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Abstract

The mechanical properties of the tumor microenvironment have been increasingly recognized as
potent modulators of cell behavior and function. In particular, tissue rigidity is functionally
important during tumor progression. In this review, we survey recent advances in our
understanding of the role of tissue rigidity in tumor progression and metastasis, the mechanisms
by which mechanical cues integrate with biochemical signals from the microenvironment, and the
underlying mechanotransduction pathways involved in tumor progression. These findings
highlight the importance of understanding and defining cellular mechanotransduction pathways
and the breadth of signals derived from the tumor microenvironment that influences tumor
progression.
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Introduction

The tumor microenvironment presents cancer cells with a diverse set of extracellular cues to
potently influence tumor cell behavior and function. Past decades of cancer research have

Correspondence to: Jing Yang, j i ngyang@icsd. edu.

#Current address: Department of Immunology, The University of Texas MD Anderson Cancer Center, 7455 Fannin Street, Houston,
Texas, 77030

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei and Yang

Page 2

mainly focused on the role of various extracellular and intracellular biochemical signals on
cancer cell proliferation, invasion, and metastasis. Increasingly, mechanical properties of the
extracellular matrix (ECM) have been recognized as also being functionally important
during tumor progression [1, 2]. Recently, tumor mechanics, and tissue rigidity in particular,
has emerged as an important factor during tumor progression and metastasis [3]. In the
patient setting, increasing tissue rigidity of primary breast tumors correlates with metastatic
recurrence and poor patient survival [4-6]. Studies in 3D culture systems and mouse tumor
models showed that increased tissue rigidity plays a functional role in driving tumor
invasion and malignancy [2, 7, 8]. Understanding the function and mechanisms of
mechanical cues in this diverse set of contexts will be critical and may elucidate essential
signaling pathways regulating tumor progression. Many critical aspects of tumor
mechanosensing remain unanswered. For example, how do disseminated tumor cells react to
the diverse biochemical and mechanical properties of the environments they invade? Do the
same rules apply in metastatic sites versus the primary tumor?

Regulation of Tumor Dissemination by Matrix Stiffness

Tumor dissemination is a critical step in the initiation of tumor metastasis. Several lines of
evidence suggest that increasing matrix stiffness functionally contributes to this process. The
presence of a fibrotic focus, a dense cluster of collagen fibers and fibroblasts, in breast
tumors is a prognostic marker of distant metastasis and poor survival [9-11]. Besides the
biochemical factors from a fibrotic stroma, fibrotic tumor lesions are associated with a 20—
50 fold increase in tissue rigidity. In mouse breast tumor models, tumor progression is also
characterized by an incremental stiffening of the tissue [7, 12]. One key question in tumor
mechanobiology is how mechanical forces generated by the rigid tumor stromal matrix
impact tumor progression and metastasis. Attempts to study this issue have often been
hampered by the technical difficulty in distinguishing the effect of biochemical and
mechanical signals in vivo. Surrogate markers, such as the presence of fibrotic foci or
organized collagen fibers, have thus been often utilized. Another significant obstacle is that
matrix stiffness is in large part defined by deposition and modification of ECM proteins,
further convoluting interpretation of mechanical signals from biochemical ones. In vitro
systems utilizing hydrogels and other synthetic matrices to modulate matrix stiffness
independently of biochemical cues have yielded new insights into mechanobiology and
mechanotransduction.

Landmark studies showed that human mammary epithelial cells form normal ductal acini
with intact adherens junctions and underlying basement membrane in the compliant matrix
stiffness that mimics normal mammary glands, whereas they present a malignant phenotype
characterized by weaker junctions and invasion through basement membrane in the rigid
matrix stiffness similar to breast tumors [7, 8]. These cell morphological changes observed
in response to increasing mechanical forces resemble a highly conserved cellular program,
termed Epithelial-Mesenchymal Transition (EMT). During EMT, cells lose their epithelial
characteristics and acquire mesenchymal characteristics, such as adherens junctions and
apical-basal polarity, and the ability to migrate [13]. EMT may be defined at the
morphological, biochemical, and transcriptional levels, largely due to contextual differences
during development and tumor metastasis [14]. In this review, we define EMT as the partial
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or complete loss of epithelial gate keepers, such as E-cadherin, and the up-regulation of one
or more canonical mesenchymal markers, including vimentin, N-cadherin, and fibronectin.
During EMT, one or more of the key EMT-inducing transcription factors, including the
Twist, Snail, and Zeb families, are induced and/or activated to promote these molecular
changes. A number of studies demonstrate that aberrant reactivation of EMT can potently
drive tumor cell local invasion and systemic dissemination [15-18]. Increasing matrix
stiffness is also shown to regulate TGF-f signaling, a potent inducer of EMT in tumor cells
[19]. This suggests two important concepts - first, that matrix stiffness could potentially
regulate EMT to facilitate tumor dissemination; and second, that mechanical cues could
signal in concert with biochemical signals to regulate EMT.

A recent study provided the first molecular pathway directly linking matrix stiffness to
EMT. Twistl, a key EMT-inducing transcription factor, was found to be essential for high
matrix stiffness-induced EMT and tumor invasion [20]. Furthermore, matrix stiffness-driven
Twistl mechanotransduction signals, together with TGF-f, can cooperatively induce EMT
and tumor invasion. In response to increasing matrix stiffness, Twistl protein is released
from its cytoplasmic anchor G3BP2 to translocate into the nucleus, thus driving the
transcriptional program of EMT and tumor invasion. Depletion of G3BP2 promoted breast
cancer invasion and metastasis in mice, and reduced expression of G3BP2 in combination
with increased matrix stiffness predicts poor survival in breast cancer patients.

Other mechanical cues, including tissue geometry and intracellular forces have also been
shown to regulate EMT. TGF- B differentially induces EMT in epithelial cell sheets, with
cells at edges of sheets responding more than those in the center. This response is mediated
by changes in mechanical stress within the epithelial cell sheet, suggestive of a convergence
of mechanical and biochemical signals that regulate this key process [21]. YAP/TAZ, the
key transcription co-activator in the Hippo pathway, is regulated by various mechanical
cues, including matrix stiffness and cell shape [22]. While not a key regulator of EMT, YAP
is implicated in the induction of EMT in several studies [23—-25]. These results suggest that
multiple distinct mechanotransduction signaling pathways could impinge on the EMT
program to drive tumor cell invasion. Indeed, epithelial polarization can also facilitate
changes in cell shape through regulation of adherens junctions positioning to define
epithelial sheet folding [26]. Adherens junctions can act as cellular mechanosensors, using
vinculin as a molecular bridge to impinge on actinomyosin cytoskeleton dynamics [27].
During the EMT event of neural crest formation, E- to N-cadherin switch leads to
redistribution of intracellular forces from intercellular junctions to cell-matrix adhesions,
thus promoting adherens junction disassembly [28]. Consistent with this notion, tissue
tension can drive tumor progression through destabilization of adherens junctions and
nuclear translocation of B-catenin [29]. These recent discoveries raise the possibility that
tumor cells that have undergone EMT lose adherens junction-mediated
mechanotransduction. Thus, disseminated tumor cells may respond to mechanical cues
differently until they re-epithelialize. A more complete understanding of adherens junction-
mediated mechanotransduction may also shed light into the differences between EMT-
dependent and EMT-independent modes of tumor metastasis.
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In addition to EMT, collective cell migration is another important cellular machinery driving
primary tumor invasion. In contrast to EMT in which tumor cells migrate as single cells,
during collective cell migration carcinoma cells can invade as a group of cells while
maintaining cell-cell junctions. Leader cells at the forefront of the invasive edge mediate
migration through the surrounding ECM and tissue architecture. Recently, mechanical cues
have been reported to regulate collective cell migration. In contrast to mechanoregulation of
EMT, intercellular forces from leader cells induce actinomyosin contractility within the
epithelial sheet to facilitate invasion. [30]. This report corroborates previous findings that
ECM molecules including laminin 111 modulate collective cell migration in both normal
and malignant breast tissues. In fact, loss of basement membrane integrity and subsequent
activation of collagen I-dependent signaling was shown to be sufficient to promote tumor
cell migration and dissemination in 3D culture models [31]. Mechanoregulation of collective
cell migration likely represents a distinct mechanotransduction pathway, prompting the
question of how many tumor mechanosensitive pathways exist. Further investigation into
these molecular mechanisms of tumor mechanotransduction will clarify their individual
roles and potential interactions between these pathways. Another key question is whether
and how collective cell migration and EMT may cooperatively drive tumor dissemination.
Both collective cell migration and EMT are critical processes during embryogenesis and
germ layer formation. Tensile forces regulate both germ band extension prior to gastrulation
and large scale cell movement later during Drosophila embryogenesis [32]. How these
pathways interact and how a multitude of mechanical and biochemical signals are parsed to
form a coherent cellular response to regulate tumor dissemination clearly requires further
investigation.

Detailed characterization of tumor mechanical properties also helps to provide the
physiological relevance for a functional role of tissue rigidity in the regulation of tumor
dissemination and EMT. Force mapping of human and mouse breast tumors indicates that
while benign lesions have markedly increased rigidities compared to normal mammary
tissue, invasive tumors have heterogeneous mechanical properties [33]. This may suggest
active regulation of ECM maodifications and regulation of tissue mechanics. Interestingly,
compared to the tumor interior core, the tumor periphery is relatively stiffer [33, 34],
consistent with the observation that cells from the invasive front of tumors are prone to
undergo EMT prior to dissemination [35]. This raises the enticing possibility that individual
tumor cell movement is controlled locally by the mechanical properties of its surrounding
niche. Direct testing of the functional roles of mechanical properties of the tumor periphery
and inner core in vivo is still required. This notion, however, meshes well with the recent
observation that durotaxis, directional cellular migration towards a higher stiffness substrate,
is mediated by differential focal adhesion signaling at the single cell scale [36]. Focal
adhesions are able to sense minute changes in matrix rigidity, which direct focal adhesion
polarization and cell movement. This provides a potential mechanism by which tumor cells
may migrate preferentially to the tumor periphery, hence facilitating dissemination.
Together, these observations highlight the range of scales that mechanosensing acts at,
spanning from the subcellular to tissue level.
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ECM Remodeling Mechanisms

Given that increased matrix stiffness can induce tumor cell invasion and dissemination, it is
critical to understand when the underlying modifications of tumor ECM occur and by what
mechanism. Recent observations support a model in which peripheral tumor stiffening can
be mediated by tumor cells themselves. First, it is worth noting that the stiffness of isolated
tumor cells may vary during tumor progression. Transformed mammary epithelial cells in
PyMT mice are stiffer than nearby normal cells [12]. However, analyses of breast and
ovarian cell lines demonstrated that cell with increased metastatic potential were softer and
more deformable than less invasive cells [37, 38]. Physical properties of the nucleus also
change throughout tumor progression and nuclear rigidity may restrict tumor dissemination
[39, 40]. How physical properties are modulated at the cellular and subcellular level and the
degree to which these attributes correlate with mechanical properties of the tumor
microenvironment remains unclear. These findings raise the possibility that there are distinct
mechanical requirements, both inside and outside of tumor cells, during tumor progression.

Second, several studies have suggested that tumor cells that have undergone EMT can in
turn modulate mechanical properties of the ECM. One such mechanism is that invasive cells
can produce increased contractile forces. Twist1 induces tumor cell invasion through Rac1,
which can increase cell tension and tissue rigidity [41]. These findings are consistent with
the functional requirement of the Drosophila Twist homolog to generate contractile forces
during embryonic development [42]. Analysis of lymph-node negative breast tumors reveals
that expression of Twistl correlates significantly with the expression of many ECM
remodeling molecules including collagens, matrix metalloproteinases, and lysyl oxidases.
This finding suggests that disseminating tumor cells that have undergone EMT can further
remodel the tumor microenvironment [43]. Generation and modification of the ECM by
tumor cells that have undergone EMT is consistent with the normal function of
mesenchymal cells in connective tissues. Accordingly, highly metastatic breast cancer cells
have high expression of lysyl oxidase (LOX), which can be further induced by stromal cells
[44, 45]. Fibronectin and other ECM molecules are also upregulated following induction of
EMT [46, 47]. EMT can also induce the expression and deposition of fibrillin, the main
component of the elastic fiber microfibrils. Loss of syndecan-4 results in reduced
microfibrils, but upon TGF-f treatment fibrillin-1 expression is partially rescued, bypassing
the requirement for syndecan-4 [48]. Ras-transformed mouse mammary epithelial cells
express tenascin-C but only secrete it to the ECM upon undergoing TGF-B-induced EMT
[49]. These results suggest that induction of EMT can induce extensive ECM deposition and
remodeling processes.

Tumor cells can also hijack normal functions of stromal cells to facilitate ECM remodeling.
LOX secreted by cancer-associated fibroblasts (CAFs) can drive matrix stiffening through
collagen crosslinking to facilitate tumor dissemination and metastasis [7, 50]. Matrix
stiffening can also be mediated by CAFs through caveolin-1 (Cav1) to promote tumor
invasion and metastasis [51]. Loss of Cav1 leads to disorganized stromal architecture while
expression of Cavl in CAFs promotes directional migration of tumor cells. Mechanical
remodeling of the tumor microenvironment also in turn regulates CAFs, thus feeding
forward to maintain CAF abundance and function. Furthermore, conditioned media from
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tumor cells induced CAF-mediated ECM remodeling, suggesting that tumor cells can
activate CAFs via paracrine signals to further stiffen matrix [52]. Consistent with this
notion, myofibroblast contraction can induce the release and activation of latent TGF-§ from
the ECM. This response could generate a positive feedback loop between matrix stiffness
and growth factors. Fibroblast polarization in response to increased matrix stiffness activates
a network of protein tyrosine kinases to promote fibroblast cell contractility and focal
adhesion formation [53]. Consistent with this notion, clinical observation shows that the
presence of fibrotic foci and atypical stromal fibroblasts are associated with poor outcome in
breast tumors [54]. These studies suggest that increasing matrix stiffness and activation of
EMT feed forward to each other to further enhance tumor cell invasion.

Mechanosensing Feedback Mechanisms

While matrix stiffness can drive EMT, a few recent reports suggest that induction of EMT
can influence how tumor cells interpret and respond to changes in matrix stiffness. Altered
expression of cell surface receptors of various ECM components could be a potential
mechanism to regulate the cellular response to matrix stiffness. Integrin expression and
dimerization is regulated during tumor cell transformation and EMT, which in turn can
modulate tumor cell adhesion and ECM recognition [55]. Integrin signaling feedback
mechanisms also play a role in this process. On compliant matrices, integrin attachments are
not stabilized and thus focal adhesions are not allowed to mature [56]. Consequently, in low
stiffness conditions focal adhesions become destabilized and are disassembled, preventing
effective cell spreading and movement. Extracellular mechanical properties similarly affect
intracellular strain, providing a distinct regulatory mechanism. Recent work demonstrated
that integrins bind directly to the actin binding protein, filamin A (FLNA), and changes in
cell strain result in modulation of the FLNA network and release of the FLNA-binding
GTPase activating protein (FilGAP) [57, 58]. Regulation of RAC by FilGAP provides a
direct mechanism by which cell strain can modulate cell spreading and motility in an
integrin-dependent manner. These findings link intracellular strain from the actinomyosin
cytoskeletal network to inside-out integrin signaling.

Interestingly, these results raise the possibility that changes in cell shape during EMT may
affect the cellular responses to mechanical cues. Supportive of this hypothesis, Twist
mediates the generation of cell contractility during embryogenesis, which is required for
proper development [42]. Both cellular tension and extrinsic mechanical forces can activate
molecular mechanotransduction switches such as integrins [59]. In mesenchymal stem cells,
cell adherence and spreading induces a change in vimentin protein folding as shown by a
change in the surface availability of cysteines [60]. This suggests that changes in cell shape
can induce changes in the molecular fold of intracellular proteins, thus regulating their
functions through altering accessibility to their binding sites and/or post-translational
modification sites. Mechanical strain can also directly induce integrin conformational
changes [61, 62]. Modulation of integrin affinity and avidity by mechanical forces thus is a
major venue through which cell shape changes during EMT could directly impact their
responses to matrix stiffness.
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In addition to integrins, other receptors such as discoidin domain receptors (DDR) play a
critical role in sensing changes in the ECM. DDR1 and DDR2 are expressed exclusively in
epithelial and mesenchymal tissues, respectively and are regulated during EMT [63]. This
dichotomy allows for cell type-specific ECM recognition and interaction. Indeed, DDR2,
which facilitates tumor metastasis by promoting Snaill protein stability is induced by TGF-f
[64, 65]. This raises an interesting possible mode of regulation by DDR proteins given their
cell-type specific expression and being the only receptor tyrosine kinases that specifically
recognize ECM ligands. Crosstalk between integrin and DDR signaling opens the possibility
that tumor cells may utilize both collagen receptors in concert to modulate cell-matrix
interactions and invasive responses [66]. How extracellular signals are interpreted by DDR
and integrin proteins in concert and how downstream signals are later integrated requires
further investigation.

Mechanoregulation of Tumor Cell Plasticity

Metastatic colonization is the rate-limiting step during metastasis [67, 68]. Modification of
the pre-metastatic niche to alter its mechanical properties contributes significantly to this
process [69, 70]. Force mapping of matched mouse primary tumors and metastatic breast
lesions in the lung indicate that metastases largely present low rigidity, while primary
tumors show heterogeneity in rigidities ranging from hard to soft [33]. These results mirror
the phenomenon that while primary tumors show heterogeneous cell morphologies ranging
from epithelial to mesenchymal types within the same tumor, the corresponding metastatic
lesions present largely an epithelial morphology. Further studies demonstrate that tumor
cells activate the EMT program to disseminate and subsequently undergo Mesenchymal-to-
Epithelial Transition (MET) to regain proliferation and form secondary lesions at distant
sites [15, 18]. Several lines of evidence strongly support the notion that regulation of the
mechanical properties of the premetastatic niche contributes to the dynamic regulation of
EMT and MET cellular programs (Figure 1).

Breast tumors are shown to remodel the lung microenvironment prior to arriving in the
distant site, a process that is functionally critical to metastatic colonization [69, 71]. Tumor-
derived LOX facilitates recruitment of CD11b+ stromal cells to enable metastatic outgrowth
of disseminated tumor cells. Moreover, inhibition of the LOX family member, LOXL2,
attenuates development of the metastatic niche as demonstrated by reduced stromal
fibroblast activation, ECM deposition and modification, and growth factor availability [72].
Recently it was revealed that hypoxia induces secretion of LOX to permit bone metastasis
through modulation of bone homeostasis [73]. Hypoxia has also been shown to induce
collagen deposition and modification of ECM proteins through induction of an array of
enzymes including LOX family members [74, 75]. Collectively, these findings suggest that a
key effect for hypoxia in tumor metastasis is ECM remodeling, and potentially matrix
stiffening. Furthermore, these functions suggest that in addition to directly regulating EMT
through induction of core transcription factors [76—78], hypoxia also indirectly regulates
EMT through matrix remodeling processes.

When does remodeling of the primary and secondary tumor microenvironment occur, and
what cell type mediates remodeling in vivo are key outstanding questions. Remodeling of
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the metastatic niche may occur prior to metastatic colonization but the kinetics and
mechanism of this process remain unclear [69, 73]. Fibronectin is deposited in the lung
premetastatic niche prior to recruitment of stromal bone marrow derived cells and tumor
cells [79]. The tumor secretome can be regulated by miR200s to promote metastasis via
Sec23a secretion into the pre-metastatic niche, providing an additional mechanism of
metastatic niche remodeling [80]. Sec23a is responsible for secretion of suppressive ECM
molecules such as TINAGL1 as well as collagens, which could potentially regulate ECM
rigidity in the metastatic niche [80, 81]. It remains to be determined what effect down
regulation of miR200s and Sec23a or other elements of the secretory pathway has on the
rigidity of the tumor microenvironment and metastatic niche. Another hypothesis is that
direct effects of mechanical remodeling on stromal cells influence the formation of a
metastatic niche. For example, the generation of heterotypic adherens junctions between
tumor cells and stromal cells mediates metastatic bone colonization [82]. How these cellular
interactions are regulated and whether these heterotypic interactions influence responses to
mechanical cues is of interest, particularly given that adherens junctions can mediate
mechanotransduction [27]. Further investigation into the function and interplay between
biochemical and mechanical properties of the metastatic niche is clearly warranted.

A related but distinct topic regarding tumor cell plasticity is the relationship between tumor
mechanical properties and the generation of tumor initiating cells (TICs). Matrix rigidity
presents a potential stimulus to regulate EMT and MET processes during metastasis. EMT is
shown to promote TIC properties, thus raising the possibility that matrix stiffness could
regulate the generation and maintenance of TICs [83, 84]. Recent identification of Twist1 as
a critical element in tumor mechanosensing supports further investigation into this
possibility [20]. ECM remodeling by both tumor and stromal cells has previously been
shown to regulate stemness. Tenascin-C secreted by disseminated cancer cells has also been
identified as a critical molecule in the formation of the breast cancer metastatic niche,
enhancing stem cell signaling [85]. Stromal-derived periostin (POSTN) can induce Wnt
signaling in cancer stem cells to promote maintenance of stemness [86]. POSTN is an ECM
protein and has been recently implicated in modifying mechanical properties of connective
tissues [87]. Mechanistically, POSTN may contribute to matrix stiffening by acting as a
scaffolding protein, bridging interactions between other ECM molecules including collagen
I, tenascin-C, and fibronectin through multiple interaction domains [88]. How various
biochemical and mechanical cues from the tumor microenvironment regulate TIC formation
and maintenance, and furthermore how these mechanisms vary in different tumor types and
tissue contexts remains unclear.

Concluding Remarks

In summary, mechanical signals from the tumor microenvironment can impinge on
individual steps of the metastatic cascade. We pose a model in which initial genetic and
epigenetic aberrations leading to the formation of a non-invasive primary tumor also
generate a desmoplastic stromal response (Figure 2). This response is mediated through a
variety of factors including stromal-derived LOX and up-regulation of Cavl in fibroblasts.
This desmoplastic response results in increased matrix stiffness and release of growth
factors such as TGF-B, both of which promote EMT to allow tumor cell local invasion and
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dissemination. Tumor cells that have undergone EMT feed forward to enhance matrix
remodeling through deposition of additional ECM molecules, modification of the ECM, and
increases in the pool of available growth factors. Together, this positive feedback loop
facilitates tumor dissemination to distant sites. Once at the secondary site, the local
microenvironment attenuates this mechano-signaling cascade, allowing for the re-
epithelialization of tumor cells and colonization of the premetastatic niche (Figure 1). This
model suggests that mechanical cues from the tumor microenvironment play a critical role in
modulating tumor cell plasticity during metastasis. This model will be revised and improved
as we learn more about the contributions of the mechanical and biochemical cues of the
primary and metastatic tumor microenvironment to tumor progression.

In particular, many unanswered questions remain surrounding the role of matrix stiffness
and other mechanical cues during tumor progression (Outstanding questions). When do
critical ECM modifications occur during tumor progression and predominantly by what cell
types in the tumor? What signaling pathways in cancer are mechanosensitive and how do
these cues impact tumor progression and metastasis? It is clear that tissues utilize distinct
mechanotransduction pathways to recognize and respond to unique physical signals [89].
Could different mechanical cues contribute differentially to different tumor types?
Systematic and comprehensive analysis of the physical properties of multiple tumor and
tissue types, combined with improved understanding of the cellular mechanotransduction
pathways may help to answer these questions [38]. Physical aspects of the cellular
microenvironment play critical roles during diverse processes including embryogenesis,
tissue homeostasis, and disease progression [90] — are the mechanosensing mechanisms
conserved in these varied contexts? In summary, mechanical properties play an important
role during tumor progression and additional insights into mechanotransduction pathways in
cancer will have significant implications for our fundamental understanding of tumor
initiation, dissemination, and metastasis.
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Outstanding questions

At what point(s) during tumor progression do ECM remodeling and increases in
matrix rigidity occur? Does matrix stiffening play a role in tumor initiation as
well as dissemination?

What is the temporal scale in which ECM remodeling occurs in human tumors
and metastatic niches?

What is the main cell type that remodels ECM in the tumor microenvironment?
Does this change as tumors progress and/or vary by tissue type?

Do different tumor types respond differentially to mechanical signals (e.g.
increasing matrix stiffness)? If so, what is the molecular basis for cell-type
specific sensitivities to diverse matrix rigidities?

In addition to directly signaling through actinomyosin contractility, integrins
also couple to other signal transduction pathways. What are the signaling
pathways that cooperate with integrin engagement to induce EMT in response to
increasing matrix stiffness?

Does matrix stiffness or other mechanical cues play a role in inducing MET of
disseminated tumor cells at secondary sites?

Can the physical properties of tumors be exploited for clinical benefit? Can
tumor stiffening be specifically and therapeutically targeted, given that the
rigidities of normal tissues range by orders of magnitude?
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Trends

e Physical properties of the tumor microenvironment and of tumor cells play
functional roles in driving tumor metastasis.

o Matrix stiffness regulates tumor dissemination and metastasis through induction
of epithelial-mesenchymal transition.

»  Extracellular matrix remodeling of the primary and secondary tumor
microenvironment represents a key step of tumor metastasis.

e Mechanical cues are sensed by a repertoire of cellular mechanosensors.
Integrins are key cellular mechanosensors of matrix stiffness.

»  Extracellular matrix deposition and remodeling is mediated by a variety of cell
types, including both tumor and stromal cells.
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Figure 1. Model of the potential dynamic regulation of epithelial cell plasticity during tumor
metastasis

Matrix stiffness is modulated in combination with G3BP2 expression and TGF- signaling
during the metastatic cascade. Increasing tissue rigidity, TGF-f signaling, and loss of
G3BP2 in the primary tumor induces EMT and tumor invasion. A compliant environment in
the pre-metastatic niche in concert with reacquisition of G3BP2 expression and loss of TGF-
{3 signals may allow for tumor cell re-epithelialization through MET, facilitating metastatic
colonization and outgrowth.

Trends Cell Biol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wei and Yang

Page 17

Fibrillin
LOX EN

Epithelial cell

ECM remodeling

Myofibroblast
Basement membrane

ECM/collagen fibers

CAF/stromal cell

Hypoxia

Trends in Cell Biology

Figure 2. Model of ECM remodeling mechanisms underlying tumor cell invasion and
dissemination

Initial remodeling of the tumor microenvironment is mediated by tumor cells, Cav1-positive
CAFs and other stromal cells such as bone marrow-derived cells. Deposition and
modification of ECM by these cells in combination with other environmental cues including
hypoxia and TGF-§ induces EMT, facilitating tumor invasion. As EMT is induced in tumor
cells, they form feed forward signaling loops by further remodeling the tumor
microenvironment by secreting a variety of factors including LOX, TGF-B, Tenascin-C, and
POSTN. Furthermore, EMT results in the modulation of the expression of discoidin domain
receptors DDR1 and DDR2, affecting tumor cell responses to the ECM.
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