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ABSTRACT: All cells are subjected to mechanical forces
throughout their lifetimes. These forces are sensed by cell surface
adhesion receptors and trigger robust actin cytoskeletal rearrange-
ments and growth of the associated adhesion complex to counter
the applied force. In this review, we discuss how integrins and
cadherins sense force and transmit these forces into the cell
interior. We focus on the complement of proteins each adhesion
complex recruits to bear the force and the signal transduction
pathways activated to allow the cell to tune its contractility. A
discussion of the similarities, differences, and crosstalk between
cadherin- and integrin-mediated force transmission is also
presented.

he forces cells experience come in two varieties—those

applied from the environment and those that the cell itself
generates."”” Externally applied forces include shear stress
generated by fluid flow over cells as well as the forces that cells
experience when they are compressed, extended, or stretched.'
In response to external forces or other stimuli, cells can
generate internal forces either by extending membranes or by
rearranging their actin cytoskeletons, thereby producing
endogenous contractile forces.

Externally applied forces are sensed by numerous cell surface
adhesion receptors.>~® Here, we limit our discussion to forces
sensed by integrins (adhesion receptors present at sites where
cells bind to the extracellular matrix or focal adhesions) and
cadherins (adhesion receptors that mediate the strong attach-
ment of cells to neighboring cells or cell—cell adhesions). The
ability of these two receptors to respond to external forces
governs cell behavior and tissue homeostasis.

How the forces sensed by cadherins and integrins are
translated into biochemical signals, a process known as
mechanotransduction, has been the subject of intense scrutiny.
From this work, it is well appreciated that forces applied to
these adhesion receptors trigger robust actin cytoskeletal
rearrangements, activate the small GTPase RhoA, and enhance
the activity of myosin II culminating in the generation of a cell
contraction force through the mutual sliding of actin and
myosin II filaments."®” These events allow for growth of the
associated adhesion complex and tuning of internal tension to
counter the applied force. This process is known as
reinforcement or cell stiffening. The cytoskeletal rearrange-
ments and signal transduction pathways culminating in cell
stiffening are complex and are dependent upon the type of
adhesion receptor that senses the force. In this review, we will
present a general overview of how integrins and cadherins sense
and transduce forces to the cell interior, compare and contrast
the response of both receptors, and discuss the interplay
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between force transmission at cell—cell and cell-matrix
adhesions. We refer readers to reviews on cadherin-
mediated™'*'" or integrin-mediated mechanotransduction”®"?
for a comprehensive description of the signaling and
cytoskeletal components involved in force transmission.

B MECHANOTRANSDUCTION AT CELL-MATRIX
ADHESIONS

Mechanical forces applied at the cell-matrix interface are
sensed and transmitted to the cell interior by transmembrane,
dimeric adhesion receptors known as integrins. The integrin
response to force involves three mechanochemical steps.'®
Integrins must first bind to extracellular matrix molecules (or
become activated). Second, these forces have to be transmitted
to the cell interior where they are converted into biochemical
signals (i.e., mechanotransduction). Lastly, integrins link to the
cytoskeleton to transmit the forces throughout the cell and
reinforce their adhesions to resist the force.'* To facilitate their
activation and response to force, integrins recruit (on the inside
of the cell) large molecular assemblies of cytoskeletal and/or
signaling proteins to form a complex known as a focal adhesion.
Many of the cytoplasmic components of focal adhesions sense,
respond to, and bear the force applied to integrins. Here, we
consider each of the mechanochemical steps with an emphasis
on the cytoskeletal and signaling components that allow
integrins to withstand force exertion.

Integrin Activation in Response to Force. Integrins are
transmembrane-spanning heterodimers of o and f# subunits that
exist in a bent and upright conformation depending upon their
interaction with extracellular matrix ligands. A final step in
adopting the upright conformation is binding of talin, a 270
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Figure 1. Integrin-mediated force transmission. Integrins (blue) are heterodimers of & and f# subunits that form bonds with the extracellular matrix’>
on the outside of the cell. In response to force, several proteins are recruited to the integrin cytoplasmic # domain. Critical among these are talin and
filamin. Talin, in turn, recruits vinculin, a prominent mechanotransducing protein. Upon force exertion, integrins also activate GEF-H1 and LARG.
These guanine nucleotide exchange factors catalyze the exchange of GDP for GTP and activate the small GTPase, RhoA, as well as its downstream
effector, Rho kinase. Increases in the level of Rho kinase ultimately lead to an increased level of phosphorylation of the regulatory subunit of myosin
IT and its association with actin filaments. Myosin II cross-links actin filaments and generates tension on actin filaments, thereby promoting changes

in the cytoskeleton necessary to withstand force.

kDa actin binding frotein, to the cytoplasmic domain of the
integrin subunit.">* Talin binding occurs in the earliest cell—
matrix adhesions observed, transpires independently of
tension,'”'® and separates the integrin @ and S cytoplasmic
tails.'”” This separation triggers conformational changes that
increase the affinity of integrins for ligands and that initiate the
assembly of nascent adhesions.'® Talin then binds F-actin
directly and indirectly through vinculin, a 116 kDa actin
binding protein.”® Vinculin stabilizes talin binding, thereby
supportingzintegrin activation and continued force trans-
mission.””

Linkages to the Actin Cytoskeleton. As described above,
talin can serve as a link between integrins and the actin
cytoskeleton; however, its binding partner, vinculin, may play a
more prominent role (Figure 1). Vinculin is recruited to focal
adhesions when tension is applied to integrins directly™ or is
generated during cell migration.”* Vinculin recruitment requires
talin, but another focal adhesion protein known as paxillin may
also be involved."® Direct binding to the actin cytoskeleton
allows vinculin to bear the force and regulate the recruitment
and the release of several proteins, thereby stabilizing and
promoting the growth of focal adhesions.>*® Consequently, it
is not surprising that cells lacking vinculin are unable to
generate force on the ECM, are less stiff, and do not reinforce
their focal adhesions in response to externally applied
force 232728

Filamin, another focal adhesion component, directly binds to
the integrin cytoplasmic domain and F-actin, making it poised
to transduce the force experienced by integrins onto the
cytoskeleton®”~>" (Figure 1). Evidence of filamin in mechano-
transduction arises from the observation that application of

shear stress or mechanical deformation increases the level of
binding of filamin to integrins.”> In addition, mouse embryo
fibroblasts from mice harboring a deletion of the two filamin
isoforms exhibited a severe disruption in force trans-
mission,>>*

Signaling Components (RhoA pathway). Exertion of
force on integrins also triggers signaling cascades. Key among
these pathways is activation of the small GTPase RhoA."
RhoA exists in either an active (GTP-bound) or an inactive
(GDP-bound) state, and the oscillation between these states is
regulated predominantly by the activity of guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins
(GAPs). Two GEFs, leukemia-assoicated Rho GEF (LARG)
and guanine nucleotide exchange factor H1 (GEF-H1), are
required for RhoA activation in response to force on integrins>>
(Figure 1). Inhibition of either GEF alone weakens the ability
of integrins to activate RhoA in response to mechanical force,
but depletion of both proteins is required to completely block
RhoA activation.>

Once GTP-bound, RhoA activates the Rho kinase (ROCK)
family members’ (Figure 1). The ROCKI and ROCK2
isoforms directly phosphorylate myosin light chain (MLC)
and indirectly regulate MLC by phosphorylating and inhibiting
the myosin light chain phosphatase. The activation of MLC
ultimately results in assembly of myosin II into filaments and
promotes the interaction of myosin II with actin filaments.*®
Myosin II couples the hydrolysis of ATP to conformational
changes that result in the sliding of myosin II and actin
filaments against each other, thereby providing the force that
rearranges the actin cgtoskeleton. In addition, myosin II
bundles actin filaments®” and may regulate actin polymer-
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Figure 2. Cadherin-mediated force transmission. E-Cadherin®® binds E-cadherins on neighboring cells. The E-cadherin cytoplasmic domain binds a
number of proteins that are critical for transmitting forces into the cell. These include f-catenin, a-catenin, and vinculin. Both vinculin and a-catenin
directly bind actin, and evidence supports the idea these linkages are required for force transmission. In addition to recruiting actin binding proteins,
E-cadherin regulates myosin II-dependent contractility, presumably by activating a RhoA-dependent signaling cascade.

ization.>® These myosin-induced changes allow a cell to

rearrange and reinforce its cytoskeleton, thereby promoting
the formation of mature adhesions that can withstand force.

B MECHANOTRANSDUCTION AT CELL—CELL
ADHESIONS

Unlike integrins that have well-appreciated roles in sensing and
eliciting cellular responses upon exertion of force, cadherins
have only recently begun to be recognized as being
mechanoresponsive. Initial clues that cell—cell adhesions
might be able to respond to force came from the observation
that myosin II is required for the integrity of cadherin-
containing cell—cell junctions.’®* ** This major tension
generator is present in adherens junctions, and the size* and
strength of cell—cell adhesions can be regulated by mechanical
force.*** Ultimately, more direct evidence of cadherins as
mechanosensors arose from studies showing that cells stiffened
or reinforced their cell—cell adhesions when twisting forces
were applied to E-cadherin.*

Knowledge that cadherins could sense and transmit forces
into the cell interior led to an intense search to identify the
cadherin cytoplasmic components that bear and dissipate force
on the actin cytoskeleton. Coupling between cadherins and
actin occurs through proteins that directly or indirectly bind
actin. Here, we limit our discussion to f-catenin, @-catenin, and
vinculin. f-catenin is recruited directly to the cadherin
cytoplasmic tail*” and directly binds a-catenin*® and vinculin.*’
a-catenin, in turn, directly binds vinculin,®® and both vinculin
and @-catenin bind actin.”">

a-catenin is critical for cadherins to respond to force
exertion. In cells with depressed a-catenin levels, cell stiffening
and actin accumulation beneath beads coated with cadherin
extracellular domains are significantly attenuated.>® Addition-
ally, a-catenin deficient cells rescued with mutant forms of a-
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catenin that do not bind vinculin exhibit altered mechanobi-
ology.>> How a-catenin regulates E-cadherin-mediated force
transmission is emerging. «a-catenin depletion produces a
modest reduction in the affinity of E-cadherin for ligands,
lending support to the idea that a-catenin might contribute to
force-activated adhesion strengthening by increasing the
strength of the anchoring of cadherin to the cytoskeleton.>®
A requirement for a-catenin in establishing and maintaining
linkages to the actin cytoskeleton is further supported by
studies of force transmission in developing Drosophila
embryos.>*>

a-catenin is not the sole modulator of force transmission in
cell—cell junctions. Its binding partner, vinculin, becomes
enriched in cell—cell adhesions when stretching™ or twisting
forces are applied to E-cadherin,*® and its localization is lost
when cells are treated with agents that disrupt cellular
tension.****>” Vinculin does not bind directly to cadherins.
The protein(s) responsible for its recruitment to the cadherin
adhesion complex has been the subject of much debate. For
many years, a-catenin was thought to recruit vinculin to cell—
cell contacts as vinculin localization was disrupted in cancer
cells lacking a-catenin.’”*® Additional supporting evidence
comes from the observation that force exertion causes a-
catenin to unfold, thereby increasing the level of binding to
vinculin.’” In contrast, other work supports a role for f-catenin
in recruiting vinculin. Indeed, vinculin stil binds to the
cadherin adhesion complex in cells lacking a-catenin® or in
cells expressing mutant vinculins unable to bind a-catenin.>
More direct evidence of f-catenin comes from recent studies
showing that vinculin is not recruited to cell—cell junctions
when force is applied to cells lacking -catenin.®® More work is
needed to resolve the question of whether f-catenin and a-
catenin represent two distinct recruitment pathways for
vinculin or if they act together. One possibility is that f-
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Figure 3. Similarities in how integrins and cadherins respond to and transmit force. First, in response to force, both integrins (blue) and cadherins
(pink)® form catch bonds with their ligands. The frequency of these bonds increases as tension is elevated until a maximal force is reached. Second,
a number of proteins (including talin, filamin, and a-catenin) are recruited to the cytoplasmic domains of cadherins and integrins and undergo force-
induced conformational changes that expose binding sites for additional adhesive components. Third, both integrins and cadherins share a
dependency on vinculin, an actin binding protein recruited to both complexes, for transmitting force to the cytoskeleton. Finally, both integrins and
cadherins link their cytoskeletal components to RhoA-dependent signaling pathways by targeting the activities of upstream activators/inhibitors
(orange). Cadherins activate RhoA by recruiting a GEF known as Ect2 to a-catenin, and integrins bind filamin in response to force and release
theFilGAP, a GTPase activating protein for Racl. FilGAP decreases the level of Racl, and this can lead to an activation of RhoA.

catenin recruits vinculin and a-catenin stabilizes it at cell—cell by depletion of a RhoA activator reduces cell—cell junctional
junctions. Such a model would explain why in the absence of tension.®® Finally, inhibition of the RhoA effector, ROCK,
either protein vinculin is lost from adherens junctions. decreases junctional tension.”” Together, these data suggest
However, this model is likely only part of the story as myosin cadherins modulate junctional tension by activating RhoA and
VI is required for stable association of vinculin with the its downstream effectors. Direct evidence of a role for RhoA
cadherin adhesion complex.®! awaits the outcome of experiments showing that direct

In addition to recruiting vinculin, f-catenin may also directly application of force on cadherins increases RhoA-GTP levels.

mediate the response of cadherins to force. f-catenin unfolds its

armadillo repeats when stretched®? and is phosphorylated in B RECURRING THEMES IN FORCE TRANSMISSION BY
response to the application of shear stress.”> Moreover, cells INTEGRINS AND CADHERINS

lacking f-catenin fail to reinforce their adherens junctions or to
increase their barrier function in response to externally applied
stress.” The mechanism for the effects of p-catenin on

It is now becoming increasingly apparent that integrins and
cadherins transmit force in similar ways (Figure 3). One

cadherin mechanotransduction is not fully understood but recurring theme is how the adhesion receptors themselves
likely involves a regulation of the strength of E-cadherin—E- respond to force. Both integrins and cadherins form non-
cadherin interactions.®* covalent interactions, known as catch bonds, whose lifetimes

Signaling to Myosin Il. Myosin II is present in cell—cell increase until a maximal force is reached, at which point they
junctions, and disrupting its activities interferes with cadherin begin to decrease.””® For integrins, the lifetime of catch bond
mechanotransduction. As noted above, myosin II is activated formation increases until a force of 10—30 pN is reached.”” A
downstream of the small GTPase RhoA. It is generally assumed similar maximal force (ie, 30 pN) is the point at which
that cadherins activate myosin II using a RhoA-dependent cadherin catch bond lifetimes begin to decrease.? Additionally,
pathway (Figure 2). Several lines of evidence support a role for Forster resonance energy transfer probes that report on the
the RhoA 6pathway. First, the engagement of cadherins activates amount of tension experienced by E-cadherin or vinculin show
RhoA,*>% and this activation is prolonged when mechanical that the E-cadherin cytoplasmic domain is under a 1-2 pN
force is exerted onto the cell—cell adhesions.” Second, direct constitutive load from the cytoskeleton; this value is on the
inhibition of RhoA using C3-transferase or indirect inhibition same order of magnitude observed for vinculin in focal
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Figure 4. Potential mechanisms for vinculin-mediated stabilization of adhesions. Vinculin can bind to the sides of existing filaments and bundle them
(A) and can stimulate the formation of new actin bundles (B). Additionally, at sites of nascent cell—matrix adhesions, vinculin can bind to the Arp2/
3 complex, an actin nucleation factor that induces branches on the sides of actin filaments (C). Branched actin filaments can provide a protrusive
force and can develop into other actin structures that can stabilize cell adhesions. Finally, vinculin may stabilize cell adhesions by recruiting VASP, an
actin binding protein that promotes actin filament length by preventing capping of the barbed ends (D).

adhesions.”>”" Hence, both cadherins and integrins experience
and withstand forces of the same magnitude.

A second and prevalent similarity is that many of the
mechanotransducing components of cell-matrix and cell—cell
adhesions undergo conformational changes that affect their
interactions with ligands (Figure 3). For example, at sites of
cell—cell contact, a central inhibitory domain in a-catenin
precludes its binding to vinculin.”* This region of a-catenin is
accessible to antibody binding only when tension is elevated.””
These observations led to the idea that force triggers the
exposure of a cryptic vinculin binding site in a-catenin that in
turn recruits vinculin.>””*> This idea was directly tested by
applying physiological levels of force (using magnetic tweezers)
to an a-catenin molecule tethered to a magnetic bead on one
end and a glass coverslip on the other.”* These studies showed
that the two subdomains of the a catenin central inhibitory
domain unfold, thereby allowing vinculin to bind. Importantly,
binding of vinculin to this unfolded conformation prevents a-
catenin from refolding when the force is removed.”*

Similarly, force causes the cell-matrix adhesion proteins,
talin and filamin, to unfold. Talin has an N-terminal FERM
domain and a C-terminal rod domain that contains many
hidden binding sites for vinculin. When force is applied, these
binding sites are exposed, thereby allowing talin to interact with
vinculin.*"** By increasing the force that is applied in a linear
fashion, Yao et al. showed an initial unfolding of talin at $ pN
and complete unfolding at 25 pN.*> Additionally, the authors
showed that talin refolds at a low level of force, and this
refolding can be prevented by vinculin binding.** Filamin,
another focal adhesion protein, has an amino-terminal actin
binding domain followed by a rod domain composed of 24 Ig
domains. In its unfolded conformation, the A-strand of filamin
IgG domain 20 binds to IgG domain 21, thereby precluding
IgG domain 21 from binding to integrins. This intramolecular
interaction is released when force is applied to filamin, thereby
increasing the level of interaction of filamin with integrins.”®
The relief of this autoinhibition can be accelerated and/or can
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require less force if filamin is first phosphorylated at a critical
serine residue in IgG domain 20.7® Hence, force modulates the
composition of cell—cell and cell-matrix adhesions by
governing access of binding partners to their mechanores-
ponsive counterparts.

A third recurring theme is that both integrins and cadherins
share a dependency on vinculin to transmit force (Figure 3). It
is not completely clear how vinculin stabilizes cell—cell or cell—
matrix adhesions, but several possibilities exist (Figure 4).
Vinculin can bind to the sides of existing filaments and bundle
them’””® and can stimulate the formation of new actin
bundles.”” Additionally, at sites of nascent cell—matrix
adhesions, vinculin can bind to the Arp2/3 complex, an actin
nucleation factor that binds to the sides of actin filaments and
induces branch formation.*® Branched actin filaments can
provide a protrusive force and can develop into other actin
structures that can stabilize cell adhesions. Finally, vinculin may
stabilize cell adhesions by recruiting other actin modifiers.
Vinculin binds VASP, an actin binding protein that promotes
actin filament length by preventing capping of the barbed
ends.*"** This interaction supports tension-sensitive actin
assembly in cell—cell junctions.”® Hence, vinculin is critical
for force transmission by virtue of its ability to modify actin
filaments.

Finally, both cadherins and integrins have mechanisms to
couple force-activated signaling pathways to adaptor proteins
that link adhesion receptors to the cytoskeleton. For example,
linkages between integrins and the actin cytoskeleton are
formed by filamin, and filamin can indirectly activate RhoA and
its downstream effectors (Figure 3). Indeed, force triggers
increases in the level of binding of filamin to f-integrins and
decreases the level of binding to the Racl GTPase activating
protein, FilGAP.>* The liberated FilGAP can then suppress
Racl, and this inhibition can lead to activation of RhoA through
multiple pathways).** Similarly, the elements linking cadherins
to the actin cytoskeleton are directly coupled to its signaling
pathways. In response to application of force to cadherins, a-
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catenin binds centralspindlin, a protein complex that links the
mitotic spindle to the plasma membrane during cytokinesis.’®
Centraspindlin, in turn, recruits a guanine nucleotide exchange
factor® for RhoA, known as Ect2.%® Ect2 activates RhoA and
supports junctional integrity through myosin IIA. Central-
spindlin also inhibits the junctional localization of p190B, a
RhoA GAP that can inactivate RhoA.®® Thus, the cytoskeletal
and signaling components of the cadherin and integrin force-
transducing machinery are coordinated by GEFs and GAPs.
Importantly, this level of regulation is likely only part of the
story as some cytoskeletal components directly bind other
signaling components of the RhoA pathway.*®

B INTERPLAY BETWEEN CELL—CELL AND

CELL—MATRIX ADHESIONS

There is a large body of evidence demonstrating the existence
of crosstalk between integrins and cadherins in mediating the
adhesion and migration of cells (reviewed in ref 87). Lending
support to this notion is evidence suggesting that integrin
adhesion complexes can modulate tension on cadherin-based
adhesions.®*~*° For example, elevations in the magnitude of
integrin-mediated traction forces are accompanied by increases
in myosin-dependent tension at cadherin-based adhesions.***°
Additional evidence suggests that engagement of integrins
increases the strength of cadherin-mediated adhesion.*
Inhibiting myosin II activity (directly or indirectly) decreases
the integrin-dependent enhancement of cadherin function.*”
Hence, tension on integrin-based adhesions is transferred to
cadherins.

The transfer of tension is reciprocal: tension on cadherins
can be transferred to integrin-based adhesions. Specifically, cells
expressing cadherins can generate more traction forces than
cells lacking them.” Additionally, groups of cells with strong
cell—cell adhesions localize their traction forces to the colony
periphery, and interrupting cadherin function produces high
traction forces throughout the colony.”” Furthermore, interfer-
ing with mechanotransduction at sites of cell—cell adhesion
increases the degree of stiffening of cells in response to integrin
ligands.”® These observations suggest that the mechanical
properties of integrins and cadherins are intimately coupled.

The transfer of tension is not always reciprocal. An emerging
view is that a cell fine-tunes its mechanical properties to allow
force transmission at one adhesion site to proceed
independently of other adhesion complexes.”®> As noted
above, vinculin is a shared component of the force-transducing
machinery at cell—cell and cell-matrix adhesions. In response
to direct application of force on cadherins, but not integrins,
Abl tyrosine kinase is activated and phosphorylates vinculin at
Y822.” Furthermore, when vinculin phosphorylation at Y822 is
prevented using phosphorylation deficient mutants of vinculin,
cell stiffening in response to force on cadherins, but not
integrins, is blocked. Therefore, phosphorylation of Y822
vinculin represents a mechanism for differentially regulating
force transmission.

B SUMMARY

Integrins and cadherins strengthen their adhesions in response
to applied forces by promoting the recruitment of new
components and by activating signaling pathways that remodel
the actin cytoskeleton. There are striking similarities in how
integrins and cadherins respond and transmit forces to cell
interior, and an exquisite level of crosstalk between these two
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adhesion receptors is necessary for coordinated mechano-
transduction.

B FUTURE PERSPECTIVES

The key players regulating cadherin- and integrin-mediated
force transmission have emerged, and it is clear that others will
be uncovered. Attention is beginning to shift toward under-
standing how these events unfold in model systems and how
cadherin- and integrin-mediated force transmission are
integrated. Also growing is the need to understand how the
force applied to either adhesion receptor produces different
biological responses. For example, how does applying force to
cadherins or integrins individually cause cells to stiffen while
producing different effects on cell growth?”* Finally, while
much attention has focused on how integrins and cadherins
transmit force, more work is needed to define the signals that
turn these pathways off and to understand how these signals are
integrated with other systems in the cell.
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