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Integrin-mediated mechanotransduction
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Cells can detect and react to the biophysical proper-
ties of the extracellular environment through integ-
rin-based adhesion sites and adapt to the extracellular
milieu in a process called mechanotransduction. At
these adhesion sites, integrins connect the extracellu-
lar matrix (ECM) with the F-actin cytoskeleton and
transduce mechanical forces generated by the actin
retrograde flow and myosin Il to the ECM through
mechanosensitive focal adhesion proteins that are col-
lectively termed the “molecular clutch.” The transmis-
sion of forces across integrin-based adhesions
establishes a mechanical reciprocity between the vis-
coelasticity of the ECM and the cellular tension. During
mechanotransduction, force o||osterico||y alters the
functions of mechanosensitive proteins within adhe-
sions to elicit biochemical signals that regulate both
rapid responses in cellular mechanics and long-
term changes in gene expression. Integrin-mediated
mechanotransduction plays important roles in devel-
opment and tissue homeostasis, and its dysregulation
is often associated with diseases.

Introduction

Multicellularity in the metazoan evolved by developing and di-
versifying genes involved in cell differentiation, cell-cell com-
munication, and cell adhesion (Rokas, 2008). Cell adhesion to
the ECM and to neighboring cells allows cells of different lin-
eages to interact at the organ level by facilitating the exchange
of biochemical and biophysical information. The ECM of the
metazoan is mainly composed of fibrous proteins (e.g., colla-
gens and elastin) that confer the ECM with tensile strength and
elasticity, proteoglycans (e.g., perlecan and hyaluronan) that
allow interfibrillar slippage under tensile loads and thus confer
the ECM with viscosity, and multiadhesive glycoproteins (e.g.,
fibronectin and laminins) that bind proteoglycans and collagen
fibers (Mouw et al., 2014). ECM proteins are recognized by spe-
cific cell surface receptors such as integrins, syndecans, CD44,
and dystroglycan. ECM receptors induce signaling pathways
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and facilitate the assembly of different ECM components into
sheet-like fibrous structures (basement membranes) or seem-
ingly chaotic meshworks of fibrils and fibers (connective tissue)
whose biochemical composition, compliance, and geometric
and topographic features in nanometer to micrometer scale vary
and correlate with tissue-specific physiological functions (Gasi-
orowski et al., 2013). The complex biochemical and biophysical
characteristics of the ECM contain a wealth of biological infor-
mation that, in concert with soluble growth factors that are often
immobilized within the ECM, exerts a profound impact on
many cellular behaviors, including migration, proliferation, and
differentiation. To detect and interpret the biological informa-
tion in the ECM, cells adhere and transduce myosin-generated
traction forces to the ECM via integrin-based adhesions and
elicit a series of dynamic signaling events that are jointly termed
mechanotransduction (Hoffman et al., 2011). Integrin-medi-
ated mechanotransduction commences with force transmission
between cells and the ECM (termed mechanotransmission), a
process that occurs across the mechanosensitive, integrin-based
adhesions. The mechanical load on the adhesion sites leads to
force-induced functionalities, such as changes in protein con-
formation or enzymatic reactions (e.g., kinase activities) that
in turn induce biochemical signals (termed mechanosignaling).
Finally, the mechanically induced biochemical signals generate
appropriate cellular responses that adapt to physiological pro-
cesses (e.g., polarity, migration, differentiation, and survival)
accordingly. In this review, we introduce the main concepts
of integrin-mediated mechanotransduction, summarize recent
progress on the underlying biophysical principles and the in
vivo functional significance, and discuss how the viscoelasticity
of the ECM influences integrin-mediated mechanotransduction
and how its dysregulation impacts on cancer progression.

Structure of integrin-based adhesions

Integrins, which connect the ECM with intracellular actin cy-
toskeleton and thereby mechanically integrate the extracellular
and intracellular compartments, are heterodimeric transmem-
brane receptors composed of a and p subunits. There are 24
different integrin receptors in mammals, each recognizing a
specific set of ECM ligands (Hynes, 2002). Integrin-mediated
adhesion starts with conformational changes in the integrin
ectodomain (integrin activation) that shift integrins from a
low- to high-affinity state for ligand binding (Luo et al., 2007;
Su et al., 2016). Kindlin and talin bind integrin cytoplasmic
tails (with the exception of 4 integrin tails; de Pereda et al.,
2009) and promote integrin activation (Calderwood et al.,
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Figure 1. Model of a migrating cell containing diverse integrin-based adhesion structures that transmit different levels of traction forces. Nascent ad-
hesions (NAs) emerge at the leading edge of cell protrusions by nucleating multiple ligand-bond integrins that have been activated by talin and kindlin.
Adhesome proteins such as vinculin are subsequently recruited to adhesion sites via talin in a tension-dependent manner or via paxillin in a tension-
independent manner. NAs are dynamically coupled to the polymerizing branched actin network through proteins of the molecular clutch such as talin
and vinculin, which convert the retrograde movement of polymerizing branched actin network into a protrusive force at the leading edge membrane and
rearward traction force on the ECM. A small number of NAs matures into large focal adhesions (FAs) along actomyosin bundles in the lamella. Within
mature FAs, the molecular clutch becomes strongly engaged by F-actin binding to the talin ABS2 and ABS3 sites and vinculin binding to VBS where high
traction forces are transmitted across integrins, leading to catch bond formation between integrin and ligand. Behind the lamella, Kank2 is recruited to
the FA belt, where it maintains talin in its active integrin-bond state and at the same time diminishes F-actin binding to talin ABS2. Consequently, Kank2
decreases force transmission leading to the slip bond formation between integrin and its ligand and the translocation of FA beltlocalized B1 integrins into
fibrillar (or central) adhesions. At the rear end of migrating cells, trailing edge FAs may apply such high traction forces that detach the cell rear, probably

together with integrin-bound ECM fragments.

2013). Upon ligand binding, integrins recruit numerous pro-
teins to their short cytoplasmic tails, resulting in the assembly
of various adhesion structures that differ in their morphology
and subcellular localization as well as in their protein compo-
sition and mechanical properties (Schiller and Fissler, 2013).
The first adhesion structure assembles at the leading edge of
cell protrusions by nucleating three to six integrins interspaced
by less than 70 nm into short-lived nascent adhesions (NAs;
Fig. 1; Cavalcanti-Adam et al., 2007; Hu et al., 2007; Bachir
et al., 2014). The mechanism by which integrins first assemble
is unclear. Apart from their signaling function, NAs are able
to transmit the retrograde pushing forces from the polymer-
izing branched actin network in membrane protrusions to the
ECM via mechanosensitive proteins such as talin and vinculin.
The assembly of NAs between lamellipodium and lamellum
correlates with the switch from a fast to a slow actin retro-
grade flow rate caused by the transient coupling of integrins
to F-actin (Hu et al., 2007). This coupling is required for the
assembly and turnover of NAs (Alexandrova et al., 2008;
Thievessen et al., 2013; Swaminathan et al., 2016). In turn,
focal adhesion kinase (FAK) in NAs promotes actin dynamics
by recruiting Arp2/3, the major actin nucleator in the lamelli-
podium (Serrels et al., 2007; Swaminathan et al., 2016). p-PIX
and the kindlin—paxillin complex in NAs further promote
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Arp2/3 activity through activating the Racl GTPase (Kuo et
al., 2011; Theodosiou et al., 2016). Most NAs are disassembled
quickly, whereas a few of them grow in size along templates
of actomyosin bundles into bigger focal adhesions (FAs) in
the lamellum (Fig. 1). FA maturation is a coordinated process
requiring further integrin clustering, F-actin bundling, and the
reinforcement of the linkages between integrin and actomyosin
(Straight et al., 2003; Choi et al., 2008; Iskratsch et al., 2013).
Behind the lamellum, the mechanical linkage between FAs and
the contractile actomyosin bundles is relaxed and/or released,
consequently leading to clathrin-dependent FA disassembly
(Ezratty et al., 2009; Yu et al., 2015) or the translocation of 1
integrin—containing adhesions into central, fibrillar adhesions
(FBs; Fig. 1; Zamir et al., 2000; Sun et al., 2016). Although the
lengths of integrin-based adhesions ranges from below 1 um in
NAs up to 8 um in the elongated FAs and FBs, the breadth of
integrin-based adhesions is usually below 1 um, corresponding
to the scale of the diameter of a single ECM fiber (Gasiorowski
et al., 2013; Kim and Wirtz, 2013). Therefore, individual adhe-
sion structures can detect local ECM properties with subcellular
precision in a biophysically inhomogeneous 3D environment
(Doyle et al., 2015). It is also important to note that there is no
simple correlation between the adhesion size and the magnitude
of the transmitted force (Oakes et al., 2012; Schiller et al., 2013),



as small NAs may also transmit forces that are high enough to
drive cell migration (Beningo et al., 2001).

Activated integrins are dynamically coupled to the actomyosin
system through integrin- and/or F-actin—binding proteins, such
as talin and vinculin. These molecules belong to the molecu-
lar clutch (see text box) that harnesses the power of the retro-
grade actin flow generated by the actin polymerization against
the leading-edge cell membrane and the contractile actomyosin
movements generated by nonmuscle myosin II to pull on FAs to
propel the cell body forward (Mitchison and Kirschner, 1988;
Chan and Odde, 2008; Giannone et al., 2009; Swaminathan and
Waterman, 2016). The spatiotemporal regulation of the clutch
engagement determines directional cell migration, for instance,
in response to an ECM stiffness gradient in a process called
durotaxis (Lo et al., 2000).

Talin plays a central role among the proteins that con-
stitute the molecular clutch (Fig. 2 A). Mammals have two
talin paralogue genes, Talin-1 and Talin-2, which share >80%
homology and show different expression patterns. Although
Talin-1 is ubiquitously expressed, Talin-2 is mainly expressed
in muscle and neuronal cells. Talin consists of an N-terminal
FERM (four-point-one, ezrin, radixin, moesin) domain, also
called talin head domain (THD), and a long C-terminal rod
domain composed of 13 helical bundles (R1-R13) followed
by a dimerization motif. The THD directly interacts with the
membrane-proximal NPxY motif of p integrin tails, negatively
charged lipids in the inner leaflet of the plasma membrane and
the cortical F-actin network (actin-binding site 1 [ABS1]).
The talin rod domain contains two additional F-actin-binding
sites (ABS2 and ABS3), 11 vinculin-binding sites (VBSs),
and binding sites for regulatory proteins, including RIAM
(Rap1-GTP-interacting adapter molecule), Kank (KN motif
and ankyrin repeat domains) family proteins (whose func-
tions are discussed in the following paragraphs), and the Rho
GTPase activating protein DLC1 (deleted in liver cancer 1;
Calderwood et al., 2013; Sun et al., 2016). Talin adopts an
autoinhibited conformation in the cytosol through an intramo-
lecular interaction between the THD and the R9 domain that
masks the integrin-binding site of the THD. Kank2 and RIAM
interact with the talin rod and release Talin from autoinhibition
(Chang et al., 2014; Sun et al., 2016). Negatively charged lip-
ids such as PtdIns(4,5)P2, synthesized by a FA-localized splice
variant of phosphatidylinositol-4-phosphate 5-kinase type Iy
(PIPKIy90) or the actin retrograde flow, may also facilitate
talin activation at the plasma membrane (Goksoy et al., 2008;
Zhu et al., 2008a; Legate et al., 2011; Comrie et al., 2015).

The engagement between talin and F-actin is likely initi-
ated at the C-terminal ABS3 site. Although the talin ABS3 is not
required for cell adhesion, ~45% of cells fail to assemble FAs
when the function of ABS3 is impaired, suggesting an import-
ant role of the ABS3 site in initiating force transmission, which
may, at least partially, be compensated by unknown mech-
anisms (Atherton et al., 2015). Subsequent to ABS3 engage-
ment, the R3 domain serves as the first mechanosensor because
of its lowest mechanical stability among all domains in the talin
rod (Yao et al., 2016). Forces in the piconewton range lead to
the stretching of the talin rod and the exposure (and activation)
of the cryptic VBS in the R2R3 domain (del Rio et al., 2009;
Yao et al., 2014). The subsequent vinculin binding to R2R3

The molecular clutch

This concept was originally proposed in 1988 by Tim Mitchison and
Marc Kirschner to explain how the actin retrograde flow exerts tension
on the substrate (Mitchison and Kirschner, 1988). The molecular clutch
generally refers to the mechanical linkage formed by dynamic asso-
ciations between the ECM-bound integrins and the force-generating
actomyosin cytoskeleton. Because integrin cytoplasmic domains do not
contain an ABS, the clutch between integrins and actomyosin is mediated
by integrin- and/or F-actin-binding proteins such as talin and vinculin.
Talin directly interacts with the cytoplasmic domain of activated infegrins
and F-actin. The connection between integrins and F-actin can be further
strengthened by vinculin that binds fo talin and F-actin. Other proteins
such as kindlin and a-actinin may also contribute to the molecular clutch.
In situations where integrin-based adhesions are not connected to acto-
myosin, the clutch is not engaged, the retrograde actin flow at the cell
leading edge is fast, and traction forces are low or not even generated.
The engagement of the clutch has two consequences: the kinetic power
of the actin retrograde flow and actomyosin contractility are converted
into a traction force that pulls on the ECM, and the polymerizing F-actin
pushes the resistant plasma membrane at the cell leading edge forward.

The molecular clutch is a highly tunable system that sensitive-
ly responds to a wide range of ECM rigidities. On stiff substrates, fast
mechanical loading rates on talin induce partial protein unfolding and
expose cryptic VBS. Vinculin binding to talin reinforces the clutch by fur-
ther elevating force transmission. On soft ECM substrates that are easily
deformed, the slow mechanical loading rates on talin are not sufficient
to induce vinculin-dependent clutch reinforcement, which keeps the trans-
mitted force at a low level.

The molecular clutch is a highly dynamic system. Clutch molecules
exhibit fast exchange rates (minute scale) between FAs and their cytoso-
lic pools, indicating that the mechanical linkages within the molecular
clutch cannot be static. Furthermore, early study by Odde and colleagues
predicted a “frictional slippage” model on stiff substrates caused by con-
stant rupture of the molecular clutch under high mechanical loading rates
(Chan and Odde, 2008). Although the probability of clutch rupture is
reduced by the vinculin-dependent clutch reinforcement (Elosegui-Artola
et al., 2016), multiple slippage interfaces are still observed between
different clutch molecules on stiff substrates, indicating that the force is
transduced across the molecular clutch via transient linkages between
different frictional inferfaces in a “slip-stick”~like manner rather than via
static connections (Hu et al., 2007).

triggers the engagement of talin ABS2 (R4-R8) with F-actin to
further increase the force transmission across the talin—integrin
complex. The increased force unfolds other helical bundles
within the talin rod and exposes more cryptic VBSs. Eventu-
ally, vinculin strengthens the talin—F-actin linkages by further
recruiting F-actin (Fig. 2 B).

Interestingly, the R1-R3 domains in talin-1 and talin-2
exhibit distinct mechanosensitivities that have consequences for
the isoform-specific functions of talins. Unlike the cryptic VBS
in the talin-1 R1-R3 domains, the VBS in the equivalent region
of talin-2 recruits vinculin in an ABS2- and ABS3-independent
manner (Austen et al., 2015). Furthermore, ABS2 and ABS3
in talin play distinct roles in mechanotransmission. Whereas
ABS3 is required for high force transmission at the cell periph-
ery, ABS2 plays important roles in sensing differences in ECM
stiffness (Atherton et al., 2015; Austen et al., 2015; Kumar et
al., 2016). In mouse embryonic fibroblasts, talin seems to be
less important for force transmission on soft substrates that
have a Young’s elastic modulus below 10 kPa in comparison
with stiffer substrates (Elosegui-Artola et al., 2016), suggesting
that other integrin- and F-actin-binding proteins such as kindlin
(Bledzka et al., 2016), a-actinin (Roca-Cusachs et al., 2013),
or the ILK (integrin linked kinase)-PINCH-parvin complex
(Wickstrom et al., 2010) may link integrin to F-actin and con-
tribute to the molecular clutch under different rigidity regimes.

Integrin-mediated mechanotransduction
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The activation of talin and the engagement of F-actin on
talin are tightly coupled. RIAM activates talin and provides an
immediate connection between activated talin and F-actin po-
lymerization by recruiting the F-actin stabilizer and elongator
VASP (vasodilator-stimulated phosphoprotein; Lafuente et al.,
2004; Worth et al., 2010). Such a rapid coupling may be es-
sential for leukocyte P2 integrins to mediate robust cell adhe-
sion and spreading in the presence of shear stress exerted by
the blood flow (Klapproth et al., 2015; Su et al., 2015). In con-
trast to RIAM, Kank family proteins represent a novel type of
talin activator that negatively regulates the connections between
talin and F-actin. Kank family proteins consist of four members
(Kank1-4) in mammals and are evolutionarily conserved in
metazoans. They are characterized by a short KN motif at the N
terminus followed by several coiled-coil domains in the central
part of the protein and five ankyrin repeats at the C-terminal end
(Zhu et al., 2008b). Mutations in Kank family genes have been
associated with nephrotic syndrome, which can also be caused
by compromised integrin-mediated adhesion of podocytes to
the glomerular basement membrane or by elevated RhoA sig-
naling (Gee et al., 2015). Kank proteins interact with liprin-f1
through a unique coiled-coil domain and are recruited to a large
protein complex containing liprin-f1, liprin-al, ELKS, and
LL5p (Lansbergen et al., 2006; van der Vaart et al., 2013). In-
terestingly, this multiprotein complex clusters in the proximity
of mature FAs, where the complex on the one hand captures
the microtubule plus ends by recruiting CLASP proteins and
mediates the local exocytosis of metalloprotease MMT-MP1 to
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talin. The N+erminal talin head domain (THD) is an

atypical FERM domain composed of FO, F1, F2, and

F3 subdomains containing an integrin tail-binding site

(IBS1). THD is linked to the talin rod domain via a flex-
DD ible linker of ~80 amino acids. The talin rod domain
4 contains 13 helix bundles (R1-R13) and a dimeriza-
tion domain (DD) and a second, underinvestigated
integrin tail-binding site (IBS2). The IBS1, IBS2, three
actin-binding sites (ABS1-3), two critical vinculin-
binding sites (VBSs) in the R3 and R8 domains, and
binding sites for RIAM, Kank2, and DLC1 are shown.
The remaining VBSs are not depicted. (B) Model de-
picting the mechanical response of the molecular clutch
and infegrin-ligand bonds on the soft or rigid ECM in
the presence or absence of Kank2. On soft substrates,
the slow loading rates fail to induce talin unfolding
and vinculin recruitment before the slip bond between
integrin and the ligand ruptures under low force. In
contrast, on rigid substrate, high loading rates induce
vinculin-dependent clutch reinforcement, catch bond
formation, and high force transmission. Kank2 inter-
feres with F-actin binding to the talin ABS2, leading
to reduced force transmission across talin as well as
a diminished activation of VBSs. Consequently, Kank2
abrogates the clutch reinforcement and induces fre-
quent ruptures of the slip bond between integrin and
ligand even on rigid substrates.

promote FA disassembly, and on the other hand recruits KIF21a
(kinesin family member 21A) through C-terminal ankyrin re-
peats of Kank to restrict microtubule outgrowth at the cell pe-
riphery (van der Vaart et al., 2013; Stehbens et al., 2014). Recent
studies revealed that Kank proteins directly bind to the talin R7
domain through the KN motif and activate Talin at the periph-
eral rim of FAs termed the FA belt (Bouchet et al., 2016; Sun
et al., 2016). The binding of Kank family proteins to the talin
R7 occurs in close proximity to the talin ABS2 and interferes
with F-actin recruitment to ABS2, resulting in reduced force
transmission across talin and ECM-bound integrins, adhesion
sliding, B1 integrin translocation into fibrillar adhesion, and a
reduction in migration speed (Fig. 2 B; Sun et al., 2016).

The talin-based molecular clutch plays important roles
in the 3D organization of FAs. Hundreds of different proteins
are recruited to FAs and form a dynamic interaction network,
collectively termed the “integrin adhesome” (Winograd-Katz
et al., 2014). Despite the molecular complexity, FAs exhibit
a 3D, modular, nanometer-scale organization. Different func-
tional modules in FAs are vertically laminated and mechani-
cally linked in agreement with the molecular clutch model.
The integrin layer spans ~20 nm across the plasma membrane,
which is followed by the integrin signaling module containing
THD, FAK, and paxillin within 20 nm of the plasma mem-
brane, and then a force transduction module containing the
talin rod domain, vinculin, and the VASP—zyxin complex that
are connected to F-actin (Hu et al., 2007; Kanchanawong et al.,
2010). The vertical positioning of vinculin is controlled by its



interaction with talin and paxillin during the dynamic trans-
mission and sensing of forces (Plotnikov et al., 2012; Case et
al., 2015). In addition to the vertical layering of molecules in
FAs, mature FAs assembled on fibronectin (FN) also display
a horizontal layering with $3 integrins in FA cores and talin-
bound Kank and 1 integrins at the FA belt (Sun et al., 2016;
Fig. 1). The lateral segregation of different integrin subtypes
may be determined by their differential integrin—ligand bond
stabilities under different force regimes. For instance, B1 inte-
grins can assemble adhesion complex without myosin-driven
contractility and exhibit fast translocation in FAs, whereas 3
integrins are stationary in FAs and quickly internalized when
force is released (Rossier et al., 2012; Schiller et al., 2013; Yu
et al., 2015). Consistently, although the B3-enriched FA core
is highly engaged with F-actin to transmit high forces, the en-
richment of Kank in the FA belt diminishes the engagement of
the talin ABS2 with F-actin and hence reduces the force trans-
mission pointing to a force-dependent self-organization of FA
structures and a compartmentalized force transmission within
FAs (Sun et al., 2016).

Mechanotransmission through the molecular clutch estab-
lishes a mechanical equilibrium between the extracellular me-
chanical resistance and the intracellular contractility and thus
is essential for detecting the viscoelasticity of the ECM. Both
relaxation and rupture of the force-transducing linkages can
terminate mechanotransmission (Schoen et al., 2013; Chen et
al., 2015). While relaxation can be caused by the displacement
of the ECM ligands when tensile loads induce the deformation
or viscous sliding of ECM materials, rupture may stochasti-
cally but preferentially occur at the weakest protein—protein
interface where the bond lifetime may be regulated by mechan-
ical loads. Whereas most protein—protein interactions exhibit
a slip bond behavior in which bond lifetimes are shortened
when forces are applied to the bond, some protein—protein
interactions are allosterically activated under force, resulting
in a prolonged bond lifetime (Thomas, 2008). Such a force-
stabilized bond is called a “catch bond.” The a5f1 integrins in
their relaxed state bind to the tripeptide RGD (Arg-Gly-Asp)
motif in the 10th type III module of fibronectin (FNIII10; Tak-
agi et al., 2003), whereas they additionally engage the synergy
site in FNIII9 under tensile load to form a catch bond (Fried-
land et al., 2009; Kong et al., 2009). Importantly, repeated
stretching of the bond between a5p1 integrin and FN, even
with a low force amplitude of ~10 pN, significantly prolongs
the bond lifetime in a process called “cyclic mechanical rein-
forcement” (Kong et al., 2013). Catch bond behaviors have
also been documented within the actomyosin system, such
as the associations between F-actin/G-actin and between F-
actin and myosin II (Guo and Guilford, 2006; Lee et al., 2013).
On soft substrates, the slow loading rates on the molecular
clutch fail to induce talin unfolding and vinculin recruitment
before the slip bond between integrin and the ligand ruptures,
whereas on a rigid substrate, high loading rates induce vincu-
lin-dependent clutch reinforcement and catch bond formation
(Fig. 2 B). Consequently, both catch bond—dependent adhesion
strengthening and vinculin-dependent clutch reinforcement
are essential to trigger downstream signaling such as acti-
vation of FAK and nuclear translocation of the transcription
factor YAP (Friedland et al., 2009; Elosegui-Artolaetal., 2016).

Parallel clustering of force-transducing linkages enhances
the robustness of mechanotransmission. A theoretical analy-
sis suggests that lateral cross-linking of adjacent force-trans-
ducing linkages by adaptor proteins allows the redistribution
of the tensile load between parallel bonds within the integrin
cluster, increases integrin—ligand rebinding rates, and extends
the duration of mechanotransmission (Schoen et al., 2013). The
functional significance of integrin clustering has been tested in
tumor models, where enhanced 1 integrin clustering induced
by the V737N point mutation in the B1 integrin transmembrane
domain, but not constitutive 1 integrin activation induced by
G429N point mutation in the f1 integrin ectodomain, can by-
pass the requirement of ECM stiffness for inducing FAK ac-
tivation and malignant phenotypes in cancer cells cultured on
soft substrates (Paszek et al., 2005; Levental et al., 2009). The
viscoelasticity of ECM materials also influences mechanotrans-
duction by regulating integrin clustering. In a pure elastic en-
vironment, soft ECM negatively modulates integrin rebinding
rates and clustering (Qian and Gao, 2010). However, in a vis-
coelastic environment, where elastic energy can be dissipated
through material deformations and translocation, cells counter-
act the softness by actively remodeling the ECM and increasing
local ligand density, which in turn facilitates integrin clustering.
Indeed, the spreading and osteoblast differentiation of human
mesenchymal stem cells (hMSCs) are inhibited on soft poly-
acrylamide hydrogel, but not on soft polydimethylsiloxane, a
highly viscous material (Trappmann et al., 2012). Furthermore,
cell spreading, proliferation, and osteogenic differentiation of
hMSCs are increased by stress relaxation on viscoelastic ma-
terial (Chaudhuri et al., 2015, 2016). Similarly, when hMSCs
are cultured on soft networks formed by RGD-functionalized
dextran methacrylate fibers, cells recruit nearby fibers by con-
tractile force, thereby increasing local ligand density and con-
sequently promoting cell spreading, FA assembly, and FAK
activation (Baker et al., 2015).

Integrin clustering can also be regulated by the mechani-
cal resistance of the glycocalyx on the cell surface independent
of ECM viscoelasticity (Paszek et al., 2009). The glycocalyx
is a layer of glycoprotein—polysaccharide complex on the cell
surface. Although integrins extend ~11 nm from the cell surface
in their inactive conformations and up to ~20 nm when they
adopt active conformations (Ye et al., 2010; Su et al., 2016),
the glycocalyx can extend >100 nm from the cell surface (Hat-
trup and Gendler, 2008). Although the glycocalyx imposes
electrosteric and osmotic repulsion between integrins and the
ECM ligands (Bell et al., 1984; Hammer and Tirrell, 1996),
local compression of the glycocalyx around integrin-ligand
complexes reciprocally imposes a pulling force on integrins to
promote integrin extension, clustering, and FA maturation in a
kinetic trap-like manner (Fig. 3; Paszek et al., 2009). Impor-
tantly, cancer cells and various normal cells such as chondro-
cytes are armed with a bulky mucin-enriched glycocalyx, which
induces a cellular perception of high ECM stiffness even on soft
substrate and facilitates cancer cell survival and proliferation
in a FAK- and phosphoinositide 3-kinase—dependent manner
(Paszek et al., 2014).

Measuring the exact magnitude of force sensed by each mech-
anosensitive unit is not a trivial issue (Polacheck and Chen,
2016). Atomic force microscopy and optical/magnetic tweezers
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Figure 3. Glycocalyx around integrin-ligand
complexes promotes infegrin-ligand binding and
clustering. The glycocalyx is a layer of glycoprotein-
polysaccharide complexes on the cell surface that ex-
erfs electrosteric and osmotic repulsion to the ECM.
Because the height of the glycocalyx exceeds that of
the active integrins, the glycocalyx must be mechani-
cally compressed around integrin-ligand complexes
(indicated as blue arrows). Ligand-bound integrins
within the compressed glycocalyx reciprocally sense
the pulling force that promotes catch-bond formation
and mechanotransduction. Glycocalyx-embedded in-
tegrin-ligand complexes shorten the distance between
the plasma membrane and the ECM, which increases
the probability of integrin activation and clustering
around existing inftegrin-based adhesion sites in a
kinetic trap-like manner. Talin is immobilized by ac-
tomyosin bundles within FAs, where it captures and

| activates integrins that enter the kinetic trap.
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on ECM
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can measure mechanical properties with subcellular resolution
and in single proteins, but usually outside the physiological con-
text. The development of molecular tension sensors (MTSs) al-
lows measuring the forces sensed by mechanosensitive proteins
in living cells with piconewton accuracy. A typical MTS con-
tains a Forster resonance energy transfer (FRET) pair (or fluo-
rophore-quencher pair) connected with a spring-like molecule.
Tensile loads from both sides of the MTS increase the distance
between the fluorophore pair, leading to either a gradual fluores-
cence change within a defined force range or a digital fluores-
cence change at a defined force threshold (Fig. 4 A; Freikamp
et al., 2016). Although MTSs provided molecular insights on
force transmission, there are considerable controversies between
results from different MTS measurements. Using genetically
encoded intracellular MTSs with different dynamic ranges, the
mean forces sensed by vinculin and talin within mature FAs were
shown to be ~2.5 pN and between 7 and 10 pN, respectively
(Grashoff et al., 2010; Austen et al., 2015). Single-molecule ten-
sion measurements using an extracellular MTS sensitive to forces
below 6 pN revealed that the majority of integrins apply forces
between 1 and 5 pN (Morimatsu et al., 2013, 2015). In contrast,
DNA-based digital MTSs demonstrated that integrins can apply
wider range of forces up to ~15 pN (Blakely et al., 2014; Zhang
et al., 2014). DNA-based tension probes that are irreversibly rup-
tured by forces above defined thresholds revealed that single in-
tegrins transmit forces of up to 40 pN during cell adhesion and
even higher forces during FA maturation (Wang and Ha, 2013).
These discrepancies may originate from intrinsic technical lim-
itations of the current MTS technology. The bulk measurements
of mean forces using FRET- or dequenching-based MTSs lack
single-molecule information because of large background signals
of tension sensors that are not mechanically engaged (Fig. 4 B).
The disadvantage of digital MTSs is their inability to measure
forces in a wider dynamic range. Rupturable MTSs on the other
hand cannot monitor dynamic changes such as cyclic mechani-
cal reinforcement. Another important issue is to determine me-
chanical forces in 3D and hence closer to a physiological context.
This will probably be resolved in the near future with the help
of high-resolution 3D traction force microscopy of cultured cells

JCB » VOLUME 215 « NUMBER 4 « 2016

(Steinwachs et al., 2016) and oil microdroplet force sensors in
intact tissue (Campas et al., 2014).

Functional effects of forces on
mechanosensitive structures

During mechanotransmission, intra- and extracellular force-
bearing mechanosensitive molecules and structures can be
stretched into different functional states. These force-induced
functional states or functionalities trigger biochemical signals
whose quality and quantity are determined by the duration,
frequency, and history of each mechanotransmission event.
On the level of single proteins, forces induce conformational
changes that regulate protein—protein interactions, as shown for
FN (Leiss et al., 2008), talin (del Rio et al., 2009), and filamin
(Ehrlicher et al., 2011; Rognoni et al., 2012), or alter enzymatic
reactions on key signaling molecules. Mechanical stretching
allows Src family kinases to phosphorylate p130Cas on mul-
tiple tyrosine residues, which subsequently serve as a docking
hub for downstream signaling molecules (Tamada et al., 2004;
Sawada et al., 2006). Despite the lack of direct experimental
proof, molecular simulations suggest that mechanical force may
facilitate FAK activation, although the predicted force require-
ment of >100 pN is terribly high (Zhou et al., 2015). Within the
integrin adhesome, the protein interaction network is remodeled
in response to mechanical forces (Schiller and Féssler, 2013).
A large group of proteins, particularly LIM domain—contain-
ing proteins, are recruited to FAs in a force-dependent man-
ner through mechanisms that are still unknown (Schiller et al.,
2011). Other system-level changes in the integrin adhesome
have been observed during tension release and adhesion turn-
over, suggesting high plasticity and mechanosensitivity of the
adhesome network (Kuo et al., 2011; Horton et al., 2015). On a
larger scale, rapid propagation of mechanical stress from integ-
rin adhesion sites along the prestressed cytoskeleton induces the
kinase activity of Src at a distance of up to 60 um away from the
site of mechanical stress application and at a speed much higher
than achieved by the diffusion or a motor protein-mediated
transport of signaling molecules (Na et al., 2008; Wang et al.,
2009). Integrins can also mechanically activate growth factor
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Figure 4. Molecular tension sensors are used to measure the
forces sensed by mechanosensitive proteins. (A) Models of the
different types of molecular tension sensors (MTSs). A typical
MTS is composed of a FRET pair (or fluorophore-quencher
pair) connected by a spring-like linker that can be extended
by force. Three types of MTSs have been invented: the pep-
tide-based MTS uses engineered tension-sensitive peptide
as the linker and can be genetically encoded into intracel-
lular proteins, the DNA-based digital MTS unwinds its hair-
pin structure and changes fluorescence intensity when force
is above a defined threshold and is used to determine the
lower limits of mechanical stress, and the DNA-based rup-
turable MTS is irreversibly ruptured by forces above defined
thresholds and is used to approach the upper limits of forces
transmitted by cell surface receptors. (B) Limitation of the bulk
measurement in an MTS experiment. Because of the spatial
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signaling. TGF-fs are growth factors involved in tissue ho-
meostasis, tumor malignancy, and fibrosis (Wells and Discher,
2008). Secreted TGF-f is immobilized on ECM proteins such
as fibrillin, proteoglycans, and FN by LAP (latency-associated
protein). The integrins aVp5, V6, and aVP8 directly bind and
pull on LAP, leading to the release of TGF-3, which then acti-
vates the heterotetrameric transmembrane TGF-f receptor ki-
nases formed by type II receptors and type I receptors (Buscemi
et al., 2011). Intriguingly, type I and II receptors are spatially
segregated within FAs and only converge on the less tensed FA
belt structure, suggesting an intricate mechanical requirement
for optimal TGF-f} signaling (Rys et al., 2015).

Cellular responses in mechanotransduction

Mechanotransduction results in rapid changes of the cellular
mechanics as well as long-term responses by affecting gene
expression, both of which require integrin-dependent RhoA
signaling and downstream actin dynamics. Mechanical stretch
on integrins activates FAK and Src family kinases and induces
immediate cell stiffening through the Rho-GEFs LARG and
GEF-HI1 (Guilluy et al., 2011). RhoA promotes stress fiber
formation through the activation of formins; RhoA also pro-
motes nonmuscle myosin II activity through the activation of
Rho-associated coiled-coil containing protein kinase (ROCK).
Both RhoA downstream pathways are required for optimal
cellular tension and rigidity sensing (Schiller et al., 2013). Re-
markably, cells adapt their RhoA signaling in response to ECM
rigidity, cell geometry, and cell density to control cell prolif-
eration and differentiation. For examples, high ECM stiffness
enhances cell proliferation and induces an invasive phenotype

mean mechanical stress of all MTS probes within each pixel.
Such a measurement is strongly influenced by the background
of unengaged MTS probes and the variation of forces sensed

by each individual MTS probe.

Average FRET ~ 0.257

even in nontransformed mammary epithelial cells (Paszek et al.,
2005; Aragona et al., 2013). Furthermore, substrate elasticity
corresponding to a specific in vivo tissue stiffness predisposes
hMSCs to pursue specific cell fates (Engler et al., 2006). h(MSCs
can be differentiated into multiple mesenchymal lineages in
vitro, including adipocytes and osteoblasts that reside in soft
and rigid tissue environments, respectively. Inhibition of cellu-
lar tension with cytochalasin D or the ROCK inhibitor Y-27632
or by expression of a dominant-negative RhoA promotes adi-
pogenesis on rigid, osteogenic conditions, whereas overexpres-
sion of constitutively active ROCK restores osteogenic fate on
soft, adipogenic conditions (McBeath et al., 2004; Engler et al.,
2006). Most of the effects of ECM stiffness on cell prolifera-
tion and differentiation can be attributed to YAP and TAZ (YAP/
TAZ), two transcriptional activators that operate in the Hippo
pathway to induce the expression of prosurvival genes (Dupont
et al., 2011; Aragona et al., 2013; Zanconato et al., 2015). Al-
though incompletely understood, integrin signaling and cellular
tension activate YAP/TAZ through a signaling cascade involv-
ing FAK, Src, phosphoinositide 3-kinase, and JNK pathways
(Codelia et al., 2014; Mohseni et al., 2014; Kim and Gumbiner,
2015; Elbediwy et al., 2016). Besides regulating YAP/TAZ,
F-actin polymerization reduces G-actin concentration and re-
leases myocardin-related transcription factors (MRTFs) into
the nucleus to activate serum response factor (SRF)-mediated
transcription (Olson and Nordheim, 2010). Transcriptional tar-
gets of MRTF-SREF significantly overlap with gene signatures
related to cancer metastasis, mechanotransduction and YAP/
TAZ activation (Esnault et al., 2014). Interestingly, under cyclic
stretch, MRTF-SRF activation precedes and facilitates YAP/
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TAZ activation, suggesting that MRTF-SRF activation is re-
sponsible for immediate transcriptional response to mechanical
stimulus (Cui et al., 2015).

In addition to the activation of transcription regula-
tors such as YAP, TAZ, and MRTF-SRF, integrin-mediated
mechanotransduction also modulates gene expression via the
nucleoskeleton. The LINC (linker of the nucleoskeleton and
cytoskeleton) complex connects cytoplasmic cytoskeleton with
the nuclear lamina through the nuclear transmembrane protein
emerin and the inner nuclear protein SUN. This connection en-
ables direct force transmission from integrin-based adhesions
to the nucleoskeleton (Isermann and Lammerding, 2013). The
consequences of mechanical stress on the nucleus, similar to
the mechanical stress in FAs, are changes in protein localiza-
tion, protein conformation, and complex formation (Poh et al.,
2012; Swift et al., 2013; Guilluy et al., 2014; Le et al., 2016).
For example, mechanical forces acting on the nucleus during
integrin-mediated cell spreading induce nuclear F-actin polym-
erization, leading to the formation, retention, and activation of
the MRTF-SRF complex in the nucleus (Baarlink et al., 2013;
Plessner et al., 2015). It has also been demonstrated that chronic
cyclic stretches of epidermal stem cells induce remodeling of
the nuclear lamina and global rearrangement of chromatin, re-
sulting in epigenetic silencing by polycomb repressive complex
2—mediated trimethylation of Lys27 of histone 3 and global re-
duction of RNA polymerase [I-dependent gene expression (Le
et al., 2016). Interestingly, long-term exposure of hMSCs to
rigid substrates irreversibly impairs the adaptation of gene ex-
pression and adipogenic differentiation on soft substrate, which
probably also involves an epigenetic regulation (Yang et al.,
2014). The “mechano-epigenetic” regulation may function as a
signaling rheostat that memorizes mechanical experiences from
the past and thereby predisposes cell fates (Yang et al., 2014).
Such a signaling rheostat may play important roles in adult stem
cells during tissue homeostasis and repair.

A growing body of knowledge supports the notion that mecha-
notransduction is also of significance in vivo. In some scenarios,
integrin-mediated cell adhesion regulates tissue morphogenesis
solely through mechanics. For example, integrin-dependent me-
soderm tissue mechanics and intertissue adhesion between the
paraxial mesoderm and notochord promote trunk elongation in
zebrafish embryos (Dray et al., 2013). Integrin signaling also
regulates cell position-dependent proliferation and differentia-
tion through the Hippo pathway in concert with cell-cell ad-
hesion and cell polarity (Hirate et al., 2013; Elbediwy et al.,
2016). For a comprehensive review of developmental roles of
mechanotransduction in vivo, we refer to a recently published
review by Mammoto et al. (2013).

Integrin-mediated mechanotransduction is often dysreg-
ulated under pathological conditions such as cancer and tissue
degeneration during aging. Tumor progression is typically as-
sociated with a pathological increase of tissue stiffness caused
by extensive desmoplastic reactions characterized by excessive
deposition, cross-linking, and aberrant organization of dense
ECM fibers (Malik et al., 2015). In pancreatic ductal adenocar-
cinoma, which is known for its insensitivity to chemotherapy
and immunotherapy, ~90% of the tumor mass is composed of a
thick desmoplastic stroma that maintains an immunosuppressive
tumor microenvironment and impedes drug delivery (Heldin et
al., 2004; Olive et al., 2009; Provenzano et al., 2012). Cancer-

associated fibroblasts (CAFs) represent a key cell population in
the fibrotic stroma responsible for ECM deposition. High ECM
density and stiffness promote integrin-dependent FAK activa-
tion, cell contractility, and subsequent YAP/TAZ activation in
cancer epithelial cells, which can be further potentiated by the
loss of normal apical-basal polarity (Paszek et al., 2005). At
the same time, hyper-activation of YAP/TAZ in CAFs enhances
their contractile phenotype (Calvo et al., 2013). The mechan-
ical interactions between the stroma and the cancer epithelial
cells act in a self-reinforcing feedback loop to promote tumor
progression. This vicious cycle is probably initiated by an on-
cogene-induced profibrotic JAK-STAT3 signaling pathway
and further amplified by aberrant contractility in both can-
cer cells and CAFs (Sanz-Moreno et al., 2011; Laklai et al.,
2016). Although the therapeutic potential of eliminating tumor
stroma remains controversial (Olive et al., 2009; Ozdemir et
al., 2014; Rhim et al., 2014), terminating the vicious cycle
of mechanotransduction by inhibiting lysyl oxidase—mediated
collagen cross-linking or FAK activity effectively suppresses
tumor progression (Levental et al., 2009; Jiang et al., 2016).
Impressively, FAK inhibition in pancreatic ductal adenocar-
cinoma and squamous cell carcinoma was recently shown to
decrease immunosuppressive cell populations in tumors and
dramatically sensitize tumors to checkpoint immunotherapy
and a CD8* T cell-mediated antitumor response (Serrels et al.,
2015; Jiang et al., 2016).

Studies in the past 30 years have established the biophysical and
biochemical principles of integrin-mediated mechanotransduc-
tion. However, there are still a lot of open questions that need
to be answered to gain a comprehensive understanding of this
process. (1) The recent characterization of the integrin adhesome
will allow research efforts to define all mechanosensitive compo-
nents and delineate their functionalities in response to mechani-
cal stimulus using genetic tools and molecular MTSs. (2) Despite
growing evidence pointing to the in vivo importance of an in-
tact and functional mechanotransduction axis, the physiological
responses to gradual mechanical changes that occur in tissues
during aging remain largely unexplored. (3) It remains a mystery
how the low affinity of the talin—integrin tail interaction is able to
transmit the sum of all forces originating from all occupied talin—
VBS and talin—ABSs. (4) It is also unclear which force regimes
are (really) required to disrupt integrin bonds with FN and other
integrin ligands. (5) It is unknown how fast ligand-bound integrin
classes sense mechanical loads. (6) It will also be important to
investigate how the control of force transmission is achieved
spatially in cells (FBs and rear FAs). (7) It is still not known
whether FA proteins can be damaged by cellular forces, and, if
so, how force-damaged proteins are recognized and cleared. (8)
More thorough investigations with appropriate animal models
are required to elucidate the therapeutic potential of targeting
signaling events downstream of mechanotransduction in various
diseases and tissue regeneration. Clearly, there is still a lot to do!
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