et al
1978), nuclear lamins have been discussed in respect to and proposed for diverse
roles in almost everything that takes place in the nucleus. These early studies were
based on biochemistry and cell biology, with the goal of revealing the basic
principles that regulate nuclear organization. The nuclear envelope became a
medical research field in the mid-1990s, as mutations in emerin were found in
patients with Emery–Dreifuss muscular dystrophy (EDMD) (Bione et al 1994). The
LMNA gene that encodes all A-type nuclear lamins has also been linked to EDMD
(Bonne et al 1999). Therefore, extensive connections between nuclear structure and
human diseases have been identified. With approximately 15 diseases, including
dystrophic and progeroid syndromes, being associated with LMNA mutations and
mutations in the genes encoding associated nuclear envelope proteins, the following
questions have been raised. Why do alterations in nuclear envelope proteins lead
directly to a disease? What are the precise mechanisms underlying the pathology of
the disease? Do A-type lamins play a role in aging? Although many discoveries have
been made in this field, many aspects are still not well known.

Nuclear lamins
The nuclear envelope consists of two membranes: (i) the outer nuclear membrane,
which is continuously connected to the endoplasmic reticulum, and (ii) the inner
nuclear membrane, which is associated with the nuclear lamina. The nuclear pore
complexes are holes in the nuclear envelope that facilitate transport between the
cytoplasm and nucleus. The nuclear lamina consists of nuclear lamins, which have
been identified as lamins A, B and C (Gerace et al 1978). These proteins belong to
the only class of intermediate filament proteins in the nucleus and build the
associated filamentous structures that underlie the nuclear envelope and interact
with neighboring proteins (Gerace and Huber 2012). Lamins A and C are classed as
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A-type lamins and are encoded by the LMNA gene through alternative splicing. In
addition, three different lamin B family members (B-type lamins) are encoded by
only two genes (lamin B1 by LMNB1 and lamins B2 and B3 by LMNB2).

In more detail, A- and B-type lamins have totally different properties, possibly
due to their different isoelectric points, which enable B-type lamins to be associated
with the nuclear envelope during mitosis, whereas A-type lamins are soluble.
Moreover, the expression patterns are different; B-type lamins are expressed in
most or all cell types and A-type lamins are expressed only during cell differentiation
in many developmental lineages (Roeber et al 1989). At the cellular level, it has been
proposed that both A-type and B-type lamins have structural roles in the nucleus,
and also roles in a range of other activities, such as coordination of transcription and
replication. While the specific functions of A-type lamins are still elusive, a number
of discoveries point to key interactions between lamins and cell proliferation,
differentiation and stress response pathways. In more detail, both A- and B-type
lamins undergo posttranslational processing based on a C-terminal CaaX motif that
leads to a series of modifications (Weber et al 1989). Only lamin C avoids this, as it
lacks the C terminus due to alternative splicing of the LMNA transcript. As a first
step, the cysteine residue is farnesylated. Next, proteolytic processing evokes the
cleavage after the cysteine residue, followed by a carboxymethylation of the new
C-terminal residue. Many membrane-associated proteins such as Ras undergo this
processing event. In more detail, in the case of lamin A, isoprenylation is a transient
event, as a second proteolytic event facilitated by the zinc metalloproteinase
Zmpste24 leads to excision of another 15 amino acids. Thus, mature lamin A lacks
the modified cysteine. This process is clearly important for pathologic states, because
laminopathies are linked to altered processing of lamin A and loss-of-function
mutations in ZMPSTE24.

The purpose of farnesylation of lamin A is still unclear. It has been thought that
the transient farnesylation event was needed, through association of the hydro-
phobic farnesyl group with the nuclear envelope, to provide initial recruitment of
lamin A to the nuclear periphery (Hennekes and Nigg 1994). However, after
assembly into filaments, farnesylation of lamin A may no longer be essential.
Consistent with this, the nucleus has been reported to be the site of both lamin A
carboxymethylation and proteolytic cleavage by ZMPSTE24. However, several
studies using mice and/or cells have been engineered to express mutant forms of
lamin A, indicating that farnesylation is not required for recruitment (Davies et al
2010). When only a nonfarnesylated version of lamin A is expressed, normal
localization of the lamin A variant to the nuclear periphery has been detected
(Davies et al 2010, Lee et al 2010), although mice generated in this way will develop
cardiomyopathy. In addition, mice expressing only lamin C (not farnesylated) or a
mature (preprocessed) lamin A are unexpectedly normal and have the correct
localization of the respective protein to the nuclear periphery. Although these studies
do not preclude a more subtile role for lamin A processing in filament assembly or
envelope association, they raise questions about the importance of these events in the
mouse.
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Since the identification of diseases caused by mutations of genes encoding nuclear
lamina proteins, studies have focused on understanding the molecular mechanisms
causing these specific phenotypes. In particular, it seems to be crucial to understand
how the nuclear lamina interacts with structural proteins such as chromatin,
transcription factors and other signaling partners, which will reveal the mechanistic
links to disease. The overall picture of how lamins regulate all of these pathways and
how this regulation leads to disease is becoming clearer, but it is not yet sharp.
Knowing the mechanisms by which mutations in lamins cause these rare diseases
will help to reveal common conditions and help to provide a good laminopathies
model for muscle diseases and cardiomyopathy. As mutations in the nuclear lamina
lead to rapid aging-like diseases, defining the precise role of the nuclear lamina in
controlling human aging will be of great interest.

8.11 The role of cell division in cellular motility
As discussed above, there is an interaction between intermediate filaments and actin
filaments and they work together to provide cellular functions such as cell motility.
An interaction between the three major components of the cytoskeleton was
proposed a long time ago, and it is becoming likely that there is such an interaction
between intermediate filaments, actin filaments and microtubules. The latter
cytoskeletal components play an essential role in effecting cell division by assem-
bling the mitotic spindle. However, microtubules can interfere with the actomyosin
cytoskeleton within the cells in order to regulate cell motility.
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Portier M M, de Nećhaud B and Gros F 1984 Peripherin, a new member of the intermediate
filament protein family Dev. Neurosci. 6 335–44

Portier M M, Escurat M, Landon F, Djabali K and Bousquet O 1993 Peripherin and neurofila-
ments: expression and role during neural development C. R. Acad. Sci. III 316 1124–40

Price L S, Leng J, Schwartz M A and Bokoch G M 1998 Activation of Rac and Cdc42 by
integrins mediates cell spreading Mol. Biol. Cell 9 1863–71

Proux-Gillardeaux V, Gavard J, Irinopoulou T, Meg̀e R M and Galli T 2005 Tetanus neurotoxin-
mediated cleavage of cellubrevin impairs epithelial cell migration and integrin-dependent cell
adhesion Proc. Natl Acad. Sci. USA 102 6362–7

Ptitsyn A A, Weil M M and Thamm D H 2008 Systems biology approach to identification of
biomarkers for metastatic progression in cancer BMC Bioinformatics 9 S8

Quax-Jeuken Y E, Quax W J and Bloemendal H 1983 Primary and secondary structure of
hamster vimentin predicted from the nucleotide sequence Proc. Natl Acad. Sci. USA 80
3548–52

Quinlan R A and Franke W W 1982 Heteropolymer filaments of vimentin and desmin in vascular
smooth muscle tissue and cultured baby hamster kidney cells demonstrated by chemical
crosslinking Proc. Natl Acad. Sci. USA 79 3452–6

Quinlan R A and Franke W W 1983 Molecular interactions in intermediate-sized filaments
revealed by chemical cross-linking. Heteropolymers of vimentin and glial filament protein in
cultured human glioma cells Eur. J. Biochem. 132 477–84

Rao L, Perez D and White E 1996 Lamin proteolysis facilitates nuclear events during apoptosis J.
Cell Biol. 135 1441–55

Rathje L S Z, Nordgren N, Pettersson T, Ronnlund D, Widengren J, Aspenstrom P and Gad A K
B 2014 Oncogenes induce a vimentin filament collapse mediated by HDAC6 that is linked to
cell stiffness Proc. Natl Acad. Sci. USA 111 1515–20

Raul U, Sawant S, Dange P, Kalraiya R, Ingle A and Vaidya M 2004 Implications of cytokeratin
8/18 filament formation in stratified epithelial cells: induction of transformed phenotype Int J.
Cancer 111 662–8

Reichelt J, Büssow H, Grund C and Magin TM 2001 Formation of a normal epidermis supported
by increased stability of keratins 5 and 14 in keratin 10 null mice Mol. Biol. Cell 12 1557–68

Ren X D, Kiosses W B and Schwartz M A 1999 Regulation of the small GTP-binding protein
Rho by cell adhesion and the cytoskeleton EMBO J. 18 578–85

Physics of Cancer, Volume 1 (Second Edition)

8-67

https://doi.org/10.1091/mbc.e05-06-0488
https://doi.org/10.1016/0092-8674(90)90471-P
https://doi.org/10.1016/S0248-4900(00)01101-1
https://doi.org/10.1016/j.ejcb.2007.02.004
https://doi.org/10.1016/j.jsb.2011.03.011
https://doi.org/10.1016/j.tibs.2006.05.006
https://doi.org/10.1159/000112360
https://doi.org/10.1091/mbc.9.7.1863
https://doi.org/10.1073/pnas.0409613102
https://doi.org/10.1186/1471-2105-9-S9-S8
https://doi.org/10.1073/pnas.80.12.3548
https://doi.org/10.1073/pnas.80.12.3548
https://doi.org/10.1073/pnas.79.11.3452
https://doi.org/10.1111/j.1432-1033.1983.tb07386.x
https://doi.org/10.1083/jcb.135.6.1441
https://doi.org/10.1073/pnas.1300238111
https://doi.org/10.1002/ijc.20349
https://doi.org/10.1091/mbc.12.6.1557
https://doi.org/10.1093/emboj/18.3.578


Rezniczek G A, Abrahamsberg C, Fuchs P, Spazierer D and Wiche G 2003 Plectin 5’-transcript
diversity: short alternative sequences determine stability of gene products, initiation of
translation and subcellular localization of isoforms Hum. Mol. Genet. 12 3181–94

Rezniczek G A, Janda L and Wiche G 2004 Plectin Methods Cell Biol. 78 721–55
Ridge K M, Linz L, Flitney F W, Kuczmarski E R, Chou Y H, Omary M B, Sznajder J I and

Goldman R D 2005 Keratin 8 phosphorylation by protein kinase C delta regulates shear
stress-mediated disassembly of keratin intermediate filaments in alveolar epithelial cells J.
Biol. Chem. 280 30400–05

Ridge K M, Linz L, Flitney F W, Kuczmarski E R, Chou Y H, Omary M B, Sznajder J I and
Goldman R D 2005 Keratin 8 phosphorylation by protein kinase c δ regulates shear stress-
mediated disassembly of keratin intermediate filaments in alveolar epithelial cells J. Biol.
Chem. 280 30400–05

Riveline D, Zamir E, Balaban N Q, Schwarz U S, Ishizaki T, Narumiya S, Kam Z, Geiger B and
Bershadsky A D 2001 Focal contacts as mechanosensors: externally applied local mechanical
force induces growth of focal contacts by an mDia1-dependent and ROCK-independent
mechanism J. Cell Biol. 153 1175–85

Rizki A, Mott J D and Bissell M J 2007 Polo-like kinase 1 is involved in invasion through
extracellular matrix Cancer Res. 67 11106–10

Roberts B J, Pashaj A, Johnson K R and Wahl J K 2011 Desmosome dynamics in migrating
epithelial cells requires the actin cytoskeleton Exp. Cell Res. 317 2814–22

Rochman M, Malicet C and Bustin M 2010 Hmgn5/nsbp1: a new member of the HMGN protein
family that affects chromatin structure and function Biochim. Biophys. Acta 1799 86–92

Roeber R A, Weber K and Osborn M 1989 Differential timing of nuclear lamin A/C expression in
the various organs of the mouse embryo and the young animal: a developmental study
Development 105 365–78

Rogel M R, Jaitovich A and Ridge K M 2010 The role of the ubiquitin proteasome pathway in
keratin intermediate filament protein degradation Proc. Am. Thorac. Soc 7 71–6

Rogel M R, Soni P N, Troken J R, Sitikov A, Trejo H E and Ridge K M 2011 Vimentin is
sufficient and required for wound repair and remodeling in alveolar epithelial cells FASEB J.
25 3873–83

Rogers M A, Edler L, Winter H, Langbein L, Beckman I and Schweizer J 2005 Characterization
of new members of the human type II keratin gene family and a general evaluation of the
keratin gene domain on chromosome 12q13.13 J. Investig. Dermatol. 124 536–44

Rogers M A, Winter H, Langbein L, Bleiler R and Schweizer J 2004 The human type I keratin
gene family: characterization of new hair follicle specific members and evaluation of the
chromosome 17q21.2 gene domain Differentiation 72 527–40

Rogers M A, Edler L, Winter H, Langbein L, Beckmann I and Schweizer J 2005 Characterization
of new members of the human type II keratin gene family and a general evaluation of the
keratin gene domain on chromosome 12q13.13 J Investig. Dermatol 124 536–44

Rolli C G, Seufferlein T, Kemkemer R and Spatz J P 2010 Impact of tumor cell cytoskeleton
organization on invasiveness and migration: a microchannel-based approach PLoS One
5 e8726

Rotty J D and Coulombe P A 2012 A wound-induced keratin inhibits Src activity during
keratinocyte migration and tissue repair J. Cell Biol. 197 381–9

Physics of Cancer, Volume 1 (Second Edition)

8-68

https://doi.org/10.1093/hmg/ddg345
https://doi.org/10.1016/S0091-679X(04)78025-5
https://doi.org/10.1074/jbc.M504239200
https://doi.org/10.1074/jbc.M504239200
https://doi.org/10.1083/jcb.153.6.1175
https://doi.org/10.1158/0008-5472.CAN-07-2348
https://doi.org/10.1016/j.yexcr.2011.09.003
https://doi.org/10.1016/j.bbagrm.2009.09.012
https://doi.org/10.1513/pats.200908-089JS
https://doi.org/10.1096/fj.10-170795
https://doi.org/10.1111/j.0022-202X.2004.23530.x
https://doi.org/10.1111/j.1432-0436.2004.07209006.x
https://doi.org/10.1111/j.0022-202X.2004.23530.x
https://doi.org/10.1371/journal.pone.0008726
https://doi.org/10.1083/jcb.201107078


Roy S, Coffee P, Smith G, Liem R K, Brady S T and Black M M 2000 Neurofilaments are
transported rapidly but intermittently in axons: implications for slow axonal transport J.
Neurosci. 20 6849–61

Russell D, Andrews P D, James J and Lane E B 2004 Mechanical stress induces profound
remodelling of keratin filaments and cell junctions in epidermolysis bullosa simplex
keratinocytes J. Cell Sci. 117 5233–43

Sager P R 1989 Cytoskeletal effects of acrylamide and 2,5-hexanedione: selective aggregation of
vimentin filaments Toxicol. Appl. Pharmacol. 97 141–55

Sakamoto Y, Boeda B and Etienne-Manneville S 2013 APC binds intermediate filaments and is
required for their reorganization during cell migration J. Cell Biol. 200 249–58

Sanghvi-Shah R and Weber G F 2017 Intermediate filaments at the junction of mechanotrans-
duction, migration, and development Front. Cell Dev. Biol. 5 81

Sarria A J, Lieber J G, Nordeen S K and Evans R M 1994 The presence or absence of a vimentin-
type intermediate filament network affects the shape of the nucleus in human SW-13 cells J.
Cell Sci. 107 1593–607

Satelli A and Li S 2011 Vimentin in cancer and its potential as a molecular target for cancer
therapy Cell. Mol. Life Sci. 68 3033–46

Schaus T E, Taylor E W and Borisy G G 2007 Self-organization of actin filament orientation in
the dendritic-nucleation/array-treadmilling model Proc. Natl Acad. Sci. USA 104 7086–91

Schmid E, Tapscott S, Bennett G S, Croop J, Fellini S A, Holtzer H and Franke W W 1979
Differential location of different types of intermediate-sized filaments in various tissues of the
chicken embryo Differentiation 15 27–40

Schopferer M, Bar H, Hochstein B, Sharma S, Mucke N, Herrmann H and Willenbacher N 2009
Desmin and vimentin intermediate filament networks: their viscoelastic properties inves-
tigated by mechanical rheometry J. Mol. Biol. 388 133–43

Schoumacher M, Goldman R D, Louvard D and Vignjevic D M 2010 Actin, microtubules,
and vimentin intermediate filaments cooperate for elongation of invadopodia J. Cell Biol.
189 541–56

Schweizer J et al 2006 New consensus nomenclature for mammalian keratins J. Cell Biol.
174 169–74

Seifert G J, Lawson D and Wiche G 1992 Immunolocalization of the intermediate filament-
associated protein plectin at focal contacts and actin stress fibers Eur. J. Cell Biol. 59 138–47

Seltmann K, Roth W, Kroeger C, Loschke F, Lederer M, Huettelmaier S and Magin T M 2013
Keratins mediate localization of hemidesmosomes and repress cell motility J. Invest
Dermatol. 133 181–90

Serrels B, Serrels A, Brunton V G, Holt M, McLean G W, Gray C H, Jones G E and Frame M C
2007 Focal adhesion kinase controls actin assembly via a FERM-mediated interaction with
the Arp2/3 complex Nat. Cell Biol. 9 1046–56

Shea T B, Beermann M L and Fischer I 1993 Transient requirement for vimentin in neurito-
genesis: intracellular delivery of anti-vimentin antibodies and antisense oligonucleotides
inhibit neurite initiation but not elongation of existing neurites in neuroblastoma J. Neurosci.
Res. 36 66–76

Sihag R K, Inagaki M, Yamaguchi T, Shea T B and Pant H C 2007 Role of phosphorylation on
the structural dynamics and function of types III and IV intermediate filaments Exp. Cell Res.
313 2098–109

Physics of Cancer, Volume 1 (Second Edition)

8-69

https://doi.org/10.1523/JNEUROSCI.20-18-06849.2000
https://doi.org/10.1242/jcs.01407
https://doi.org/10.1016/0041-008X(89)90063-X
https://doi.org/10.1083/jcb.201206010
https://doi.org/10.3389/fcell.2017.00081
https://doi.org/10.1007/s00018-011-0735-1
https://doi.org/10.1073/pnas.0701943104
https://doi.org/10.1111/j.1432-0436.1979.tb01031.x
https://doi.org/10.1016/j.jmb.2009.03.005
https://doi.org/10.1083/jcb.200909113
https://doi.org/10.1083/jcb.200603161
https://doi.org/10.1038/jid.2012.256
https://doi.org/10.1038/ncb1626
https://doi.org/10.1002/jnr.490360108
https://doi.org/10.1016/j.yexcr.2007.04.010


Singh S, Sadacharan S, Su S, Belldegrun A, Persad S and Singh G 2003 Overexpression of
vimentin: role in the invasive phenotype in an androgen-independent model of prostate
cancer Cancer Res. 63 2306–11

Sivaramakrishnan S, Schneider J L, Sitikov A, Goldman R D and Ridge K M 2009 Shear stress
induced reorganization of the keratin intermediate filament network requires phosphoryla-
tion by protein kinase C zeta Mol. Biol. Cell. 20 2755–65

Sivaramakrishnan S, DeGiulio J V, Lorand L, Goldman R D and Ridge K M 2008
Micromechanical properties of keratin intermediate filament networks Proc. Natl Acad.
Sci. USA 105 889–94

Skalski M and Coppolino M G 2005 SNARE-mediated trafficking of α5β1 integrin is required for
spreading in CHO cells Biochem. Biophys. Res. Commun. 335 1199–210

Small J V and Kaverina I 2003 Microtubules meet substrate adhesions to arrange cell polarity
Curr. Opin. Cell Biol. 15 40–7

Small J V and Resch G P 2005 The comings and goings of actin: coupling protrusion and
retraction in cell motility Curr. Opin. Cell Biol. 17 517–23
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