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Abstract—Communication between cancer cells enables
cancer progression and metastasis. While cell-cell communi-
cation in cancer has primarily been examined through
chemical mechanisms, recent evidence suggests that mechan-
ical communication through cell—cell junctions and cell-
ECM linkages is also an important mediator of cancer
progression. Cancer and stromal cells remodel the ECM
through a variety of mechanisms, including matrix degrada-
tion, cross-linking, deposition, and physical remodeling.
Cancer cells sense these mechanical environmental changes
through cell-matrix adhesion complexes and subsequently
alter their tension between both neighboring cells and the
surrounding matrix, thereby altering the force landscape
within the microenvironment. This communication not only
allows cancer cells to communicate with each other, but
allows stromal cells to communicate with cancer cells
through matrix remodeling. Here, we review the mechanisms
of intercellular force transmission, the subsequent matrix
remodeling, and the implications of this mechanical commu-
nication on cancer progression.

Keywords—Mechanotransduction,  Extracellular
Mechanosensing, Cell mechanics, Intercellular force.
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INTRODUCTION

Cell-cell communication has primarily been inves-
tigated through chemical mechanisms, as cancer cells
secrete soluble signals into the environment to com-
municate with recipient cells.'#*6%75:86:160 More re-
cently, mechanical interactions between cells have also
been described as a mode of cell-cell communica-
tion.!12%135 Mechanotransduction, or mechanically-
induced cell signaling, can be triggered by externally
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applied forces, flows, and pressure; however, cells are
also able to exert forces that change the physical
landscape in the microenvironment to affect other
cells. While the mechanisms by which cells exert force
are increasingly well understood, the resulting effects
on the cell itself and neighboring cells are less well
understood. Here, we focus on cell-cell mechanical
communication, specifically how forces and changes in
mechanical properties of cells and the surrounding
extracellular matrix (ECM) created by the cells them-
selves can induce changes in the behaviors of neigh-
boring cells to promote cancer progression.

Cell-cell mechanical communication involves the
transmission of forces between cells through both cell-
ECM and cell—cell linkages as cells both transmit
and receive mechanical signals from the
ECM and adjacent «cells through these link-
ages.|7:25:30:42.61.62.81.89.99.120.135.144.150 Mechanical
changes to the tumor microenvironment are mediated
through a variety of factors, including matrix degra-
dation, cross-linking, deposition, and physical remod-
eling.’® Numerous cell types within the tumor
microenvironment, including cancer cells and cancer-
associated fibroblasts, contribute to these mechanical
changes via the secretion of remodeling factors and
physical contact.!?#>809¢158 " Cells transduce these
mechanical changes into enhanced cellular contractility
and matrix remodeling efforts, thus generating a
feedback loop for further mechanical changes to the
tumor microenvironment.’"'*> Importantly, these
reciprocal cell-ECM interactions facilitate mechanical
communication within the tumor stroma where cancer
cells transmit intercellular forces to adjacent cells di-
rectly via cell-cell junctions or to neighboring cells
through the ECM via traction forces to coordinate
cancer-related  behaviors, *:6!:89:99:120.135.144 = N i
remodeling and mechanical communication ulti-
mately promote numerous cancerous phenotypes
including angiogenesis, mechanical competition,

collective  migration, and  cancer  metasta-
sig, 14:15.19.31,34,38.53,82.90,117.136,149
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MECHANICAL COMMUNICATION THROUGH
THE ECM

Cancer cells mechanically communicate with
neighboring cells without direct cell-cell contact by
exerting forces through the ECM. This mode of
mechanical communication involves both the reception
and transmission of forces through the ECM. Cells
bind to the matrix through cell-matrix adhesion
complexes (CMACs), composed of integrin ECM
receptors that bind ECM ligands, including collagen
and fibronectin, and adaptor molecules that link inte-
grins with the actin cytoskeleton
(Fig. 1).!1:59-100.123.150.162.163 efs in contact with the
ECM also receive mechanical signals from the sur-
rounding ECM through these CMACs. More specifi-
cally, integrins within CMACs sense both the chemical
composition of the surroundings (i.e., which ECM li-
gands are present) and the mechanical properties of the
surrounding matrix (i.e., ECM stiffness).”®'*" The
composition of ligands in the ECM dictates which
signaling pathways will be activated based on integrin
signaling; the spatial architecture of ECM fibers
determines the stability and size of the
CMACs.2>37100.128 gpecifically, the chemical compo-
sition and physical properties of the ECM can regulate
integrin-mediated cytoskeletal assembly and tyrosine
phosphorylation to generate different types of adhe-
sions with different downstream pathways.”' The
transmission of mechanical signals from the ECM is
additionally dependent wupon matrix mechanical
properties. Different ECM proteins, including collagen
I and fibronectin, can transmit or inhibit mechanical
forces depending upon matrix tension, subsequently
regulating downstream signaling events.'*’
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Cells within the tumor microenvironment transmit
mechanical forces by directly altering the mechanical
landscape of the surrounding ECM through numerous
mechanisms including physical reorganization, matrix
degradation, cross-linking, and deposition (Fig. 2).
Matrix remodeling alters the local mechanical prop-
erties surrounding cells, resulting in direct changes to
cell behavior as well as altering mechanical communi-
cation between cells within the matrix.

Physical Remodeling

Cells transmit forces through the ECM by reorga-
nizing their actin cytoskeleton, controlled by activation
of Rho GTPase and Rho-associated protein kinase
(ROCK) signaling,?>-60-107-115:122:.133.157 Activation of
ROCK, downstream of Rho GTPase, results in the
phosphorylation of myosin light chain II.>%%12? This
pathway promotes the contraction of actin fibers
which pull on the ECM through CMACs and transmit
traction forces through the ECM (Fig. 1).2870-110
Two classes of adhesion complexes have been reported
that exhibit differential force—size relationships."** For
adhesions greater than 1 um? in area, the size of focal
adhesions positively correlates with the force generated
at the adhesion. Adhesions smaller than 1 um? in area
generate substantial forces that inversely correlates
with the adhesion size.'*

These cell-generated contractile forces are used by
cancer and stromal cells to remodel the ECM in two
ways: deformation and fiber alignment. Physical
deformation of the matrix is used by invading cancer
cells to maneuver dense ECM without using ECM
degrading proteases, and has been shown to be
dependent on cell contractility through the ROCK
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Cellular transmission and reception of mechanical signals. Cancer cells transmit mechanical signals to neighboring

cells through two mechanisms. Cancer cells can directly transmit forces to adjacent cells through cell-cell adhesions, specifically
adherens junctions. Cancer cells can also transmit forces to nearby cells without direct contact through cell-matrix adhesion
complexes (CMACSs). Increased cellular contractility allows cells to exerts forces on neighboring cells through adherens junctions
or on the ECM through CMACs. Cellular forces exerted onto the ECM can remodel the ECM and induce fiber alignment. Other cells
in contact with the matrix sense these changes through their CMACs, resulting in phenotypic changes.
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FIGURE 2. Players, mechanisms, and implications of ECM remodeling in cancer. Cancer cells, cancer-associated fibroblasts
(CAFs), and extracellular vesicles (EVs) are the major players involved in cancer ECM remodeling. All three players have large roles
in ECM degradation through the release of matrix metalloproteinases (MMPs), leading to altered ECM topography and the
generation of tracks in the ECM. Additionally, cancer cells, CAFs, and EVs have all been implicated in matrix deposition of various
proteins, leading to matrix stiffening. Cancer cells, CAFs, and EVs are involved in matrix crosslinking to stiffen the matrix through
tissue transglutaminase (TG2) and lysyl oxidase (LOX). Both cancer cells and CAFs are highly involved in physical remodeling of
the ECM, both through actomyosin contractility and cell-matrix adhesion complexes (CMACs).

pathway.'® However, cancer cells also physically de-
form collagen fibers with protease activity present.
Thus, physical deformation and matrix degradation
can be used in concert. Additionally, stromal cells
physically deform the matrix to assist in cancer cell
migration. It was recently shown that cancer-associ-
ated fibroblasts (CAFs) are able to deform the base-
ment membrane to promote cancer cell invasion.*’
The physical alignment of collagen fibers has also
been shown to enhance cancer cell invasion. Collagen
fibers aligned normal to the tumor boundary were
identified as a tumor-associated collagen signature
(Fig. 2)."" In these regions of aligned fibers, groups
of cancer cells migrating away from the tumor
boundary were observed, indicating local invasion
through collective cell migration. The alignment of
collagen fibers into bundles parallel to the contractile
force exerted by cancer cells provides contact guid-
ance for migrating cancer cells and enhances migra-
tion persistence in the direction of the aligned
collagen.''®!?!" Additionally, this alignment of fibers
has been shown to facilitate long range cell-cell
communication. It has been reported that mammary
acini can interconnect by aligning collagen fibers that
coordinate and accelerate the transition of acini to an
invasive state.'*! More recently, mechanical signaling

resulting from ECM fiber alignment was shown to
promote cancer cell protrusion frequency, persistence,
and lengthening along the alignment axis to promote
migration efficiency, thus facilitating metastatic cell
invasion through the ECM during metastasis
(Fig. 2).2%

Physical remodeling of the matrix can have addi-
tional consequences in long distance force transmis-
sion. Cell traction forces on polyacrylamide gels induce
deformation in the matrix that can be sensed by nearby
cells (Fig. 2)."*° Additionally, cancer cell contraction
stiffens the surrounding ECM, forming a stress gradi-
ent radiating away from the cell, extending far into the
matrix.”> Similarly, cell-induced matrix strains on fib-
rin matrices can alter the local mechanical properties
of fibrin gels that can be sensed by cells over longer
distances.'”> Computational modeling investigating
long range force transmission through the ECM indi-
cates that tension-driven fiber alignment allows forces
to propagate further into fibrous matrices and allows
for further mechanical communication between
cells.'*® Physical remodeling provides contact guidance
for invading cancer cells, longer distance force trans-
mission, and a method to deform and reorganize the
ECM, resulting in a protease-independent mechanism

of traversing the ECM.
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Matrix Stiffening

Cancer and stromal cells transmit mechanical sig-
nals to the matrix in the forms of matrix crosslinking
and matrix deposition, resulting in increased ECM
stiffness in cancerous tissue compared to healthy tis-
sue."'” Enzymatic crosslinking can alter the structural
integrity of the ECM without greatly altering the
overall organization and composition of the proteins in
the matrix. The two main enzymes responsible for
ECM crosslinking in the tumor microenvironment are
lysyl oxidase (LOX) and tissue transglutaminase 2
(TG2) (Fig. 2). LOX is an extracellular copper-de-
pendent enzyme, secreted from a variety of cells
including fibroblasts and endothelial cells, that can
crosslink collagen and elastin molecules via an oxida-
tion reaction.'”’ LOX is overexpressed in the tumor
microenvironment of several cancer types including
oral and oropharyngeal squamous cell carcinoma
(OSCQ), gastric cancer, and breast cancer.™’*%> Fur-
thermore, high LOX expression has been correlated
with poor prognosis in OSCCs and estrogen receptor
negative (ER—) breast cancer patients and has become
an attractive target for cancer therapies.**’ Addition-
ally, an orthotopic breast cancer mouse model revealed
that the downregulation of LOX expression with
shRNAs significantly decreases metastases in tumor-
bearing mice.’’ Similarly, TG2 is multifaceted enzyme
expressed in cancer cells that participates in protein
crosslinking, ATP/GTP hydrolysis, signal transduc-
tion, and even displays protein disulfide isomerase
activity.”’” TG2 adds proteolytic resistant e(g-glu-
tamyl)lysine cross-linking bonds to a number of pro-
teins.?’

In conjunction with enzymatic crosslinking, the
mechanical properties of ECM can change due to
alterations in ECM deposition by cells within the
tumor microenvironment. Both cancer and stromal
cells upregulate matrix protein expression to secrete
increased matrix components into the surrounding
environment resulting in desmoplasia.*®*>%!"17 CAFs
deposit significant amounts of fibronectin, collagen,
tenascin C, and laminin, to contribute to the dense
tumor stromal matrix (Fig. 2).>*%>1>* While matrix
protein secretion is dependent upon cancer cell type, it
has been shown that malignant cells deposit significant
amounts of collagen, fibronectin, and tenascin C
(Fig. 2).”° Through the deposition of various ECM
components, CAFs and cancer cells construct a fibrotic
stroma, leading to altered tissue mechanical properties
and altered mechanically-induced signaling in cells.

Matrix stiffness alters the way cancer and stromal
cells interact with and communicate through the ECM.
Lo et al. (2000) reported the first evidence of durotaxis,
or the cellular preference for stiffer substrates.** From
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this, it was determined that the direction of cell
migration can be manipulated by changing the
mechanical properties of the substrate. With increased
mechanical tension, integrins and downstream
mechanosensing equipment become activated and
further strengthen focal adhesion and actin stress fiber
formation.'**!3” While changes in ECM stiffness can
make the matrix more resistant to cell-mediated
physical reorganization, increased matrix stiffening
can also alter cellular contractility.”® As cellular con-
tractility is the main driving force of physical reorga-
nization of matrix fibers, changes in matrix stiffness
can also result in changes in the ability of cells to
reorganize matrix. Ultimately, this increased matrix
stiffness has been associated with increased F-actin
bundling, the formation of stress fibers, mature focal
adhesions, increased cancer cell adhesion, traction
forces, and proliferation.%76-119:127-142.161 11y 5 5 rtantly,
this increased stiffness can differentiate both fibrob-
lasts and macrophages into their cancer-supporting
counterparts, CAFs and tumor-associated macro-
phages (TAMs), respectively.”* In summary, matrix
stiffening resulting from increased matrix crosslinking
and matrix deposition mechanically signals to both
cancer cells and stromal cells to promote cancer pro-
gression.

Matrix Degradation

Matrix degradation in the tumor microenvironment
primarily occurs through proteolytic enzymes. Impor-
tantly, remodeling via proteolytic degradation results
in alterations to the physical properties of the ECM,
including changes in topography, which directly
influence cell behavior. Various matrix-degrading
proteases are upregulated in cancer and stromal cells
and degrade a variety of matrix proteins found in the
basement membrane and ECM to facilitate cancer cell
invasion (Fig. 2).>*%72192 Here, we focus on the most
prominent protease family involved in mechanical
communication in cancer progression: the metallo-
proteinases.

Matrix metalloproteinases (MMPs) are typically
secreted into the ECM and digest numerous ECM
proteins to allow cells to breach the basement mem-
brane and traverse the ECM.*>%%7%192 Both cancer
cells and CAFs are major sources of secreted MMPs in
the tumor microenvironment. MMP-2, as one exam-
ple, is expressed in several cancer cell lines and pri-
marily degrades collagen to promote cancer cell
migration (Fig. 2)."> Alternatively, MMP-9 has little
to no expression in cancer cells, but is secreted from
CAFs and endothelial cells and is involved in both
matrix degradation and vascular remodeling
(Fig. 2).°7'97 MMPs can be released directly by cells or
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they can be contained within extracellular vesicles
(EVs).*>7 Numerous cancer types have been shown to
release EVs containing MMPs. As one example, mel-
anoma cells release EVs containing enzymatically ac-
tive MTI-MMP capable of matrix degradation.™
Similarly, EVs released from prostate cancer cells have
been shown to contain enzymatically active MMP2
and MMP9.”* Notably, the presence of matrix
degradation enzymes in EVs likely results in matrix
remodeling far from the primary cell since EVs can
travel far distances before rupturing.®>%1%

A subset of MMPs, termed membrane-type metal-
loproteinases (MT-MMPs), are anchored to the cell
membranes. MT-MMPs have been identified on
invadopodia structures of migrating cancer cells.”*'®*
These protease rich invadopodia degrade the matrix as
the cell invades to form tube-like microtracks
(Fig. 3).>1%% Utilizing microfabricated 3D collagen
microtracks to emulate paths left by invasive cancer
cells, Kraning-Rush et al. (2013) showed that cancer

cell-cell

FIGURE 3. Consequences of mechanical
communication in cancer. Cell—cell mechanical
communication in cancer results in a variety of cancer-
promoting behaviors. (1) Increased ECM crosslinking via
LOX and ECM remodeling via proteases enhance sprouting
angiogenesis and enable endothelial cells to migrate through
the ECM to form capillaries. (2) Increased ECM rigidity
decreases the structural integrity and barrier function of
blood vessels. (3) Cancer cells exhibit mechanical
competition as they must outcompete less-mechanically fit
neighboring cells via compressive forces that induce
apoptosis. (4) Cancer cells sense increased matrix stiffness
through CMACs and transmit these mechanical signals to
nearby cells by exerting traction forces on the matrix. (5)
CAFs in the tumor stroma align matrix fibers which cancer
cells use as tracks to invade away from the primary tumor. (6)
Fibroblasts act as leader cells, using matrix-degrading
proteases to form microtracks in the ECM, which cancer
cells use to invade away from the primary tumor in a form of
collective migration. (7) Cancer cells secrete matrix-degrading
proteases to form microtracks in the ECM to invade away from
the primary tumor.

cells can migrate independently of MMP activity when
using the microtracks compared to through 3D colla-
gen matrices.”’ Further investigation revealed that
cancer cells in these tracks did not require cell-matrix
mechanocoupling but were more dependent on inter-
nal cytoskeletal dynamics to drive migration through
the microtracks.”! Thus, cells in contact with these
microtracks may use them as easy passage through the
ECM to the bloodstream to eventually colonize a
secondary site. Stromal fibroblasts have also been
implicated in leading collective cancer cell invasion
using protease-dependent pathways (Fig. 3). As
fibroblasts remodel the matrix through Rho-mediated
myosin light chain activity and MMP-dependent ma-
trix degradation, cancer cells can retain an epithelial
phenotype and invade away from the primary
tumor.*'*” In summary, matrix degradation is rou-
tinely used to remodel the ECM during cancer pro-
gression, and degradation-based remodeling modifies
physical properties of the ECM, including altered
topology such as microtracks, which is sensed by
cancer and stromal cells within the tumor microenvi-
ronment to promote cancer progression and metasta-
sis.

MECHANICAL COMMUNICATION
AT CELL-CELL CONTACTS

Cytoskeletal dynamics drive cell protrusion, adhe-
sion, and contraction, allowing cancer cells to
migrate.'” However, intercellular cytoskeletal forces
generated by cancer cells are also transmitted to
adjacent cells as a form of mechanical communication.
Epithelial cells directly transmit intercellular forces to
neighboring cells through adherens junctions (AlJs)
(Fig. 1). AJs mechanically link the cytoskeletons of
adjacent cells and are the primary mechanism of cell
contact-mediated intercellular force transmission.'*
The extracellular domain of cadherins on opposing
cells interact to form a stable adhesion between cells.'*
Intercellular domains of cadherins are linked to the
actomyosin  cytoskeleton through a complex
supramolecular interface of adaptor proteins, includ-
ing o-catenin, f-catenin, and vinculin, which add
mechanical integrity to the junction and act as
mechanotransducers.'>'*> The vinculin interface and
a-catenin binding are important to mechanotransduc-
tion mechanisms of E-cadherin based adhesions and
these proteins change conformation under applied
force to induce signaling pathways and cytoskeletal
remodeling.'® The alignment of the actomyosin bun-
dles relative to the junction allows for normal and
shear stresses to be applied across the junctions
between cells.*® Additionally, cells can coordinate tis-
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sue-level contractile forces through these mechanical
linkages.®”-%

The contractile forces generated by actomyosin
bundles are transmitted across the mechanical linkages
and sensed by cadherins and adapter proteins on
adjacent cells. Cadherins sense tensile forces and
rigidity of contacts.*® Different types of cadherins,
including E-; N-, and P-cadherin, are expressed on
distinct cell types and play a range of roles in inter-
cellular force transmission in cancer. In an epithelial
state, cancer cells predominantly express E-cadherin
with low expressions of N- and P-cadherin.'** Single
molecule analysis of cadherin bonds has revealed dif-
ferential mechanics between E- to E-cadherin bonds
and N- to N-cadherin bonds.'”® The E- to E-cadherin
bonds are able to withstand larger forces before
breaking when compared to the N- to N-cadherin
bonds.'” Upon epithelial-to-mesenchymal transition,
cancer cells reduce E-cadherin expression and increase
N- and P-cadherin expression, supporting the
hypothesis that cell-cell adhesions decrease after
EMT.">* However, while investigating the adhesion
strength between epithelial cell pairs before (MCF-
10A) and after EMT (MDA-MB-231 and MDA-MB-
436), Pawlizak et al. (2015) found that MCF-10A cells
displayed the highest cadherin density and highest E-
cadherin expression, but MDA-MB-231 cells had the
highest cell-cell adhesion strength as measured by an
AFM-based method.'® This result may be explained
by differential spatiotemporal dynamics of adhesion
and intracellular signaling responses to applied force.
Through investigation of epithelial monolayer
dynamics, Bazellieres et al. have shown that P-cadherin
expression can predict the magnitude of intercellular
tension across the monolayer, while E-cadherin
expression can predict the build-up rate of the inter-
cellular tension.'? Furthermore, by pulling on the
apical layer of the epithelial monolayers with cadherin
coated beads, Bazelliéres er al. found that E-cadherin
mediated adhesions become structurally reinforced in
response to external force whereas P-cadherin medi-
ated adhesions do not.'? Heterotypic adhesions
between the cadherins are also possible and the
strength of these adhesions are similar to the homo-
philic adhesions.'"® Furthermore, CAFs and cancer
cells are able to form E-cadherin/N-cadherin adhesions
which transmit intercellular forces and aid in cancer
cell invasion.” Thus, it is possible that both the com-
position of intercellular contacts and the ratio of the
different cadherins expressed are important regulators
of cell-cell adhesion strength. Nonetheless, these
studies highlight cadherins as mediators of mechanical
communication at cell-cell contacts through the
transmission of intercellular forces.
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Other varieties of cell—cell junctions exist, including
tight junctions, desmosomes, and gap junctions. Tight
junctions are the most apical junctions found in
epithelial cells and composed of transmembrane
proteins claudins that are linked to the cytoskeleton
via several adaptor proteins including ZO proteins
and cingulin.'** Tight junctions are predominantly
associated with modulating barrier function and
maintaining cell polarity; however, recent evidence
suggests they play a role in mechanical communica-
tion. The deletion of ZO-1 and GEF-HI1, important
tight junction associated proteins, leads to higher
global tension across adherens junctions which leads
to cytokinesis defects.’® This result implies that
coordinated intercellular forces are required for
proper cell division in epithelial tissues and highlights
the importance of tight junctions in modulating these
intercellular forces and possibly preventing tumor
initiation via cell division defects. The opposite effect
was found in endothelial cells as the deletion of ZO-1
decreased the tension across VE-cadherin adhesions
in endothelial cells.'* This difference may indicate a
cadherin or cell type dependence.

Desmosomes are slow forming adhesions that
mechanically couple adjacent cells and are anchored to
intermediate filament cytoskeletal networks.'”® In
desmosomes, intercellular linkages are formed by
members of the cadherin family and predominantly
linked to intermediate filaments by armadillo proteins
and desmoplakin.®® Recent evidence implicates
desmosomes in a role outside of mechanical integrity
of the epithelia.'® By expressing various forms of
desmoplakin, Broussard et al. (2017) found that
decoupling the desmosomes and intermediate filaments
resulted in lower traction forces and cell-cell tugging
forces, while enhancing desmosome to intermediate
filament linkages increased traction forces and cell—cell
tugging forces. This effect is highly dependent on
actomyosin contractility but still implicates the
importance of desmosomes in regulating intercellular
forces. Furthermore, intermediate filaments themselves
play a regulatory role in organizing cell—cell junctions,
as intermediate filaments control actin dynamics at
adherens junctions, indicating a role in modulating
direct cellcell mechanical communication.'®® While
some desmosomal proteins have implications in cancer
progression, the evidence underlying these claims focus
on alterations in biochemical signaling due to
increased/decreased desmosomal protein expression. '
Since intercellular forces drive tissue formation and
help coordinate collective migration,*®”* it is likely
that the desmosomes have important roles in
mechanical communication during cancer progression;
however, direct evidence remains to be uncovered.
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Gap junctions connect the cytoplasm of adjacent
cells together via the pore forming proteins connex-
ins.'*®> While gap junctions are not directly linked to
cytoskeletal elements, they may still play a role
mechanical communication. Gap junctions are
canonically known to facilitate intercellular signaling
through chemical messengers. Thus, while gap junc-
tions themselves do not appear to directly transmit
mechanical stimuli, they are able to indirectly facilitate
mechanical communication by facilitating downstream
signaling of mechanical stimuli to adjacent cells. For
example, gap junctions between human astrocytes and
glioma cells can transmit intracellular calcium upon
mechanical stimulation of a single cell.'®® Similarly,
when a single Hela cell expressing Connexin-43 is
mechanically stimulated with a glass pipette, the
intracellular calcium levels are increased in the stimu-
lated and surrounding cells.%” These data provide evi-
dence of the mechanosensitivity of connexins.

CONSEQUENCES OF INTERCELLULAR FORCE
TRANSMISSION AND MATRIX REMODELING
ON TUMOR PROGRESSION

Sensing of the mechanical changes induced by can-
cer and stromal cells on the matrix and at cell-cell
junctions by neighboring cells results in a variety of
pro-tumor consequences, including the promotion of
mechanical competition, angiogenesis, and cancer cell
migration.

Mechanical Competition

While cellular competition is well-described, until
recently, it has been mostly focused on competition for
nutrients.>> The concept of mechanical competition
has recently emerged, in which winner cells eliminate
less-mechanically fit neighboring cells via compressive
forces that induce apoptosis.'>>*?° It has been best-
described relative to cell proliferation. Uncontrolled
proliferation is a hallmark of cancer and as cells pro-
liferate, cell density increases and available tissue space
may begin to diminish as cells are confined by tissue
boundaries. In the classical model of cell competition,
winner cells must replace loser cells as they compete for
limited space and resources.”® This is a highly con-
served process with important roles in tissue develop-
ment and homeostasis.®’® Cancer cells are viewed as
super-competitors as they are able to overwhelm sur-
rounding wild-type cells and expand to form tumors.*?
In mechanical competition, cell survival and apoptosis
is dictated by compressive forces. Epithelial cell studies
have revealed Piezol and p53 as important mediators
of loser cell elimination via density driven compressive

forces; however, much remains unclear about the
molecular mechanisms underlying mechanical cell
competition.**!*” Because cancer cells must outcom-
pete the surrounding cells, it is likely that they are more
mechanically fit to form solid tumors (Fig. 3). This
may reveal novel therapeutic strategies either to
mechanically weaken cancer cells or strengthen sur-
rounding stromal cells to prevent cancer progression.

Angiogenesis

Growing tumors must stimulate angiogenesis to
recruit blood vessels that deliver nutrients and oxygen
to support the continued growth of proliferating can-
cer cells. Potent pro-angiogenic factors such as vascu-
lar endothelial growth factor (VEGF) are released
from cancer cells to attract endothelial cells from
nearby vessels to stimulate endothelial cell prolifera-
tion and migration into the tumor microenvironment
where they encounter an altered ECM. While the
chemical composition of the ECM has been the pri-
mary target of tumor angiogenesis research, the
mechanical properties of the altered ECM also play a
role. The tumor microenvironment can be significantly
stiffer than normal tissue due to crosslinking via LOX,
among other stiffening mechanisms discussed in this
review.'? Endothelial cells are sensitive to ECM rigid-
ity, where ECM crosslinking in the tumor microenvi-
ronment enhances sprouting angiogenesis while
diminishing the structural integrity of newly formed
vessels (Fig. 3)."* Contrary to stiffening via crosslink-
ing, enhanced matrix density via excessive matrix
deposition can inhibit angiogenesis as it acts as a
physical barrier to endothelial cell migration.>* During
the initial steps of angiogenesis, a single cell branches
out from a pre-existing vessel to migrate into the ECM
and this tip cell begins forming a new vessel branch.''?
Canonically, lateral Delta-like ligand 4 (Dl114) signaling
through Notch 1 has been the primary mechanism of
controlling tip cell designation during angiogenesis.>®
However, recent evidence supports intercellular ten-
sion as a regulator of tip cell formation.'>® Using
pharmacological inhibitors of cellular contractility
(Y27632) and Notch receptor cleavage (DAPT), Wang
et al. (2017a) showed that reducing intercellular ten-
sion enhanced the formation of tip cells in a similar
manner to reduced Notchl-DIl4 signaling in endothe-
lial cells. Furthermore, reducing intercellular tension
and Notch signaling together did not result in an
additive effect on tip cell formation, suggesting that
cellular contractility mediates endothelial tip cell for-
mation by regulating Notch signaling. Thus, intercel-
lular contractility may be required to mechanically pull
on Notch to expose its cleavage site and initiate sig-
naling and thus reducing cellular contractility reduces
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the ability of cells to initiate Notch signaling. However,
an alternative explanation may be that downstream
effectors of cadherin-dependent force transmission in-
hibit downstream Notch-signaling.

Endothelial cell contractility also plays a role in
mechanical communication through the ECM during
angiogenesis. Mechanical models have been proposed
that show that endothelial cells exert forces on the
ECM which creates tension, alters ECM fiber align-
ment, and clusters the ECM to trigger nearby
endothelial cells to reorient in the direction of align-
ment and migrate towards higher concentration of
ECM to form vascular networks.”®'"! More recently, a
hybrid cellular Potts and finite element model mim-
icking endothelial cellFECM mechanical communica-
tion and network formation suggested that
interactions between endothelial cells, both direct and
through the ECM, lead to vascular-like network for-
mation and sprouting of endothelial spheroids
in vitro."**

ECM remodeling via proteases enables endothelial
cells to migrate through the ECM and form capillaries
(Fig. 3).** Endothelial cells grown in 3D fibrin matrices
are unable to form capillaries without the aid of pro-
teases secreted by co-cultured lung fibroblasts or
mesenchymal stem cells.* Interestingly, CAFs are also
able to enhance vascularization in a 3D in vitro blood
vessel formation assay via mechanical deformations.'*°
When CAFs were transduced with shRNAs to
knockdown proteins important for contractility and
mechanotransduction (Rho, ROCK, SNI, & YAP),
their ability to deform the matrix and enhance vascular
growth was decreased. To isolate the effect of
mechanical deformations, thrombin-coated magnetic
beads were added to the fibrin matrices and manipu-
lated with a magnet to deform the matrix. Even in the
absence of fibroblasts, the magnetically induced
deformations were sufficient to increase vessel growth.
These studies reveal the influence of mechanical com-
munication driving angiogenesis and the ability of al-
tered ECM rigidity, intercellular tension, proteolysis,
and cellular contractility to affect vessel formation and
integrity.

Cancer Cell Migration

The degradation, stiffening, and physical remodel-
ing of the ECM, initiated by both stromal and cancer
cells, contributes to cancer cell migration. Cancer cells
exhibit two modes of migration during invasion: single
cell migration or collective migration. The increased
matrix stiffness associated with increased contractility,
matrix deposition and crosslinking has been shown to
promote single cell migration. Although stiff matrices
often have smaller pores, cancer cells can remodel the
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matrix by exerting elevated traction forces.”® Previ-
ously, Fritz et al. (1999) discovered elevated Rho/
ROCK activity in stiff tumors induces tumor dissem-
ination. This increased tumor dissemination in stiff
tumors was later found to be due to increased RhoA
activation, focal adhesion assembly, and contractility
of the actin cytoskeleton.'®®** Additionally, increased
ECM stiffness alters cell-matrix adhesions to promotes
tumor cell metastatic potential and invasiveness
through increased integrin clustering and subsequently
enhanced integrin signaling through focal adhesion
proteins such as paxillin and vinculin.®**> With this,
stiff matrices increase the number of focal adhesions
and traction force generated compared to compliant
matrices thereby altering cellFECM mechanical com-
munication (Fig. 3).°*'""" As such, tissue stiffness can
drive single cell migration by increasing Rho/ROCK
signaling, focal adhesion assembly, and cellular con-
tractility.

During collective migration, an aggregate of cells
coupled through cell-cell contacts migrate as a unit
with leader cells at the front of the pack and follower
cells behind them. While the single cell migratory
response to mechanical cues has received attention,
there is still much to learn about the chemical and
mechanical mechanisms driving collective motions.
This is an inherently more complicated process as
cellular forces are transmitted to the matrix and to
numerous adjacent cells and there exist a limited
number of techniques to measure and perturb those
forces. Studies investigating monolayer dynamics have
revealed the importance of intercellular force trans-
mission through cell-cell contacts in coordinating
collective migration. Coordination of traction forces
via intercellular forces is evident in cell monolayers.
The highest traction forces can be found towards the
leading edge, where leader cells are mechanically cou-
pled via actin cables where they exert strong traction
forces that propagate into the monolayer and help
orient migration direction of follower cells.®*!"® The
dynamics of intercellular stresses distributed through-
out a cellular monolayer also help coordinate the
migration of cells in a phenomena termed plitho-
taxis.'*! Plithotaxis describes the guidance mechanism
specific to collective migration where cells migrate in
the direction that minimizes the local shear stresses.'*®
Because cells are mechanically linked during collective
migration, they are able to exert forces directly onto
one another and redistribute forces throughout the
monolayer. Interestingly, mechanical interactions of
follower cells, including a mechanical pull on the fu-
ture leader, have been implicated in the selection of
leader cells as the mechanical pull induced by follower
cells aids in leader cell polarization and protrusion.'*
Another emerging mechanism of collective cell guid-
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ance is collective durotaxis which describes the ability
of groups of cells to follow gradients in substrate
rigidity."*® Interestingly, cells that do not undergo
durotaxis as individuals still may utilize collective
durotaxis."*® The ability of cells to follow rigidity
gradients as a group is dependent on local stiffness
sensing at the periphery and long-range force trans-
mission through cell-cell mechanical linkages.'¢
Atomic force microscopy (AFM) measured local
mechanical changes generated by cells in collagen
matrices and observed strain stiffening at the leading
edge of cancer cells in collective migration.'*® This
finding highlights the reciprocal nature of invasion, as
cells sense the “traveling wave” of stiffened substrate
as they invade.'*® These studies reveal the contribution
of matrix mechanics and mechanical signals to both
single cell and collective migration in cancer progres-
sion.

CONCLUSION

Traditional cell-cell communications rely upon
chemical signals that trigger receptors or directly enter
the cell. Mechanical cell-cell communication lies out-
side of these traditional methods. Instead, the signals
that constitute mechanical communication are
mechanical signals that cells exert and detect through
adhesion complexes linked to the cytoskeleton and
altered physical properties of the ECM that result from
physical forces or enzymatic activities. Cancer and
cancer-associated cells have been shown to utilize a
range of mechanical communication methods during
cancer progression. Cancer cells, CAFs, and EVs carry
a repertoire of enzymes and matrix components that
remodel the native ECM and produce an altered
mechanical environment. Additionally, cancer and
cancer-associated cells all possess the ability to directly
exert contractility-driven forces onto each other, and
cell-cell adhesion complexes can directly transduce
these forces through complex mechanotransduction
systems. The transmission of these changes in the
mechanical environment and physical forces give rise
to cellular behaviors that promote cancer progression.
Specifically, cell-cell mechanical communication in
cancer has been shown to create inter-cellular
mechanical competition, induce and modulate angio-
genesis, and facilitate individual and collective cell
migration. The mechanisms outlined in this review
underline the importance of holistic in vitro models for
cancer research that accurately recapitulate the matrix
components, stiffness, and stromal cells that play
important roles in many of the hallmarks of cancer.

While there has been significant progress into the
investigation of cell-cell mechanical communication
and its contribution to cancer progression, the field is
still new and holds many questions to be answered.
Novel mechanosensing mechanisms are continuously
being discovered and thus research efforts must be
placed to understand how these mechanisms fit into
current cell-cell mechanical communication schemes.
Furthermore, research should aim to determine how
cells integrate numerous mechanical signals as cancer
cells exist in a complex environment and must interpret
many signals simultaneously. While mechanical com-
munication likely plays numerous roles during cancer
progression, this review highlighted only three conse-
quences of mechanical communication in cancer:
mechanical competition, angiogenesis, and cell migra-
tion. In the future, it will be important to fully
understand how mechanical communication can im-
pact additional systems, including cancer immune
response and colonization of the metastatic site. The
tumor microenvironment has been shown to influence
the phenotype of immune cells, and with efforts to-
wards immunotherapies for cancer treatment growing,
important information may lie in how cancer and im-
mune cells mechanically communicate with each
other.”"'*? At the metastatic site, cancer cells origi-
nating from the mechanically distinct tumor environ-
ment encounter a more native ECM and must interact
with healthy cells. Thus, it will be important to
understand the mechanical interaction between cancer
and healthy cells in the metastatic site. Lastly, a
majority of mechanical communication research is fo-
cused at the single cell level. As it is important to
understand biology at all levels, it will be important for
ongoing research to address how mechanical commu-
nication is conveyed at the tissue scale and the conse-
quences of tissue-level mechanical interactions.

A continued hurdle within the mechanobiology field
is the limited number of tractable techniques that can
be employed by researchers in vitro and/or in vivo. As
additional techniques are developed to measure and
perturb  cell-initiated  mechanical  cues, our
understanding of cell-cell mechanical communication
will grow significantly. Development of platforms that
can measure and manipulate forces in realistic, physi-
ologically relevant environments are critical to pro-
gress in mechanobiology. Recent work to develop
platforms that image mechanical perturbations more
deeply into tissue, more quickly, and with Iess
bleaching are emerging.”* As these techniques become
adaptable for use in biological labs, our ability to
connect mechanobiology to clinical translation will be
significantly strengthened.
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