Chapter 4
Cancer Cell Mechanics

Cynthia A. Reinhart-King

Introduction

Cell mechanics research is rapidly expanding within the cancer community. Its
increasing recognition within cancer biology likely stems from the fact that metas-
tasis is an inherently physical process, involving the pushing/pulling of cells away
from the primary tumor and through the surrounding stromal environment (Friedl
and Alexander 2011; Friedl and Wolf 2003; Wirtz et al. 2011). While cell mechan-
ics has a long history, it has had a significant recent resurgence, largely enabled by
new and better technologies for interrogating cells and molecules.

“Cell mechanics” is in some ways a misnomer for a field that encompasses much
more than simply cell-scale behaviors and properties. It includes not only the
mechanics of individual cells, but also the mechanical forces and mechanical prop-
erties at the molecular and tissue scales (Fig. 4.1).

In this chapter, the focus is primarily on mechanics research being performed in
Europe, Asia and the United States at the cellular scale; however, it is important to
note that the multi-scale contributions of subcellular structures and supracellular
tissue properties cannot be overlooked. At the subcellular scale, the cytoskeleton
organizes to exert intracellular forces that translate into cell behaviors such as mito-
sis, intracellular transport, lamellipodial extension, and cell migration. Changes in
various molecules within cells are closely tied to mechanical changes in the cell. For
example, the mechanical properties and kinetics of cytoskeletal assembly at the
molecular level contribute to changes in the mechanical properties of the cell
(Kraning-Rush et al. 2011). Similarly, at the supracellular scale, the mechanical
properties and architecture of a tissue contribute to cell function and dysfunction. In
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Fig. 4.1 Multiscale computational mechanobiology of epithelial tissue morphogenesis (Courtesy
of Y. Inoue, Kyoto University)

the cancer field, this is particularly relevant as it is well-established that most solid
tumors are stiffer than normal tissue. This stiffening at the tissue level is not only the
basis for many diagnostic methods, but can also contribute to malignancy at the cel-
lular level (Paszek et al. 2005). As such, “cell mechanics” is not limited to the
cellular-scale because it spans the molecular, cellular, and tissue level scales. To
fully understand and manipulate mechanics at the cellular level, one must consider
the mechanics at both the molecular and tissue scales. Biologically, it is this integra-
tion that leads to changes in cell function and dysfunction.

Cell mechanics can be divided into three separate subfields: (1) cellular mechani-
cal properties; (2) mechanotransduction (cellular response to forces imposed on
cells by the external environment); and (3) cell-generated forces (Fig. 4.2). Studies
of cellular mechanical properties have largely focused on either the elastic modulus
or deformability of the whole cell or the rheology of the cytoplasm. These measure-
ments are important within the cancer field because they implicate if and how cells
will migrate and squeeze through the matrix during metastatic invasion through the
stromal matrix and into the vasculature. Mechanotransduction research in cancer
has been centered on the response of cells to imposed pressures and fluid shear
stresses within the tumor microenvironment which are known to influence tumor
growth and metastasis. Lastly, studies of cell-generated forces are critical to our
understanding of how cells adhere, traverse, and sense their microenvironment. All
of these facets of cell mechanics (mechanical properties, mechanotransduction, and
cell-generated forces) influence each other, demonstrating the integration of inside
and outside signals. This chapter will address all three of these subfields in oncology
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Fig. 4.2 The field of cell mechanics can be divided into three main subsections: cellular mechani-
cal properties, imposed forces, and cell-generated forces (Courtesy of C. Reinhart-King)

and the efforts underway in the United States and those observed during the
APHELION study tours in Europe and Asia.

Research

A Brief History of Cell Mechanics

The field of cell mechanics is often thought of as an emerging field, likely because
most of the literature on this topic has been published since the 1990s. However, cell
mechanics has a long history that dates back almost as far as the invention of the
first microscopes. Early reports of cilia by Anton van Leeuwenhoek in the early
1700s noted the movement of particles in the liquid surrounding cells, a phenome-
non that became the basis for microrheology studies and the characterization of
cytoplasmic viscosity (Pelling and Horton 2008). At the same time, Isaac Newton
was conducting separate experiments to define viscosity and descriptors of fluid
properties. Even now we consider magnetic tweezers a state-of-the-art technique,
when, in fact, the first microscopes equipped with magnetic micromanipulators
were reported in the 1920s (Seifriz 1924). Early use of these magnetic systems
included measurement of the cytoplasmic viscosity of cells, an active area of oncol-
ogy research today (Baker et al. 2009; Wu et al. 2012). In 1950, Francis Crick—one
of the fathers of molecular biology—published his first two papers on the mechani-
cal properties of chick fibroblasts using a magnetic system with Arthur Hughes
(Logothetis 2004). As these papers were published, Crick moved to the Cavendish
labs where he switched scientific interests and began his work on the structure of
proteins.

Crick was certainly not the only scientist working on questions related to cell
mechanics in the pre-genome era. Interest in protoplasm dynamics and viscosity
and questions in cell motility appear frequently in the pre-1950 literature. It is
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interesting to note that fewer studies performed in the area of cell mechanics were
reported in the literature following the discovery of the structure of DNA (deter-
mined based on the number of papers published in this time). It is likely that it was
this discovery that prompted many scientists to indirectly follow in Crick’s foot-
steps and move away from mechanical studies and into molecular biology. The
discovery of the structure of DNA brought about the era of molecular biology,
which in many ways may have suppressed what had been the growing field of can-
cer cell mechanics. However, the importance of cancer cell mechanics has resurged
in a very significant way, and it is making great strides in the United States, Europe,
and Asia.

Cancer Progression and Metastasis: An Inherently Physical
Process

Tumor growth and spread, in addition to being stimulated by genetic, epigenetic,
and microenvironmental changes, is a very physical process (Fig. 4.3). From a bio-
physical perspective, metastasis occurs as cells dissociate from the primary tumor,
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Fig. 4.3 The metastatic cascade (a, b) Fluorescence micrograph of invasion of a polyoma middle
T (PyMT) mammary tumor. (c¢) Fluorescence images of tumor cells within a blood vessel (From
Beerling et al. 2011)
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breaking cell-cell adhesion bonds. As cells migrate through the matrix-dense
stroma, they must push, pull, and degrade matrix fibers to navigate through the
fibrous protein mesh. Simultaneously, the cells squeeze and deform to move through
the pores within the matrix. As cells intravasate from the matrix into the vascula-
ture, they must squeeze through the vessel wall. Once they are in the circulation, the
cells must survive the forces imposed by blood flow. Finally, to colonize a second-
ary site, metastatic cells must adhere to the lumen of the vessel wall and squeeze
through the vasculature during transmigration to seed within a secondary tissue. At
each of these major steps in the metastatic cascade, cells both exert force and are
exposed to externally imposed forces. The physical nature of these steps naturally
leads to numerous questions regarding the mechanical forces involved in cancer
metastasis.

The Role of Cell Deformability in Cancer Progression

As cells metastasize, they deform to squeeze through the fibers of the matrix-dense
stroma. Their ability to deform is related to their mechanical properties (viscoelas-
ticity), and as such there has been increasing interest in how the mechanical proper-
ties of metastatic cells differ from non-metastatic or normal cells. One prevailing
hypothesis is that metastatic cells are more deformable, which aids in their invasion
and motility.

There are multiple methods to measure the mechanical properties of cells: atomic
force microscopy, micropipette aspiration (Bao and Suresh 2003), glass cantilevers
(Mitrossilis et al. 2010), particle-tracking microrheology (Wirtz 2009), and more
recently optical stretching (Fig. 4.4). Measurements of cell deformability have
improved significantly over the past several years; however, they are not necessarily
new to biology. Early studies of protoplasm viscosity were reported in the 1920s by
Heilbrunn (Heilbrunn 1921). He also studied the effects of chemotherapeutics on
cellular viscosity in 1957 (Wilson 1957) and showed that ethyl urethane increases
the viscosity of cells. This finding is relevant and interesting today in light of newer
data regarding the relationship between deformability and metastatic potential.
Using an optical stretching device (see Chap. 7 for a description), Guck and col-
leagues from the University of Leipzig, Germany, showed that deformability
increases with metastatic potential in breast cancer cell lines (Fig. 4.5; site report,
Appendix B). This effect was later confirmed with cells from human primary
tumors. Using atomic force microscopy, Cross and colleagues showed that tumor
cells from patients are more compliant than their normal counterparts (Cross et al.
2007). Dr. Sylvie Hénon at the University of Paris, Diderot, France (site report,
Appendix B), investigated how cellular mechanical properties change in response to
imposed mechanical forces, such as tension, showing that cells can actively stiffen
due to imposed forces by recruiting and polymerizing actin (Icard-Arcizet et al.
2008). Together, these data indicate that the mechanical properties of the cell may
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Fig. 4.4 Methods to measure the mechanical properties of cells. (a) Atomic force microscopy
(Bao and Suresh 2003); (b) micropipette aspiration (Bao and Suresh 2003); (¢) particle-tracking
microrheology (Wirtz 2009); and (d) optical stretching (Guck et al. 2001)
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Fig. 4.5 Deformability of cells increases with metastatic potential, as measured using an optical
stretcher (From Guck et al. 2005)
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be predictors of metastatic potential and have the ability to actively remodel due to
externally imposed forces.

The implications of cell stiffening may be both positive and negative with respect
to cancer treatments. The data seem to suggest that stiffer cells are less metastatic
and that chemotherapeutics stiffen cells, which is a positive effect. However, this
stiffening may also have deleterious consequences. Recently, the Fletcher lab
(author, Chap. 7) has shown that chemotherapeutic treatments can stiffen leukemic
cells that then plug microfluidic channels (Lam et al. 2007). These data suggest that
chemotherapy could result in vascular occlusion in capillaries by cancer cells.
Therefore, it cannot yet be said that stiffening cells is necessarily a viable, universal
method to prevent metastasis due to potentially significant side effects.

For this work to have impact, it must be translated into the clinic. Work being
done by Josef Kis’ lab at the University of Leipzig, Germany (site report, Appendix
B), is continuing research in the area of cell deformability by testing clinical sam-
ples and working to move the optical stretching methodology to the clinic. For it to
be used in the clinic, the method must be both user-friendly and high throughput.
While the method of optical stretching is technically complicated, significant strides
are being made to make it tractable to clinical laboratory technicians as a potential
mechanism to diagnose the likelihood of metastasis.

In addition to studies of whole cell deformability, data are also emerging on the
role of nuclear deformability in invasion. Since the nucleus is the largest organelle
within the cell, nuclear mechanics could be a limiting factor in allowing cells to per-
meate through the pores of a matrix (Friedl et al. 2011). If the nucleus is unable to
squeeze through a pore, then the cell cannot invade unless the matrix is degraded. The
Lammerding lab at Cornell University has been probing the role of nuclear deform-
ability in 3D cell migration directly using microfabricated platforms (Fig. 4.6). Using
a series of microfabricated, constricted channels through which cells can migrate,
they have shown that manipulation of the nuclear envelope and lamin A expression
alters whether cells can easily pass through the constrictions (Rowat et al. 2013).
Given that the nucleus is a limiting factor in the translocation of the cells through
tight spaces, a natural extension of this work is to then ask whether the cytoskeleton
pushes or pulls the nucleus through constrictions (Isermann and Lammerding 2013).

Recent data from the Wirtz lab at Johns Hopkins University suggests that the
nucleus is not only important in migration due to its deformability, but also because its
connection to the cytoskeleton. The nucleus connects to the cytoskeleton through the
LINC complex and their recent data suggest that this connection plays a critical role
in pseudopodial extension during 3D migration (Khatau et al. 2012). Notably, this
effect is only observed in 3D migration and not in cells on planar substrates. While
there is evidence mounting regarding the importance of the nucleus and nuclear-cyto-
skeletal coupling in invasion and migration, research on the role of nuclear mechanics
in cancer progression is still in its infancy and requires further investigation.

The role of nuclear deformation in cell physiology extends beyond its role in
being a physical impairment in the ability of cells to invade and migrate through
small pores. Recent work from G.V. Shivashankar at the Mechanobiology Institute
in Singapore has shown that nuclear deformations due to actomyosin contractility
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Fig. 4.6 Breast cancer cells (MDA-MB-231) migrating along chemotactic gradient (EGF) through
microfluidic constriction channels. Top panel: overview of the device with constrictions of decreas-
ing width. Scale bar: 50 um. Bottom: time-lapse sequence of cells with fluorescently labeled
nucleus (mCherry-Histone-4) passing through 5 um wide constriction, displaying substantial

nuclear deformations in the process. Scale bar: 10 um (Figure courtesy of Celine Denais,
Lammerding Lab)

and geometric constraints can alter gene expression (Jain et al. 2013; Gupta et al.
2012; site report, Appendix C). Changing cell shape and nuclear size correlates with
changes in global acetylation levels and transcriptional profiles (Fig. 4.7). These

data suggest that the shape changes cells undergo during metastatic invasion may
alter transcription profiles.

Cell-Generated Forces in Adhesion and Migration

Cells generate traction stresses against their matrix to adhere and migrate. These
forces aid in remodeling the matrix and propelling cells forward during migration.
Cell migration is necessary for metastatic invasion, and as such there has been
recent interest in characterizing and understanding cell-generated traction stresses.
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Fig. 4.7 Gene expression is regulated in part by cell geometry (From Jain et al. 2013)

(a) Cells can be pattered in various, sizes, shapes, and aspect ratios. (b) Color-coded matrix show-
ing differential gene regulation as a function of cell shape and size. (¢, d) Gene ontology analysis
from (c) cells in small circle compared with larger cells and (d) small triangle compared with large
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There are a number of methods that have been developed to measure cellular
traction stresses, including wrinkling substrates (Harris et al. 1980), traction force
microscopy (Dembo and Wang 1999), micropatterned elastomeric substrates
(Balaban et al. 2001), and micropillar arrays (mPADS) (Fig. 4.8, Tan et al. 2003).
Original versions of traction force microscopy allow for only the measurement of
individual cells or cell pairs. More recent modification by Dr. Xavier Trepat,
University of Barcelona, Spain (site report, Appendix B), allow for the measure-
ment of forces in cell sheets (Tambe et al. 2011). These methodologies have enabled
several interesting insights in the area of cell migration and adhesion.
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Fig. 4.8 Methods to measure cell-generated traction stresses

(a) Wrinkling substrates (Adapted from Harris et al. 1980); (b) Traction force microscopy, origi-
nally described by Dembo and Wang (1999); image adapted from Kraning-Rush et al. (2012b); (c)
micropatterned elastomeric substrates (Adapted from Balaban et al. 2001); and (d) micropillar
arrays (Adapted from Tan et al. 2003)

Traction stresses play a key role in migration, and there has been significant work
investigating the relationship between cell contractility and malignancy. When trac-
tion stresses of lung, breast, and prostate metastatic cell lines and their non-
metastatic counterparts were measured, it was reported that metastatic cells exert
increased forces as compared to the non-metastatic cells (Fig. 4.9). These forces
increase with matrix stiffness (Kraning-Rush et al. 2012a). Similar to the results
discussed earlier on cell deformability, these data suggest that traction stresses may
also be a mechanical biomarker of metastasis. A study published recently by Ben
Fabry’s lab at the University of Erlangen-Nuremberg, Germany (site report,
Appendix B), indicates that in addition to the force magnitude, the anisotropy and
polarization of the force may also be an important indicator of metastatic potential
using a similar panel of metastatic and non-metastatic cell lines (Koch et al. 2012).

Cell polarity during cell migration dictates the direction and persistence of move-
ment. Samuel Safran’s group at the Weizmann Institute of Science, Israel (site
report, Appendix B), has explored the effects of the microenvironment on polarity,
showing that it increases in single cells on stiff substrates (De et al. 2008, 2010;
Safran and De 2009). Asymmetries that develop during cell spreading can affect
actin-myosin polarity and the extent of alignment of forces in response to matrix
rigidity (Zemel et al. 2010). This polarity is often accompanied by polarized
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Fig. 4.9 Traction stresses increase with metastatic potential (Kraning-Rush et al. 2012a)
Traction maps and corresponding phase images of metastatic and non-metastatic cells from (a)
breast, (b) prostate, and (c¢) lung

remodeling of the matrix and may be important to our understanding of the role of
elongation and polarity in mesenchymal modes of metastatic cell migration.
Studies of early polarization events in single cells have also been extended into
studies of collective cell movements. For example, du Roure and colleagues have
shown that cells along the edge of an adherent population exert the highest forces
during collective migration (du Roure et al. 2005). These forces are significantly
higher than forces at the edge of single cells. In light of the leader-follower migra-
tion dynamics described by Peter Friedl and colleagues at the Radboud University
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Nijmegen Medical Centre, Netherlands (site report, Appendix B), where cell inva-
sion from a tumor can occur in a sheet-like movement with “leader” cells at the
front, these data may also explain a more cooperative mechanism of cell migration,
where force is concentrated within leader cells (Khalil and Friedl 2010; Lee et al.
2012). In fact, Carey recently used a spheroid co-culture of non-metastatic, low
force-producing epithelial cells mixed with highly metastatic, high force-producing
cells to directly probe the leader-follower behavior. When the co-culture spheroids
are embedded into collagen, the highly metastatic cells move to the outside of the
spheroid, reorganize the surrounding collagen into tracks that run perpendicular to
the spheroid, and invade into the surrounding collagen followed closely by the typi-
cally non-invasive, non-metastatic cells. The high-force producing cells emerge as
early leaders in the leader-follower dynamic, remodeling the matrix to enable col-
lective movements (Fig. 4.10). Notably, inhibition of force or MMP activity using
Y27632 or GM6001 respectively ablates these effects. With pharmacological inhi-
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Fig. 4.10 Co-culture spheroid model of invasion (From Carey et al. 2013)

Highly invasive epithelial cells (MDA-MB-231, green) were mixed with non-invasive epithelial
cells (MCF-10A, red) and embedded in (a) 1.5 or (b) 6.0 mg/ml collagen and treated with GM6001
or Y27632. Dashed lines indicate original spheroid boundary and arrowheads indicate invasive
strands containing non-metastatic cells. Scale bar equals 50 pm. Invasion was quantified in terms
of (¢) invasive index, (d) maximum invasion distance, and (e) number of invasive strands contain-
ing non-metastatic MCF10A cells
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bition, invasive cells move into the surrounding matrix but there is no matrix remod-
eling, and non-invasive cells do not move into the surrounding matrix. Together,
these studies implicate force and polarization of force as key events to collective cell
movements both in planar cultures and 3D spheroid cultures.

In addition to a clear focus on the role of forces in migration, there has also been
significant interest in the basic biology of force generation and the genesis and
transmission of these forces at focal adhesions. Work to quantify the force-
transducing ability of individual focal contacts and focal adhesions has been largely
pioneered by Drs. Benjamin Geiger and Alexander Bershadsky at the Weizmann
Institute, Israel (site report, Appendix B). Their early work in this area made the first
attempts at correlating focal adhesion and size with force magnitude (Balaban et al.
2001). A number of studies have followed, including work by Dr. Ulrich Schwarz at
the University of Heidelberg, Germany (site report, Appendix B), investigating
adhesion size and geometry with respect to force generation, and it continues to be
an area of intense interest (Schwarz et al. 2002, 20006; Stricker et al. 2010). Additional
work by Dr. Michael Sheetz has provided unique insights into the role of individual
focal adhesion proteins in adhesion and contraction of adherent cells (site report,
Appendix C). Using nanopatterned substrates, they investigated the time course of
integrin clustering, intracellular focal adhesion protein clustering, and cells contrac-
tion (Yu et al. 2011; Roca-Cusachs et al. 2013). This approach, focused on identify-
ing the critical molecular players for adhesion and force generation, may lead to the
identification of therapeutic targets to prevent cell migration during metastasis.

In addition to examining the forces generated by cells against their substrate,
several groups have researched forces at cell-cell contacts and their roles in collec-
tive cell movements and the initiation of signaling at junctions. Significant work in
this area has been done by Chen and colleagues at the University of Pennsylvania
using mPADs (Liu et al. 2010), and Trepat using a modified version of traction force
microscopy (Trepat and Fredberg 2011). Trepat has shown that cell-cell contacts
contribute to epithelial collective migration and that cells in a cluster can each con-
tribute to collective movements (site report, Appendix B). More recently, an interna-
tional collaboration between Ladoux (France), Trepat (Spain), and Lim (Singapore)
have shown that cell-cell contacts can dominate in areas of low cell-matrix adhesion
and can function as bridges to maintain cell sheet integrity (Vedula et al. 2014).

These experimental approaches to investigate cellular force generation and its
effects on cell-cell dynamics have been complemented by computational approaches
to understand how individual mechanical interactions at the cellular level translate
into 3D morphogenesis events. Mechanobiologists at Kyoto University, Japan, have
developed models that span from cell to tissue to understand morphogenesis (Okuda
et al. 2013; site report, Appendix C). Treating cells as interacting polyhedrons with
formal boundaries and taking into consideration the mechanical interactions of the
cell with their surroundings and each other, Okuda and colleagues have recapitu-
lated the large-scale tissue deformations that occur during morphogenesis in silico
(Fig. 4.11). In an analogous in silico approach, Dr. Yoshikiro Morishita’s group at
the RIKEN Center for Developmental Biology, Japan, has taken information regard-
ing large-scale tissue-level deformations and used Bayesian statistical models to
predict the individual cell movements and deformations and morphogen gradients
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Fig. 4.11 Model shapes of a multicellular aggregate (From Okuda et al. 2013)

(a) Aggregate composed of cells. (b) Single cell. (¢) Network that represents a cell aggregate com-
posed of vertices and edges (solid lines). Polygonal faces (gray area) compartmentalize the net-
work. (d) A polyhedron represents a single cell

that cause these tissue-level changes (Hironaka and Morishita 2012; Morishita and
Iwasa 2011). These computational models have a specific benefit in their ability to
capture the multi-scale (molecular, cellular, tissue) contributions of mechanobiol-
ogy to tissue structure. Adapting these models to tumor formation and spread may
prove to be a powerful approach to integrating the multi-scale contributions of the
microenvironment to tumor biology.

More recently, there has been increasing attention on experimentally measuring
cellular forces of cells within fully 3D matrices. Chen and colleagues at the
University of Pennsylvania have published the first work in this area, developing
both PEG-based hydrogel materials and a computational approach for the measure-
ment of forces exerted by cells in 3D matrices (Fig. 4.12). Numerous groups are
developing alternate methods for 3D traction measurements. Keng-hui Lin’s lab at
Academia Sinica, Taiwan, for instance, described 3D foam-like materials contain-
ing spherical cavities to study 3D cell contractility (Lee et al. 2013; site report,
Appendix C). The cavities are on the cell-size scale, and as such, cells can adhere to
and pull on the walls of the cavity (Fig. 4.13). The use of well-defined, flexible
materials lays the foundation for the calculation of 3D forces based on the deforma-
tions of the cavity walls due to cell contraction.

Measurements of cell-generated forces have resulted in both the identification of
cellular force as a mechanical biomarker of metastasis and key insights into how
cells move. Further investigation into the mechanisms of force generation in metas-
tasis may lead to therapeutics that target force generation during metastasis.
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Fig. 4.13 Elongation of fibroblasts on stiff substrates (Adapted from Lee et al. 2013)
Micrographs of fibroblasts on 2D flat substrates (fop) and on 3D spherical pores of 100 mm (bot-
tom). Micrographs in the same column are made of the same AC/BIS (5/0.2 %, 7/0.2 %, and 12/0.3
% for soft, medium, and hard gels, respectively). The cell body is shown in green based on expres-
sion of whole-body GFP. Fibronectin on the pore surface is labeled with Cy5 (purple) to visualize
the pore

Mechanotransduction in Cancer: Tumor Response to Imposed
Forces

Mechanotransduction is a broad term that describes the transduction of external
mechanical cues into chemical signals within the cell. These cues can include (but
are not limited to) changes in the mechanical properties of the extracellular matrix,
compressive pressures, and tensional forces.

Most types of solid tumors are stiffer than normal tissue. There has been exten-
sive work investigating the effects of matrix stiffness on cell behavior, some of
which date back to 1990 when it was first noted that cell spreading increases on
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stiffer substrates (Keese and Giaever 1991). With the advent of tractable systems to
control matrix stiffness, including the development of polyacrylamide substrates
(Pelham and Wang 1998; Wang and Pelham 1998), several studies have pointed to
the role of matrix stiffness in promoting malignancy (Kraning-Rush et al. 2012a;
Levental et al. 2009; Paszek et al. 2005). Integrins and focal adhesion have been
implicated as the mechanosensors of matrix stiffness. Additionally, the laboratories
of both Dr. Daniel Fletcher (author, Chap. 7) and Dr. Atef Asnacios from the
University of Paris, Diderot, France (site report, Appendix B), have used modified
cantilever systems to investigate cellular force response to active changes in stiff-
ness (Crow et al. 2012; Mitrossilis et al. 2010). Interestingly, Dr. Ming-Jer Tang’s
lab at Tunghai University, Taiwan, has shown that transformed cells display altered
mechanosensitivity, resisting soft substrate-induced apoptosis (Wang et al. 2007;
site report, Appendix C).

Tumors are also subjected to pressure and compressive stresses when confined
during growth. Recent work from Dr. Lance Munn’s group (author, Chap. 5) sug-
gests that these forces enhance invasion by increasing cell-matrix adhesion (Tse
et al. 2012). However, data from Dr. Jean-Francois Joanny’s group at the Institute
Curie, France (site report, Appendix B), suggests that imposed mechanical stress
can inhibit tumor growth by inhibiting cell proliferation (Fig. 4.14). Clearly, there is
a significant need to continue work in this field to better understand how mechanical
stresses affect tumor growth.

As is the case in most fields investigating mechanotransduction in various physi-
ological systems, there is growing interest in identifying and characterizing molecu-
lar mechanotransducers within the cell. Given the important role of cadherins in
maintaining tissue structure and their location at cell-cell junctions, there is signifi-
cant research ongoing to understand the role of cadherins in mechanosensing. Using
amagnetic twisting cytometry system, Johan de Rooij’s lab at the Hubrecht Institute,
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Fig. 4.14 Mechanical stress inhibits tumor growth. Spheroids were subjected to imposed pres-
sures and their growth monitored over 2 weeks (From Montel et al. 2011)
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Netherlands (site report, Appendix B), has found that E-cadherin is a mechanotrans-
ducer that causes cell stiffening when under tension (le Duc et al. 2010). This
response is mediated by vinculin, a protein commonly associated with focal adhe-
sions that is also known to localize to cell-cell junctions in structures termed focal
adherens junctions. Francois Gallet’s laboratory at the University of Paris, Diderot,
France (site report, Appendix B), has also investigated cadherin mechanics, specifi-
cally the cross-talk between cadherins and integrins (Al-Kilani et al. 2011).
Interestingly, their data suggest a negative feedback loop between cadherin binding
and integrin binding. A similar relationship has been shown for endothelial cells,
where integrin-matrix adhesion is altered by matrix stiffness and VE-cadherin
engagement is disrupted (Huynh et al. 2011). There is work being done in the United
States that is also investigating cadherin-binding mechanics, including a
collaboration between Deborah Leckband’s group at the University of Illinois at
Urbana-Champaign and Johan de Rooij at the Hubrecht (site report, Appendix B;
Leckband et al. 2011; le Duc et al. 2010). Together, these data suggest that changes
in matrix stiffness could facilitate cancer cell invasion by enhancing integrin adhe-
sion and disrupting cell-cell adhesion. These results are important in our under-
standing of the microenvironmental cues that stimulate metastasis because they
indicate that increased matrix binding may actively lead to decreased cell-cell
adhesion.

Mechanotransductive cues in cancer are not limited to pressure and increased
stiffness. In lung cancer, for example, cells are exposed to periodic cyclic, ten-
sile stresses due to lung expansion during breathing. Recent work from Chau-
Hwang Lee’s laboratory at the Academia Sinica has shown that cyclic stress
reduces myofibroblast activation of cancer cell migration (Huang et al. 2013;
site report, Appendix C). This work was enabled by the development of a novel
device that allows for co-culture of fibroblasts and cancer cells, optical observa-
tion of cell behavior, and the application of well-defined tensile forces (dis-
cussed in Chap. 7).

Mechanoactivation of cells has also been a focus of G.V. Shivashankar’s lab in
the Mechanobiology Institute in Singapore. Specifically, they have an interest in
understanding how physical forces alter transcriptional activity. Using magnetic
particles attached to the surface of the cell membrane, they imposed well-cali-
brated forces and investigated the subsequent effects on actin polymerization,
chromatin remodeling and nuclear transport (Fig. 4.15). Forces imposed on the
membrane can result in changes in actin polymerization and chromatin reorgani-
zation. The altered F/G actin ratio can alter nuclear transport of transcription fac-
tors to the nucleus. This work was enabled by a device that could both impose
forces and image fluorescence anisotropy. In fact, most mechanotransduction
experiments require the integration of a device with cells, and approaches to cre-
ate tractable devices will help transition mechanotransduction experiments into
cell biology labs.
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Fig. 4.15 Schematic of experimental setup application of force on single living cells (From Iyers
etal. 2012)

Discussion

Efforts in the United States, Europe, and Asia have demonstrated that cell mechan-
ics is a critical component to our understanding of cancer progression. Mechanics
cannot be viewed as a complement to molecular biology, but rather as a partner. The
biophysical properties of cells and the response of cells to mechanical forces is
intimately involved in tumor growth and the metastatic process. Efforts to train
scientists at the interface of biology and mechanics, such as those being pioneered
at the Mechanobiology Institute in Singapore, will produce an entirely new breed of
investigator that is able to work at the interface of the physical sciences and oncol-
ogy. Close connections with clinicians, like those found at the University of Leipzig,
are essential to translating cell mechanics studies to patient diagnosis and treatment.
There are many questions that have not yet been answered, but we are now well-
positioned to tackle them with the advent of new, tractable methodologies to probe
cell mechanics. Connecting the biophysical properties of cells to the invasive behav-
iors of cells is a critical step in bringing cell mechanics work closer to therapeutic
treatment.
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Challenges to the Field of Cell Mechanics

Assessing the state-of-the-art research throughout Europe, Asia, and the United
States has revealed several universal challenges in the field of cell mechanics.

Adapting Cell Mechanics Concepts to Biology Labs and the Clinic

While the importance of mechanics is increasingly appreciated, most of the current
oncology studies continue to focus exclusively on molecular biomarkers, signaling
pathways, and small molecule inhibitors. Significant technology development has
occurred in the molecular biomarker field, producing more user-friendly, high-
throughput methods for analyzing the molecular signature of cells. These method-
ologies are readily adaptable by scientific labs and have found their way into clinical
assays. In contrast, there has been less done to make measurements of cell mechan-
ics tractable to scientists outside of the mechanics field. As a result, the impact of
cell mechanics has been more limited as fewer research labs have adopted methods
or become familiar with the conceptual framework of cell mechanics.

Likewise, unlike molecular properties, mechanical properties are difficult to
manipulate. There is no analogous technique to siRNA or knockdown in mechanics.
Intervention in pathways related to mechanics often alters multiple signaling path-
ways. Therefore, it is difficult to test whether a specific cell behavior (e.g., invasion,
migration, or proliferation) is specifically due to mechanical changes.

High-Throughput Screening of Single Cells

Cell mechanical testing is traditionally done by probing cells on an individual basis
and has not been widely translated into high throughput methods. Most mechanics
assays—both the actual experimental testing and the analysis required to convert
the measurements into meaningful values—are typically very time consuming
because each cell is tested and analyzed individually. Analysis of populations
becomes difficult simply due to the time required to collect the amount of data nec-
essary to analyze statistical differences. In contrast, many molecular techniques
such as Western blotting and PCR are designed to test cell populations and are rela-
tively high-throughput compared to mechanical testing techniques. For mechanics
to be widely adopted, higher throughput methods will be beneficial.

The Need for Interdisciplinary Training
Cell mechanics and mechanobiology differ from fields like molecular biology in

pedagogy as well. Mechanobiology, while an old field, is not offered as a unique
degree program unlike many other biology sub-disciplines. While there are a
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plethora of biology textbooks available, there are few that could be considered the
“authority” on mechanobiology. The Mechanobiology Institute in Singapore has
made significant strides in this area in the creation of MBInfo (mechanobio.info), a
multi-media resource, containing chapters describing mechanobiology across
scales. The information is written and reviewed by expert scientists in the field. Its
wiki-based format allows for information to be continually updated, a necessary
element in a constantly changing field. Training students and scientists in both biol-
ogy and mechanics is essential to making significant strides in tying oncology to the
physical sciences.

Perceptions of the Integration of Mechanical Measurements
with Molecular Biology

A potential limitation to the efforts being made in the field of cell mechanics is
related to the perceptions of the larger biological community about cell mechanical
measurements relative to what is already known. Molecular biology approaches and
molecular biomarkers are often the dominant concepts in biomedical research. As
such, there is a tendency for researchers to try to link mechanical changes to specific
genetic and molecular changes. While it is logical that physical changes have their
roots in genetic changes, it is possible that this may not always be the case. For
instance, any number of different genetic or signaling changes can result in the same
mechanical phenotype. Therefore, screening a population could result in the identi-
fication of a certain mechanical phenotype without finding a unifying underlying
molecular biomarker. Additionally, the mechanical traits of a cell are transient—
changing in time as a function of migration and protrusive activity, cell cycle state,
matrix properties, and other factors. Therefore, it may not be possible to capture
individual molecular or signaling changes that are responsible for mechanical prop-
erties. Given the lack of success in identifying universal molecular biomarkers of
cancer progression and the recent surge of data showing that metastatic cells are
more deformable and exert stronger forces, it is possible that mechanical biomark-
ers may be a promising avenue for diagnosing and treating cancer. A greater under-
standing of cell behavior may come from viewing mechanics as complementary to,
but not necessarily rooted in, molecular biology.
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