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Cell adhesion systems are defined by their ability to resist detachment force.Our understand-
ing of the biologyof cell–cell adhesions has recently been transformed by the realization that
many of the forces that act on those adhesions are generated by the cells that they couple
together; and that force at adhesive junctions can be sensed to regulate cell behavior. Here,
we consider the mechanisms responsible for applying force to cell–cell junctions and the
mechanosensory pathways that detect those forces. We focus on cadherins, as these are the
best-studied examples to date, but it is likely that similar principles will apply to other
molecular systems that can engage with force-generators within cells and physically
couple those cells together.

C
ell–cell adhesion systems couple cells to-
gether to form mechanically coherent tis-

sues that can resist detachment forces: This has

beenwell-appreciated for avery long time.More
recently, our understanding of the relationship

between mechanical force and cell–cell adhe-

sion has grown in range and subtlety, prompted
by two advances. First was the demonstration

that patterns of force that are actively driven by

cells (especially contractile forces)generatemor-
phogenetically important outcomes when they

are coupled to cell–cell adhesion. This is an area

that has been extensively discussed in many re-
cent reviews (e.g., see Lecuit et al. 2011; Heisen-

berg and Bellaiche 2013; Martin and Goldstein

2014; Lecuit and Yap 2015). Second is the grow-

ing evidence that mechanical forces can elicit
active cellular responses when they impinge

on, and are transmitted through, cell adhesion

molecules (Orr et al. 2006; Leckband and de
Rooij 2014). Effectively, mechanical force con-

stitutes a mode of biological communica-

tion that can complement better-characterized
chemical and electrical modes of biological in-

formation. We will focus on this second emerg-

ing area in the present review. Our discussion
will concentrate on classical cadherins, although

it is likely that other cell–cell adhesion systems

will prove to support mechanosensing and me-
chanotransduction. For this same reason, we

will principally discuss studies in epithelia and

endothelia.We consider the forces that cells may
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sense at cell–cell junctions; ways to measure

forces at junctions; the mechanisms that allow
cell–cell adhesion systems to link mechanical

stimuli to functional biological outcomes; and

the biological processes that are elicited by force-
sensing at junctions.

FORCES THAT ACT ON CELL–CELL
JUNCTIONS

Cell–cell adhesion systems experience forces
that originate from a range of sources. These

forces have often been characterized when tis-

sues undergo large-scale morphogenetic move-
ments during development or tissue remodel-

ing. However, changes in junctional force also

occur during tissue homeostasis in response to
events such as apoptosis (Lubkov and Bar-Sagi

2014) and cell division (Campinho et al. 2013).

External Forces Exerted at the Tissue Scale

Cell–cell adhesion systems are exposed to, and
must withstand, a range of external forces that

can act on tissues. These include physical trau-

ma, skeletal muscle contraction, and flow with-
in blood and lymphatic vessels. It was often

thought that cell–cell adhesion preserved tissue

integrity by passively resisting these forces.
However, apparently paradoxical responses in-

dicate that cell adhesion systems can be actively

regulated in response to the application of force.
One such example is the observation that ten-

sion across vascular endothelial (VE)-cadherin

decreased when shear forces were applied to
vascular endothelial cells (Conway et al. 2013),

whereas this would have been expected to in-

crease if VE-cadherin were acting to passively
resist force.

Active Cell–Cell Forces Generated
within Tissues

Here, we refer to forces that cells exert on their
neighbors. This concept has emerged with the

realization that nonmuscle cells actively gener-

ate force that can be transmitted to their neigh-
bors through cell–cell junctions (Fernandez-

Gonzalez et al. 2009; Martin et al. 2009; Rauzi

et al. 2010; Ratheesh et al. 2012). Such force can

be generated by a number of cellular processes,
of which the best understood is contractility.

Cellular Contractility

The actomyosin system is the major contractile

force-generator in eukaryotic cells (Clark et al.
2007; Vicente-Manzanares et al. 2009; Heissler

andManstein 2013). Localized changes in acto-

myosin activity can cause local changes in force
within tissues. As we discuss below, they can

also mediate the response of other cells within

the tissue to those changes in force. In non-
muscle cells, this contractile apparatus involves

the interaction of nonmuscle myosin II (NMII)

with F-actin networks whose organization can
vary substantially, from sarcomere-like struc-

tures (Ebrahim et al. 2013) and bundles (Martin

et al. 2009; Smutny et al. 2010) to less-organized
networks (Martin et al. 2009;Wu et al. 2014). As

discussed in Mège and Ishiyama (2017), actin

filaments are likely to be the principal mecha-
nism that physically couples actomyosin to cad-

herin adhesion complexes. This association is

mediated by a-catenin and other actin-binding
proteins that can associate with cadherins (Ra-

theesh and Yap 2012). However, proteins like

synaptopodin (Kannan and Tang 2015), which
can bind both NMII and cadherin, may also

contribute.

A number of distinct patterns of contractil-
ity impinge on cell–cell junctions. First, pulsa-

tile networks characterized by oscillatory cycles

of condensation and turnover are found at the
medial-apical surfaces of epithelial cells in mor-

phogenetically active tissues in Drosophila

(Martin et al. 2009; Rauzi et al. 2010) and also
at the lateral cell–cell junctions in cultured

mammalian cells (Wu et al. 2014). In both cases,

the pulsatile contractility of these actomyosin
networks generates pulsatile movement of E-

cadherin clusters at those junctions. Interesting-

ly, despite their evolutionarily distant cells of
origin, these pulsatile systems are distinguished

by periods of similar order (≏100 sec), suggest-

ing that theymight reflect some commonmech-
anism (Baird et al. 2016). The basis of pulsatility

may arise from oscillations in upstream regula-
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tors, such as RhoA signaling (Munjal et al. 2015;

Mason et al. 2016), as well as properties intrinsic
to the actomyosin apparatus itself (Baird et al.

2016), such as F-actin turnover (Wu et al. 2014).

In other circumstances, actomyosin may
generate a tonic contractility that is reflected in

tension within cell–cell junctions (Fernandez-

Gonzalez et al. 2009; Ratheesh et al. 2012; Raus-
kolb et al. 2014). This is seen in polarized epi-

thelial cells, particularly those that display a zo-

nula adherens (ZA). This is a specialized formof
adherens junctions (Meng et al. 2008), where

stabilized E-cadherin concentrates in a ring at

the apical-lateral interface between cells (Priya
et al. 2013), accompanied by actomyosin bun-

dles that run parallel to the ZA (Smutny et al.

2010). In these cells, junctional tension is great-
est at the ZA, comparedwith the contractile cor-

tex of the lateral junctions below the ZA (Wu

et al. 2014). Contractility can also generate pat-
terns of flow in the cell cortex tomovemolecules

(Munro et al. 2004) and, indeed, basal-to-apical

flowof cadherins has been observed at junctions
between some epithelial cells (Kametani and

Takeichi 2007). Together, these observations

suggest that the organization of the actomyosin
system can itself influence the patterns of force

that it exerts on cadherin junctions.

Of note, the E-cadherin adhesion system
itself plays an important role in the biogenesis

of junctional actomyosin, as its level is de-

creased when E-cadherin is depleted (Smutny
et al. 2010; Ratheesh et al. 2012). This impact of

E-cadherin appears to reflect multiple mecha-

nisms that are coordinated for actomyosin bio-
genesis, including signals that activate NMII

and stimulation of cortical actin assembly (Ko-

vacs et al. 2011; Michael et al. 2016). These
mechanisms have been reviewed in detail else-

where (Ratheesh and Yap 2012; Priya and Yap

2015). However, for the purposes of our dis-
cussion, we would highlight two points. First,

cadherin-based junctions can be usefully un-

derstood as integrated systems that couple
adhesion receptors with the dynamic cytoskel-

eton, rather than combinations of independent

adhesion and cytoskeleton. Second, the junc-
tional actomyosin cytoskeleton is dynamic

even in morphologically quiescent epithelia

(Yamada et al. 2005; Smutny et al. 2010).

Thus, the steady-state actomyosin that is seen
at the junctional cortex is sustained by constant

actin assembly and NMII activation. Such a dy-

namic steady-state system can then potentially
be tuned in response to physiological signals,

including mechanical stimuli.

Patterns of contractile force at junctions are
also subject to differential spatial organizations

at the supracellular level. For example, junction-

al tension appears to be isotropic in established
epithelia that are morphogenetically stable. In

contrast, morphogenetically active tissues can

establish planar-polarized patterns of contrac-
tility. This is seen in the formation of the ventral

furrow during gastrulation in the early Dro-

sophila embryo, which entails the developmen-
tally regulated induction of pulsatile medial-

apical actomyosin networks in the mesodermal

precursors (Martin et al. 2009; Martin et al.
2010). In other circumstances, planar-polarized

differences in cadherin turnover have been im-

plicated in patterning contractile stresses (Le-
vayer and Lecuit 2013).

An interesting example of local anisotropy

in junctional stress occurs when epithelial cells
undergo apoptosis. Apoptotic cells become

hypercontractile when effector caspases cleave

ROCK1 to generate a constitutively active
form of the enzyme (Coleman et al. 2001; Seb-

bagh et al. 2001). When this occurs in epithelia,

the cells immediately adjacent to the apoptotic
cell elongate, as if being pulled by the contractile

cell, and vinculin levels, an index of junctional

tension (Hara et al. 2016), increase at the junc-
tions between the apoptotic cells and their

neighbors (Lubkov and Bar-Sagi 2014). This

implied that contractile stresses might be trans-
ferred from apoptotic cells to their neighbors

through cell–cell junctions. Indeed, E-cadherin

was necessary for these morphological changes
to occur (Lubkov and Bar-Sagi 2014).

Other Cellular Sources of Mechanical Stress

Contractility is not the only form of cellular

force than can potentially impinge on cell–cell
adhesionmolecules. Osmotic forces are respon-

sible for the growth of luminal structures, such
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as the liver (Li et al. 2016) and the gut (Bagnat

et al. 2007). This pressure can potentially be
transmitted directly to apical cell–cell junctions

and indirectly to junctions via the cortex of the

apical cell surface. When epithelial cells migrate
collectively, intercellular stresses also increase at

the junctions that couple the moving cells to-

gether (Bazellieres et al. 2015). The magnitude
of these forces and whether they elicit cellular

responses remains to be determined.

Finally, it is important to note that mechan-
ical equilibrium mandates that localized differ-

ences in force are transmitted some distances

within tissues (Barry et al. 2015; Das et al.
2015). The distances over which forces propa-

gate are entirely determined by the viscoelastic

properties of the tissue and are expected to de-
cay over a few cell diameters. However, these

viscoelastic properties are substantially deter-

mined by the cytoskeleton (Howard et al.
2011). Thus, the propagation distance can be

modified if cells actively react to changes in force

by altering the mechanical properties of their
cytoskeletons. For example, active softening of

the cytoskeleton would be expected to decrease

the propagation distance, whereas it would be
increased if cells stiffen. Similarly, if force were

to induce a contractile response in neighboring

cells (Michael et al. 2016), this would add an-
other localized source of mechanical constraint

to amplify the mechanical signal and promote

its large-scale propagation. This highlights the
central role that cellular contractility potentially

plays in the generation of, and response to, cel-

lular forces within tissues.

MEASURING FORCES AT CEL–CELL
CONTACTS

The mechanobiology of cell–cell junctions has

been made possible by recent advances in tools
that can measure forces in cells and whole or-

ganisms. A range of reagents and assays are now

available for the investigator to use, which have
been considered in detail in recent reviews (see

Trier and Davidson 2011; Sugimura et al. 2016).

Here, we will focus on some conceptual aspects
that pertain to the forces that have to be mea-

sured and the nature of the assays themselves.

A Conceptual Preamble

The adhesion strength of adherens junctions is

determined by many factors. In addition to the

binding energyof trans-bonded cadherin recep-
tors, it is increasingly clear that a large part of

the adhesion strength is regulated by the prop-

erties of the underlying cytoskeleton and its
coupling to cadherins (Fig. 1). A detailed anal-

ysis of how cortical dynamics and mechanics

affect adhesion has still to be performed. How-
ever, we would like to highlight two important

physical considerations that are often over-

looked in the literature.
First, at the molecular level the mechanical

force acting on a bond to disrupt it or on a

protein to induce a conformational change is
very often exerted at a distance across the cyto-

plasm or the plasma membrane. The amplitude

and direction of this force will depend on
whether the mechanical properties of the medi-

um tend to localize mechanical stress or redis-

tribute it over many molecules. For example,
mechanical force can be transmitted from the

cytoskeleton of one cell to the next via the trans-

binding of E-cadherin. This mechanical cou-
pling occurs as long as the bond lasts. Of note,

the traction force exerted by the cytoskeleton on

an E-cadherin molecule can have components
that are “orthogonal” to the junction, or “par-

allel” to the junction. The relative magnitude of

these components will influence their impact
on junctions, and will depend on many contex-

tual factors, such as the geometry of the acto-

myosin networks and the scale of analysis. The
orthogonal component can be partially borne

by bending of the plasma membrane and its

associated membrane skeleton. Consequently,
the molecular “pulling” force that the cytoskel-

eton exerts on the cadherin molecular complex

might be only partly felt at the trans-binding
domain and only partly transmitted to the oth-

er cell. Changing mechanical properties of the

junctional cortex could thus increase/alter the
mechanical forces that are applied to the trans-

binding bond even if the strength of the under-

lying contractility is unchanged.
Second, when mechanical tension is mea-

sured at the cell–cell interface one should un-
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derstand that a coarse grained, super-molecular
view of the cell–cell contact is being adopted in

the analysis. The local mechanical stress exerted

on a small area of the contact also has compo-
nents parallel and orthogonal to the contact

surface (Fig. 2). These components approxi-

mately correspond to the average component
of the molecular forces exerted at this surface.

As a consequence of what we have discussed

above, the stress exerted at the “contact” planes
between cadherins can differ significantly from

the stress at the “cortical” plane. Therefore, cad-

herins are unlikely to bear fully the tension of
the underlying cortex. Cortical tension “along”

the cellular contact should not be misinterpret-

ed as the tension that acts “across” the contact.
It also follows that the structure of the cortical F-

actin network that lies orthogonal or parallel

to the junction has to be considered whenever
possible. Therefore, when intercellular stress is

experimentally reported, great care should be

taken to understand exactly what quantity was
measured.

Techniques to Measure Mechanical Force

With these considerations inmind, it is useful to

review the range of tools that are available to
measuremechanical force at cell–cell junctions,

ideally within intact cells, keeping in mind the

type of cellular stress that is effectively mea-
sured. These broadly fall into two categories:

assays that endeavor to infer mesoscopic (mm-

scale) patterns of force; and those that measure
molecular level forces.

The range of mesoscopic assays for force

include inference of tension from velocities of
recoil after junctions are cut with lasers (Fer-

nandez-Gonzalez et al. 2009; Ratheesh et al.

2012); assays for intercellular stresses that are
inferred from measurement of traction forces

(Liu et al. 2010); and inference of forces from

Molecular force borne

by the trans-cellular bond

Viscoelastic resistance of the cortex

and the cadherin cluster

Traction force exterted

on the cadherin/actin binding site

- E-cadherin - β-catenin

- F-actin - Open-conformation α-catenin

Figure 1.Molecular forces exerted on singlemolecular bonds. They are likely exerted on the cytoplasmic domain
of E-cadherin when it is attached to F-actin networks. Molecular reporters such as Forster resonance energy
transfer (FRET) sensors are expected to be sensitive to this local force. Due to its embedding in the plasma
membrane and lateral clusters, the force exerted on the extracellular domain of E-cadherin and transmitted to
the neighboring cells might differ significantly from the traction force applied to its intracellular domain.
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changes in junctional morphology (Otani et al.

2006) or direct measurement of the elasticity of
the junctional membrane using laser tweezers

(Bambardekar et al. 2015). These can be com-

plemented with other approaches that address
the mechanical properties of junctions, includ-

ing atomic forcemicroscopy (Harris et al. 2014),

and estimation of hydrodynamic couplingusing
fiduciary markers, such as beads microinjected

into cells (He et al. 2014). These are powerful

approaches, but it is important to emphasize
that they generally carry some assumptions.

For example, to infer tension from recoil mea-

surements, it is necessary to correct for potential
viscoelastic dissipation, an approach that is typ-

ically performed by using mechanical models

(Fernandez-Gonzalez et al. 2009). Similarly, in-
ference of intercellular stress from the imbalance

of the stress measured on the substrate (traction

forces) relies on the assumption that viscous

drag caused by cell motion is negligible and
that mechanical forces must therefore equili-

brate. Finally, it is important to emphasize that

these mesoscopic assays do not provide direct
information on the molecules that are bearing

force. Even when an adhesion molecule, such as

green fluorescent protein (GFP)-tagged E-cad-
herin, is used to monitor junctional recoil after

laser ablation, any changes in tension reflect

changes in the membrane structure within
which E-cadherin is embedded, and not neces-

sarily changes in themolecular-level force acting

on E-cadherin itself.
An important advance in efforts to monitor

specific molecular level forces has come from

the development of genetically encodable ten-
sion sensors that use Forster resonance energy

transfer (FRET) (Grashoff et al. 2010). These

Localization area of the mechanical stress

that depends on cortex viscoelastic properties

Mesoscopic stress

component

disrupting the junction Transmitted stress

Mesoscopic shear and traction stresses resulting

from external stress and/or local contractility of the cortex

Cell 2

Cell 1

Figure 2. Molecular forces at the supramolecular scale. At a larger scale the mechanical stress generated by the
contractility of the cortical actin on a junction can be decomposed into a shear stress parallel to the junction and
into a tensional stress orthogonal to the junction (orange branched arrow). These two stresses are expected to
have different effects on the junction behavior. The transmission of these stresses to and across the junction (dark
gray branched arrow) also depends on the local geometry and rheological properties of the junction. An external
disruptive stress (blue arrows), for example, is borne differently by the junction cadherins depending the angle of
disruption. The viscoelastic properties of the cortex, the rate at which the stress is exerted, and the lability of the
cadherin trans bonds, will also regulate the spatial extent over which the disruptive stress is supported.
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sensors typically involve FRET fluorophore

pairs that are separated by a spring-like linker
peptide that stretches or unfolds whenmechan-

ical force is applied (Freikamp et al. 2016). Such

tension sensors have now been introduced into
cadherins (Borghi et al. 2012; Conway et al.

2013; Cai et al. 2014) and some of their cyto-

skeletal linker proteins, such as vinculin (Leer-
berg et al. 2014) and a-catenin (Kim et al. 2015;

Acharya et al. 2017). They have been used to

probe forces at junctions, both in cell culture
(Borghi et al. 2012; Conway et al. 2013; Leerberg

et al. 2014) and in whole organisms (Cai et al.

2014). However, current sensors have their lim-
itations. Specific molecules within adhesions

may be uncoupled from the forces to which

the adhesion complex as a whole is subject
(Grashoff et al. 2010). The dynamic range of

these sensors is limited by the spring properties

of the linker peptides chosen, although recent
refinements have sought to improve this (Frei-

kamp et al. 2016). Finally, it should be noted

that even though these sensors provide a level
of molecular specificity that is not readily avail-

able with coarse-grained mesoscopic assays, ef-

forts to infer the cellular level of stress from
molecular level assays can be prone to error

for the reasons detailed above. Therefore, it is

best to use a numberof complementary assays to
measure forces wherever possible.

MECHANISMS FOR MECHANICAL
FORCE SENSING

Understanding junctional force-sensing re-
quires that we identify the molecular and cellu-

lar mechanisms that mediate two core process-

es: (1) Mechanosensitivity: mechanisms that
directly sense changes in mechanical force, of-

ten through changes in molecular conforma-

tion. Although this is a precondition for force
to be sensed, all proteins deform under me-

chanical stress. Therefore, to identify the bio-

logically relevant events, it is also necessary to
determine the mechanosensors that are respon-

sible for: (2) Mechanotransduction: the signal-

ing pathways that elicit cellular responses. The
latter condition is important to emphasize: the

demonstration that a protein is under force does

not necessarily mean that its function is altered.

For adherens junctions, current work identifies
roles for the cadherin molecular complex and

also the actomyosin cortex with which it asso-

ciates. It should be noted that much current
effort is devoted to identifying mechanisms

that sense “increases” in force at junctions.

However, “decreases” in force at junctions also
occur (Conway et al. 2013), although less is

known about whether these are actively sensed

by cells. Other membrane components found at
or near adherens junctions, such as ion channels

(Martinac 2004) and caveolae (Sinha et al.

2011), can as well support mechanosensing
and mechanotransduction.

Force-Sensing by the Cadherin
Molecular Complex

As proximal load-bearing elements, it is parsi-
monious to hypothesize that cadherins and/or
their associated proteins (the cadherin molecu-

larcomplex)might be responsible for force sens-
ing. Indeed, fusion proteins bearing FRET-

based TS modules revealed that E-cadherin

and VE-cadherin experience tension in epithe-
lial and endothelial monolayer cultures, respec-

tively (Borghi et al. 2012; Conway et al. 2013).

This constitutive tension found in steady-state
populations reflects cellular contractility, being

reduced when actomyosin activity is inhibited.

Furthermore, tension was detected across Dro-
sophila epithelial (DE)-cadherin in migrating

clusters of border cells, which are found in the

fly egg chamber (Cai et al. 2014). Thismolecular
level tension is likely to reflect the role of cad-

herin in bearing the load when adhesion me-

chanically couples together the actomyosin cy-
toskeletons of neighboring cells (Borghi et al.

2012; Conway et al. 2013) and/or the traction
forces when border cells migrate on cadherin
adhesions (Cai et al. 2014). However, there is

no evidence, to date, that tension alters the mo-

lecular function of the cadherins themselves. Al-
though this view may yet be altered with new

information, current data suggest that cadherins

principally serve to bear and transmit forces.
Instead, the search for junctional molecules

whose function is altered by force has focused
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on other components of the cadherinmolecular

complex (Fig. 3), notably a-catenin and its in-
teraction partner, vinculin, which both bear

tension within cells, as shown using molecular

tension reporters (Leerberg et al. 2014; Kim
et al. 2015; Acharya et al. 2017). Importantly,

recent studies have shown molecular properties

of a-catenin that are altered by mechanical
force, notably its capacity to interact with other

proteins. As discussed in greater detail by Mège

and Ishiyama (2017), a-catenin can directly
bind F-actin as well as a host of other cytoskel-

etal and signaling molecules. However, al-

though isolated a-catenin can readily associate
with F-actin (Rimm et al. 1995), this interaction

could not be detected when a-catenin was in-

corporated into the cadherin–catenin complex
(Drees et al. 2005; Yamada et al. 2005) until

force was applied to the complex (Buckley

et al. 2014). Similarly, the use of magnetic twee-
zers showed that tension across a purified a-

catenin fragment promoted its direct binding

to vinculin (Yao et al. 2014), confirming the

cellular observation that vinculin recruitment
to junctions is sensitive to actomyosin activity

(Wen et al. 2009; le Duc et al. 2010; Yonemura

et al. 2010; Leerberg et al. 2014). Therefore, at
least two of the major protein-binding interac-

tions of a-catenin are tension-sensitive.

How force regulates these protein–protein
binding events is best understood for the asso-

ciation of a-catenin with vinculin. This interac-

tion involves a central region of the a-catenin
molecule, consisting of the vinculin-binding

domain (VBD) and an adjacent so-called mod-

ulatory domain. Structural studies have re-
vealed that the a-catenin molecule can adopt

a closed, autoinhibited conformation that is

predicted to prevent the VBD from interacting
with vinculin (Choi et al. 2012; Rangarajan and

Izard 2012; Ishiyama et al. 2013). The first clue

that this conformation might be regulated by
force came from the observation that a cryptic

epitope located in this autoinhibited region of

- Stabilization of the cadherin complex
- Recruitment of actin polymerases
- Adaptation of mechanical properties

  of the cytoskeleton

- Actin dynamics
- Myosin dynamics

- Signalling

- Closed-conformation α-catenin

α-catenin unfolding

Vinculin binding

- Open-conformation α-catenin- Vinculin

- β-catenin-E-cadherin

- F-actin

- Myosin II

Figure 3. A model for mechanotransduction through the cadherin–catenin complex. Tensional forces are
exerted on cadherins and their associated proteins when adhesion couples the contractile cortices of neighboring
cells together. Tension causes a-catenin to unfold promoting association with vinculin. The formation of this
force-sensitive complex has multiple sequelae, mediated by changes in cytoskeletal dynamics and cell signaling.
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a-catenin required cellular contractility to be

detected by immunocytochemistry (Yonemura
et al. 2010). This suggested that contractile force

might favor an open state of the a-catenin mol-

ecule. Recently, Yao et al. (2014) used magnetic
tweezers to show that the purified central do-

main unfurls on the application of physiological

level forces (≏5 pN), comparable towhat can be
generated by a single myosin motor (Finer et al.

1994). How force promotes binding of F-actin

to a-catenin that is incorporated into a cad-
herin–catenin complex is not understood in

such molecular detail. Kinetic modelling was

consistent with a two-state catch-bond model
in which force promoted strong binding inter-

action between the cadherin–catenin complex

and F-actin (Buckley et al. 2014).
Its capacity to promote protein–protein in-

teractions provides one paradigm for how force

can alter the function of the cadherin molecular
complex. This may ramify in several reported

ways (Fig. 3). First, force-regulated protein–

protein interactions may influence the stability
of the cadherin molecular complex itself. Thus,

the force-induced binding of vinculin tended to

inhibit refolding of the a-catenin central frag-
ment (Yao et al. 2014), thereby stabilizing its

“open” conformation. This could potentiate

its binding to vinculin and perhaps other as-
sociated proteins. Vinculin can also adopt an

autoinhibited conformation (Johnson and

Craig 1995; Bakolitsa et al. 2004), but its bind-
ing affinity for a-catenin (Yao et al. 2014) is

greater than that of the intramolecular interac-

tion that is responsible for its autoinhibited
conformation (Bakolitsa et al. 2004). Binding

a-catenin might then also “activate” vinculin

to allow it to associate with its interaction part-
ners (Chen et al. 2006).

Therefore, force-dependent stabilization of

protein–protein interactions within the cad-
herin molecular complex might not only stabi-

lize the complex, but also promote downstream

functional consequences. One example is actin
assembly at junctions, which is sensitive to con-

tractility, being decreased when myosin was in-

hibited and increased when contractility was
stimulated (Leerberg et al. 2014). One mecha-

nism in this case entailed Enabled/vasodilator-

stimulated phosphoprotein (Ena/VASP) pro-

teins, which can bind directly to vinculin and
were corecruited to junctions with vinculin in

response to contractility. Ena/VASP proteins are

barbed-endactinpolymerasesthatpromoteelon-
gation of actin filaments after they have been nu-

cleated(HansenandMullins2010).Bythismech-

anism,mechanotransduction througha-catenin
canmodulatebothcorticalactinfilamentdynam-

ics as well as the physical association of cadherin

complexes with F-actin (Buckley et al. 2014).
On application of force, vinculin at cadherin

adhesions also undergoes phosphorylation at

tyrosine 822, which was necessary for the stable
incorporation of vinculin into the cadherinmo-

lecular complex, junction formation, and sub-

sequent cortical stiffening (Bays et al. 2014).
Phosphorylation was mediated by the Abelson

tyrosine kinase, which is found at cell–cell junc-

tions (Tamada et al. 2012), and whose activity
was enhanced substantially when force was ap-

plied to E-cadherin (Bays et al. 2014) by a path-

way that entailed the stress-induced activation
of AMP kinase (Bays et al. 2017). Therefore,

force-induced changes in cell signaling may

provide an additional paradigm for mechano-
transduction to occur. The activation of signal-

ing pathways also provides the capacity for

mechanotransduction at cell–cell adhesions to
propagate more extensively within cells. For ex-

ample, mechanical stimulation of E-cadherin

led to an increase in the traction forces that cells
exerted on extracellular matrix (Muhamed et al.

2016). This cross-talk entailed the activation of

integrin adhesion receptors and appeared to be
mediated by phosphoinositide-3-kinase, which

was activated when force was applied to cad-

herin adhesions.

Force-Sensing by the Junctional Cytoskeleton

The cell cytoskeleton itself contains many me-

chano-sensitive elements, ranging from regu-

lators of actin dynamics to myosin motors.
Modulation of the actin cytoskeleton by appli-

cation of force on cadherin-based adhesions

was first shown for E-cadherin (le Duc et al.
2010) and subsequently confirmed for VE-cad-

herin (Barry et al. 2015). These experiments
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used adhesions made when magnetic beads

coated with functional cadherin ligands bound
to the dorsal surfaces of cells. Force was applied

by twisting the beads in an oscillatory magnetic

field. This caused the cells to stiffen, a process
that required a functional cadherin ligand and

intact actomyosin (le Duc et al. 2010). Of note,

stiffening was evident within 10 sec (le Duc
et al. 2010), a rapidity that might reflect a direct

cytoskeletal response when force was applied to

the cadherin.
Such an early-immediate response could oc-

cur if force were to modulate the binding affin-

ities or turnover of the cytoskeletal elements
themselves. Indeed, recent work has identified

a number of ways in which this might occur.

Actin filaments themselves have been proposed
to deform under mechanical stimulation, with

the effect of altering the binding and/or un-

binding rates of actin-binding proteins (Galkin
et al. 2012; Morimatsu et al. 2012; Galkin et al.

2015). Tension may also promote formin-de-

pendent actin filament assembly (Kozlov and
Bershadsky 2004) and antagonize binding of

the actin-disassembly protein, cofilin (Haya-

kawa et al. 2011). This could mediate early-im-
mediate changes in F-actin dynamics when the

cadherin-bound actin cytoskeleton is subjected

to mechanical force, which might complement
slower-actingmechanisms, such as the force-ac-

tivated recruitment of vinculin and Ena/VASP
proteins (Leerberg et al. 2014), discussed earlier.

Myosins are another broad class of actin-

binding proteins whose kinetics of association

with actin filaments are sensitive to mechanical
force (De la Cruz and Ostap 2004). Further-

more, it is increasingly apparent that, in addi-

tion to its role in contractility, myosin II can also
serve as a scaffold for other cytoskeletal and

signaling proteins (Ma et al. 2007; Kuo et al.

2011; Billington et al. 2015). These include
ROCK1, which stabilizes RhoA GTPase signal-

ing at the epithelial ZA when it is anchored by

myosin IIA (Priya et al. 2015). Such forms of
mechanochemical feedback, which are elicited

when the binding of myosin II to junctional

actin filaments is stabilized, then provide anoth-
er paradigm for cells to sense forces applied to

cadherins.

FUNCTIONAL CONSEQUENCES
OF CADHERIN-BASED
MECHANOTRANSDUCTION

We are now beginning to understand the

functional consequences of force-sensing and
mechanotransduction at cadherin cell–cell

junctions. Classical cadherins affect many as-

pects of cell and tissue behavior, encompassing
cell–cell cohesion and morphogenesis, control

of cell migration, cell differentiation, and pro-

liferation. Towhat extent these reflect the impact
of mechanosensing at junctions remains to be

determined. Here, we focus on two emerging

areas: regulation of the cytoskeleton and cellular
mechanics; and control of population number

in tissues. These emphasize that, by utilizing

distinct signaling pathways, junctional mecha-
notransduction can elicit biological effects that

operate on substantially different time scales.

Early Proximal Consequences: Adaptation
of Cortical Mechanics

As discussed earlier, many of the early-immedi-

ate responses to junctional stress involve the cy-
toskeleton itself. These responses could consti-

tute a mode of mechanical feedback that would

adapt themechanical properties of the cytoskel-
eton (viscosity, elasticity) to the application of

force. This can, in turn, influence adhesion. For

example, increasing myosin II-based contractil-
ity in isolated cell doublets stabilized cortical F-

actin turnover and immobilized E-cadherin in

clusters at the junction (Engl et al. 2014). Sim-
ilarly, myosin II stabilizes E-cadherin at the ZA

in epithelial monolayers (Ratheesh et al. 2012).

These coordinate changes in cytoskeleton and
adhesion may influence the viscous dissipation

of mechanical stress, and ultimately influence

whether junctional integrity is preserved in
the face of such stress.

To understand how regulated cortical me-

chanics can influence junctional integrity, it is
useful to consider cell–cell adhesion strength in

terms of the energy that is required to separate

two objects. Adhesion energy is not an intrinsic
propertyof the adherent elements alone, but de-

pendsonhow thedisruptingstress is appliedand
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the rate at which the disruption occurs. There-

fore, adhesion energy is critically influenced by
the rheological properties of the adhesive inter-

face and the mechanical properties of the mate-

rial (deformability, elasticity, viscosity) that
dictate the spatial distribution of the local stress

that is applied to the chemical bonds that even-

tuallyhave tobear the force.Aclassicexample is a
double-sided tape that can hold heavy weight,

yet is still easily detachable when peeled from its

edges. In this light, stress-inducedreinforcement
of the junctional cytoskeletonmight increase its

rigidity and decrease how readily cell–cell con-

tacts are peeled away from one another.
The localization of stress further depends on

the local dissipation of the mechanical stimula-

tion (e.g., contractility) as well as on the bind-
ing/unbinding dynamics of linkers (Mayumi

et al. 2016). When bonds are labile, their ability

to reform also plays an important role in estab-
lishing the amount of mechanical force needed

to disrupt a junction. For junctions, these

linkers include the adhesive cadherin bonds
themselves: enhanced cadherin clustering in re-

sponse to contractility can increase cell adhesion

(Smutny et al. 2010), thereby reinforcing resis-
tance to detachment. Therefore, the response of

junctions to stress is not simply the outcome of

applying disruptive forces to passive resistive
bonds, but is further conditioned by how me-

chanical feedback affects the rheology of the ad-

hesive interface.
Adaptation of cortical mechanics may con-

tribute to a number of morphogenetic circum-

stances in which junctional integrity must be
preserved despite large mechanical loads asso-

ciated with tissue deformation. These include

collective cell migration of epithelia, which is
associated with increased intercellular stresses

(Bazellieres et al. 2015), and cortical flows of

cadherin and actin in astrocytes (Peglion et al.
2014). Another interesting example of cortical

adaptation is seen in epithelial apoptosis. As

noted above, apoptotic cells become hypercon-
tractile and, when this occurs in epithelia that

are coupled together by E-cadherin, forces from

the apoptotic cells can be transferred to their
neighbors (Lubkov and Bar-Sagi 2014). Char-

acteristically, those neighbor cells respond by

assembling a contractile ring at their junction

with the apoptotic cell (Rosenblatt et al. 2001;
Slattum et al. 2009; Michael et al. 2016). Ulti-

mately, this leads to the extrusion of the apo-

ptotic cell, a homeostatic process that allows
injured cells to be eliminated from an epitheli-

um without disturbing the integrity of its bar-

rier (Rosenblatt et al. 2001). The formation of
the contractile ring within the neighboring cells

reflects the action of several processes, including

intercellular signaling by sphingosine-1-phos-
phate (Gu et al. 2011) and dynamic microtu-

bules that regulate RhoA signaling in the neigh-

bor cells (Slattum et al. 2009). The neighbor cell
contractile ring can also be induced to form

when contractility is enhanced without cell in-

jury by expression of a constitutively active
ROCK mutant (Lubkov and Bar-Sagi 2014;

Michael et al. 2016). Therefore, junctional me-

chanotransductionmay also contribute to stim-
ulating formation of the contractile ring.

Lasting Consequences: Control of Cell
Proliferation by Transcription

Cell–cell adhesion has been implicated in the
control of cell proliferation through a variety of

potential pathways (reviewed in greater detail in

Chiasson-MacKenzie and McClatchey 2017).
One of these is Hippo signaling, which can in-

tegrate diverse signals to control cell prolifera-

tion and organ size (Tapon and Harvey 2012).
As discussed by Karaman and Halder (2017),

the Hippo pathway serves to inhibit cell prolif-

eration by blocking the nuclear translocation of
the transcriptional regulator, Yorkie (in Droso-

phila in which the pathway was first discovered,

Yap1 in mammals). Key to this pathway is the
serine/threonine protein kinase Warts (Wts in

Drosophila, LATS in mammals), which phos-

phorylates Yorkie/Yap1 to prevent it from sig-
naling. A number of components of the Hippo

pathway have been found at cell–cell junctions,

including Yap1 itself (Kim et al. 2011). Cellular
contractility was also found to influence signal-

ing by Yorkie, Yap1, and its paralog, Taz (Du-

pont et al. 2011).
Recent studies in the Drosophila wing disc

have revealed that junctional tension decreases
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when cell proliferation slows (Rauskolb et al.

2014). Conversely, increasing cytoskeletal con-
tractility by driving Rho kinase signaling or

myosin II promoted cell proliferation. This me-

chanical regulation of cell proliferation was
attributable to Yorkie signaling. Similarly,

mechanical stretch of mammalian epithelial

(MDCK) monolayers activated Yap1 to allow
cell-cycle entry for cell proliferation (Benham-

Pyle et al. 2015). A key to the underlying mech-

anism in the fly was the observation that Wts
became recruited to adherens junctions when

cellular contractility was stimulated. Presum-

ably, this segregated it from its target, allowing
Yorkie to become disinhibited. Junctional re-

cruitment of Wts was mediated by the scaffold-

ing protein, Ajuba, a negative regulator of Wts
that binds directly to it. Ajuba, in turn, was

recruited to junctions by a-catenin (Marie et

al. 2003; Rauskolb et al. 2014). Overall, this
suggested a mechanism in which cytoskeletal

tension acting on junctions promotes the asso-

ciation of Ajuba with a-catenin, leading to the
recruitment of Wts.

This mechano-sensitive pathway may ex-

plain an interesting paradox in epithelial ho-
meostasis. Often, growing tissues, such as the

Drosophila wing disc, display homogeneous

patterns of cell proliferation, despite an inho-
mogeneous expression of growth factors (Pan et

al. 2016). This raises the question of why regions

that are located close to the site of growth factor
secretion and thus experience higher concentra-

tions of growth factors, do not proliferate more

rapidly than areas located further away. Howev-
er, the decrease in junctional and tissue tension

that has been observed to accompany overpro-

liferation would be predicted to trigger negative
feedback by releasing Wts from adherens junc-

tions (Rauskolb et al. 2014). Indeed, junctional

levels of both Ajuba and Wts were reduced in
regions that were relatively hyperproliferative,

coinciding with reduced Yorkie signaling (Pan

et al. 2016). Conversely, manipulations that in-
terdicted the mechano-sensitive regulation of

Ajuba/Wts and allowed Yorkie signaling to per-

sist caused local tissue overproliferation and
distorted tissue architecture (Pan et al. 2016).

Therefore, regulation of Ajuba/Wts signaling in

response to junctional mechanotransduction

may balance local proliferation rates to main-
tain tissue organization.

There are likely to be many other ways in

which junctional mechanotransduction can in-
fluence cell proliferation. Thus, in mammalian

skin a-catenin was observed to function as a

negative regulator of Yap1 (Schlegelmilch et al.
2011; Silvis et al. 2011), suggesting that species

and/or tissue context may critically influence

the pathway that dominates; and stretching
MDCK monolayers could also induce nuclear

translocation of b-catenin to promote cell cycle

progression (Benham-Pyle et al. 2015). None-
theless, as the effective product of these path-

ways is transcriptional regulation, they provide

a model for how changes in junctional forces
can be translated into the longer time scales of

proliferative regulation in tissues. An interesting

question is whether these mechanotransduc-
tion pathwaysmay also collaborate with the reg-

ulation ofmitogenic signals to influence contact

inhibition of cell proliferation.

CONCLUDING REMARKS

It seems evident that we have only just begun to

appreciate the extent to which mechanical sig-

nals can mediate cell–cell communication
when adhesion couples cells together into tis-

sues. As noted above, changes in physical force

have the capacity to propagate between cells,
with potential directionality and length scales

that are determined by the mechanical proper-

ties of those tissues. In addition, changes in
force can propagate very rapidly (Howard

et al. 2011), providing the opportunity to com-

plement slower-acting chemical signals such as
diffusible mediators. Progress in this area will

continue to be driven by technical innovations,

such as the development of new tools to mea-
sure forces, combined with multidisciplinary

collaborations that bring biologists together

with physicists, engineers, and theoreticians.
An interesting question will be to define how

much the active tension that is generated at

cell–cell junctions is used for cell–cell commu-
nication. Here, we can draw an historical anal-

ogy from the study of mechanotransduction at
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focal adhesions, where contractile forces are

generated on integrin-based adhesions (Geiger
et al. 2009). Initially, the mechano-sensitive re-

sponse of integrins was thought to principally

serve to reinforce adhesion. Later, it became
clear that active contractility provided a force

that allowed integrin mechanotransduction to

be used by cells to sense the mechanical prop-
erties of their extracellular matrix (Geiger et al.

2009). This had profound consequences for reg-

ulating cell proliferation and differentiation in
health and disease (Yu et al. 2011). Whether a

similar paradigm pertains for cell–cell adhe-

sions will be an exciting question for the future.
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