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Abbreviations
ACS American Cancer Society
ADAM a disintegrin and metalloprotease
AFM atomic force microscopy
ATP/ADP adenosine triphosphate/diphosphate
CAM cell adhesion molecule
CNF-1 cytotoxic necrotizing factor-1
CRM confocal reflectance microscopy
DIC differential interference contrast
ECM extracellular matrix
EMT epithelial-mesenchymal transition
ERK extracellular signal-related kinase
FAK focal adhesion kinase
FC focal complex
FDA Food and Drug Administration (USA)
GAP GTPase activating factor

GBM glioblastoma multiforme
GEF guanine nucleotide exchange factor
GTP/GDP guanosine triphosphate/diphosphate
hMSC human mesenchymal stem cell
IgSF immunoglobulin superfamily
LOX lysyl oxidase
MAT mesenchymal amoeboid transition
mESC mouse embryonic stem cell
MLC myosin light chain
MLCK myosin light chain kinase
MMP matrix metalloprotease
NMMII nonmuscle myosin II
ROCK Rho-associated kinase
SEM scanning electron microscopy
SHG second harmonic generation
VEGF vascular-endothelial growth factor

Glossary
Angiogenesis The formation of new blood vessels from
preexisting vessels.

Cytoskeleton The three-dimensional, intracellular
biopolymeric structural network that contributes to cellular
morphology, mechanics, motility, and directional
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intracellular transport. Key components of the cytoskeleton
include actin filaments (F-actin), microtubules, and
intermediate filaments.
Epithelial-mesenchymal transition A biological process
through which epithelial structures adopt specific
characteristics of mesenchymal tissues, including loss of
cell-cell adhesions and increased motility. It is both critical
to normal developmental processes and a common feature
of the early progression of epithelial tumors.
Extracellular matrix The biopolymeric material scaffold
to which cells adhere in tissues.
Focal contact A multimolecular, nano/microscale plaque-
like complex that anchors cells to the ECM. Focal contacts
may exist in various forms, including focal complexes,
fibrillar adhesions, and focal adhesions, as defined by
morphology, molecular composition, and other
factors. Note that the term ‘focal adhesion’ is widely
used in the field to represent all cell-ECM adhesive
complexes.

Glioblastoma multiforme A grade IV astrocytoma, the
most common and aggressive primary brain tumor.
Integrins A type of transmembrane cell adhesion receptor
that is an obligate heterodimer consisting of an a and a b
subunit.
Mechanobiology A field that seeks to understand the role
of mechanical forces in biological systems at length scales
ranging from single molecules to whole organisms.
Mechanotransduction The process through which living
cells and tissues sense, process, and respond to mechanical
cues in their environment.
Metastasis The process by which tumor cells spread from
a primary organ of presentation to a distal (nonadjacent)
organ.
Ras homology (Rho) family GTPases A family of
monomeric GTPases classically associated with regulation
of the actin cytoskeleton to establish shape polarity,
mechanical properties, and migration. Examples include
Rho, Rac, and Cdc42.

7.10.1 Introduction

The American Cancer Society (ACS) defines cancer as ‘a group
of diseases characterized by uncontrolled growth and spread
of abnormal cells.’ For 2009, the ACS estimated that nearly
1.5 million new diagnoses of cancer would be made in the
United States, and that various types of cancer would claim
over 500 000 lives (25% of all deaths), second only to heart
disease as a cause of death.1 At a fundamental level, cancer is a
disease in which cell and tissue homeostasis is converted from
a normal phenotype, in which cell proliferation, death, and
differentiation are tightly choreographed, to a tumor-like
phenotype, in which these events become grossly unbalanced.
Thus, two central challenges in the field of cancer biology have
been to identify cues that trigger transformation into the
tumor phenotype and to understand the mechanisms through
which cells process these cues to give rise to behaviors that
promote tumor growth and spread. Traditionally, the field has
focused the bulk of its attention on the role of primary genetic
lesions in this process2–6 and, more recently, epigenetic
modifications that might alter transcription of genes relevant
to tumorigenesis.7–10

While there is no question that these cell-intrinsic factors
play crucial roles in all aspects of tumor growth and spread, it
has recently become clear that dysfunctional crosstalk between
the cell and its external microenvironment also plays a sig-
nificant role.11–15 This microenvironment consists of a com-
plex combination of soluble signals (e.g., growth factors),
other cells, and the extracellular matrix (ECM), which is the
solid-state biopolymeric scaffold that surrounds cells in living
tissues. While all of these components are capable of reg-
ulating cell behavior through classical receptor-mediated sig-
nal transduction pathways, it is increasingly appreciated that a
critical component of this microenvironmental influence is
biophysical in nature, including mechanical forces exchanged
between cells and their surroundings. In fact, one can con-
struct a ‘mechanical force journey’ through which tumor cells
progress during growth, invasion, and metastasis that involves

characteristic changes in mechanical interactions between the
cells and their microenvironment, and parallels the genetic
and epigenetic transformations traditionally associated with
cancer (Figure 1).16 This discovery has come in the context
of a recent and very exciting explosion of work that illustrates
the power of mechanical signals to control fundamental
behaviors of a wide variety of cell types, including stem cells,
in the context of normal development, tissue homeostasis,
and biotechnology. Together, these efforts have given rise
to the new field of cellular mechanobiology, whose goal is
to understand how cells sense, process, and respond to
mechanical inputs, and the role of these inputs and signaling
systems in biology and disease.17,18

Viewed in retrospect from a clinical perspective, a close
relationship between mechanical force and tumorigenesis
seems almost obvious. Patients and physicians often initially
detect superficial tumors by manual palpation, with apparent
stiffness frequently yielding powerful predictive insight into
prognosis.19,20 Ultrasound imaging, which derives its contrast
from gradients in tissue stiffness and density, has proven sur-
prisingly effective at delineating tumor tissue, in some studies
outperforming even magnetic resonance imaging.21–25 The
stereotypical dissemination pattern of many tumors hints at
the importance of mechanical and other biophysical cues in
guiding their spread; for example, malignant brain tumors
often infiltrate the brain along white matter tracts, vascular
beds, and other sharply defined mechanical and topological
interfaces.26

This chapter reviews the role of cellular mechanobiology in
the development, growth, and spread of tumors. While many
of the concepts are generally applicable to a wide variety of
biophysical inputs, the focus here is on mechanical interac-
tions between tumor cells and the ECM. First an overview
of cell-ECM mechanobiology is provided, including the con-
tributions of adhesion receptors, focal adhesion complexes,
mechanotransductive signaling pathways, and the cellular
cytoskeleton. The role of mechanobiological signaling in
tumor initiation, angiognesis, tissue invasion, and metastasis
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is then discussed. Next, a case study exemplifying these prin-
ciples is considered: the mechanobiology of the malignant
brain tumor glioblastoma multiforme (GBM). Finally, recent
efforts to leverage cellular mechanobiological systems to
develop novel anticancer strategies are reviewed, followed by a
brief summary and discussion of future challenges in the field.

7.10.2 Cellular Mechanotransdution: Background
and Overview

Before engaging in a detailed discussion of mechanobiological
signaling in cancer specifically, a general overview of
mechanotransductive signaling is given, with an emphasis
on the molecular mechanisms through which cells sense and
process mechanical signals encoded in the ECM. Although the
bulk of the discussion will focus on cells that are either
adhered to or surrounded by a static solid-state ECM, many
of the molecular components also play central roles in

mechanotransduction in cells subjected to dynamic force
inputs or at solid-liquid interfaces, such as metastatic cells
under shear.

7.10.2.1 Integrins: Structure, Function, and Regulation

Cells recognize specific molecules in the ECM through a
variety of cell adhesion receptors, including selectins, immu-
noglobulin superfamily cell adhesion molecules (IgSF CAMs,
e.g., NCAMs, VCAM-1, PECAM-1), and integrins.27–31 Integ-
rins are by far the most well studied members of this group,
particularly with respect to their ability to convert ECM-
imposed stresses and strains into activation of specific
intracellular signaling pathways. Many lines of evidence sup-
port the concept that integrins provide a critical mechanical
linkage between the ECM and the cellular cytoskeleton.32–35

Integrins are heterodimeric transmembrane receptors com-
posed of paired a and b subunits; the human genome encodes
18 a and eight b subunits, and the specific ab combination
determines which ECM protein(s) the integrin will bind
(e.g., fibronectin, collagen, laminin) (see also Chapter 7.2).
Although combinatorial calculations might lead one to expect
more than 100 possible ab dimers, only around 24 pairs are
observed in nature. The biological activity of integrins depends
on at least two molecular parameters, integrin conformation
and integrin clustering, concepts that will be revisited in more
detail below.36

The structural biology of integrins has been extensively
studied and described in great detail elsewhere.36–39 Briefly,
both integrin subunits generally consist of very large extra-
cellular domains (B800 amino acids), transmembrane
domains (B20 amino acids), and short cytoplasmic domains
(13–70 amino acids). Viewed at low resolution, the integrin
heterodimer grossly resembles a large head (i.e., the extra-
cellular-most portion of the heterodimer) poised atop two
stalks or legs (the remainder of the two subunits). Many of
the various domains of the a integrin subunits are named
with direct reference to the leg analogy (e.g., the thigh domain,
the genu (knee) domain, and two calf domains), and as the
names would imply, the heterodimer is capable of bending
about the genu between a ‘bent’ or ‘closed’ conformation and
an ‘extended’ or ‘open’ conformation. Critically, these two
conformational states bear very different biological activities,
with the closed conformation representing an inactive, low-
ECM affinity state and the open conformation representing an
active, high-ECM affinity state. The specific submolecular
mechanism through which heterodimer conformation con-
trols ECM ligand binding affinity remains the subject of some
controversy, and several competing models have been pro-
posed to explain this relationship.40–43

Integrins may be activated by a variety of stimuli that
include specific divalent cations and binding of both ECM
proteins and intracellular ligands. Perhaps the most well
understood intracellular activator of integrins is the focal
adhesion protein talin. An NPxY motif within the head
domain of talin directly binds to the b subunit of integrins in a
highly specific manner, and overexpression of this domain is
sufficient to activate aIIbb3 integrin pairs.44,45 It has also been
determined that while the head domain of talin is sufficient to

(a)

(c) (d)

(b)

Figure 1 The force journey of a tumor cell. At all stages of tumor
growth and spread, tumor cells and their progenitors are subject to
mechanical forces in their environment. (a) Normal tissue
homeostasis. Even in nominally normal static tissues, such as
epithelia and endothelia, cells exert mechanical force on each other
and the ECM that contribute to the mechanical stability of the tissue.
This force balance is commonly disrupted in dysplastic tissues, even
prior to the onset of frank tumor growth. (b) Invasion. As tumor cells
invade the tissue parenchyma, they use mechanical force to
rearrange ECM components and translocate in a directional fashion.
(c) Circulation. If a tumor cell successfully escapes the primary
tissue of presentation, it may enter the vasculature, where it is
subject to shear and compressive forces. (d) Metastasis. In order for
a tumor cell to leave the vasculature and establish itself in a distal
site, it must undergo diapedesis through the endothelium, which
requires expression of a new complement of adhesion receptors,
alterations in endothelial cell-cell adhesion, and coordinated changes
in the mechanics of both tumor and endothelial cells. Reproduced
from Kumar, S.; Weaver, V. Mechanics, malignancy, and metastasis:
The force journey of a tumor cell. Cancer Metastasis Rev. 2009, 28,
113–127, with kind permission of Springer Science and Business
Media.
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bind and activate the b subunit, full-length talin, which con-
tains additional b subunit binding sites, is needed to initiate
formation of fully developed focal adhesion structures and
provide full mechanical coupling to the cytoskeleton.46

Recently, Ye and colleagues creatively combined high-resolu-
tion cryoelectron microscopy with lipid membrane recon-
stitution approaches to demonstrate that talin is sufficient
to activate and extend aIIbb3 integrins in vitro.47 In addition to
specific molecular binding events, mounting evidence suggests
that mechanical inputs alone can trigger integrin activation in
the absence of other external ligands; for example, shear
has been demonstrated to activate integrins on the surface of
endothelial cells,48–51 and steered molecular dynamics simu-
lations have suggested that application of tensile forces can
accelerate integrin extension.52 Based on these studies, integ-
rin activation is often regarded as a positive-feedback system
in which specific stimuli trigger integrin activation, which
in turn renders these integrins more sensitive to further
activation.

The ability of integrin engagement to transduce a down-
stream signal also depends strongly on lateral association
of multiple integrin pairs into ‘clusters’, as evidenced by the
findings that multivalent integrin antibodies can trigger
adhesive signaling in the absence of ECM protein.53 Indeed,
simply enhancing heterodimer-heterodimer affinity by intro-
ducing asparagine residues into the transmembrane domain
of b integrin subunits to create intermolecular hydrogen-
bonded networks between the carboxamide side chains can
significantly amplify integrin-dependent mechanotransductive
signaling.54,55 Conversely, integrin signaling can be inter-
rupted when heterodimers are physically precluded from
clustering. This principle was directly demonstrated by an
elegant series of experiments by Spatz and co-workers, who
used block-copolymer micelle-based lithography to pattern
single-integrin binding sites (cyclic RGD peptides) on solid
supports at interligand spacings ranging from 28 to 85 nm. At
ligand spacings exceeding 73 nm, cells are no longer able to
spread effectively or form well defined adhesive or cytoskeletal
structures, because individual heterodimers cannot laterally
associate or trigger cluster-dependent signaling when held
apart at this distance.56,57

7.10.2.2 Cell-ECM Adhesions

Once integrins have formed a nascent cluster at the cell
membrane, they begin to recruit a variety of factors to the
intracellular face of the plasma membrane. Together, this
accumulation of proteins creates discrete, micron-scale, pla-
que-like structures known as focal complexes (FCs), to which
some 480 proteins have been identified to localize
(Figure 2). The assembly and function of FCs have been the
subject of several very comprehensive reviews,58–61 but to
summarize, FCs serve at least three key functions. First, they
house proteins whose biochemical properties depend strongly
on applied mechanical force, thus providing a set of
‘mechanosensors’ capable of communicating ECM-imposed
forces and deformations into biochemical signals within
the cell. Indeed, the development of FCs is strongly force
dependent, with application of mechanical loads capable of

converting FCs from an immature, punctate morphology
(‘focal contacts’) to a larger and more elongated morphology
as additional components are recruited (‘focal adhesions’). It
is worth noting that many in the field use the term ‘focal
adhesion’ to describe all cell-matrix adhesion plaques, parti-
cularly where state of maturity is not critical to a given con-
text. An incomplete list of proposed mechanisms for this
mechanosensing includes force-dependent unfolding of spe-
cific molecules,62–64 mechanical exposure of cryptic binding
sites,65–67 and force-dependent binding affinity.68–72 Second,
FCs physically couple integrins to the cellular cytoskeleton, as
evidenced by the fact that many FC proteins can simulta-
neously bind both specific integrin subunits and cytoskeletal
filaments. Consider, for example, the case of talin described
earlier, which is one of the earliest molecules recruited to the
FC and plays a central role in activating and clustering integrin
heterodimers. Similarly, a-actinin, which is recruited to FCs
relatively late in their development, binds both the intracel-
lular domain of b integrin subunits and F-actin, thereby
serving as a molecular ‘glue’ that couples the ECM to the
cellular structural machinery.73 Third, FCs serve as nodes that
coordinate and locally concentrate molecular components of

Figure 2 Mechanochemical feedback and cell-ECM adhesions.
Cells engage ECM components through integrins and other cell
adhesion receptors. Integrin clustering is accompanied by
recruitment of a variety of intracellular proteins to the cell-ECM
interface, some of which interact with and activate Rho family
GTPases. Activation of these proteins facilitates assembly of actin
cytoskeletal structure and force generation, which in turn provides a
mechanism to exert tractional forces on the ECM through the
adhesive plaque. Reproduced from Geiger, B.; Spatz, J. P.;
Bershadsky, A. D. Environmental sensing through focal adhesions.
Nat. Rev. Mol. Cell Biol. 2009, 10, 21–33, with permission. Copyright
by Nature.
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signal transduction cascades, some of which may be directly
relevant to growth and proliferation. For example, epidermal
growth factor receptor (EGFR), a receptor tyrosine kinase that
is widely mutated in certain tumors74 and whose activation
stimulates the rapid proliferation of many tumor cell types,
strongly co-localizes to FCs, suggesting that these structures
may serve to locally concentrate EGFR-mediated signaling.
Similarly, focal adhesion kinase (FAK), extracellular signal-
related kinase (ERK), and Src family kinases, all of which can
powerfully stimulate proliferation, all co-localize to FCs.75–81

As described above, one of the most important roles played
by FCs is to spatially concentrate the generation of mechano-
transductive signals. The close relationship between force
application, integrin engagement, and initiation of signal
transduction was directly and elegantly demonstrated by
Wang et al.,82 who affixed RGD-coated colloidal beads to cells
transfected with a FRET-based sensor of activation of the
proto-oncoprotein Src. When they applied force to a bead
using an optical tweezer, they observed ‘waves’ of Src activa-
tion propagating away from the bead in a temporally and
spatially coordinated fashion. Remarkably, subsequent work
showed that mechanical force is capable of activating Src more
than two orders of magnitude more rapidly than treatment of
the cell with growth factors.83 Indeed, it appears that, under
some circumstances, application of mechanical force can even
‘bypass’ Src and directly activate other signaling molecules
typically regarded as downstream effectors of Src (e.g., Rac
GTPase).84 Together, these and other findings have raised
the prospect that mechanical force and soluble growth factors
may activate the same signaling networks through funda-
mentally distinct biochemical and biophysical mechanisms,
although the details of these putative differences remain to be
elucidated.

7.10.2.3 Rho Family GTPases

Of all the signal transduction pathways associated with FCs,
perhaps the ones most closely associated with mecahano-
transductive signaling and most intensely studied in that
particular context involve the Rho (Ras homology) family
GTPases.85–88 These small GTPases switch between an active,
GTP-bound state and an inactive, GDP-bound state, with
inactivation triggered by GTP hydrolysis and activation
triggered by exchange of GDP for GTP. Both activation and
inactivation are facilitated by the action of specific accessory
proteins, including guanine nucleotide exchange factors
(GEFs), which promote GDP-GTP exchange, and GTPase
activating factors (GAPs), which promote GTP hydrolysis.
There are three canonical GTPases, Rho, Rac, and Cdc42, all of
which exist as multiple human isoforms and act through
specific downstream effectors. While there is considerable
crosstalk between the functions of these three molecules,
each one is classically associated with regulation of a specific
aspect of cytoskeletal assembly fundamental to dynamic reg-
ulation of cellular mechanics and motility. Specifically, Rho
activation is associated with assembly of stress fibers and other
contractile actin-based structures, Rac is associated with for-
mation of lamellipodial protrusions, and Cdc42 is associated
with formation of filopodial protrusions.89 Importantly, the

activation of these species is highly localized in time and
space, as evidenced by the observation that when a specific
GTPase is locally activated in a living cell, it induces formation
of the associated structure specifically at the site of activa-
tion.90,91 In addition, there are well described positive and
negative cooperative relationships between these molecules;
for example, Rho activation indirectly reduces Rac activation
in many contexts, and vice versa.90,92–94 Rho, Rac, and Cdc42
all localize to specific migratory and adhesive processes
(e.g., FCs, lamellipodia), display strongly adhesion-dependent
activation, and can contribute to mechanochemical feedback
in complex ways.95–97 For example, activation of Rho at FCs
can in turn activate its downstream effectors mDia and Rho-
associated kinase (ROCK), which promote actin polymeriza-
tion and actomyosin contractility respectively.98,99 The syner-
gistic actions of these effectors enable the cell to nucleate
focal adhesions from FCs, which cells then use to generate
more contractile force on adhesions, which triggers greater
integrin clustering, activation of FC-based mechanosensors,
and adhesion maturation.100 In addition, Rho GTPases and
their accessory proteins are increasingly recognized to intersect
with other signaling systems. For example, as will be discussed
in greater detail later, p190RhoGAP physically interacts with
the VEGF-dependent transcription factor GATA2 and impedes
its entry into the nucleus, thereby providing a mechanistic
explanation for the observation that angiogenesis depends
strongly on the mechanical microenvironment.101

7.10.2.4 Nonmuscle Myosin II (NMMII)-Based Contractility

As described above, Rho, Rac, and Cdc42 all promote the
assembly and function of specific subcellular structures that
permit the cell to mechanically communicate with its envir-
onment. Although a detailed discussion of the mechanisms
through which this occurs is overly complex to review here, an
example of the activation by Rho of nonmuscle myosin II
(NMMII), the primary actin-based motor in nonmuscle cells,
is considered. As described earlier, Rho directly activates its
downstream effector ROCK, which promotes contractility of
stress fibers and other actomyosin bundles.102 ROCK in
turn both phosphorylates and inactivates myosin light chain
(MLC) phosphatase103,104 and directly phosphorylates MLC,105

thereby both directly and indirectly promoting MLC phos-
phorylation. MLC phosphorylation, in turn, promotes asso-
ciation of NMMII filaments with actin filaments in actomyosin
bundles and permits the former to slide against the latter, giving
rise to bundle contraction. Several pharmacological tools have
been developed or discovered to interrupt various components
of this pathway, and consistent with the concept that adhesion
growth can be reinforced by mechanical force, treatment of
many cell types with these inhibitors disrupts stress fibers, focal
adhesions, and mechanotransductive signaling. For example,
C3 exoenzyme, Y27632, and blebbistatin inhibit Rho, ROCK,
and NMMII respectively,106–108 although the precise enzymo-
logical mechanisms through which this occurs remain the
subject of active study.109 NMMII may also be activated in a
manner that is nominally Rho independent by MLC kinase
(MLCK), which directly phosphorylates MLC via a rapid Ca2! /
calmodulin-dependent mechanism.110,111 The relative roles and
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importance of Rho/ROCK- and MLCK-based activation of
NMMII within the cell remain unclear and the subject of
considerable speculation, although one especially intriguing
hypothesis proposes that Rho and ROCK primarily control
stress fibers located in central regions of the cell, whereas MLCK
primarily controls stress fibers located along the cell periph-
ery.104,112,113 It is physically intuitive that NMMII-based con-
tractility regulates the ability of cells to exert forces against each
other and the ECM in normal tissues, as well as the ability of
tumor cells to change shape and squeeze through tissue
microstructures during invasion and metastasis.114 What per-
haps may be more surprising, however, is that Rho/ROCK/
NMMII-based signaling also appears to contribute to epigenetic
regulation of gene expression. For example, inhibition of ROCK
or MLCK in gastric carcinoma cells alters histone acetylation,115

as does restriction of cell spreading in mammary epithelial
cells.116 The molecular mechanisms that define these connec-
tions and the extent to which they overlap with canonical
epigenetic regulatory mechanisms remain important open
questions.

7.10.3 Mechanobiology of Tumor Initiation

7.10.3.1 Force as a Regulator of Normal Development

It is easy to understand the potential importance of mechan-
otransductive signaling to tissues that are classically regarded
as load bearing or load generating, such as muscle, vascu-
lature, and connective tissue. At first glance, this mode of
signaling may seem considerably less relevant to tissues that
are macroscopically static and not subjected to chronic exter-
nal loads, such as epithelia. However, the reality is that cells in
any multicellular tissue participate in a complex mechanical
balance that involves the interchange of mechanical force
against adjacent cells and the ECM. In many cases, these forces
are channeled through integrin-dependent signaling systems
described above;117 in other cases, they may be channeled
through analogous systems associated with cell-cell junc-
tions.118–120 In vitro, mechanical forces exchanged between
cells in static two-dimensional culture have been demon-
strated to strongly affect cell proliferation and may provide a
mechanical basis for contact inhibition.121 Superimposed on
this cell-cell and cell-ECM force balance are mechanical loads
nonspecifically applied to the entire tissue, including com-
pressive, tensile, and shear loads.18 In this sense, the field has
come to conceptualize cells as participating in a ‘dynamic
mechanical reciprocity’ with their surroundings, in which cells
receive a variety of force-based signals from their mechanical
microenvironment, integrate them by triggering mechan-
otransductive signaling pathways, and ultimately respond by
exerting compensatory contractile forces against the environ-
ment to maintain mechanical equilibrium.16 The notion that
static tissues are ‘prestressed’ in this way has been extensively
explored by Ingber and colleagues and lies at the heart of the
tensegrity model of cell and tissue mechanics.122 In recent
years, there has been increasing appreciation for the impor-
tance of these cell-derived contractile forces for controlling
organismal embryogenesis and organ development. For exam-
ple, Farge, Beaurepaire and colleagues showed that applying

force to the developing Drosophila embryo induces expression of
the mechanosensitive gene Twist and subsequent ventralization
and that developmental deficits in mutants with abnormal
Twist expression can be rescued by application of compressive
forces.123 Subsequent work has validated the use of femtosecond
laser ablation to quantify and directly manipulate cell-generated
forces in the Drosophila embryo.124,125 More recently, a high-
resolution magnetic tweezer system was used to show that
localizing the site of force application can provide an additional
level of control.126 These force interactions are also directly
relevant to vertebrate embryogenesis and development;127 for
example, disruption of cellular contractility can interfere with
branching morphogenesis in lung128 and breast.128

7.10.3.2 Mechanoregulation of Stem Cells

Both direct application of mechanical force and manipulation
of the mechanical properties of culture scaffolds have been
explored as a design tool for steering stem cell differentiation
in vitro.129 While the goal of these studies has primarily been
to direct stem cell differentiation for tissue engineering and
regenerative medicine applications, they are worth discussing
here in light of the increasingly appreciated idea that some
tumor cells may bear stem-like properties, which might imply
that stimuli useful for the control of stem cell behavior may
also prove useful for the control of tumor cells.130–134 Human
mesenchymal stem cells (hMSCs) cultured on mechanically
compliant ECMs preferentially differentiate into neurons or
adipocytes, whereas hMSCs cultured on rigid ECMs pre-
ferentially differentiate into osteocytes. The underlying model
is that signals encoded in the mechanical rigidity of the ECM
direct hMSCs to differentiate towards a tissue type whose
stiffness matches that rigidity.135,136 Analogous results have
been observed when hMSCs are either allowed to spread fully
and generate high contractile forces or confined to small
adhesive areas,137 an idea that has been extended to engineer
stem cell differentiation in multicellular patterned tissues.138

Such control mechanisms have even been observed in stem
cell populations not traditionally regarded as ‘load bearing’;
for example, adult neural stem cells cultured on rigid ECMs
and in the presence of mixed differentiation cues tend to
yield astrocytic cultures, whereas those cultured on compliant
ECMs under equivalent media conditions yield predominantly
neuronal cultures.139,140 Recently, Wang and colleagues
extended these concepts to mouse embryonic stem cells
(mESCs) by showing that sustained local application of
mechanical force to mESCs via magnetic twisting cytometry
could induce MLC activation, spreading, and – remarkably –
loss of pluripotency markers.141 This raises the exciting pro-
spect that local mechanical manipulation of stem cells may be
used to control self-renewal and differentiation as an alter-
native or complementary strategy to wholesale materials
engineering of the mechanical microenvironment.

7.10.3.3 Mechanobiological Systems and Malignant
Transformation

There is much evidence to suggest that altered mechani-
cal interactions between cells and their environment can
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contribute to the tissue dysplasia typically associated with the
first pathologically evident stages of tumor development.
Altered integrin subtype expression is an early molecular sig-
nature of many tumor types and may play a role in initial
detachment from the ECM. For example, a meta-analysis of
integrin expression for seven different tumor types revealed
that elevated expression of a5b1 heterodimer correlates with
low levels of malignant transformation, whereas the opposite
appears to be true of avb3 heterodimer.142 In addition, over-
expression of specific integrin subtypes in culture can reverse
the malignant phenotype in cancer cells143 and, as will be
discussed later, integrins have emerged as valuable exploratory
therapeutic targets in cancer. Finally, the seminal and highly
influential work of Bissell and colleagues has clearly demon-
strated that the malignant phenotype can be reversed through
provision or interruption of specific ECM-based signals,144–149

and more recent work has suggested that some of these
signals may act through cellular mechanotransductive signal-
ing systems.116,150

In addition to cell adhesion receptors, there is much evi-
dence to support alterations in FC-based proteins in malig-
nant transformation. Later, one example will be considered in
detail in the context of malignant brain tumors: a-actinin.
Another relevant and well characterized example is FAK, which
is widely overexpressed and activated in tumor cells.151–154 It
has been hypothesized that the ability of many tumor cells to
express FAK at high levels in the absence of well defined
adhesion plaques underlies their ability to undergo ancho-
rage-independent growth.155 FAK also appears to play a central
role in early ECM remodeling events, in part because sup-
pression of FAK in ovarian cancer cells reduces expression of
specific matrix metalloproteases.156 For all of these reasons,
FAK has emerged as an important therapeutic target in cancer.
While it is clear that FAK figures centrally in all biomechanical
steps in tumor transformation, detachment, invasion, and
distal metastasis, understanding of the molecular mechanisms
through which this occurs remains incomplete.

Gross alterations in both the composition and architecture
of the cellular cytoskeleton are strongly associated with
tumor transformation. In breast, both cellular morphology
and intermediate filament expression are commonly used as
measures of epithelial de-differentiation, with a central hall-
mark of the epithelial-to-mesenchymal transition (EMT) in
mammary tumors being loss of a keratin-based cytoskeleton
and gain of a vimentin-based cytoskeleton.157–159 Moreover,
Ras-transformed fibroblasts are capable of spreading, pro-
liferating, and generating high tractional forces on compliant
(soft) substrates that do not permit growth of normal cells,160

a principle that underlies the predictive utility of the soft agar
assay. Given the close connection between the cytoskeleton
and tumor transformation, it is perhaps not surprising that the
Rho family GTPases have also been implicated in early stages
of tumor transformation. Inhibition of some Rho GTPases can
prevent Ras-mediated transformation of fibroblasts, and con-
stitutive activation of Rho GTPases can mimic certain features
of oncogenic transformation.161–164 The mechanisms through
which aberrant Rho GTPase signaling might alter cell cycle
progression have been well described and reviewed extensively
elsewhere.87 As an example, Rho-dependent ROCK activation
can enhance expression of cyclin D1, which facilitates passage
through the G1 phase of the cell cycle.165 In addition, con-
stitutive RhoA activation can overcome blocks on G1/S pro-
gression imposed by restricting cell spreading by stimulating
expression of Skp2.166

Given the tight coupling between cytoskeletal assembly,
mechanotransductive signaling, and cell cycle progression,
one would expect that manipulation of the mechanical
microenvironment might be capable of altering cell pro-
liferation thorough activation of mechanobiological signaling
events. These connections were recently and thoroughly
investigated by Klein and colleagues, who cultured breast
epithelial cells, osteoblasts, fibroblasts, and vascular smooth
muscle cells on variable stiffness ECMs and asked how
microenvironmental stiffness might regulate cell cycle pro-
gression. They found that use of ECMs whose elasticities
resemble physiologic tissue inhibited cell cycle progression
through a variety of mechanisms, including suppressing the
FAK–Rac–cyclin D1 pathway.167 A regulatory role of ECM
stiffness in controlling tumor transformation has also been
validated in vivo, including a landmark study in which Weaver
and colleagues directly tested the hypothesis that mechanical
signals from the ECM can independently facilitate mammary
epithelial transformation (Figure 3). By culturing normal
(nontumorigenic) mammary epithelial cells on ECM sub-
strates spanning a range of stiffnesses, they showed that
increasing ECM stiffness alters integrin subtype expression,
enhances focal adhesion assembly, disrupts acinar archi-
tecture, and promotes invasion into three-dimensional (3-D)
ECMs. The mechanistic origin of this effect is increased clus-
tering of integrins, which in turn amplifies activation of Rho
GTPase and growth factor-based signaling, as discussed ear-
lier.55,167 In a followup study, these investigators directly
demonstrated the relevance of these principles to tumor for-
mation and growth in vivo by showing that breast tumor-
igenesis is accompanied by significant increases in collagen
crosslinking, tissue stiffness, and formation of focal adhesions,

Figure 3 ECM rigidity and the tumor phenotype. (a) Effect of ECM rigidity on mammary epithelial assembly. Phase contrast (top row) and
immunofluoresence (middle and bottom rows) images of mammary epithelial cells (MECs) cultured on hydrogel ECMs with elasticities ranging
from 150 to 1050 Pa, and on glass (45000 Pa). Immunoflurescence images depict nuclear DNA (blue), b-catenin (green, middle row), b4

integrin (red, middle row), F-actin (green, bottom row), and laminin basement membrane (red, bottom row). Cells cultured on ECMs with
comparable elasticities to normal mammary tissue (B150 Pa) form patent acinar structures with well defined cell-cell junctions and cell-ECM
adhesions. As ECM rigidity is increased, cell-cell junctions and integrin distributions change, lumina lose patency, and acinar architecture
completely breaks down. (b) Model of relationship between mechanotransduction and growth control. ECM rigidity cues influence assembly of
integrins and cell-ECM adhesions, which can in turn activate both myosin-dependent cell contractility and ERK-dependent growth programs. This
represents one potential mechanism of crosstalk between mechanobiological signaling and growth factor-mediated signaling. Figures reproduced
from Paszek, M. J.; Zahir, N.; Johnson, K. R.; Lakins, J. N.; Rozenberg, G. I.; Gefen, A.; Reinhart-King, C. A.; Margulies, S. S.; Dembo, M.;
Boettiger, D.; Hammer, D. A.; Weaver, V. M. Tensional homeostasis and the malignant phenotype. Cancer Cell 2005, 8, 241–254.
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and that these changes could be detected in the stroma of
premalignant tissue, prior to the development of frank tumor
invasion. Suppression of collagen crosslinking and stiffening
through the inhibition of lysyl oxidase (LOX) was capable
of reducing malignant transformation and tumor incidence
in mice, raising the extremely exciting prospect that small-
molecule LOX inhibitors may prove valuable in tumor
therapy.168

Keely and co-workers have also shown that similar effects
may be triggered by culturing transformed mammary epithe-
lial cells on ECM gels affixed to a rigid substrate that are
capable of sustaining large tractional forces (versus free-float-
ing gels).169 They later extended these studies to demonstrate
that increasing ECM density in vivo can promote an invasive
phenotype through the activation of a signaling network that
includes FAK, ERK, and Rho.170 In an independent but closely
related effort, they used Cre/LoxP technology to ablate FAK
expression in the mammary epithelium of mice and demon-
strated that FAK is critical for tumor invasion.171 Further
collaborative efforts to gain insight into these findings from
the Weaver, Keely, and Calderwood laboratories have led to
the finding that the adhesion protein filamin A is needed for
mammary epithelial cells to contract and remodel compliant
collagen gels and that concentration of filamin A by reducing
its degradation can induce remodeling of even highly dense
collagen gels.172 Together, these data paint an emerging pic-
ture in which ECM rigidity governs epithelial tissue assembly
and transformation by mobilizing specific mechanosensors
(e.g., filamin A) and activating specific mechanosensory sig-
naling networks (e.g., RhoA) that may in turn trigger mito-
genic signaling and lead to loss of tissue architecture and
uncontrolled cell proliferation.

7.10.4 Mechanobiology of Angiogenesis

7.10.4.1 Overview of Angiogenesis

The viability of both normal and tumor cells depends on a
constant supply of oxygen and soluble nutrients, as well as a
mechanism to remove metabolic waste products. The simplest
physical mechanism to accomplish both of these tasks is dif-
fusion and, for this reason, mammalian cells are typically
located within 100–200 mm of blood vessels, a distance within
the approximate diffusion limit for oxygen in tissue.173 As a
solid tumor mass expands beyond a critical size limit of
1–2 mm,174 it begins to outstrip the capacity of diffusion to
deliver nutrients throughout the tumor and stops growing
absent new perfusion mechanisms. Some four decades ago,
Judah Folkman famously proposed that tumors circumvent
this limitation through the process of tumor angiogenesis, in
which the tumor coaxes the host vasculature to extend new
capillary networks to supply the growing tumor.175 Two key
implications of this landmark proposition are that tumor
growth and metastasis should be strongly angiogenesis
dependent, and that inhibition of the angiogenic process may
offer a therapeutic handle with which to treat solid tumors.
Although highly controversial when first proposed, Folkman’s
hypothesis is now widely accepted, and both of these impli-
cations have been demonstrated in many experimental and

clinical settings.176–181 Indeed, the field has come to describe
tumor cells as activating an ‘angiogenic switch’ when this
process is needed to serve the metabolic needs of the tumor.
The underlying assumption is that both tumor and host cells
are capable of secreting soluble factors that both inhibit and
stimulate angiogenesis; when the switch turns on, the proan-
giogenic cues overwhelm the antiangiogenic cues, and tumor
cells compel endogenous capillary networks to direct micro-
circulation towards the tumor.

Thus, over the past four decades, a central challenge in this
field has been to identify both conditions that turn the angio-
genic switch on and off, and secreted factors that promote
angiogenesis. In pursuit of the latter question, these efforts have
produced an extensive list of soluble growth factors that act to
promote angiogenesis, the most prominent and widely studied
of which are members of the vascular-endothelial growth factor
(VEGF) and angiopoietin families.182,183 These findings have
served as the basis for novel antiangiogenic pharmacotherapies
now in clinical use; for example, antibodies against VEGF (e.g.,
bevacizumab) are FDA approved as a component of combi-
nation therapy in colorectal cancer and are being actively
explored in a wide variety of other cancers.181,184 While it is
clear that soluble pro- and antiangiogenic signals play key roles
in regulating capillary sprouting, some aspects of in vivo
angiogenesis have been difficult to reconcile with a model
based solely on the actions of these biochemical cues. In par-
ticular, angiogenic events are frequently highly localized in
space; in fact, it was observed over 70 years ago – long before
the importance of capillary angiogenesis to tumor growth was
widely appreciated or understood – that nearby capillaries in
the same tissue can simultaneously undergo proliferation,
death, and differentiation.185 This, in turn, fostered the
hypothesis that microscale, solid-state elements in the tumor
microenvironment might regulate angiogenesis independently
or in concert with soluble signals.

7.10.4.2 Mechanobiological Regulation of Angiogenesis
by the ECM

The influential work of Ingber and colleagues has demonstrated
that mechanical signals from the ECM likely represent
one important such cue.121,186–190 Building on previous histo-
logical observations that angiogenic capillary sprouting is often
accompanied by local thinning of the adjacent basement
membrane,191 Ingber hypothesized that basement membranes
become more compliant as they thin, and that capillary endo-
thelial cells sense this change as an alteration in the force bal-
ance between the cell and ECM. Evidence that alterations in
ECM density are sufficient to trigger such wholesale phenotypic
shifts comes from observations that when capillary endothelial
cells are cultured on surfaces coated with low, medium, and
high densities of fibronectin (but under identical media condi-
tions), they spread to increasingly large projected areas and
preferentially undergo apoptosis, differentiation, and prolifera-
tion, respectively.192 However, this result leaves unclear whether
the differences in cell behavior are due to alterations in cell
shape or altered degrees of integrin occupancy. To distinguish
between these possibilities and isolate cell shape as an
‘independent variable’, Ingber, Whitesides, and colleagues used
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microcontact printing to culture single endothelial cells on
small, medium, or large fibronectin-coated islands; in these
studies, cells cultured on 50-mm-diameter islands and allowed
to spread preferentially underwent proliferation, whereas cells
restricted to 20-mm-diameter islands (and thus prevented
from spreading) preferentially underwent apoptosis despite
saturating concentrations of growth factor. Cells could even be
induced to proliferate when presented with 5-mm-diameter
fibronectin-coated islands, as long as these very small islands
were spaced closely enough to one another to enable the cell to
bridge across many islands. Thus, cell shape rather than total
integrin-ECM occupancy appears to be the key governing para-
meter in this system.193 Later studies revealed that cellular
prestress and traction force generation correlated closely with
projected cell area,194 further strengthening potential connec-
tions between cell shape, cell-ECM mechanics, and the angio-
genic switch.

These ideas have now been validated in 3-D ECMs by
several investigators. For example, Gooch and colleagues
cultured a series of human endothelial cell culture lines in
either free-floating or surface-attached collagen I gels of var-
ious densities and found that endothelial cells in floating
gels formed multicellular capillary structures with small
lumina, whereas capillaries formed by cells in attached gels
were thinner, had larger lumina, and developed prominent
stress fibers.195 Kuzuya and colleagues demonstrated that
differences in capillary formation could be induced by
enzymatically crosslinking collagen gels of fixed density in a
manner that is largely independent of soluble angiogenic
cues.196 In a recent and very revealing set of studies, Putnam
and colleagues have also explored connections between ECM
stiffness in 3-D and capillary angiogenesis by culturing
endothelial cells on microcarrier beads embedded in fibrin
matrices of various densities and in the presence of fibro-
blasts secreting proangiogenic factors.197,198 These studies
revealed that increasing fibrin density, which concomitantly
stiffens the matrix and reduces diffusivity, significantly retards
the growth of capillary networks. Moreover, this effect relies
upon the ability of the endothelial cells to generate traction
forces, as inhibition of elements of the NMMII signaling
pathway alters both gel contraction and capillary network
formation. Similar effects may also be observed in vivo;
treatment of lung bud explants in culture with ROCK
inhibitors markedly disrupts capillary network formation,
whereas pharmacological activation of Rho with cytotoxic
necrotizing factor-1 (CNF-1) increases capillary elongation
and extension.199

In addition to promoting angiogenic growth through local
stimulation of capillary branching, mechanical signals from
the ECM can also directly drive higher-order neovasculariza-
tion during inflammation and tumorigenesis. In a chick
chorioallantoic membrane model of wound healing, fibrin/
collagen-based granulation tissue is tightly remodeled and
contracted by infiltrating fibrobasts, which then leads to
translocation of nearby vessels and their preexisting capillary
networks into the tissue. The degree and dynamics of these
processes closely follow gel contraction, suggesting that
the fibroblasts may be creating mechanical gradients within
the granulation tissue to direct vessel migration. Critically,
however, neovascularization is abrogated in this model when

the implanted collagen gel is rendered contraction resistant
through incorporation of inert glass fibers that interfere
with collagen fiber bundling, or by chemically crosslinking
the fibers themselves. These results suggest that spatially and
temporally directed mechanical force might be used to target
and accelerate vascularization during wound healing, either by
applying external hardware (analogous to vacuum-assisted
wound closure devices) or by pharmacologically targeting
mechanobiological signaling pathways in fibroblasts critical to
tension generation.200

7.10.4.3 Crosstalk Between VEGF Signaling and
Mechanotransductive Signaling

Together, these and many other experimental observations
paint a convincing picture that capillary endothelial cells sense
local variations in ECM density as mechanical signals, and that
these signals are processed through mechanobiolgical signal-
ing networks to ultimately yield cell behaviors that drive
angiogenesis. An open question in this field is whether and to
what extent these proangiogenic mechanobiological signaling
events communicate with classically described proangiogenic
pathways stimulated by VEGF, angiopoietins, and other solu-
ble signals. Mammoto and colleagues recently made major
strides towards addressing this question by elucidating specific
interactions between adhesion-dependent signaling pathways
and activation of transcription factors traditionally associated
with VEGF-mediated signaling (Figure 4).100 Using culture
models, they showed that p190RhoGAP, an inhibitor of Rho
GTPase activity, binds to and cytoplasmically sequesters
GATA2, a transcription factor that strongly promotes expres-
sion of the VEGFR2 gene, which encodes VEGFR2 and sensi-
tizes endothelial cells to VEGF-based angiogenesis. GATA2
competes for the VEGF2 promoter with a second transcription
factor, TFII-I, which is normally resident at saturating con-
centrations in the nucleus, and which strongly suppresses
expression of VEGFR2. In other words, p190RhoGAP ‘tips the
balance’ between the antagonistic effects of TFII-I and GATA2,
favoring angiogenesis when the latter is dominant. To test the
notion that this balance might be affected by ECM-based
mechanical cues, these authors cultured endothelial cells on
ECMs of varying mechanical compliance and found that
increasing ECM stiffness strongly stimulated nuclear translo-
cation of GATA2 and VEGFR2 expression. Under these con-
ditions, Rho activation and p190RhoGAP activity would be
expected to be high and low respectively, consistent with the
notion that biomechanical activation of Rho acts through
GATA2 to promote VEGF-based angiogenesis. In addition, the
authors creatively tested this hypothesis in vivo using a retinal
angiogenesis assay and a Matrigel implant assay, in which
they controlled implant stiffness by crosslinking the Matrigel
with glutaraldehyde. Together, these results support a model in
which increases in matrix stiffness increase Rho activation
and reduced p190RhoGAP activity, which in turn frees
GATA2 to stimulate VEGFR2 expression. This study represents
perhaps the clearest demonstration to date that ECM-derived
mechanical cues and soluble angiogenic factors access com-
mon pathways to trigger angiogenesis, and that these princi-
ples hold in vivo as well as in culture.
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7.10.5 Mechanobiology of Tumor Invasion and
Metastasis

Following their emergence at a primary site of presentation,
many tumors begin to invade the surrounding parenchyma
en route to infiltrating the primary tissue and potentially
metastasizing to distal tissues. In order for this to occur,
tumor cells must detach from neighboring cells and the ECM
in the primary tumor and translocate into normal tissue. As
described earlier, tumor transformation is accompanied by
greatly altered expression of cell-cell and cell-ECM adhesion

proteins, which likely contribute to this process. Moreover,
the invasive behavior of specific tumor cells in vivo correlates
strongly with expression of ECM proteins, actin binding
proteins, intermediate filaments, and other components
of the mechanobiological machinery.201 In parallel, many
tumor cells both proteolytically degrade existing ECM and
synthesize new ECM proteins that may favor proliferation
and/or migration. Thus, invasion and metastasis reflect
the reciprocal effects of cell-mediated remodeling of ECM
and dynamic control of cell morphology and mechanics to
traverse the ECM.
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Figure 4 Mechanobiological regulation of angiogenesis. Subcutaneous implantation of Matrigel plugs into mice triggers capillary infiltration and
capillary formation, which enables one to probe the relationship between plug material properties and angiogenesis. (a) Effect of ECM rigidity. As
the rigidity of the Matrigel implant is increased through introduction of transglutaminase-mediated crosslinks, one observes increases in
endothelial cell infiltration and vessel formation (hematoxylin and eosin stains, top row) and VEGFR2 expression (green immunofluorescence,
bottom row). (b) Antagonistic regulation of VEGFR2 by TFII-I and GATA2. At tissue-like ECM rigidities, siRNA-mediated suppression of TFII-I
enhances cell infiltration, capillary formation, and VEGFR2 expression relative to control (left two columns), whereas suppression of GATA2
reduces all of these values (right two columns). Stains are as in (a), and scale bars are 25 mm. Figure reproduced from Mammoto, A.; Connor,
K. M.; Mammoto, T.; Yung, C. W.; Huh, D.; Aderman, C. M.; Mostoslavsky, G.; Smith, L. E. H.; Ingber, D. E. A mechanosensitive transcriptional
mechanism that controls angiogenesis. Nature 2009, 457, 1103–1108 with permission. Copyright by Nature.
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7.10.5.1 Matrix Metalloproteases

Matrix metalloproteases (MMPs) represent perhaps the best
characterized class of secreted proteolytic enzymes.202 MMPs
are classified by domain structure into eight categories, five of
which are secreted and three of which are membrane asso-
ciated (the membrane type or MT-MMPs). Collectively, these
endopeptidases are capable of proteolyzing virtually any ECM
protein, which serves at least two purposes. First, MMP-
mediated digestion of ECM proteins permits clearance of
pericellular material, thereby reducing steric barriers to moti-
lity. Second, ECM protein cleavage can yield proteolytic frag-
ments with tumor-promoting bioactivity203 or liberate matrix-
bound growth factors.204 The latter is also particularly true of
the closely related ADAM (a disintegrin and metalloprotease)
family of transmembrane proteases.205 MMP expression and
activity have long been known to be strongly influenced by
applied mechanical force in both the musculoskeletal206–208

and cardiovascular209–211 systems, and it is becoming
increasingly appreciated that force-dependent MMP expres-
sion may play a role in tumor growth and angiogenesis as
well. Specific MMPs can induce EMT in breast epithelial cells
through a Rac-based mechanism, and limiting cell spreading
can block this effect, suggesting deep connections between cell
shape, MMP activity, and tumor transformation.212,213

7.10.5.2 ECM Proteolysis and Tumor Cell Migration

Much exciting work over the past decade has examined the
relationship between ECM proteolysis, actomyosin con-
tractility, and cell migration, which have served to further
strengthen connections between MMP function and
mechanobiology.214–220 As tumor cells proteolytically degrade
the matrix, they are often observed to exhibit a mesenchymal
mode of motility in which secreted MMPs clear ECM material
at the leading edge of the cell and cells form adhesions along
their length with ECM fibers and pull themselves forward in a
persistent, directional fashion using contractile actomyosin
bundles (Figure 5(a)). In some cases, proteolysis may
also serve to selectively cleave fibers that present direct steric
barriers (e.g., those oriented perpendicularly to the direction
of motility), which the cell then bundles along with other
ECM fibers to create contact guidance tracks.220 In the
absence of proteolytic capabilities (or when proteolysis is
pharmacologically inhibited), cells transition into an amoe-
boid mode of motility in which they use ROCK-based con-
tractility to extrude themselves through preexisting ECM
pores. Integrin distributions are diffusely distributed
throughout the cell, and polarity is typically significantly
reduced (Figure 5(b)).218 Subsequent studies from the
Weiss216 and Wirtz221 laboratories have suggested that the
propensity of cells to undergo amoeboid motility depends on
the degree of crosslinking and effective pore size in the col-
lagen matrix, which is in turn a strong function of how the
collagen is prepared. For example, in acid-extracted collagen I,
which retains extensive interfiber crosslinks, inhibition or
depletion of MT1-MMP does not trigger amoeboid motility
and dramatically reduces cell motility. Cells need not detach
from one another to invade; in a third mode of motility
known as collective motility, cells invade as multicellular

sheets, with intact cell-cell adhesions and polarized proteo-
lysis at the invasive front driven by chemotactic cues
(Figure 5(c)). Recently, Friedl and Wolf captured the coop-
erative roles of force generation and proteolysis in mesench-
ymal motility into a five-step model consisting of: (1)
pseudopodial elongation through matrix pores; (2) matrix
adhesion and force generation; (3) focal proteolysis at the
leading edge and center of the cell; (4) actomyosin contrac-
tion to pull the cell forward, in the process remodeling pro-
teolyzed matrix fibers to be parallel to the direction of
motility; and (5) retraction of the rear and translocation. If
the ability to progress through this cycle is lost, cells may
undergo MAT and convert to proteolysis-independent amoe-
boid motility.215 It is important to note that details of models
such as these are under active debate within the field, as
exemplified by the discussion of collagen preparation and
crosslinking above and the recent observation that pseudo-
podial protrusions may track fibers rather than the spaces
between fibers.222

7.10.5.3 Invadopodia

The structures that cells use to spatially direct proteolysis,
known as invadopodia (called podosomes in nontransformed
cells), are themselves microscale mechanosensors. These
structures are filled with parallel arrays of F-actin along with a
variety of actin binding proteins that permit actin-based
assembly and protrusion (e.g., Arp 2/3 and N-WASP).223,224

They also include cortical rings of NMMII, which enable the
podosome to generate tractional forces.224 Moreover,
increasing ECM stiffness, which concomitantly increases trac-
tion force, also increases the number and activity of invado-
podia. Similar effects may be achieved by overexpression of
molecular mechanosensors typically associated with adhesion
plaques, including FAK and Cas.226 While the analogy to FCs
and other adhesive structures seems clear, the two structures
bear important differences; for example, the assembly of FCs
typically begins with integrin engagement whereas the
assembly of podosomes and invadopodia does not, and the
mechanical maturation of FCs appears to require greater forces
applied over longer times than typically seen in podosomes
and invadopodia.227

7.10.5.4 Traversing Endothelial Barriers During Metastasis

If a tumor cell can successfully invade through its primary
tissue and enter the vasculature, it may metastasize to distal
tissues by crossing the endothelial barrier in those tissues.
Diapedesis, the process through which cells cross endothelial
cell-cell junctions, requires profound local and dynamic
changes in the mechanics of both tumor and endothelial cells
driven by cytoskeletal remodeling.228,229 In parallel with these
mechanical changes, tumor cells undergoing diapedesis also
express an altered complement of adhesion molecules, which
facilitates a return to cell-ECM adhesion as the cell enters the
parenchyma of the new tissue.230,231 Two recent studies have
illustrated the potential importance of mechanobiological
signaling in metastasis. First, Mierke et al. recently screened 51
tumor lines for their ability to transmigrate endothelial
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Figure 5 Modes of motility during tumor invasion. (a) Mesenchymal motility. Mesenchymal motility is characterized by well defined cell
polarization, coordinated protelysis and protrusion at the leading edge of the cell, and contraction driven by thick actomyosin cables.
(b) Amoeboid motility. In amoeboid motility, cells squeeze through preexisting pores in the ECM using cortical actin contractility to drive
shape changes. Cell polarization is relatively poorly defined, and integrins are diffusely distributed rather than organized into adhesion plaques.
(c) Collective motility. In collective motility, cells migrate as multicellular structures with intact cell-cell adhesions. Proteolysis is focused at the
leading edge of the frontmost group of cells, often in response to a chemotactic gradient. Figure components reproduced from Sahai, E.
Mechanisms of cancer cell invasion. Curr. Opin. Genet. Dev. 2005, 15, 87–96.
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barriers in culture and showed that the propensity of a cell line
to invade correlated strongly with expression of the chemo-
kine receptor CXCR2. Magnetic tweezer measurements of
cellular mechanics revealed that CXCR2 expression increases
cytoskeletal remodeling dynamics and contractility, implying
that CXCR2-mediated signaling promotes tumor cell trans-
migration by increasing shape plasticity and enhancing force
generation.232 Second, Kostic et al. recently explored the
possibility that ECM stiffness might play a role in governing
the target tissue to which breast tumors preferentially metas-
tasize (i.e., tissue tropism).233 After culturing previously
established single-cell populations (SCPs)234,235 derived from
MDA-MB-231 breast cancer cells with known tissue tropism in
collagen-based ECMs of varying stiffness, they found that the
stiffness of optimum proliferation and migration correlated
strongly with the stiffness of the preferred target tissue. For
example, SCPs tropic towards bone grew optimally on highly
rigid ECMs, an effect that could be blunted by siRNA sup-
pression of the adhesive mechanosensor Fyn kinase. Thus,
mechanobiological signaling may play a significant role both
in initial access to metastatic tissue and in successful estab-
lishment of a distal focus of tumor.

7.10.6 Case Study: Mechanobiology of Glioblastoma
Multiforme

7.10.6.1 Glioblastoma Multiforme: Background and
Overview

Having discussed some of the general principles through
which mechanical inputs can regulate various stages of tumor
transformation, growth, invasion, and metastasis, a specific
case study will now be considered in detail: the growth and
invasion of malignant gliomas in the brain. Gliomas are
tumors that arise from glial cells or their progenitors, with
increasing evidence suggesting that the cells of origin may be a
population of ‘brain tumor stem cells’, which are capable of
self-renewing or differentiating into mature neural lineages
and could theoretically arise either from resident neural stem
cells or from de-differentiated neurons or astrocytes.129–133 As
with all solid tumors, gliomas are assigned a ‘grade’ of I–IV
based on their histopathological properties (e.g., nuclear size
and morphology, frequency of mitotic figures, endothelial cell
proliferation, and necrosis), with higher grades correlating
with greater malignant potential. Grade IV gliomas are col-
lectively referred to as glioblastoma multiforme (GBM) and
are characterized by extensive molecular and cellular hetero-
geneity within and across tumors.74 GBM is the most common
primary intracranial tumor, with an incidence of nearly 13 000
new cases annually in the United States, exceeding all other
glioma subtypes combined. GBM follows an extremely
aggressive and dismal clinical course, with median survival
times of 12–15 months, even with multiple surgical resections,
medical therapy, and radiation therapy.236–240

The extreme refractoriness of GBM to therapy has been
attributed to a large number of causative factors, one of which
is the ability of individual tumor cells to invade the par-
enchyma of the normal brain, thereby rendering complete
surgical resection extremely unlikely, if not impossible.241 As

described earlier, invasion is a multistep process that includes
detachment from the primary tumor site, adhesion to the
endogenous ECM, ECM degradation and remodeling, and
motility. For this reason, considerable attention has been paid
to understanding how GBM tumor cells interact with the ECM
of normal brain and then to remodel it to create a tumor-like
ECM microenvironment, and these efforts have produced a
large catalog of ECM components and adhesion receptors that
are present in one context and absent in another.242 In some
cases, these efforts have led to the identification of novel
therapeutic targets; for example, tenascin-C is an ECM glyco-
protein that is significantly upregulated in GBM, and the
radioiodinated antitenascin antibody 81C6 (Neuradiab) has
been evaluated in clinical trials as a means of specifically
delivering lethal radiation to tumor cells and is currently
undergoing Phase III clinical trials.239,243–246

7.10.6.2 Potential Roles of Mechanobiological Signaling
in GBM

While the bulk of effort in this area has been focused on
identifying molecules enriched in the GBM tumor micro-
environment with the goal of targeting them therapeutically,
there has been comparatively little exploration of mechanical
interactions between tumor cells and the ECM. All of the steps
critical to GBM tumor cell invasion described above would be
expected to depend strongly on cellular mechanical properties,
exchange of mechanical forces between the cell and ECM,
mobilization of mechanotransductive signaling pathways, and
other cellular components expected to figure centrally in cel-
lular mechanobiology. In addition, several GBM-specific lines
of evidence suggest that tumor invasion involves alterations in
the mechanical microenvironment of the brain. For example,
ultrasound elastography, which derives its contrast from var-
iations in tissue density and heterogeneity, outperforms mag-
netic resonance imaging in elucidating GBM tumor margins
(albeit at lower spatial resolution) and is widely employed as
an intraoperative imaging modality during tumor resec-
tion.23,25,26,247 Moreover, invasive GBM tumors express aber-
rant subtype distributions of integrins and increased levels of
focal adhesion proteins (e.g., FAK)248 and motor proteins
(e.g., NMMII).114 Manipulation of these molecular systems
can alter sensitivity of GBM tumor cells to chemotherapeutic
agents and ionizing radiation. For example, expression of
integrins a2, a3, a5, and b1 in drug-resistant glioma cells
correlates with enhanced adhesion to specific ECM proteins
known to preferentially localize to tumor tissue and basement
membrane.249 Finally, pharmacologic inhibition of extra-
cellular fibronectin assembly can enhance sensitivity of GBM
cells to nitrosourea chemotherapy in vitro and in vivo,250

raising the intriguing possibility that pharmacological agents
that do not require cellular uptake may form the basis of
effective strategies in GBM.

A number of indirect lines of evidence have supported the
notion that glioma cells and their related cell populations are
sensitive to mechanical signals from the ECM. For example,
Thomas and DiMilla cultured human SNB-19 glioma cells on
silicone rubber sheets whose compliance could be modulated
by heating and used this system to show that increasing
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compliance reduced both cell spreading area and random
motility speed.251 Georges and co-workers incubated mixed
cortical cultures on ECM substrates of varying compliance and
demonstrated that softer ECMs select for neuron-rich cultures
whereas more rigid ECMs select for astrocyte-rich cultures.252

Using a similar materials system, Saha and colleagues cultured
adult neural stem cells on defined-rigidity ECMs and showed
that highly compliant ECMs tend to promote neural differ-
entiation, whereas highly rigid ECMs promote astrocytic dif-
ferentiation.253 More recently, Shi and colleagues have shown
that neuronal differentiation of adult neural stem cells is
accompanied by changes in mechanical force generation,
further hinting at a connection between ECM mechanical
properties, cellular force generation, and propensity to pro-
liferate and differentiate.254

7.10.6.3 Regulation of GBM Tumor Cell Behavior by the
Mechanical Microenviornment

To more directly explore these relationships in vitro, we
recently tested the hypothesis that ECM rigidity can control
key behaviors of cultured glioma cells that underlie tumor
growth and invasion (Figure 6).255 We cultured a series of
glioma cells on fibronectin-conjugated polyacrylamide sub-
strates whose stiffnesses ranged from o100 Pa to 4100 kPa
and probed the effect of ECM stiffness on cell adhesion,
cytoarchitecture, random motility, and proliferation. We
found that on highly compliant ECMs, cells fail to spread
effectively and form only punctate, immature focal contacts
with poorly-developed actin cytoskeletons. On stiffer ECMs,
cell spreading increases dramatically and is accompanied by
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formation of mature, elongated focal adhesions and stress
fibers. Notably, adhesions and cytoskeletal structures observed
on the stiffest ECMs are largely indistinguishable from those
observed on fibronectin- or collagen-coated glass, suggesting
that ECM stiffness governs assembly of these structures more
strongly than the method of ligand presentation. When we
performed time-lapse phase contrast imaging, we found that
increasing ECM stiffness increases the speed of random
migration, with migration speeds on B100 kPa ECMs similar
to speeds observed on glass. Intriguingly, these changes in
migration speed are also accompanied by changes in the mode
of motility, with highly compliant ECMs supporting only
filopodial extension without appreciable locomotion, inter-
mediate-stiffness ECMs supporting ‘stick-slip’ motility with
advance of the leading edge largely uncoordinated with
detachment of the trailing edge, and stiff ECMs supporting a
smooth, gliding, form of motility similar to that observed on
glass. Remarkably, proliferation is also strongly stiffness
dependent, with the percentage of diving cells (as measured by
uptake of the labeled nucleotide bromodeoxyuridine)
increasing with increasing ECM stiffness. Importantly, NMMII-
based contractility is critical for many of these stiffness-sensing

behaviors, as treatment of cells with the NMMII inhibitor
blebbistatin leads to similar morphologies across ECMs stiff-
nesses, and treatment with the ROCK inhibitor Y-27632 dra-
matically rescues motility on highly compliant ECMs. These
results raise the exciting possibility that glioma cells may
remodel and stiffen endogenous ECM as they invade the
parenchyma of the brain, and that this stiffening may con-
tribute to the growth and spread of the tumor by harnessing
mechanotransductive signaling pathways to enhance motility
and proliferation.

7.10.6.4 Contributions of a-Actinin to Glioma Cell
Mechanobiology

In an effort to gain additional molecular mechanistic insight
into this phenomenon, a later study focused on the focal
adhesion protein a-actinin (Figure 7).256 This focal adhesion
protein is of significant interest in human glioma, in part
because expression of this molecule has been previously cor-
related with glioma cell invasiveness in vivo.257 Moreover, a-
actinin plays a particularly important structural role in focal
adhesions, as it is capable of both ligating b integrin subunits
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to F-actin and mechanically reinforcing F-actin into cross-
linked networks, and is therefore regarded as a key player in
mechanochemical feedback between the contractile and
adhesive machineries in the cell.73,258–260 First, we showed
that the two nonmuscle isoforms of a-actinin, a-actinin-1 and
a-actinin-4, localize to membrane ruffles, focal adhesions, and
stress fibers in cultured glioma cells. Next, we examined
isoform-specific contributions of a-actinin to glioma cell
mechanobiology by specifically suppressing expression of each
a-actinin-1 and a-actinin-4 using RNA interference. After
optimizing this method to achieve 50–55% expression levels
in U 373 MG human glioma cells relative to control cells
transfected with nonspecific siRNAs and confirming the effi-
cacy of knockdown by Western blot and immunofluorescence,
we examined the contributions of each isoform to selected
cellular mechanobiological properties. Suppression of either
isoform led to a B35% reduction in random motility speed,
suggesting a role for both isoforms in modulating cell-
ECM interactions. To probe this potential connection more
deeply, we synthesized defined-stiffness ECMs coated with
collagen I, glioma cells were cultured on these substrates, and
projected cell area and cortical stiffness measured by AFM. As
expected, control cells increased both projected cell area and
cell stiffness as ECM stiffness was increased, consistent with
previous reports.100,261 When expression of either a-actinin
isoform was suppressed, however, both stiffness responses
were blunted. Specifically, a-actinin-depleted cells did not
adapt their cortical stiffness as closely as control cells to
increases in ECM stiffness, with a-actinin-depleted cells
achieving plateau stiffnesses of B2 kPa on glass substrates
compared to B6 kPa for control cells. Suppression of a-actinin
also altered the relationship between projected cell area and
ECM stiffness, although in more complex ways. On glass and
highly rigid substrates, projected cell areas of a-actinin-
depleted cells were comparable to control cells; however, on
compliant ECMs, projected cell areas for a-actinin-depleted
cells were significantly smaller than control cells. In other
words, suppression of a-actinin on rigid substrates reduces
cortical stiffness without compromising the ability of the cell
to spread.

We reasoned that a-actinin-depleted cells might be able to
preserve their ability to spread on rigid substrates through
compensatory increases in expression and/or activity of other
focal adhesion proteins. To test this possibility, we immu-
nostained for the focal adhesion marker vinculin and found
that suppression of either isoform indeed increases the mean
area and aspect ratio of vinculin-positive focal adhesions,
supporting the notion that vinculin might functionally sub-
stitute for a-actinin to preserve adhesion. Somewhat surpris-
ingly, suppression of either a-actinin isoform also led to
increased net expression of vinculin, implying that depletion
of a-actinin from focal adhesions sufficiently alters cell-ECM
mechanochemical feedback to mobilize mechanotransductive
gene programs and/or alter protein stability. Together, these
data suggest a complex functional interaction between a-acti-
nin, expression and recruitment of vinculin to focal adhesions,
and cell-ECM mechanotransduction. To confirm these con-
nections, we treated U-373 MG cells treated with inhibitors of
various elements of the NMMII contractility pathway, includ-
ing ROCK, MLCK, and NMMII itself. Inhibition of each of

these components substantially altered both localization of
a-actinin to focal adhesions and the effect of a-actinin sup-
pression on migration velocity. We also used traction force
microscopy, in which cells are cultured on PA ECMs studded
with fluorescent microparticles that report the stress and strain
distribution within the ECM, to measure contributions of
a-actinin to cellular contractility. Consistent with other studies
in the author’s lab, suppression of either isoform significantly
reduces mean cellular tractional forces by B40% relative to
controls, closely mirroring the effects on cortical stiffness.
Analogous to the vinculin result, these phenomena could be
traced to expression level effects; suppression of a-actinin also
reduces expression of NMMII and phosphorylation of MLC.

7.10.6.5 Probing GBM Tumor Cell Mechanobiology in
Three-Dimensional ECMs

While these results provide valuable insight into the
mechanosensitivity of gliomas, they were obtained using
idealized two-dimensional substrates that fail to capture the
complexity of the 3-D ECM environment found in the brain.
As described earlier in the context of breast epithelial tumors,
this difference in dimensionality may fundamentally alter the
resulting biology and limit the ability to translate findings
from in vitro systems to the in vivo disease. This has led to a
tremendous effort to develop 3-D ECM systems appropriate
for in vitro studies. However, the development of such matrices
has proven challenging for a variety of reasons. One common
synthetic strategy is based on inclusion of cell adhesion pep-
tides (e.g., RGD) into synthetic polymer networks.262–264

While this clearly enables independent control of ECM ligand
density and elasticity, it does so by sacrificing the rich bio-
chemical and topological information encoded in networks of
full-length matrix proteins; for example, RGD peptides capture
the cell-adhesive moiety of fibronectin but lose the critical
functional contributions of the fibronectin synergy sequence,
which strongly influences integrin-fibronectin binding affi-
nity.265 Another common strategy is based on manipulation
of 3-D matrix properties by varying the concentration of a
native ECM protein or other formulation, such as collagen I or
Matrigel. However, these materials are intrinsically quite
compliant and offer a relatively narrow dynamic range of
elasticities; changing ECM protein concentration concurrently
changes ECM mechanics, ligand density, microstructure, and
other potentially biophysical parameters that may preclude
clear interpretation of in vitro experiments.266,267

We recently sought to develop a new materials strategy that
combines strengths of both approaches while also allowing us
to investigate glioma mechanobiology in 3-D ECMs
(Figure 8).268 The approach was based on modulation of the
biophysical properties of collagen I by adding agarose, a bio-
logically inert polysaccharide sometimes used in tissue engi-
neering applications. We showed that incorporation of agarose
into relatively dilute (0.5 mg ml"1) collagen I gels can increase
the storage modulus of these gels from o10 Pa in the absence
of agarose to nearly 1 kPa at an agarose concentration of 1%
w/v, which is more than an order of magnitude stiffer than
could be achieved by stiffening pure collagen gels by increas-
ing the collagen concentration to 1.5 mg ml"1. We then used a
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combination of Nomarski differential interference contrast
imaging (DIC), second harmonic generation (SHG) imaging,
and confocal reflectance microscopy (CRM) imaging to
demonstrate that the inclusion of agarose does not grossly
interfere with the ability of collagen to form an entangled fiber
network below 0.5% w/v agarose, and does so only modestly
for agarose concentrations up to 1.0% w/v. In other words,
addition of agarose is capable of modulating the elastic
properties of collagen I over approximately three orders
of magnitude with minimal alteration to collagen fiber
architecture.

Thus, we next proceeded to use this materials platform to
examine the relationship between tumor cell invasive behavior
and ECM elasticity in 3-D. Because the motility of single cells
is technically challenging to track and quantify in 3-D without
the use of vital dyes and confocal microscopy, we instead
chose to use a spheroid paradigm, where we grew 3-D, mul-
ticellular spheroids using hanging-drop culture and physically
implanted these spheroids in the collagen/agarose gel prior to
gelation. Approximately 6–12 hours postimplantation, cells
detached from the spheroid and began to invade the sur-
rounding gel in all directions; the radius of the invasive front,
which can be readily obtained from low-magnification phase
contrast imaging, provides a measure of the speed of motility.
This approach has been extensively used to probe the invasive
behavior of a wide variety of tumor cells, including glioma
cells,269–274 and thereby provided an opportunity to compare
these results to those in the literature.

Based on the 2-D results described earlier, we expected that
increasing agarose concentration, which increases gel elasti-
city, would increase the rate of motility. However, when we
performed spheroid invasion assays, we found that increasing
agarose concentration actually dramatically reduces spheroid
invasion speed, with complete abrogation of motility at
agarose concentrations in excess of 1% w/v. Importantly, this
behavior stands in strong contrast to motility of cells through
pure collagen I-based gels of increasing density, where there is
no clear correlation between collagen concentration and
invasiveness, as others had observed in the past.272 In other
words, enrichment of agarose inhibited motility in a manner
largely independent of collagen ligand density or fiber archi-
tecture. To gain additional insight into the orgin of this
behavior, we decided to obtain higher-resolution ultra-
structural data for the agarose, which is inaccessible to the
methods we used previously to image the collagen fibers (DIC,
SHG, CRM). To accomplish this, the collagen/agarose for-
mulations were subjected to critical point drying and scanning
electron microscopy (SEM). These studies revealed that the
agarose forms a filamentous, mesh-like network that inter-
calated between the collagen fibers. At relatively low agarose
concentrations the agarose filaments adhere closely to the
fibers, leaving large interstices, whereas at high concentrations
the filaments occupied effectively all of the space between the
collagen fibers and left very small mesh sizes. In other words,
the mesh sizes of pure collagen or agarose-poor matrices are
largely defined by the large spaces between the collagen fibers,

t = 0 h 4.75 h

6 h 10 h

t = 0 h 1.25 h0.25 h

2.5 h 5 h3.75 h

0.5 C/0 A 0.5 C/0.125 A

0.5 C/0.25 A 0.5 C/0.5 A

(a) (b)

Figure 8 Use of collagen-agarose ECMs to probe tumor cell mechanobiology. (a) Effect of agarose on collagen microstructure. Pure Collagen I
ECMs (upper left panel, 0.5 mg ml"1 collagen! 0% w/v agarose) consist of a fibrous network with large pore sizes as visualized by scanning
electron microscopy (SEM). As agarose is incorporated into these ECMs, the agarose forms a fine, meshlike network between the collagen fibers
that reduces the pore size of the matrix. Scale bars are 2 mm in main panels and 500 nm in high-magnification insets. (b) Effect of agarose on
tumor cell motility. One consequence of the effect of agarose on mesh size is that glioma tumor cells migrate in a mesenchymal fashion in
agarose-poor ECMs (top panels) and then resort to amoeboid motility in agarose-rich matrices (bottom). The open arrows denote processes
formed at the leading edge of the cell, and the closed arrows denote constriction rings. Scale bars are 50 mm. Figure components reproduced
from Ulrich, T. A.; Jain, A.; Tanner, K.; Mackay, J. L.; Kumar, S. Probing cellular mechanobiology in three-dimensional culture with collagen-
agarose matrices. Biomaterials 2010, 31, 1875–1884.
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whereas the mesh sizes of agarose-rich matrices were defined
by the small spaces between the agarose filaments.

Based on these results, it was hypothesized that the agarose
might be presenting steric barriers to motility, such that
invading glioma cells, which are incapable of degrading
agarose-based filaments, could only migrate by ‘squeezing
past’ them. This process would become increasingly difficult at
high agarose concentrations and manifest itself in terms of
lower rates of invasion. If this was the case, then one might
expect motility to transition from a mesenchymal-like phe-
notype, characteristic of migration through large pore size,
degradable matrices, to an amoeboid-like phenotype, char-
acteristic of migration through small pore size, nondegradable
matrices (i.e., MAT). To determine if this might be the case, we
used phase-contrast imaging to track single glioma cells
migrating through the various collagen/agarose formulations.
In agarose-poor formulations, cells established clearly polar-
ized morphologies and moved in a directionally persistent
fashion, consistent with mesenchymal motility. As the agarose
concentration was raised, cells adopted a rounded morphol-
ogy and advanced by extending thin projections in multiple
directions and then squeezing forward with a segmented
morphology, with bleb-like portions of the cell separated by
constriction rings. In addition to this MAT, the agarose fun-
damentally alters how the collagen fibers dissipate cell-
induced stresses during migration, as visualized by DIC ima-
ging. In pure collagen or agarose-poor matrices, cells primarily
deformed the ECM via the bending and buckling of individual
collagen fibers, whereas cells in agarose-rich matrices
deformed the surrounding matrix in a more continuum-like
fashion, with stresses and strains distributed more iso-
tropically along all surrounding fibers. Importantly, the ability
of collagen I and other fibrous biopolymers to dissipate
stresses in this nonaffine fashion underlies these materials’
highly nonlinear elastic properties (e.g., strain stiffening) and
has been shown to facilitate mechanical communication
between cells in 3-D matrices.275 Indeed, in experiments at the
author’s lab, spheroids cultured millimeters away from one
another in agarose-poor matrices remodeled the material
between them into fibers, which leads to migration of cells
from one spheroid to another. By contrast, spheroids placed
tens of microns apart in agarose-rich matrices do not exhibit
this topological communication and fail to preferentially
remodel the interstitial material. Thus, although agarose is
indeed capable of stiffening collagen matrices, its primary
influences on cell behavior derive from its effects on collagen
microstructure and nonlinear elastic properties.

7.10.7 Mechanobiological Signaling Pathways as
Therapeutic Targets in Cancer

The finding that many key steps in tumor transformation,
growth, angiogenesis, invasion, and metastasis depend criti-
cally on the function of mechanobiological signaling systems
has raised tremendous interest in the prospect of leveraging
these systems as therapeutic targets. Such inhibitor strategies
have been devised against many elements of the mechan-
otransductive signaling machinery, including adhesion recep-
tors, FC proteins, and activators of NMMII-based contractility.

Clearly, host vs. tumor selectivity remains a critical ongoing
challenge in this area, because mechanobiological signaling
systems play key roles in the physiology of normal cells, even
those that are terminally differentiated. Nonetheless, there is
much evidence to support the validity of the concept of
attacking tumors through cellular mechanobiological signal-
ing, and some of these agents are now approved for clinical
use, as discussed below.

Therapeutic antibodies against integrins have been exten-
sively explored as a means of disrupting cell-ECM adhesion in
angiogenesis and tumor progression, the best known example
of which may be LM609, a monocloncal mouse IgG directed
against avb3 integrins.276–279 Local or systemic administration
of LM609 has been shown to reduce angiogenesis and tumor
growth in animal models of many tumor types, including
breast cancer,276 Kaposi sarcoma,280 and melanoma.281 Key
mediators of integrin-dependent signaling have also been
widely examined as anticancer therapies, including drugs
directed against FAK and Src.282 Dasatinib is a small-molecule
Src inhibitor that acts by impeding ATP binding site and is
currently in use as a second-line therapy in chronic myelo-
genous leukemia.283 Similarly, the FAK inhibitors TAE226 and
PF-562271 have shown strong antitumor activity in culture
and in mouse models, and are currently in clinical trials.284,285

Finally, several studies have explored the therapeutic
potential of antagonists of elements of the Rho GTPase-based
contractility pathway. While efforts to develop direct inhibi-
tors of Rho GTPase activity have met with mixed results,286 it
appears that HMG CoA reductase inhibitors (the ‘statins’),
which are commonly used to treat hypercholesterolemia,
surprisingly can dampen Rho signaling by impairing Rho
prenylation, which is needed for optimum activity. For
example, atorvastatin (Lipitor) reduces the invasive properties
of melanoma cells in vitro and their metastatic properties in
mice.287 Efforts to develop and apply direct inhibition strate-
gies against Rho effectors has met with considerably greater
success. The ROCK inhibitor Y-27632, which is widely used in
cell culture experiments to relax cell contractility, reduces
extrahepatic metastases in a mouse model of hepatocellular
carcinoma288 and reduces metastasis of breast tumors to
bone.289 Fasudil, another ROCK inhibitor, strongly reduces
breast tumor progression in a number of animal models and
is already in clinical use in Japan for cerebral vasospasm,
raising its promise as a clinically tolerable agent.290

7.10.8 Conclusions and Future Directions

The field of cancer biology has increasingly begun to
appreciate the role of mechanical force and other biophysical
inputs in the development and dissemination of tumor cells.
In this chapter, fundamental aspects of cellular mechan-
obiology have been reviewed, as well as the direct relevance of
this field to tumor transformation and growth, angiogenesis,
tissue invasion, and metastasis. The chapter has also explored
how these concepts are exemplified in the growth and spread
of the malignant brain tumor GBM and identified ongoing
efforts to target various components of the cell mechan-
obiological signaling machinery in novel anticancer therapies.
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While the field’s understanding of the importance of
mechanobiology in cancer has grown dramatically over the
past two decades, many open questions remain with respect to
underlying mechanisms and therapeutic potential. For exam-
ple, when a tumor cell is placed in an ECM environment of
defined stiffness, topology, or geometry, what matrix property
is it ultimately sensing and how? And do multiple different
microenvironmental inputs converge on common pathways?
Moreover, what are the critical points of intersection between
mechanobiological signaling systems and signaling systems
traditionally associated with cell cycle control, proliferation,
differentiation, and apoptosis? Finally, if alterations in the
mechanical microenvironment can critically regulate tumor
growth, how might one modulate this environment in vivo to
prevent or arrest tumor growth? While it is difficult to envision
directing ECM assembly or mechanics in the same way one
might deliver a small-molecule drug to inhibit an enzyme or
block a binding site, it is important to remember that ECM
stiffening in vivo often requires the action of accessory proteins
and enzymes, all of which may represent potential drug tar-
gets. Recent success with LOX inhibitors in mice to disrupt
collagen crosslinking in breast tumors offers some optimism
for this approach.168 Whether all of these questions can be
convincingly addressed and how much more time and energy
will be required to do so remains to be seen. But as the
examples discussed in this chapter demonstrate, little question
remains that cancer is, at least in part, a disease of aberrant
cellular mechanobiology. Thus, while the questions are large
and the challenges grand, history suggests that the investment
will be a fruitful one.
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