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ABSTRACT. Tissue development is orchestrated by the coordinated activities of both chemical and
physical regulators. While much attention has been given to the role that chemical regulators play in
driving development, researchers have recently begun to elucidate the important role that the
mechanical properties of the extracellular environment play. For instance, the stiffness of the
extracellular environment has a role in orienting cell division, maintaining tissue boundaries,
directing cell migration, and driving differentiation. In addition, extracellular matrix stiffness is
important for maintaining normal tissue homeostasis, and when matrix mechanics become
imbalanced, disease progression may ensue. In this article, we will review the important role that
matrix stiffness plays in dictating cell behavior during development, tissue homeostasis, and disease
progression.
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INTRODUCTION

Tissue engineering approaches aim to restore
normal physiologic function to damaged or dis-
eased tissues through a specifically tailored
combination of cells, extracellular matrices
(ECM), soluble factors, and/or mechanical stim-
ulation. Historically, there has been a significant
emphasis placed on the role of chemical regula-
tors (ie. growth factors, bioactive ECM moie-
ties, etc.) within the extracellular environment,
and further, numerous investigations have con-
firmed that surface chemistry is a critical param-
eter contributing to the clinical success of
implanted biomaterials and devices. However,
only recently have researchers begun to unravel
the important role that the mechanical properties
of the ECM plays.

In vivo, cells reside in a complex yet highly
organized environment containing a diverse col-
lection of soluble and insoluble proteins, sugars,
and other cells, and the exact composition and
spatial orientation of a cell’s microenvironment
dictates the local mechanical environment that a
cell is exposed to. The mechanical environment is
composed of endogenous forces generated by the
cells themselves, as well as exogenous forces that
are applied to cells by the surrounding microenvi-
ronment. Endogenous forces are largely produced
by cytoskeletal contractility within cells,"
whereas exogenous forces exist in a variety of
forms, including gravity, shear stress, and tensile
and compressive forces. Cells receive these exog-
enous forces through interaction with the ECM,
and the local stiffness of the ECM is an important
mechanical effector of cell behavior.

Interestingly, external physical forces can
shape the mechanical environment and make it
a continually evolving and dynamic microenvi-
ronment for cells. Physical forces have long
been known to contribute to tissue development
and homeostasis through clinical observations
of brain morphology and bone remodeling. For
example, external loading is important for tis-
sues like cartilage and bone to maintain the
appropriate ECM content and composition. For
cartilage and bone, impaired mobility and thus
reduced mechanical stimulation leads to a
decrease in proteoglycan content and bone min-
eral density, respectively; both can be increased

with exercise. Further, studies probing the
effect of weightlessness on the musculoskeletal
system during spaceflight have found that with-
out the physical forces imposed by gravity,
bone density is greatly reduced. Without grav-
ity, osteoblasts—the bone-producing cells—do
not receive the necessary stimulation that
instructs them to synthesize new matrix, and
there is thus a net loss of bone mass. The osteo-
blasts are subsequently exposed to an ECM
with altered mechanical properties, illustrating
the reciprocal nature of tissue homeostasis.
These examples illustrate the fact that external
forces greatly impact tissue homeostasis. How-
ever, it is important to keep in mind that these
clinical observations are the product of recipro-
cal actions between cells and their ECM. On
the one hand, cells are constantly synthesizing,
breaking down, or otherwise rearranging ECM
components to change ECM composition and
topography. On the other hand, the ECM has a
fundamentally important role in dictating cell
behavior, and as such, any changes in ECM
dynamics will influence adjacent cells and
influence their cellular activities. By maintain-
ing this feedback loop between cells and their
ECM, tissues can become very adaptive to the
physical forces imposed on it. However, when
tissue homeostasis becomes imbalanced, tissue
function generally becomes impaired as a result
of aberrant cellular behavior. Thus, it is critical
to understand how cells respond to their
mechanical environment for the treatment and
prevention of a variety of diseases.

Stiffness, or rigidity, of a material is defined
as the extent to which a material resists defor-
mation in response to an applied force. Stiffness
is used to indicate whether a material is compli-
ant (soft) or rigid (hard). In biology, stiffness
has been used to collectively represent mechani-
cal properties of a biological substrate. Our tis-
sues, which are composed of a variety of
different ECM molecules, feature a wide range
of elastic moduli (Fig. 1), and each tissue/organ
has specific stiffness for fulfilling physiological
needs. For example, bone is much stiffer than
other tissues, for its primary function is to pro-
vide structure and protect our internal organs. In
this article, we review the role of ECM stiffness
on cellular function. We will begin by
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FIGURE 1. Distinct modulus of human tissues suggesting tissue-specific stiffness. Different tissues
with their specific elastic modulus in the body are correlated with their functions (adapted from Cox

et al.).®®
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discussing the important role of ECM mechan-
ics during tissue development and homeostasis,
and then expand to discuss the changes that
occur to ECM mechanics during the progression
of fibrotic diseases and tumor development.

MOLECULAR REGULATION BY
MECHANICAL STIMULATION

The actin cytoskeleton functions to maintain
the structural integrity of a cell and contributes
to their mechanical properties. It is also
involved in cell signaling transduction, thus
controlling a variety of cellular responses.>™
ECM stiffness has been shown to induce actin
cytoskeletal reorganization and contractility,
thereby controlling adhesion, migration, cell
cycle progression, and differentiation.®® The
translation of ECM stiffness into intracellular
signals to change cell behavior is mainly medi-
ated by transmembrane receptors, known as
integrins. Integrins are heterodimers consisting
of a— and B—subunits with the B-subunit tail
linking to the actin cytoskeleton through sev-
eral different adaptor proteins. There are
18¢—subunits and 8 S—subunits identified to
date, and they form 24 different a8 hetero-
dimers, with each of them having specificity
for different ECM ligands.” After binding to
ECM ligands, integrins cluster to initiate the
assembly of adaptor molecules, such as focal
adhesion kinase (FAK), vinculin, paxillin,
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tensin, and talin, for forming focal adhesions
between a cell and ECM. With focal adhesions
established, actin filaments can then organize
into stress fibers to mediate cytoskeletal tension
in a cell. In addition, assembling of the focal
adhesion complex is able to activate a number
of signaling pathways to regulate cell
activities.'*"!

Stiff matrices increase the number of focal
adhesions (FAs) and traction force generated
between FAs and the ECM compared to soft
ones. A FA complex in a cell functions as a
mechanosensor that generates a fluctuating
force to pull the ECM, thereby directing cells
to migrate to an area with greater ECM stiff-
ness.'” These findings suggest that ECM stiff-
ness is able to regulate FAK activity to trigger
subsequent activation of signal molecules to
regulate cell activities. For example, Shih et al.
demonstrated that stiff matrix enhances FAK
activity to increase activation of the down-
stream molecule ERK1/2, promoting osteo-
genic differentiation of mesenchymal stem
cells (MSCs)."

The Rho/ROCK signaling pathway also
plays a crucial role in the regulation of cell-
matrix mechanotransduction. It has been shown
that Rho activity is regulated by ECM stiffness,
with stiff matrices leading to increased RhoA
activation, contractility of actin cytoskeleton,
and formation of actin stress fibers compared to
compliant ones. The Rho family of GTPases
consists of more than 20 proteins that induce
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specific effects to the actin cytoskeleton.'*!”

Of these, RhoA, -B, and -C comprise the Rho
subgroup of Rho GTPases, which have redun-
dant functions and from here on will be dis-
cussed simply with respect to findings
regarding RhoA. Other well studied Rho
GTPases include Racl and Cdc42.

The primary action of RhoA is to induce the
formation of actin stress fibers, thick bundles of
anti-parallel actin filaments crosslinked by
myosin. Rho activities are elicited through
downstream activation of specific effector pro-
teins. The two primary downstream effectors of
RhoA are Rho-associated protein kinase
(ROCK) and mDia. ROCK is a serine/threonine
kinase that can phosphorylate a variety of sub-
strates, including the myosin-binding subunit
of myosin phosphatase and myosin regulatory
light chain, to stimulate crosslinking of actin
by myosin and enhance actomyosin contractil-
ity,'® whereas mDia catalyzes actin nucleation
and polymerization to produce long, straight
actin filaments.”” ROCK also phosphorylates
and activates LIM-kinase, which in turn phos-
phorylates and inactivates cofilin—an actin
depolymerizing factor—to stabilize existing
actin filaments.'"® Together, the combined
actions of ROCK and mDia downstream of
Rho act to induce actomyosin bundle formation
within cells. It has been shown that matrix stiff-
ness regulates myofibroblast differentiation via

the RhoA/ROCK signaling pathway with
matrix stiffening increasing the RhoA activa-
tion and ROCK activity and promoting the
interaction between RhoA and ROCK."’ Treat-
ment with a RhoA/ROCK inhibitor changes the
actin cytoskeleton dynamics and megakaryo-
blastic leukemia factor-1 (MKL1) nuclear
translocation, thus inhibiting myofibroblast
differentiation."®

Another member of the Rho family, Racl, is
also involved in the cellular regulation by ECM
stiffness. Recently, a study by Bae et al. has
shown that the signaling pathway involving
FAK, the adaptor protein p130Cas, and Rac
plays a critical role in regulating the cell cycle
of mouse vascular smooth muscle cells
(VSMCs) in response to different matrix stiff-
ness.® When VSMCs are cultured on a stiff sub-
strate, the Racl-mediated signaling pathway is
activated to enhance the expression of cyclin D
and promote entry into the S phase of the cell
cycle. In addition, Chaudhuri et al. have demon-
strated that in mammary epithelium, mechanical
signals induced by ECM stiffness are mediated
by the B4 integrin-Racl-PI3K pathway, and
malignant phenotypes of cells are induced when
ECM stiffness is increased.”’ Together, these
studies demonstrate that cells respond to ECM
stiffness by reorganizing their actin cytoskeleton
through activation of integrins, FA-associated
molecules, and the Rho family (Fig. 2).

FIGURE 2. Molecular regulation by ECM stiffness. Integrins respond to ECM stiffness by clustering
together to activate adaptor proteins of focal adhesion and downstream signaling molecules to reg-
ulate cell behavior. Previous findings of the regulatory pathways underlying the molecular mecha-
nism induced by ECM stiffness are illustrated as representative examples.
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ECM STIFFNESS REGULATES
CELLULAR BEHAVIOR

Cell behavior is dictated, in part, by mechan-
ical forces exerted upon the cell, and cells
respond to these forces through interaction with
the ECM. A cell is in a physical continuum
with its surrounding ECM. Using quick freeze,
deep-etch electron microscopy—a rapid, chem-
ical fixation-free method that preserves native
structure with high fidelity—ECM fibers were
shown to radiate orthogonally from the plasma
membrane surface and exist as an intercon-
nected unit with the cytoplasmic cytoskeleton
through adhesion receptors.”' Thus, external
physical forces can be transmitted to cells
through the ECM, and ECM stiffness modu-
lates the amplitude of force received. In large
part, cells sense the stiffness of their environ-
ment by pulling against the ECM using intra-
cellular actomyosin contractility. Together, a
model has emerged whereby a cell pulls against
the surrounding ECM using Rho-ROCK-medi-
ated actomyosin contraction. If the ECM is stiff
and the cell is met with resistance, the forces
generated result in tension across the adhesion
receptors. This, in turn, results in a strengthen-
ing of these adhesions, recruitment of signaling
molecules into the focal complexes, and
enhanced mechanotransduction. Moreover, a
stiff matrix provides enough traction for cell
spreading, proliferation, and migration. If the
matrix is compliant, the cells will instead
deform the matrix and round up, resulting in
different signaling and phenotypic outcomes.**
Thus, tissue stiffness has dramatic effects on
cellular activities, and this has been observed
both during development and throughout the
lifespan of adult organisms.

CELLULAR RESPONSE TO ECM
STIFFNESS DURING EMBRYONIC
DEVELOPMENT

Mechanical properties of the ECM play a
vital role throughout the entire course of
embryonic development. Even from the earliest
stages of development, mechanical forces
shape the developing embryo. For instance,

upon fertilization of the egg, the orientation of
the spindle axis, and thus the orientation of cell
divisions, is governed by the spatial distribution
of ECM adhesions and thus cytoskeletal tension
imposed upon the cells.”® In developing Xeno-
pus embryos, a temporal and spatial distribu-
tion of mechanical stiffness directs early
patterning and differentiation events, with cells
creating these gradients of stiffness through
actomyosin contraction.”* Zhou and coworkers
found that profound tissue stiffening occurs
from the gastrula to neurula stages, and this
stiffening had an impact on neural tube forma-
tion. By treating tissue explants with latruncu-
lin B, an actin-depolymerizing drug used to
reduce actomyosin contraction, the researchers
were able to reduce tissue stiffness by more
than 50%, suggesting that cell-mediated acto-
myosin contractility is responsible for much of
the tissue stiffening that occurs during this
stage of development. Together, the spatial dis-
tribution of ECM stiffness is critical for direct-
ing early tissue patterning and differentiation
events, and cells themselves modulate ECM
stiffness through intracellular contractility dur-
ing early embryogenesis.

Actomyosin-based contractility is similarly
important for maintaining boundaries between
distinct tissues throughout embryogenesis. In
early Drosophila embryos, actomyosin-based
contraction results in a stiffening of cell layers
that physically restricts mitotic cells from
intermixing with neighboring compartments.?
Similarly, patterning of the anteroposterior
axis is stabilized by the generation of actomy-
osin-based tension, which acts to organize and
stiffen the ECM in the paraxial somatic meso-
derm.** Tight junctions and adherens junctions
mediate the forces exerted between cells to
compartmentalize these developing tissues.
Additionally, myosin II is enriched at sites of
tension application on the surface of intercalat-
ing cells,”® suggesting that anisotropy in the
micromechanical environment contributes sig-
nificantly to pattern formation. Later during
gastrulation, tissue folding is initiated by a
subset of cells that physically constrict their
apical membranes and expand their basal
domains along the ventral midline of the
embryo, resulting in tissue invagination. This
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apical constriction is regulated by the local
accumulation of myosin II at the apical surface
of invaginating cells.”” Together, actomyon-
sin-based contraction plays an important role
in tissue compartmentalization, patterning, and
invagination.

Changes in cytoskeletal tension and varia-
tions in ECM compliance also alter the direction
in which cells move and grow, which are crucial
cell fate decisions driving tissue patterning dur-
ing development. In vitro, cells have been
shown to migrate preferentially toward stiffer
substrates.”® Similarly, gradients of stiffness are
generated in vivo to drive tissue patterning. For
instance, the basement membrane at the tips of
growing epithelial buds in the lung is thinner
than the surrounding ECM, creating a gradient
in stiffness. In response, the actin cytoskeleton
of resident mesenchymal cells shows greater
alignment beneath these sites, suggesting that
stiffness gradients alter cytoskeletal organiza-
tion and cellular traction forces in these regions
to drive directional budding morphogenesis.
Inhibition of cytoskeletal tension using Rho/
ROCK antagonists blocks basement membrane
thinning at the tips and thus prevents both epi-
thelial budding and branching angiogenesis in
the developing lungs,? suggesting that cells are
responsible for creating these stiffness gradients.
In the developing mammary gland, branching
morphogenesis is likewise characterized by gra-
dients in stiffness. The terminal end buds of
branching mammary ducts consist of a base-
ment membrane devoid of collagen type I,
whereas collagen deposition is abundant in the
flanking regions, creating reduced stiffness in
the terminal end buds.’® This stiffness gradient
drives proliferation and subsequent ductal elon-
gation, and interestingly, implantation of a pel-
let containing exogenous TGFg at the tip of
growing ducts induces collagen deposition and
inhibits elongation.>' Thus, the ability to gener-
ate spatial variations in mechanical tension
between endothelial cells and the underlying
basement membrane plays an important role in
the establishment of local migration tracks and
tissue patterning events during branching
morphogenesis.*

Several other studies have demonstrated that
simply by disrupting ECM structure or

composition, tissue development can be greatly
affected. For example, ECM mechanics and
geometry have been shown to be critical for
epithelial cell differentiation,™® and proper
ECM composition and elasticity are required
for maintenance of the differentiated state of
mammary epithelial cells, as ECM stiffening
and loss of laminin signaling were found to
reduce mammary epithelial cell-specific gene
expression.>® Further, a complete loss or dis-
ruption of ECM structure leads to mammary
gland regression® and the involution of capil-
lary blood vessels,*® demonstrating the impor-
tance of ECM structure for cellular
differentiation and tissue development. Some
tissues have unique mechanisms for altering
their mechanics throughout morphogenesis.
For example, the heart alters its stiffness
throughout tissue development by changing the
isoform ratios of the cytoskeleton protein, titin,
which possesses elastic properties that influ-
ence the stiffness of heart tissue.>” Mechanical
strain induces the unfolding of the C-terminal
kinase domain of titin, which leads to exposure
of an ATP-binding site for autophosphoryla-
tion. In so doing, titinis believed to work as a
strain-sensing molecule for force adaptation in
muscle.®® Thus, embryonic organs appear to
adapt their material properties in response to
changes in the physical forces that occur during
each developmental stage.

Similarly, exogenous mechanical forces like
hydrostatic pressure and shear stress are impor-
tant regulators of embryogenesis and have been
shown to play a critical role in the development
and patterning of many organs. In fact, cells
residing in virtually all developing organs,
including muscle, brain,***! kidneys,**** and
the haematopoietic system,44’45 are sensitive to
exogenous mechanical cues. For example, the
heart starts pumping blood in Xenopus embryos
using a hydrostatic impedance pumping mecha-
nism in which waves of contraction and elastic
deformation of the heart chamber -create
dynamic suction forces that drive blood flow
even before valve formation,*® and disruption
of myosin-based tension generation during the
initial stages of heart looping disrupts morpho-
genesis,”” demonstrating the important inter-
play between these exogenous mechanical
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forces and actomyosin contractility in develop-
ing organs. Subsequently, shear stress gener-
ated by blood flow from the heart is critical for
blood vessel cell fate determination, as evi-
denced by the activation of arterial markers in
endothelial cells of the chick yolk sac.*® Simi-
larly, increased amniotic fluid pressure acceler-
ates lung maturation in rats,* but if
cytoskeletal tension is too high in cells of the
developing lung, lung expansion is disrupted,*
further demonstrating the important interplay
between exogenous mechanical forces and
actomyosin contractility during morphogenesis.

CELLULAR RESPONSE TO ECM
STIFFNESS DURING TISSUE
HOMEOSTASIS

In adult tissues, normal physiology is main-
tained, in part, through continual tissue remod-
eling, a process called homeostasis. Tissue
homeostasis involves the replacement of older
cells with more youthful cells by stem cells and
is regulated by the physical and chemical prop-
erties of the matrix microenvironment. For
instance, it has long been known that bone
undergoes continual resorption and formation,
and these 2 opposing processes are finely bal-
anced to control normal bone density. Bone for-
mation from MSCs is affected by matrix
stiffness: MSC osteogenesis is enhanced with
matrix stiffness. Further, previous studies have
shown that the MAPK/ERK signaling pathway
is increasingly activated to enhance the expres-
sion of the bone-associated transcription factor,
RUNX2, by stiff matrix compared to that by
soft matrix.” %!

The ability of bone to change its structure
and adapt to mechanical loads implies that
mechanical forces can regulate the behavior of
osteoblasts and osteoclasts, the cells responsi-
ble for forming and breaking down bone,
respectively. Specifically, increased loads have
been shown to increase formation and decrease
resorption, whereas immobilization has been
shown to have the opposite effect.’ Of course,
these loads are received by cells through inter-
action with the bone matrix. Similarly, chon-
drocytes interact with a highly ECM-rich

environment in cartilage to achieve mechanical
and metabolic homeostasis even under large
compression loads.”® Thus, normal ECM elas-
ticity invariably plays an important role in tis-
sue homeostasis and function by transducing
the mechanical load to the cells.

Endothelial progenitor cells (EPCs) are a key
cell type for vascular repair and neovasculari-
zation.>* During the repair process, EPCs
escape from their niche by producing matrix
metalloproteinases (MMPs) that digest the
ECM and migrate to a target site to rebuild the
tissue. Therefore, EPC behavior is greatly regu-
lated by chemical and physical properties of
their surrounding ECM.>> Hanjaya-Putra et al.
have demonstrated that soft matrix reduces the
MMP production by EPCs while increasing
cell elongation and extending intracellular
vacuoles to open lumen compartments through
a signaling pathway involving the activation of
the Rho GTPase Cdc42.%°

Not surprisingly, when normal tissue
homeostasis becomes imbalanced, as can
occur during tissue injury, tissue function can
become impaired. Interestingly, a prominent
feature of many injured tissues is altered tissue
mechanics. During the normal wound healing
process, it is very common for the ECM of
damaged tissues to be replaced by fibrous tis-
sue that is stiffer than the original ECM.”’ The
newly formed tissue of increased stiffness is
generally referred to as scar tissue. Matrix
stiffening in scar tissue tends to be the product
of abnormal and/or increased ECM deposition,
increased ECM crosslinking, and reduced or
abnormal matrix degradation. In some areas of
the body, such as the skin, scar formation does
not typically impair normal tissue function.
However, changes in matrix stiffness upon
wound healing often perturb normal cellular
behavior in other parts of the body. For
instance, scarring of the central nervous sys-
tem can severely impair tissue function.’®
Within the brain and spinal cord, tissue injury
leads to glial scar formation, which acts as a
mechanical barrier and inhibits signal trans-
duction.””® Glial scar maturation has been
shown to be associated with increased fibro-
nectin deposition, which inhibited axonal
growth and  healing.®®  Concomitantly,
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increased fibronectin deposition promoted
astrocyte attachment, which played a role in
physically separating the injury site from sur-
rounding tissues.®! Thus, tissue mechanics are
critical for normal cellular activities, and when
disrupted, tissue function is often impaired.
Moreover, aging is another factor that may
disrupt tissue homeostasis to alter tissue
mechanical properties. For example, aging
reduces stiffness of the soft tissue around
the hip region, which results in increased risk
of hip fracture in the elderly.®* Another exam-
ple is that the ECM structure of muscles in
older people becomes stiffer due to increased
density of highly crosslinked collagen than that
in younger people.®® Aging also affects stiff-
ness of the blood vessel wall. A previous study
by Choi et al. has shown that using hydrogels
to mimic the stiffness of young and aging
intima demonstrates that the aging process
increases the permeability of an endothelial
cell monolayer and disrupts cell-cell junctions
by activating the Rho-dependent signaling
pathway to upregulate cell contractility.®*

CELLULAR RESPONSE TO ECM
STIFFNESS DURING DISEASE
PROGRESSION

Over time, homeostatic mechanisms are typ-
ically able to restore normal tissue mechanics
and thus restore proper tissue function. How-
ever, prolonged changes in ECM mechanics
can result in the development and progression
of disease state.*”>® The ECM is essential for
normal wound healing processes, but excessive
matrix deposition, as is observed with fibrotic
diseases, can lead to organ dysfunction.
Fibrotic diseases, which include pulmonary
fibrosis, systemic sclerosis, liver cirrhosis, and
cardiovascular disease, are typically character-
ized by the hyperproliferation of fibroblasts,
their differentiation into myofibroblasts, and
excessive ECM synthesis and secretion. Consti-
tutive activation of collagen-secreting myofi-
broblast-like cells leads to increases in both
collagen amount and concentration, which
throws off normal tissue homeostasis to more
heavily favor production and leads to tissue

stiffening. This imbalance is often exacerbated
by deregulated expression of MMPs—which
act to degrade ECM—and TIMPs—which
inhibit the activity of MMPs. Specifically,
MMP expression is often downregulated and
TIMP expression becomes upregulated, result-
ing in incomplete matrix remodeling and irre-
versible fibrosis.®®> This imbalance, in turn,
compromises normal tissue function and drives
disease progression. In addition, variations in
ECM composition likewise have a profound
effect on the biomechanical properties of a tis-
sue.®® For instance, collagen and elastin fibers
are the main structural components in pulmo-
nary connective tissue, but their elastic proper-
ties are substantially different. The elastic
modulus of collagen fibrils is in the range of
1200 MPa, whereas the elastic modulus of elas-
tin is closer to 1 MPa.®”®® In the lung, they
form a continuous network that allows for pas-
sive recoil during expiration. However, during
pulmonary fibrosis, an increase in collagen con-
tent leads to a stiffening of the tissue, which
subsequently results in progressive dyspnea (ie.
shortness of breath).69 Thus, increased matrix
deposition and altered composition results in
altered tissue mechanics that alter cellular
behavior and impair tissue function.
Pronounced changes in ECM remodeling,
which in many ways mimics what is observed
in fibrotic diseases, play a crucial role in
tumor progression, as well. Tumor develop-
ment is a dynamic and progressive process
that involves both cellular and environmental
cues. This is most evident in the fact that the
tumor microenvironment is continuously
remodeled, with increased stiffness being one
of the hallmark features associated with tumor
development. In fact, breast cancer tissue can
be up to 10-fold stiffer than normal breast tis-
sue (1.5 kPa and 150 Pa, respectively).”%"!
Further, malignant breast tumors tend to
appear stiffer than benign tumors based on
elastography, with a halo of stiffer tissue fre-
quently observed at the tumor margin of inva-
sive tumors. Increased matrix stiffness and
ECM remodeling were observed in pre-malig-
nant tissue, as well, and this increase was
shown to contribute to malignant transforma-
tion in the breast,’” suggesting that changes in
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ECM stiffness occur early and act to promote
future disease progression.

The majority of increased stiffness that
arises in the tumor microenvironment occurs as
a result of increased ECM deposition—termed
desmoplasia—and altered ECM composition,
with collagen type I and fibronectin being the
most abundant ECM components deposited in
cancer.”” Fibronectin, in particular, possesses
several physical attributes that enable it to have
significant effects on local ECM stiffness.
Fibronectin fibrils incorporate directly into the
ECM through specific heparin, fibrin, and colla-
gen binding domains, and it has been shown
that in vivo fibrillar collagen formation is
dependent on binding and subsequent confor-
mational changes in fibronectin.’”* This
increases the percentage of linear fibers, which
leads to a reduction in elasticity at higher fibro-
nectin concentrations.””> Thus, fibronectin
directly modifies the mechanical and structural
properties of collagen fibers. In addition to col-
lagen type I, collagens type 11, III, V, and IX all
show increased deposition during tumor forma-
tion.”® Increased collagen type V deposition, in
particular, is mechanically significant, as it
changes the structural organization of collagen
type I fibrils.”” Further, heparan sulfate proteo-
glycans are frequently overexpressed in can-
cer.”®70 Overall, this results in the formation of
a dense, fibrous tissue surrounding malignant,
but generally not benign, tumors.”' Concomi-
tantly, this increased stiffness results in altered
cellular behavior. For instance, mammary cells
in a stiff matrix are more proliferative,® upre-
gulating proliferation-associated genes like
cyclin D1,*" and human breast carcinoma cells
show an upregulation of an entire set of genes
related to proliferation.®” In contrast, mammary
cells within compliant matrices demonstrate
growth control, organization of glandular archi-
tecture, and express proteins signifying a more
differentiated  phenotype.’*®***  Together,
matrix stiffening induces a shift in cell fate
decision from differentiation to proliferation,
which ultimately could lead to activation of
oncogenes and tumor progression.

Increased collagen content and tumor stiff-
ness may also be a product of reduced remodel-
ing. MMPs are well established as having a

major role in degrading ECM components dur-
ing normal tissue remodeling and wound heal-
ing. However, their expression is deregulated
in many tumors. Indeed, their expression is
often highly upregulated, and the sustained
presence of these proteases, coupled with
increased ECM synthesis, leads to a progres-
sive destruction of normal ECM and replace-
ment by a stiffer tumor-derived ECM. The
tumor-derived ECM, in turn, has been shown to
stimulate proliferation and apoptotic mecha-
nisms, which is believed to lead to the selection
of apoptosis-resistant tumor cells with
enhanced invasiveness.*> ™’ Further, MMP-
mediated degradation of the ECM facilitates
cell migration and also generates numerous
bioactive cleaved peptides and releases growth
factors and chemokines contained within the
ECM,*® which further promotes metastatic
progression.

In addition, there is an increase in the preva-
lence of cross-linking within the tumor
stroma.® The crosslinking of collagen fibers is
achieved through the activity of lysyl oxidase
(LOX) proteins, and the expression and activity
of LOX proteins are elevated in response to
increased collagen deposition. Increased cross-
linking results in increased stiffness’> and has
been shown to increase the invasiveness of
many types of cancer cells.””®!" As a result, ele-
vated LOX expression is significantly corre-
lated with metastasis and decreased survival in
cancer patients.”? While the exact mechanisms
by which increased ECM stiffness increases
cancer cell invasiveness remain to be eluci-
dated, it is thought to involve increased cellular
adhesion to the ECM, integrin clustering, and
focal adhesion activation.”® Additionally,
increased integrin clustering results in
enhanced mechanotransduction that ultimately
promotes cell migration.”* Interestingly, pri-
mary tumor-mediated ECM remodeling has
also been observed at future sites of metastasis;
these secondary sites of metastasis are referred
to as pre-metastatic niches and have been
shown to be formed, in part, by primary tumor-
secreted LOX proteins.”! LOX-dependent
ECM remodeling and matrix stiffening at dis-
tant sites act to facilitate tumor cell coloniza-
tion and growth, thus highlighting the critical
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role that ECM stiffness plays in encouraging a
tumor microenvironment.

In addition to changes in ECM composition,
ECM architecture is also fundamentally differ-
ent within tumors. Rather than the relaxed,
non-oriented fibrils found in normal tissue
stroma, the collagen fibrils found in breast tis-
sue are often thicker and align perpendicular to
the tumor boundary, which is associated with
malignant transformation and metastatic pro-
gression.”>”> This non-random orientation of
ECM fibers is called anisotropy and leads to
concentration gradients of fibrils that generate
differential tension and migration tracks that
can guide cell migration and induce invasivity.
The cells themselves assist in the observed
alignment of ECM associated with tumor for-
mation, and these activities have been shown to
be dependent on Rho activity.®* Additionally,
transformed mammary epithelial cells are often
found on bundles of linear collagen fibers adja-
cent to blood Vessels,96 further facilitating
metastasis. Remodeling of basement mem-
branes is also commonly associated with can-
cer, and further, with malignancy and
metastasis. Disruption of the basement mem-
brane eliminates apicobasal polarity and allows
cancer cells to escape the primary tumor.
Together, several changes occur to the architec-
ture of ECM found within a tumor microenvi-
ronment that alters tissue mechanics and
subsequent cell behavior to drive malignant
transformation and metastatic progression.
Interestingly, tumorigenic cells can become
phenotypically normal if the microenvironment
is appropriately manipulated,”’ exemplifying
the importance of tissue stiffness on cell
activities.

CONCLUSION

ECM stiffness plays an important role in dic-
tating several aspects of tissue development,
such as orienting cell division, maintaining tis-
sue boundaries, directing cell migration, and
driving differentiation. Similarly, ECM stiff-
ness is important for maintaining normal tissue
homeostasis, and abnormal ECM stiffness is
often a hallmark of several diseases like cancer.

As tissue engineering strategies continue to
gain popularity as viable options to treat a vari-
ety of diseases, an understanding of the role
that ECM stiffness plays in dictating cell fate
decisions will be critical to the overall success
of these approaches.
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