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Abstract

Human tissues are remarkably adaptable and robust, harboring the collective ability to detect and
respond to external stresses while maintaining tissue integrity. Following injury, many tissues have
the capacity to repair the damage - and restore form and function - by deploying cellular and
molecular mechanisms reminiscent of developmental programs. Indeed, it is increasingly clear that
cancer and chronic conditions that develop with age arise as a result of cells and tissues re-
implementing and deregulating a selection of developmental programs. Therefore, understanding
the fundamental molecular mechanisms that drive cell and tissue responses is a necessity when
designing therapies to treat human conditions. Extracellular matrix stiffness synergizes with
chemical cues to drive single cell and collective cell behavior in culture and acts to establish and
maintain tissue homeostasis in the body. This review will highlight recent advances that elucidate
the impact of matrix mechanics on cell behavior and fate across these length scales during times of
homeostasis and in disease states.
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Introduction

Early two-dimensional (2D) cell culture studies focused on cellular responses to gases,
charged ions (e.g. Ca?*, K*, etc), and simple compounds made by living organisms, or
‘biochemicals’ as they are most commonly called. From this work came an expansive body
of knowledge on cell receptor-ligand interactions, the process of signal transduction,
hypoxic response, and cellular activities such as growth, proliferation, survival, and motility.
However, tissues are multicellular entities, and it became clear that biochemicals alone were
not sufficient to generate tissues from cells. Biomechanical forces, an integrated feature of
tissues that are initiated and dynamically controlled by cells, were often overlooked [1].

We now know that cell and tissue shape is defined by Type Il myosin, which establishes
inter- and intracellular tension through motor contractility along the actin cytoskeleton [2-4].
Actin filaments are anchored to cell-cell and cell-extracellular matrix (ECM) attachment
points, and via cell surface receptors (e.g. integrins, cadherins), and the actin-myosin system
is responsive to counter forces transferred from the ECM and other cells [5-7]. Iterative
interactions between cells and the surrounding environment modifies tissue tension and
relays cell-cell and cell-ECM forces across a tissue, resulting in adaptations in the size,
shape, and position of cells during development and tissue regeneration. Biomolecules that
can respond to changes in mechanical forces are called mechanosensors. As an example,
integrin receptors can respond to extra- or intracellular forces with changes in conformation.
This then drives recruitment of “inside-out” or “outside-in signal” transduction complexes,
in addition to altering cytoskeletal dynamics, that then modify protein activity and gene
expression [5,8-10]. In this way, cells possess an elaborate mechanism to integrate external
biochemical cues together with physical interactions with neighboring cells and changes in
the ECM to control tissue growth and morphology, and maintain tissue homeostasis. When
this biochemical-biomechanical balance is disrupted, chronic disease and cancer often
follows [11].

Cells possess the machinery to recognize and respond to many types of mechanical forces
such as shear, tensile, and compressive stress, and environmental stiffness [12]. This focused
review will highlight recent insights into the impact of matrix stiffness on single cell,
multicellular sheet, and three-dimensional tissue tension, molecular signaling, behavior and
fate. A mechanistic comprehension of how stiffness influences cellular systems across
length scales then allows greater resolution of the processes maintaining tissue homeostasis
that are hijacked in disease states (Figure 1).
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Tension at the single cell level

Scientific discovery is driven in part by technological advance. With the advent of methods
to dissociate single cells from normal (or transformed) tissues and maintain them for many
generations outside of the body in culture dishes [13], there was an unprecedented
opportunity to evaluate cellular responses to mechanical probing and biochemical cues . In
essence, cell culture deconstructs cellular environments and enables a reductionist evaluation
of cell responses to single or combinations of parameters. The concept that cells can
mechanosense - and that mechanosensing controls fundamental cell behaviors - was first
proposed in just this way. When embedded within soft agar, cancer cells, but not normal
cells, could survive and divide to produce colonies - this observation introduced the notion
that normal cells might require environmental anchor points for cellular functions and a
integral feature of mechanosensing [14,15]. This observation further implied that hijacking
molecular pathways downstream of mechanosensing could be a key feature of cell
transformation, a premise supported by numerous subsequent studies [16] tying human
health to the importance of understanding cellular mechanotransduction.

Focal adhesions and cell contractility

Mechanotransduction, or the ability to convert mechanical stress into chemical signals to
drive cellular activity, begins with the capacity of cells to exert force on the surrounding
environment [10,17,18]. This concept was first demonstrated in a paradigm shifting study by
Harris et al, in which cell-induced wrinkling of flexible silicone-rubber culture substrates
offered early evidence that cells generate attachment points that anchor and support force
generation, which are then used to propel cells forward during migration [19]. Around the
same time, the integrin family was discovered and became prime ‘mechanosensor’
candidates owing to their intracellular engagement with signaling complexes, extracellular
attachment to the ECM, and conformation- and clustering-dependent activity [20]. Since
then, our comprehension of how cells communicate with the ECM has flourished. More
specifically, large multiprotein complexes termed ‘focal adhesions’ have been discovered,
which nucleate from the intracellular domains of integrins in response to force and act as a
mechanical link with the ECM to propagate inside-out and outside-in signal transduction
pathways [5,8,9]. Focal adhesion proteins include focal adhesion kinase (FAK), Src family
kinases (SFK), paxillin, a-actinin, vinculin, and talin, most of which bind directly to the
actin cytoskeleton [21] (Figure 2).

The increased load bearing of stiff cell substrates supports higher intracellular tension
through the actin-myosin system as compared with soft substrates, which in turns fuels the
growth and stability of cell-matrix adhesions and drives the activity of another
mechanosensitive biomolecule; talin [22]. Talin binds directly to integrins and to actin.
When talin bound actin undergoes rearward-flow in stiff environments, talin is stretched to
open up binding sites for vinculin. This stabilizes the growing adhesion and increases the
affinity for talin binding to integrins, thereby reinforcing the downstream
mechanotransduction signaling events [17]. The very nature of proteins recruited to
maturing focal adhesions, many of which are kinases, highlights one straightforward
mechanism to explain how mechanical force contributes to dynamic changes in intracellular
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signaling, and allows cells to respond appropriately to the extracellular environment by
promoting survival, proliferation, migration, or fate transitions [23].

Through the implementation of synthetic hydrogel culture substrates, which are cross-linked
to varying degrees to adjust matrix stiffness and modified to present an adhesive interface, it
is now accepted that cellular forces established through cell-ECM interactions and modified
by the stiffness of the matrix are critical to cell spreading and motility [24]. Technologies
such as the traction force microscopy technique [25] further validated this conclusion by
quantifying the magnitude, position, and direction of cell generated forces in response to
different matrices.

Matrix stiffness and cell fate

Early mechanotransduction research focused primarily on the fibroblast since this contractile
cell type is intimately involved in depositing and modifying the extracellular environment
and establishing tissue tension. However, the fact that many other cell types express the
mechanosensing and transducing machinery gave way to the concept that perhaps
mechanotransduction is a universal property of all cell types, governing an even broader set
of cell biological responses. Groundbreaking work from Engler et al provided the first
demonstration that substrate stiffness modifies the directed differentiation of multipotent
mesenchymal stromal cells (MSCs; [26]). MSCs were cultured on synthetic substrates that
were crosslinked to varying degrees to modify the elastic modulus of the surface (while
maintaining ligand density constant). When the substrate was matched to the bulk
mechanical properties of native tissues, an enrichment of cells expressing transcripts and
proteins consistent with neuronal, skeletal muscle, or bone progenitors was observed.
Pharmacological agents to manipulate cell contractility and GTPase activity suggested that
actin-myosin force generation and Rho signaling plays an integral role in mechano-sensitive
directed differentiation. Subsequent studies stressed that culture substrate stiffness does not
induce effects in isolation, but rather that chemical cues in the culture media synergize with
matrix elasticity to elicit changes in gene expression [27].

These findings have important implications for overcoming a long-standing regenerative
medicine hurdle — constructing defined protocols to robustly and efficiently direct the
differentiation of multipotent MSCs, embryonic stem cells, and pluripotent stem cells to a
desired fate. Indeed, matrix mechanics is now a common consideration in specification
protocols alongside the biochemical approach. On the flip side of that coin is the challenge
of maintaining stem cell self-renewal potential in culture. Adult stem cells, such as skeletal
muscle stem cells, quickly lose self-renewal properties and differentiate to generate post-
mitotic multinucleated muscle fibers when removed from the body and cultured in plastic
dishes [28-31]. If instead freshly-isolated muscle stem cells are cultured on substrates
matching the softness of the native tissue, and in conjunction are treated with the fibroblast
growth factor-2 mitogen, it becomes possible to support self-renewal divisions ex vivo
[31,32]. Furthermore, this can produce a therapeutic population of cells that contribute to
muscle repair and repopulate the stem cell niche when transplanted into recipient muscles
[31,32]. Tuning substrate stiffness appears to support the self-renewal of stem cells isolated
from a variety of tissues, highlighting the universality of the principle [33].
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Mechanical memory

If mechanotransduction in response to matrix stiffness drives normal processes, then it
follows that progressive conditions characterized by stiff fibrotic scarring might also be
influenced by mechanics. In normal repair, fibroblasts play a critical role in resolving tissue
injury by depositing and organizing ECM, as well as establishing a balance of tissue forces,
or ‘tensional homeostasis’ [34]. In chronic conditions a subpopulation of fibroblasts
transition to the myofibroblast fate, as characterized by high-level expression of a-smooth
muscle actin (a-SMA), a protein that stabilizes stress fibers to supercharge contractility and
boost extracellular matrix production. The downstream effect of myofibroblast conversion is
the propagation of fibrotic conditions that characterize a number of conditions including
cancer. It also appears that this is a self-propagating cycle, owing to the phenomena of
heritable changes in gene expression and/or protein activity that are elicited by culture on
stiff substrates, or “mechanical memory”, that is emerging in the literature [35-38].

MSCs maintain a malleable fate when cultured on substrates within a tight range of
stiffnesses, but when exposed to surfaces above that range, MSCs are irreversibly biased to
generate cartilage cells [38]. Since the vast majority of MSC maintenance culture utilizes
rigid polystyrene dishes, this is a cautionary tale warning against making bold conclusions
about lineage decisions toward the cartilage fate. A similar trend dictates fibroblast fate -
fibroblasts born into mechanically homeostatic environments are conditioned to maintain the
fibroblast phenotype, even if they transiently contact a stiffer environment, as would be
expected to occur during the normal process of wound repair. However, fibroblasts born into
mechanically stiff environments transition to the contractile myofibroblast fate, and even
when challenged with a soft environment, will act as though they are still in a stiff
environment [39]. As a result, converted myofibroblasts further stiffen the environment and
convert future generations of fibroblasts to a similar fate. These culture findings have
important implications for mesenchymal stromal cell transplantation therapies, as well for
understanding cancer progression, and might warrant consideration when implanting rigid
biomaterials or devices into soft tissues. It also highlights another level of understanding that
is required of the molecular mechanisms driving irreversible fate changes in response to
rigid matrices.

Towards this therapeutic goal, a-SMA also appears to be required for the fate of the cell,
such that diminished expression of a-SMA converts myofibroblasts back to a multipotent
MSC-like cell [37]. If a-SMA dictates myofibroblast mechanical memory, then identifying
molecular mediators that control a-SMA expression might target and erase the mechanical
memory. Indeed, a recent report showed that NKX2.5, an a-SMA repressor, is driven out of
the nucleus when cells are cultured on stiff substrates. By overexpressing NKX2.5 it is
possible to both prevent the a-SMA response to stiff matrices, as well as to erase the a-
SMA-induced mechanical memory that is characteristic of myofibroblasts [35] (Figure 3).

The implication of mechanical memory is that it is engrained within the cell and is difficult
to overturn. In the case of a-SMA, once expressed at high levels, endogenous self-enforcing
mechanisms exist to ensure persistent expression of the protein [40]. Another proposed
mechanism by which a mechanical memory is imprinted onto a cell is by physically altering
the chromatin state. Indeed, calcium signaling downstream of cyclic stretch triggers changes
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in chromatin organization, and is proposed to elicit a mechanical memory in response to
environmental mechanics [36]. Of note, multiple rounds and not singular episodes of loading
are required to achieve a memory in MSCs, thereby providing flexibility in the system for
cells to transiently survey diverse environments without being irreversibly sent down a
specific fate pathway. The observation also highlights the value of understanding the
molecular mechanisms underlying mechanically-induce fate transitions and mechanical
memory, in order to identify therapeutic gateways that prevent additional fibrotic
accumulation.

Molecular mediators of matrix stiffness

It is now understood that a number of transcriptional factors are activated downstream of
mechanosensitive focal adhesion assembly and maturation to transduce physical cues to
biochemical intracellular cascades [41]. Among the growing list of mechanosensitive
transcription factors and transcription factor activators are the serum response factor (SRF)
[27,42], hippo signaling pathway Yes-associated protein (YAP)/transcriptional co-activator
with PDZ-binding motif (TAZ) [43], c-jun N-terminal kinase (JNK) [42], members of the
the mitogen activated protein kinase (MAPK) family such as extracellular signal-regulated
kinase (ERK)[42], myocardin-related transcription factors (MRTFs) [44], nuclear factor
kappa-light-chain-enhancer of activated B cells (NFxB) [45-48], and B-catenin [49]. Several
of these proteins are activated by focal adhesion associated kinases, many of which associate
with focal adhesions based on focal adhesion maturation state (small vs. large adhesions).
For some transcription factors, the actin cytoskeleton takes center stage as the chief entity
responsible for relaying and moderating intracellular activity in response to extracellular
cues [50]. Actin dynamics are moderated by the activity of GTPase molecular switches
belonging to the Rho family [51]. Notably, several of the proteins recruited to the nascent
focal adhesions, like SRC [52] and FAK [53], associate with and influence the activity of
Rho guanine nucleotide exchange factors (GEFs). GEFs dissociate GDP from the GTPase,
thereby permitting GTP to bind and reactivate GTPase activity [23]. Rho family GTPase
activity stimulates the activity of downstream effectors involved in controlling various
aspects of actin assembly and disassembly [54].

One mechanism linking actin dynamics to transcriptional events occurs via the myocardin
protein family (myocardin and MRTFs) of transcriptional cofactors [50]. MRTFs are
maintained in the cytoplasm bound to globular actin (G-actin). Factors that drive formation
of filamentous actin (F-actin) stress fibers, such as focal adhesions, encourage MRTF
dissociation from G-actin, allowing them instead to bind and translocate transcription factors
to the nucleus (Figure 4). By this mechanism, the transcriptional activity of serum response
factor (SRF), which induces expression of genes involved in cell motility and fate regulation,
is dynamically tied to cytoskeletal state by the availability of its co-factor MRTF-B (aka
MAL) [55-57].

Likewise, YAP/TAZ nuclear activity is mechanosensitive, but in a G-actin independent
manner. The role of YAP and TAZ in mechanotransduction was first described in MSCs
[43], but has since been shown to be activated downstream of elevated matrix stiffness in
many cell types [58]. The YAP/TAZ complex translocates to the nucleus of MSCs cultured

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weaver and Gilbert

Page 7

on stiff substrates, as well as those induced to spread on large adhesive islands of ECM [59].
YAP/TAZ activity drives MSC differentiation phenotypes associated with stiff culture
substrates and by blocking YAP/TAZ activity, MSCs will instead be specified to cell types
associated with culture on soft substrates. While YAP/TAZ activity is dependent on stress
fiber formation, unlike SRP, YAP/TAZ activity is not dependent on G-actin, suggesting the
enticing possibility that F-actin might instead sequester a YAP/TAZ antagonist.

The elucidation of mechanosensitive signal transduction pathways and transcriptional
activators has lent new appreciation of functionality to these factors, and assigned molecular
downstream events to extracellular changes in mechanics. Given the prevailing impact of
mechanotransduction on cell fate, additional mechanosensitive mechanisms to modify gene
signatures are sure to emerge.

Modeling features of in vivo mechanotransduction in 2D culture

The great majority of studies exploring mechanotransduction utilized synthetic hydrogels
tuned to a variety of stiffnesses by modulating the extent of polymer cross-linking, and
presenting an adhesive interface to cells with unlimited area to spread. An emerging focus in
the field of mechanotransduction research is to refine culture systems in order to recapitulate
additional features of the native cellular environment. For example, while synthetic
hydrogels are primarily elastic, natural ECMs that a cell would interact with in the body are
viscoelastic and exhibit stress relaxation, such that cellular traction forces are expected to
remodel the ECM. Indeed, both computational modeling and experimental approaches
confirm this hypothesis [60,61]. Hyaluronin is a natural ECM that is tightly regulated to
ensure expression at times of tissue reorganization and fate specification, such as occurs
during development and in adult tissue repair [62]. Though hyaluronin yields very soft
substrates, untransformed muscle and non-muscle cells were observed spreading,
assembling focal adhesions and stress fibers to a degree matching levels seen on much more
rigid elastic hydrogels [61]. Interestingly, this study also reports that cell spreading on soft
hyaluronin occurs independently of the typical traction force measurements obtained for
contractile cells on synthetic materials. In another study, alginate hydrogels were covalently
or ionically cross-linked to create elastic and stress-relaxing substrates respectively, but with
paired biochemical properties. By decoupling physical and chemical properties the authors
confirmed that cell spreading behavior and YAP/TAZ nuclear translocation on soft materials
with stress relaxation properties matches those of more rigid elastic materials, but only at
high ligand densities [60]. Hence, one can conclude that modeling cellular environments in
culture to assess cellular mechanotransductive responses requires a careful consideration of
the types of ECM and ligands that are expected to be present in the native cellular
environment.

A three-dimensional (3D) matrix perfectly positions chemical cues and physical forces, but
also exerts spatial constraints that will support or impede cell spreading. This concept was
tested in a Watt et al report in the late 1980s, by demonstrating that restricting epidermal
keratinocyte cell spreading area had the effect of forcing a rounded cell shape, cell cycle
exit, and upregulation of involucrin, a marker of terminal differentiation [63]. A recent
follow-up study concluded that keratinocyte terminal differentiation on small islands that
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limit ECM contact is mediated by SRF-MAL activity [27]. Using microcontact printing to
carefully control the size of adhesive interfaces and produce ECM islands [64] led to the
knowledge that cell shape also controls cell viability [65] and directs MSC lineage
progression [66].

Numerous additional cell fate decisions appear to take advantage of synergies between
spatial constraints and the biochemical milieu. For example, a recent study indicates that
controlling cell shape in conjunction with exposure to inductive cytokines dictates
macrophage phenotype and polarization [67]. Specifically, ECM patterning that encourages
macrophage elongation favored polarization to the M2 fate and synergized with M2 specific
cytokines to upregulate arginase-1, an M2 specific marker. Cell patterning also mitigated
iNOS levels, a marker of M1 macrophages, when the elongated macrophages were exposed
to M1-inducing cytokines. The concept that cell shape supports specific gene expression
patterns was elegantly shown by systematically exposing murine fibroblasts to
microfabricated fibronectin patterns engineered with a wide variety of aspect ratios and
shapes [68]. Gene expression analysis revealed modular changes in gene expression,
correlating most robustly with cell size and less so across different aspect ratios or shapes of
the same area. Cell shape-related gene profiles correlated with cytoplasmic-to-nuclear
translocation of histone deacetylase-3 and MRTF-A and were dependent on actin-myosin
contractility.

Another commonly dismissed aspect of /n7 vivo environments (often missed in culture
studies) is the convergence of several different forms of mechanical stress. One such stress is
cyclic stretch, a mechanical parameter long appreciated for its ability to impact cell fate.
More recently, mechanistic insights into the downstream effects of cyclic stretch have been
revealed. Mammary epithelial cell proliferation was induced in response to cyclic stretch,
the proliferation being contingent on YAP activity. Surprisingly, the YAP-dependent effect
on proliferation was independent of Hippo signaling since cyclic stretch induced JNK
activity, which in turn silenced the Hippo pathway by increasing binding to a Hippo pathway
inhibitor [69]. Similarly, a study of mouse embryonic fibroblasts exposed to stretch and
relaxation cycles revealed an impact on cell cycle entry [70]. Stretching cells cultured on
soft micropillars led to phenotypes matching those of a stiff culture substrate, namely, stress
fiber formation, cell spreading and proliferation, demonstrating the dominance of the stretch
cue over matrix stiffness. Mechanistically, cyclic stretch supported MRTF-A nuclear
translocation within 2 hours, while YAP was observed to relocate from the cytoplasm to the
nucleus at later time-points. However, disrupting expression of MRTF-A or YAP was
sufficient to abolish the stretch-induced effect on proliferation [70] (Figure 5).

Visualizing actin cytoskeletal dynamics in response to mechanical stimulation at the plasma
membrane demonstrated that actin accumulates in the perinuclear region of cells within two
minutes of stimulation. This effect is dependent on bursts of intracellular Ca2*, as well as the
activity of an actin polymerization activator called inverted formin-2 (INF2) that is found
localized to the endoplasmic reticulum and the nuclear membrane [71]. It is unclear what
role perinuclear actin assembly fulfills — be it to protect the nucleus from damage, or modify
nucleoskeletal dynamics which drive gene expression or transcription factor mobility.
However, what is clear is that the response is fast. Ca2* transients occur in response to
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external stimulation at a timescale that precludes focal adhesion involvement, and this
highlights the very rapid effect that external mechanical stimuli can exert on cell fate.
Indeed, it is enticing to consider that another mechanism by which mechanical stimulation
and ion channels may synchronize is to activate proteins that are both mechano- and pH-
sensitive [72]. And given the potent effect of stretch activated channels on cell fate, as
highlighted by the ability of the Piezo-1 channel to direct the lineage choice of neural stem
cells [73], it will be important to consider how a variety of mechanical signals and chemical
signals experienced by cells are integrated to produce a behavioral or fate output.

Mechanotransduction clearly plays a central role in controlling cell behavior and fate. It is
perhaps not surprising that mechanosensors, focal adhesion proteins, and downstream
effectors of extracellular force are commonly mutated in cancer cells [16]. As a result, the
fundamental knowledge gained through mechanotransduction studies on single cells has
rapidly accelerated our understanding of these key factors in malignant transformation
events, as well as cancer progression in three-dimensional tissues.

Tension at the multicellular level

Epithelial tissues maintain tight contact with neighboring cells that are mediated by
cadherins. Like integrins, cadherins at adherens junctions are sites of actin nucleation.
However, in the case of adherens junctions, the actin cytoskeletal network not only functions
to coordinate signaling transduction events, but also can propagate tension to neighboring
cells as part of a mechanical relay. Cadherins lend to the cobblestone appearance of
epithelial tissues like skin, lung, and mammary gland, as well as the morphologies of
cultured embryonic stem cells and induced pluripotent stem cells. The regulation of tension
across groups of cells is a driving force that determines how they assemble into tissues [74].
Indeed, an important emerging concept is that rather than being merely passive mediators of
adhesion, cadherin junctions distribute intracellular stress to modulate epithelial sheet
proliferation and organization, and are involved in mechanotransduction — serving as sites of
tissue integration [75]. This is particularly vital during development and following wound
repair, as discussed at length in the Yu and Fernandez-Gonzalez review found in this Special
Issue. The current review will focus on key cadherin-specific concepts that lend to a greater
understanding of the mechanical origins of cancer and tumor pathogenesis.

Matrix stiffness and the epithelial-to-mesenchymal transition

As with single cells, epithelial sheet homeostasis is acutely sensitive to culture substrate
stiffness. Indeed, when the balance is tipped, emerging phenotypic changes are consistent
with tumor initiation. Non-malignant mammary epithelial cells form two-dimensional
organized acini with a hollow lumen area when cultured on soft polyacrylamide substrates
(~200 pascals) and provided with a reconstituted basement membrane to ligate integrin
receptors [76]. If instead the cultures are initiated on hydrogels matching the stiffness of
tumors, acini morphogenesis fails to occur and instead, non-polarized structures with an
invasive phenotype arise. These phenotypic changes were correlated with elevated Rho-
dependent cytoskeletal tension. This then lends one to speculate that a ‘second hit’ to tumors
bearing epidermal growth factor receptor mutations might arise from deregulated
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mechanotransduction that then elevates ERK and Rho activity — a cell extrinsic mechanism
of tumor progression. This concept was supported using pharmacological compounds.
Intriguingly, mammary progenitor and luminal cells take on basal-like properties with age
and a recent study suggests that improper mechano-responses to matrix stiffness may
underlie this observation [77].

The phenotype of mammary epithelial cells cultured within or on top of hydrogels with
tumor-like stiffness was found to be reminiscent of cells undergoing epithelial to
mesenchymal transition (EMT) [78]. Transitioning from the cobblestone morphology to that
of a more independent and contractile cell phenotype, in which cell-cell contacts are broken
and an invasive leading edge emerges, is a primary characteristic of transformed cells. EMT
is induced by the activity of transcription factors including Twist [79], Snail [80,81], and the
Zeb family [82]. It was recently reported that matrix stiffness pushes cells into EMT via
Twist activity that occurs by release from a cytoplasmic binding partner that then enables
nuclear translocation [83]. Consistently, the authors found that mutations in the Twist
cytoplasmic binding partner are correlated with poor patient survival and highlight a
mechanotransduction mechanism hijacked in cancer.

Tension within the epithelial sheet must be established and dynamically maintained for the
tissue to respond to mechanical cues in concert. In a study evaluating development of the
drosophila wing it was noted that tissue mechanics was achieved through the process of
proliferation [84]. During development it was observed that differential rates of division in
two regions of the wing produced two axes of tension — one along the proximal-distal axis
and the other perpendicular to the axis. In positions where there is local overgrowth,
neighboring cells respond by stretching and modifying orientation of cell division, and this
ultimately sets up tension and defines the shape of the wing.

Cadherins as mediators of intracellular tension

Ultimately it is the cell-cell contacts at points of adhesion that maintain and relay tension to
elicit collective cell responses. Cadherins link to the actin cytoskeleton via p-catenin and a-
catenin in a force dependent manner [85] and it is this association with cytoskeletal elements
that underlies tensional homeostasis in epithelial tissues (Figure 6). Understanding how this
homeostasis is coordinated is complicated by the existence of many systems working in
concert, including interactions between cell-cell adhesion proteins, intercellular forces, and
the dynamics of the epithelial sheet. In one study, a systematic approach was implemented to
evaluate cellular velocity and deformation rates, in addition to measuring intracellular,
intercellular, and extracellular forces following downregulation of key transmembrane
proteins associated with tight junctions, adherens junctions, and gap junctions [86]. In
addition to defining the processes of forming a collective epithelial monolayer, it was found
that cadherins take on quite distinct roles. While E-cadherin is generally considered the only
cadherin involved in force generation, it was observed that the concentration of P-cadherin
determines the level of intracellular force, while E-cadherin concentration predicts the rate at
which the force will build. Intriguingly, although E-cadherin is generally correlated with
mechanotransductive events owing to its association with a-catenin, experimental evidence
suggests that when E-cadherin is absent, P-cadherin is capable of triggering
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mechanotransduction. Despite somewhat redundant functions, both cadherins are required to
balance tissue force and when one or the other is deregulated, altered tissue dynamics or
tissue transformation ensues. These findings provide overdue insight into a long noted
conundrum in cancer biology. Mutations in P-cadherin are associated with enhanced
metastatic potential. Indeed, mammary carcinoma collective migration was recently shown
dependent on ECM identity and the presence of P-cadherin [87]. The knowledge that P-
cadherin can be involved in mechanotransduction and is primarily responsible for
determining the level of intracellular force offers some reconciliation to this quandary.

Cellular effects of intracellular tension

Intracellular tension not only maintains the shape of a tissue, but also the behavior and fate.
For example, within colonies of embryonic stem cells, despite the size, it was observed that
inner and outer regions exhibit different mechanical properties. Heterogenous colony
mechanical properties was correlated with attaining distinct downstream developmental fates
suggesting that the transition to different mechanical states is a key feature of defining
differentiation transitions [88]. Stretching or compressing epithelial sheets has the effect of
modulating cell cycle progression [89,90]. Drosophila wing size can be controlled by
stretching the wing, which induces cell proliferation in a force dependent manner [89].
Likewise, studies of a model mammalian epithelial monolayer studied the interplay between
stretch and compression, which arise in tissues as a response to physical spatial constraints
and cell crowding. Indeed, when compressed using a barrier or allowed to stretch by
removing the barrier, the effect was to halt cell cycle progression or induce proliferation,
respectively [90]. A recent study provided mechanistic insight into strain-mediated cell
proliferation. Cell cycle entry in response to mechanical strain was shown to be associated
with nuclear accumulation of YAP1 followed by p-catenin, while inhibiting either protein
disrupted stretch-mediated effects on monolayer proliferation. The molecular effects of
strain were contingent on extracellular E-cadherin engagement and cytoskeletal tension [91].

Collective responses to surface topography

In addition to force, surface topographies encountered by epithelial sheets serve to modify
collective cell behavior. /n sifico combined with in vitro studies discovered that cells clear or
detach from regions of local negative curvature, an effect that does not occur in regions with
positive or no curvature [92]. Single cell changes in contact angle influence the collective
dynamics of the epithelial sheet and are contingent on tissue contractility and adhesive
forces, a feature that is lost when cancer oncogenes are induced in non-transformed cells.

Together, these studies provide new cellular and molecular insight into the behavior of
epithelial cancers and highlight the importance of understanding basic mechanisms
underlying developmental processes.

Tension at the tissue level

Tissues are three-dimensional entities and understanding how forces are established,
maintained, and manipulated to modify behavior and fate must take into consideration
dimensionality [18,93-96]. The knowledge gained from culture studies of single cells and
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epithelial sheets paved the way for understanding effects at the tissue level, which is
appreciated by the increasing number of studies focused on validating mechanotransduction
concepts at the tissue level. Indeed, many of the players remain the same —
mechanotransducers, the actin-myosin network, and the ECM. The following sections will
provide a selection of insights relating force to normal and malignant processes as they
occur in the context of a three-dimensional tissue.

Tissue mechanics and development

Matrix stiffness and intracellular force transduction is intimately tied to normal
developmental processes. Consider epithelial patterning - all epithelial tissues contain
regularly organized sheets of interacting cells, but the ultimate morphology of the structure
can vary tremendously. For example, intestinal crypts take on an undulating shape. How this
arises is a matter of debate ranging from a proposed ‘spatial buckling” model to a somewhat
more active establishment of shape, involving defining matrix stiffness and spatial
mechanics. In silico modeling that takes into account aspects of both hypotheses supports
the notion that crypt formation along a basal lamina that is free-moving (as expected during
development or tissue repair) would support an undulating morphology, while basal lamina
attachment to an underlying matrix would in effect ‘stiffen’ the environment and support
more regular patterning [97].

Tuning matrix stiffness is also central to achieving proper gastrulation ex vivo from single
embryonic stem cells. Embedding single embryonic stem cells within a soft fibrin matrix
supports cell proliferation and formation of large colonies, as compared to culture within
stiffer fibrin gels, and highlighting the importance of stiffness to the initial phases of
development [98]. Achieving formation of all three germ layers in culture from a single cell
has proved a difficult challenge. However, by placing 3D colonies in contact with a soft
matrix, self-organization occurred and all three-germ layers with correct positioning was
attained. Disrupting induced pluripotent stem cell colony contractile machinery disrupted the
process, indicating that matrix attachment elicits gastrulation-like events by a mechanism
that includes discrete spatial generation of intracellular force. Indeed, the culture platform
affords a unique opportunity to explore the interplay between chemical gradients and
cellular forces on the process of gastrulation and explore mechanistic origins of
development. For example, it was recently determined that human embryonic stem cells
cultured on soft substrates enhances mesoderm specification by supporting adherens
junction formation and also by sustaining Wnt levels required for mesoderm specification by
supporting p-catenin nuclear translocation [99]. These stiffness-dependent cellular and
molecular events, then primed the soft-cultured embryonic stem cells to be more sensitive to
mesoderm inducing morphogens in the culture milieu.

Mammary branching morphogenesis during development and in puberty is another process
in which force and mechanotransduction is taking a leading role. Mammary patterning and
understanding the cues that dictate branch points has long captured the attention of
developmental biologists. Elegant studies enlisting three-dimensional patterning provided
new insight into the process and implicated the importance of stress and
mechanotransduction in branch initiation. Patterned regions with sharp curvature produced
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sites of high mechanical stress that were anticipated by modeling and supported by 3D
traction force microscopy measurements — using this information they were predicted as
branch sites [100]. Indeed, branch sites initiated from positions of high mechanical stress
upon exposing the 3D patterned cultures to proteins that support branching, and could be
abolished by disrupting mechanotransduction.

The mammary ductal system is highly organized, with the mammary fat pad instilled with
regular arrays of branches. Force generation and stiffness are vital to the integrity of duct
pattern formation. In the body, branches align with axially oriented Type 1 collagen fibrils,
and culture models suggest that mammary acini-generated forces produce fibril orientation,
which is used as a track to position branches. When placed in 3D environments containing
aligned collagen fibrils, mammary organoids will drive branch extension in line with the
collagen tracks [101]. If instead the organoids are embedded within randomly oriented
collagen, the mammary structures rapidly reorganize collagen at duct branch points through
a process of force generation to establish axially oriented collagen fibril tracks and proceed
to extend. In the setting of cancer, tumor cells adopt the ability to establish ECM
architectural cues for the purpose of malignant transformation.

Disrupted tensional homeostasis potentiates breast cancer

Mammography analysis of breast cancer patients reveals dense breast tissue that is caused in
part by overproduction of collagen and excessive cross-linking. Notably, collagen fibrils at
the very boundary of breast tumors are aligned perpendicular to the tumor border, clearly
poised to enable transformed mammary cells to escape the boundary and metastasize. While
aligned fibers are indeed found to be more mechanically rigid than randomly oriented
collagen matrices, this does not translate to an increased rate of cell migration as one might
predict [102]. Instead, fiber alignment encourages persistence to direct the movement of
tumor cells far from the lesion. Mammary structure disorganization can be accelerated by
the concerted activity of two or more mammary acini with compromised organization (pre-
malignant like) [103]. Specifically, radially aligned tracks of collagen connect between two
compromised acini to create a super highway that increases the rate of acini disorganization
in a synergistic manner, while single acini also disorganize, but at a substantially slower rate.
Hence, long-distance mechanical interactions between two pre-malignant lesions accelerate
transition to an invasive phenotype and stress the importance of ensuring the removal of
nodules that are morphologically abnormal (Figure 7). However, it should be noted that
potential effects of chemical gradients arising from acini proximity were not ruled out and
may synergize with the collagen super highways or even play a dominant role.

Clearly tissue tension and cell-generated forces are critically important to normal
development, but also serve an important role in cancer progression when deregulated.
Indeed, it is often the synergy between genetic alterations and altered tissue mechanics that
ultimately tip the balance towards malignancy. Chronic ECM stiffening may arise through
several mechanisms including deregulated enzymes that control matrix cross-linking, or
cancer-associated fibroblasts causing pathological levels of matrix remodeling w induced by
mechanotransduction and YAP-dependent changes in matrix organization [104]. ECM
stiffening precedes obvious signs of mammary transformation, but may in fact be
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responsible for early stages of tumorigenesis. For example, normal mammary epithelial cells
embedded within a compliant matrix undergo normal morphogenesis producing polarized
acini with hollow lumens [105]. If the matrix is then cross-linked to increase the effective
stiffness and tissue density, acini contained within the newly stiffened matrix re-enter cell
cycle and fill the central region of the lumen. The morphology of the resulting structures is
quite similar to histological preparations of ductal carcinoma /n situ. Both in silico modeling
and experimental methods point towards the idea that acini with filled lumens are stiffer than
those with hollow lumens and that filled lumens are also perceived by interacting cells to be
stiffer. Hence, lumen filling contributes to the rapidly changing mechanical environment that
characterizes tumorigenesis [106]. In addition, acquisition of a metastatic state is further
promoted by the mechanics of the ECM just surrounding the transformed acini, which was
shown to be stiffer than other areas. This ECM was able to potently induce focal adhesion
associated vinculin activity and Akt signaling in cells at the invasive border of lesions [107].
If instead an oncogene is then activated, lesions acquire the ability to escape the basal lamina
barrier and migrate deep into the matrix akin to a metastatic event [105], an effect that is
further enhanced by the stiff invasive border. Beneficial results were observed in a transgenic
animal model in which expression of the MMTV-Neu tumor oncogene is induced in
mammary epithelial cells and then the matrix cross-linking is halted by manipulating the
activity of lysyl oxidase (LOX), a collagen cross-linking enzyme.

In addition to synergizing with oncogene activity, matrix stiffening also acts to modulate
tumor suppressor expression and function. Specifically, matrix stiffness was shown to
elevate microRNA-18a (miR-18a) levels, which in turn directly silenced the tumor
suppressor HOXAQ9 [108] that was further shown to be a direct transcriptional regulator of
the PTEN tumor suppressor [109]. microRNASs notoriously exert multiple effects owing to
the ability to target numerous genes. In the setting of a stiff mammary matrix, not only did
miR-18a expression lead to tumor suppressor silencing, but also was also responsible for
inducing mechanotransduction via MY C and pB-catenin activity. Indeed, miR-18a expression
predicted poor prognosis in patients with luminal breast cancer, and suggests the intriguing
possibility that targeting miR-18a expression might delay cancer progression in a subset of
patients. From these culture and /n7 vivo studies one gains an appreciation of the stepwise
nature of cancer progression and the complex interplay between oncogenes and tissue
mechanics that drives malignant transformation. Indeed, not only can oncogenes tune cell
tension to modulate tissue mechanics, but also matrix stiffening induced by other means
offers mechanical cues that push a pre-malignant lesion down the path of metastasis.

Deregulated tensional homeostasis underlies many human conditions

Disrupted tensional homeostasis is emerging as a common theme in the pathogenesis of a
diverse set of disease conditions, especially those characterized by fibrosis. Following are
several recent examples. Osteoarthritis, a painful degenerative condition that afflicts joint
cartilage, is most prevalent in aged individuals and can occur as a result of mechanical
stress. Cartilage matrix stiffening is a clinical feature of osteoarthritis and can be explained
by advanced glycation end products as well as LOX up-regulation. As a result,
mechanotransduction pathways are aberrantly activated in cartilage cells leading to NFxB
signaling, which have the effect of favoring catabolic processes that break proteins over
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anabolic pathways [110]. Accordingly, inhibiting LOX activity acted to prevent the initiation
of osteoarthritic phenotypes in mice.

In culture and transgenic animal studies it was shown that chronic inflammation induces
matrix stiffening resulting in mechanotransduction and activation of YAP/TAZ and B-catenin
activities. As a result, epithelial differentiation occurs on the ocular surface indicating a
causal link between inflammation-induced corneal disorders and tissue mechanics [111].
Yap activation was also observed to underlie mechanical-tension induced regeneration of
lung pulmonary alveolar epithelium [112]. This suggests that appropriate spatio-temporal
control of tissue mechanics is key to lung repair and its deregulation may be a reason for
incomplete repair after injury.

As in the mammary gland, miRNA expression is induced downstream of matrix remodeling
in the context of pulmonary hypertension [113]. Vascular ECM stiffening induced YAP/TAZ
activity to upregulate miRNA-130/131, which led to further vascular stiffening by promoting
collagen deposition and LOX-dependent remodeling. Targeting the miRNA or LOX activity
pharmacologically ameliorated ECM remodeling and pulmonary hypertension in an animal
model.

Although less studied, diminished tissue mechanics also impacts tissue integrity by failing to
support mechanotransduction, which can promote disease. Bethlehem myopathy and Ulrich
congenital muscular dystrophy are caused by mutations in the COL6 gene. Patients suffering
from these disorders incur progressive muscle wasting, a clinical manifestation that is
recapitulated in Collagen VI null (Col6a1~/~) mice. In normal muscle repair Collagen VI
levels dramatically increase, a regenerative aspect that is lacking in Co/6a1~/~ mice and
which results in diminished tissue mechanics [114]. Since muscle stem cell self-renewal
activity is required to resolve tissue injury and is controlled by matrix stiffness [115], tissue
degeneration in the context of Collagen VI loss appears to be due in part to disrupted
tensional homeostasis.

Concluding remarks and future directions

To truly understand the cellular and molecular mechanisms driving development, tissue
repair, and disease progression one must consider matrix mechanics and
mechanotransduction. Furthermore, to treat diseases that include an element of defective
mechanotransduction, putative compounds must be tested in the appropriate 3D matrix
mechanics to accurately predict responses [116], and active efforts to develop compounds
that selectively target key elements of the mechanotransduction pathway will be critical
[117]. New mechanistic insights into how cells sense and respond to tissue mechanics will
follow from the widespread implementation of /n sifico modeling [118] to develop complex
cell-cell and cell-matrix models [92,97,106,119], and the development of 3D models to
systematically tease apart the influence of diverse matrix mechanical properties,
biomolecules, and genetic alterations on cell behaviors and fate in a controlled manner
[120-123].
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Figure 1. The influence of force across length scales
Distinct mechanical stresses influence mammary epithelial cell behavior and fate at the

single cell (top), multicellular (middle), and tissue (bottom) levels.
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Figure 2. Focal adhesions and cell contractility
Immature focal adhesions form when cells are in contact with soft extracellular matrices

(ECM; left), and therefore intracellular force generation does not occur. Focal adhesion
maturation (right) is supported by cellular interactions with stiff matrices, which engage the
actin-myosin network and ultimately initiate mechanotransduction events that drive cell
behaviors in response to extracellular cues.
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Figure 3. Erasing a mechanical memory
(a) Mesenchymal stromal cell culture on rigid substrates induces expression of a-SMA,

which in turn transitions the cells from a more rounded morphology (as portrayed in d) to
that of a contractile myofibroblast-like fate characterized by actin stress fiber formation
(green fibrillar structures as seen in b and c) and cell spreading (as seen in a-c). On stiff
culture substrates, a-SMA expression is reinforced by the nuclear deportation of NKX2.5
(white circles outside of dark purple nucleus), a potent inhibitor of a-SMA transcription.
NKX2.5 is then either degraded or retained in the cytoplasm in association with stress fibers
(as seen in b). (b) Typically, mesenchymal stromal cells propagated on soft substrates retain
a rounded shape (as seen in d). If, however, mesenchymal stromal cells exposed to a stiff
culture environment are then transitioned to a soft substrate, the ‘mechanical memory’ of the
stiff environment prevails; NKX2.5 is excluded from the nucleus, a-SMA expression is
retained, and the contractile morphology is observed. (c) Notably, by enforcing NKX2.5
expression and nuclear import, a-SMA expression is abolished and (d) it is possible convert
a myofibroblast-like cell back to the original mesenchymal stromal cell fate, even if cultured
on a stiff substrate. This indicates that the mechanical memory can be erased and cell fate
reverted by understanding the molecular mechanisms at play when cell contact a stiff culture
substrate.
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Figure 4. Actin dynamics control transcriptional activators
Non-contractile cells contain a pool of globular actin (g-actin) monomers in addition to

fibrillar actin (f-actin) fibers. G-actin binds to MAL, a SRF transcriptional co-activator, and
sequesters the factor in the cytoplasm (left). Intracellular tension is characterized by the
formation of stress fibers causing the g-actin pool to diminish, and releasing MAL to bind to
SREF, translocate to the nucleus, and initiate transcription (right).
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Stretch

Figure 5. Stretch forces override matrix mechanics to control fibroblast identity
When cultured on soft micropillar arrays (left), cells maintain a rounded cell shape, small

focal adhesions, and are devoid of stress fibers. However, if the soft micropillars are
subjected to a cyclic stretch routine (right), cells respond by exhibiting phenotypes and gene
expression patterns that are reminiscent of stiff culture substrates.
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Figure 6. Cadherins mechanosense and transmit intracellular force
Epithelial cells maintain tight cell-cell contacts in part through the interaction of cadherin

homodimers (red). In the absence of intracellular tension (left), cadherin interacts loosely
and transiently with actin fibers through a B-catenin (pale green), a-catenin (purple)
complex. In response to force (right), a-catenin undergoes a conformational change that
allows for tight actin binding. In addition, vinculin (yellow) is recruited to a-catenin and can
also bind to actin. In this way, intracellular force is transmitted between cells in an actin-
myosin (blue) dependent manner.
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Figure 7. Long distance mechanical interactions accelerate cancer cell invasion
Transformed mammary acini orient collagen fibrils (orange) perpendicular to the invasive

boundary, which serves as a track for metastatic cells (left). If two transformed mammary
acini are within a critical distance, they will interact mechanically to produce a long,
collagen fibril superhighway. Metastatic cells are observed to move at a faster rate via the
superhighway than they do along a self-generated track that is not linked to a neighbor track.
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