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Abstract: Cells are linked together dynamically by adhesion molecules, such as the classi-

cal cadherins. E-cadherin, which mediates epithelial cell–cell interactions, plays fundamental 

roles in tissue organization and is often perturbed in diseases such as cancer. It has long been 

recognized that the biology of E-cadherin arises from cooperation between adhesion and the 

actin cytoskeleton. A major feature is the generation of contractile forces at junctions, yielding 

patterns of tension that contribute to tissue integrity and patterning. Here we discuss recent 

developments in understanding how cadherin junctions integrate signaling and cytoskeletal 

dynamics to sense and generate force.

Keywords: E-cadherin, actomyosin, morphogenesis, cell extrusion, wound closure, 

mechanobiology

Introduction
Epithelia are fundamental tissues of the body. In post-developmental life, epithelia 

form the principal barriers between the external environment and the bodies of meta-

zoan organisms. During development, many precursor tissues constitute epithelia. 

One defining feature of an epithelium is the physical linkage of its constituent cells 

together to form a mechanically integrated, multicellular structure. To paraphrase John 

Donne, no cell is an island, as least as far as epithelia are concerned.

The physical coupling of epithelial cells is achieved by cell–cell adhesion. Many 

different molecular adhesion systems are now known. Of these, the classical cadherin 

family plays a central role, both during morphogenesis and in post-developmental 

tissue homeostasis. This subfamily of the cadherin superfamily comprises approxi-

mately 20 members, including E-cadherin, N-cadherin, and VE-cadherin, which are 

predominantly expressed in epithelial, neuronal, and endothelial tissues, respectively.1 

Their biological impact arises from their ability to coordinate cell adhesion with cell 

signaling and the actin cytoskeleton. Indeed, it has long been appreciated that bio-

chemical and functional links with the actin cytoskeleton play a vital role in cadherin 

biology.2 This was often conceived as reflecting an impact of the cytoskeleton upon 

cell adhesion.2 Increasingly, we are coming to realize that the impact of cadherin-actin 

cooperation also reflects how adhesion couples the contractile actin cytoskeletons of 

cells together.

Rather than being solely about how the cytoskeleton supports adhesion, the terms 

of the discussion can also be turned around. Of course, this dualistic discussion 

is too simplistic, as might be expected of any cooperative system. Accordingly, it 

becomes important to understand how functional cooperation between adhesion and 
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the cytoskeleton is generated and how this translates into 

biological outcomes. Here an important advance has been 

the realization that cadherin junctions and their cytoskele-

tons provide an apparatus for force to be generated and 

resisted at cell–cell junctions.36 Junctions can be considered 

to represent active mechanical agents that mediate cell–cell  

interactions and can potentially scale-up to the tissue level. 

Here we discuss some advances in our understanding of the 

functional architecture of E-cadherin-cytoskeletal coopera-

tion, considering their dynamic properties together with their 

role in the mechanobiology of junctions. Finally, we present 

some examples of how coupling adhesion to contractility can 

influence epithelial biology.

E-cadherin receptors  
and adhesive junctions
In polarized epithelia, E-cadherin is often found through-

out cell–cell contacts. It commonly concentrates in the 

subapical region to form a belt-like structure known as 

the zonula adherens (ZA), (Figure 1A).1,2 E-cadherin also 

distributes along the lateral junctions below the ZA, where 

it forms discrete mobile adhesive clusters (Figure 1C),6–8 

which can interchange with the cadherin pool of the ZA.8 

Crystallographic analysis of several classical cadherins 

suggests that their ectodomains can engage in two types of 

interactions: trans-interactions between cadherins presented 

on neighboring cells and cis-interactions between the ectodo-

mains presented on the same cell surface. Trans-interactions 

are mediated by strand-swapping at the first extracellular 

repeat, while cis-interactions are mediated by the second 

extracellular repeat.9,10 The combination of trans-interactions 

and cis-interactions has been proposed to contribute to the 

cadherin clustering that is commonly observed at adhesive 

contacts. However, this may not be sufficient, because cluster-

ing also requires the cytoplasmic tail and can be influenced 

by intracellular elements of the cytoskeleton.11–13

Classical cadherins exist as membrane-spanning macro-

molecular complexes. Cadherins can interact with a variety 

of other proteins, especially through their conserved cyto-

plasmic tails (Figure 2). In particular, three main proteins, the 

so-called catenins (α-catenin, β-catenin, and p120-catenin), 

are best understood to associate with cadherin cytoplasmic 

tails.1 β-catenin binds directly to the C-terminal in a region 

of approximately 96 amino acids, to then serve as a scaffold 

for α-catenin, whereas p120-catenin associates directly with 

the membrane-proximal region of the cytoplasmic tail.14 This 

said, a host of other proteins are known to interact directly or 

indirectly with classical cadherins. Many of these interactions 

are likely to be substoichiometric and/or dynamic. However, 

this does not mean that they are functionally insignificant. 

Instead, cadherins may be better understood as anchoring 

diverse molecular complexes, the composition of which may 

depend on the cellular context.

Cadherin and the contractile 
cytoskeleton
E-cadherin junctions are distinguished by the cortical 

accumulation of an actomyosin cytoskeleton (Figure 1). 

At the ZA, this commonly takes the form of a prominent 

circumferential actin ring (Figure 1A),15 which is decorated 

with non-muscle myosin II.13,16,17 At lateral junctions, the 

actomyosin network can be found as a two-dimensional 

network of shorter actin strands that are decorated with and 

linked by myosin (Figure 1C).8 Actin integrity is essential 

for cadherin function. Treatment with actin-depolymerizing 

drugs, such as cytochalasin or latrunculin,18,19 or depletion of 

E-cadherin

F-actin

NMII Apical

B

C

Basal

A

Figure 1 e-cadherin, F-actin, and NMii form cortical cytoskeleton systems in the epithelium. (A) Circumferential actomyosin cytoskeleton decorating e-cadherin at the 
zonula adherens. (B) Apical actomyosin meshwork. (C) Cortical F-actin and NMii interaction with e-cadherin through the basolateral membrane. Mechanical forces (F in the 
figure) are generated by coupling of e-cadherin to the actomyosin cytoskeleton in these different cortical contexts.
Abbreviation: NMii, nonmuscle myosin ii.
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actin regulatory proteins,20,21 can disrupt both the junctional 

cytoskeleton and adhesive interactions.13,16,22–25 In addition, 

maneuvers that inhibit myosin II also disrupt adhesion, 

junctional integrity, and tissue organization.21 These find-

ings, taken with increasing evidence for actin regulators at 

cadherin junctions, have formed the basis for the concept 

that cadherin function arises from close cooperation between 

its adhesion system and the actomyosin cytoskeleton. This 

cooperation reflects three broad processes: the capacity for 

the cadherin molecular complex to physically associate with 

F-actin; the ability of cadherin adhesions to regulate the 

dynamic cytoskeleton; and the ability to recruit and activate 

myosin II coupled to junctions.

Physical association of cadherin 
complexes and actin filaments
A long-prevailing model proposed that β-catenin function-

ally linked the cortical F-actin filament network to cadherin 

through α-catenin (Figure 2).2 This was founded on early 

observations that α-catenin can bind directly to F-actin26–28 

and indirect evidence from assays such as detergent solubil-

ity, which were interpreted as evidence that the cadherin 

complex, including the E-cadherin cytoplasmic tail, might 

associate with the actin cytoskeleton.29,30 Confidence in 

this model was shaken when it proved impossible to recon-

stitute the quaternary complex (cadherin tail, β-catenin, 

α-catenin, F-actin) from purified proteins in solution.31 

Further, α-catenin homodimers appeared to have greater 

affinity for F-actin than did the monodimers.32 Recently, using 

Drosophila embryos engineered to express fusion proteins, 

it has been reported that E-cadherin-associated monomeric 

α-catenin interacts with F-actin directly at the junctions and 

the α-catenin–cadherin complex is essential for maintenance 

of the adherens junction during embryonic development.25 

Similarly, α-catenin in Caenorhabditis elegans requires 

both an ability to bind β-catenin and its F-actin-binding 

site to support development.33 This conundrum has recently 

been resolved by the observation that a more stable inter-

action between the cadherin-catenin complex and F-actin 

occurs when these elements are engaged under force.34 This 

tension-sensitive process is attributable to the formation 

of catch-bonds between the cadherin-catenin complex and 

actin filaments.

However, it is important to note that there are many other 

ways in which cadherins can associate with cortical actin 

filaments (Figure 2). α-catenin is reported to interact with a 

host of other F-actin-binding proteins, including EPLIN35 and 

vinculin;36,37 the cadherin may associate directly with proteins 

such as myosin VI;38,39 and it may recruit actin regulators with 

the capacity to bind F-actin. Indeed, perturbation of EPLIN, 

vinculin, or myosin VI was shown to disrupt junctional 

actin.35,37,38,40,41 It is therefore unlikely that a single molecular 

mechanism is responsible for coupling cadherins to the actin 

cytoskeleton. Instead, different mechanisms may be used in 

different functional contexts. Such contexts may be regulated 

by processes such as cell signaling and also the mechanical 

forces that act upon cell–cell junctions. Indeed, the recruit-

ment of vinculin to cadherin junctions is sensitive to tension, 

being reduced when contractility is decreased.37,40

Junctional F-actin cytoskeleton  
and dynamics
Actin filaments are intrinsically dynamic. Within cells, actin 

assembly and filament elongation preferentially occurs at 

the barbed ends of filaments, while filament turnover can 

occur via depolymerization at the pointed ends as well as 

filament severing. This applies to the junctional cytoskele ton 

itself: fluorescence recovery after photobleaching analysis 

of fluorescently-tagged actin revealed that F-actin at estab-

lished cell–cell junctions turns over with half-times of tens 

of seconds.13,15,32 Thus, even at a steady-state, the junctional 

cytoskeleton undergoes continuous turnover, suggesting 

that filaments are being continually disassembled and 

replenished.

Actin assembly in the junctional 
cytoskeleton
The rate-limiting step in actin filament assembly is the pro-

cess of nucleation, ie, the growth of a polymer from the initial 

E-cadherin

p120

β
α

Catenins

VinculinMyosin VI

Actin filaments Nonmuscle myosins

Figure 2 Force apparatus at the zonula adherens. The junctional cytoskeleton 
composed of F-actin and nonmuscle myosin ii. e-cadherin cytoplasmic binding 
proteins (eg, α-catenin, myosin vi, and vinculin) link the e-cadherin receptors to the 
junctional cytoskeleton system.
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Cortactin

F-actin nucleation F-actin-myosin
association

N-WASP

Dynamic force
generation

P
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Post-nucleation
reorganization

Arp2/3 WAVE2 Mena/VASP
+

+

Figure 3 Dynamic assembly of the junctional contractile apparatus capable of generating tensile forces (F in the figure) at the zonula adherens. Generation of the junctional 
cytoskeleton involves multiple steps, including F-actin nucleation, post-nucleation filament growth and reorganization, and association of myosin II to generate force.
Abbreviations: wASP, wiskott–Aldrich syndrome protein; wAve, wASP-family verprolin-homologous protein; n-wASP, neuronal-wASP.

monomer to a trimer (Figure 3).42,43 Subsequent  filament 

elongation can be driven by self-assembly, although it is 

also regulated by proteins such as those of the Ena/VASP 

family, which promote barbed end elongation.44–46 Because 

it is energetically unfavorable, F-actin nucleation is catalyzed 

by several families of proteins, some of which are found at 

E-cadherin junctions. These include the formins47,48 and the 

Arp2/3 complex.20,21

The formins are a large family of proteins47,48 that 

typically nucleate actin assembly at the barbed ends of 

unbranched filaments.49 In keratinocytes, formin-1 was 

identified as an α-catenin-binding protein that supported the 

junctional cytoskeleton, while mDia1 has also been found at 

the junctions of simple epithelia.47,48 In Drosophila mesoderm 

cells Diaphanous also promoted stable connections between 

the contractile actin networks of the apical poles (often 

called the medial–apical network) and cell–cell junctions 

(Figure 1B).50 Indeed, given that prominent actin bundles 

are often found adjacent to the ZA in simple epithelia, it 

has been attractive to postulate that proteins which nucleate 

assembly in unbranched filaments might contribute to the 

junctional cytoskeleton.

Interestingly, however, a major site of actin nucleation can 

also be found at the junctional membrane, apparently located 

between the actomyosin bundles at the ZA (Figure 3).15,37,51 

Thus, after photobleaching, green fluorescent protein-

actin fluorescence recovered first at the membrane and then 

extended outwards to encompass the apical actin bundles.15 

Similarly, labeling of free barbed ends by incorporation of 

fluorescently labeled G-actin occurred most prominently 

at this location, rather than in the bundles.15,37 The Arp2/3 

complex is found there, can coimmunoprecipitate with 

E-cadherin,19,20,52 and contributes to nucleation at this site. 

Chemical inhibition of Arp2/3 complex function or depletion 

by RNA interference decreased barbed end labeling at the 

plasma membrane, leading to disruption of both junctional 

F-actin and E-cadherin contact integrity.19–21 Surprisingly, 

under the same circumstances, inhibition of formin activ-

ity using a broad-spectrum inhibitor, SMIFH2, did not 

affect the reassembly of junctional F-actin after latrunculin 

treatment.19

The Arp2/3 complex is a seven-subunit protein complex 

consisting of two actin-related proteins (Arp), ie, Arp2 and 

Arp3, and five other ARP complex proteins (ARPC1–5).53–55 

Arp2 and Arp3 resemble monomeric actin and bind to the 

sides of a pre-existing (“mother”) filament, promoting the 

growth of a new (“daughter”) filament.56 The daughter fila-

ment is oriented at a 70 degree angle to the mother filament, 

with the pointed ends directed towards the mother  filament.56 

This orientation means that Arp2/3 tends to generate 

branched actin networks.55,57 Isolated Arp2/3 has a relatively 

poor intrinsic nucleating activity, which therefore requires 

that its activity in cells be stimulated by accessory proteins.54 

Two classes of F-actin nucleation promoting factors (NPFs) 

have been identified to activate Arp2/3.58 Class I NPFs pos-

sess a characteristic VCA domain, which is composed of the 

verprolin-homology domain for actin binding, the cofilin-

homology (C) domain, and the acidic (A) domain for Arp2/3 

binding.57 Class 1 NPFs include Wiskott–Aldrich syndrome 

protein (WASP) and neuronal-WASP (N-WASP, which 

is actually ubiquitous), and the WASP-family verprolin-

homologous protein (WAVE) family of proteins.57 Of these, 

WAVE2 contributes to Arp2/3-based actin assembly at the 

epithelial ZA in mammalian cells.21,57,59 Class II NPFs lack 

VCA domains but, instead, possess acidic domains that 

bind the Arp2/3 complex and tandem repeat domains that 

can bind to filamentous actin.57,58 Cortactin is a Class II 

NPF that is found at cell–cell junctions in association with 
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E-cadherin and contributes to junctional actin assembly.60,61 

This entails its ability to recruit both Arp2/3 and WAVE2 to 

junctions.21,60,61

Together, these observations suggest that junctional 

filaments at the ZA may be nucleated by Arp2/3 at the 

membrane as branched networks and then incorporated into 

perijunctional bundles. This implies that reorganization of 

the actin network may occur as a post-nucleation step to 

promote the formation of perijunctional bundles (Figure 3). 

One protein involved in this step is the actin regulator, 

N-WASP.15 Although N-WASP is best understood as a cata-

lytic activator of Arp2/3, its depletion in epithelial cells was 

shown to compromise actin bundles and the integrity of the 

ZA, without disrupting actin nucleation.8,15 Instead, N-WASP 

could stabilize actin filaments at the ZA.15 This suggested that 

N-WASP might act at a post-nucleation step. Consistent with 

this, the effects of N-WASP depletion could be restored by 

expression of an N-WASP mutant lacking the VCA domain 

that is necessary to activate Arp2/3.15 Instead, its biological 

activity at the ZA mapped to its N-terminus, the region that 

binds the WASP-interacting family proteins.15 Exactly how 

N-WASP stabilizes filaments to promote network reorganiza-

tion remains to be elucidated.

F-actin disassembly at cadherin junctions
Less is known about how actin filaments undergo turnover 

and disassembly at cell–cell junctions. A variety of proteins 

can induce filament turnover within cells, notably members 

of the ADF/cofilin family that induce filament severing 

and pointed-end disassembly.62,63 What role they may play 

in junctional actin dynamics has yet to be characterized. 

Gelsolin, another filament severing protein, was identified 

at N-cadherin contacts between fibroblasts where it con-

tributed to actin dynamics.64 Finally, nonmuscle myosin 

II can induce turnover of F-actin at the cell–cell surface8 

through its ability to generate stresses that can buckle and 

sever filaments.65–67

Nonmuscle myosins at cadherin junctions
Nonmuscle myosin II (NMII) is the principal contractile 

force-generator in eukaryotic cells. NMII forms a het-

erohexamer composed of two 230 kDa heavy chains, two 

20 kDa essential light chains that stabilize the heavy chain, 

and two regulatory light chains (RLC) that regulate myosin 

activity.68,69 The NMII heavy chain consists of an N-terminal 

head domain that bears the F-actin-binding and ATP-binding 

sites responsible for motor activity, a neck-region, and 

a coiled-coil rod domain.69,70 Single myosins are poorly 

processive motors and are therefore unable to effectively 

generate contractile force.71,72 Instead, within cells, the rod 

domains of NMII allow it to assemble into bipolar minifila-

ments consisting of 16–30 myosins that support productive 

contractility.71,72 As defined by the heavy chain, a single NMII 

gene is found in Drosophila, whereas three NMII paralogs, 

ie, NMII A, B, and C, are found in mammalian cells and are 

encoded by MYH9, MYH10, and MYH14, respectively.68 

Despite broad structural similarities, these mammalian 

paralogs have different properties and functions. NMIIA has 

higher ATPase activity, while NMIIB possesses a higher duty 

ratio and ADP removal kinetics.73,74 Drosophila myosin and 

the mammalian NMII paralogs have all been identified at 

E-cadherin junctions and their inhibition perturbs junctional 

integrity.13,16,22,23,50,75

A variety of signaling pathways influence the recruitment 

and/or motor activation of myosins at E-cadherin junctions. 

Activation of NMII motor function is best understood to 

occur through phosphorylation of its RLC. S19 of the RLC 

constitutes the primary phosphorylation site and T18 the 

secondary phosphorylation site. Their phosphorylation can 

be induced by a variety of protein kinases, including myo-

sin light chain kinase, myotonic dystrophy kinase-related 

CDC42-binding kinase alpha, and Rho kinase.2 Although 

Rho kinase can phosphorylate RLC directly in vitro, its 

ability to promote RLC phosphorylation within cells may 

be principally due to inhibition of myosin phosphatase.76,77 

Phosphorylation of S19 increases F-actin binding and myosin 

ATPase activity, and also promotes the formation of myosin 

minifilaments, all of which are molecular features that con-

tribute to contractility. These parameters are further increased 

when T18 is also phosphorylated.78 Activated NMII, marked 

by the presence of phosphorylated RLC, is found at adhe-

rens junctions and can be induced by homophilic ligation of 

E-cadherin itself.16,24 Both Rho kinase and myosin light chain 

kinase promote the recruitment of NMIIA to epithelial cell–

cell junctions, suggesting that recruitment may be closely 

linked to motor activation. On the other hand, myosin IIB 

junctional localization is dominantly influenced by Src and 

Rap1 kinases.13,79 Further, the myosin heavy chain can be 

phosphorylated by kinases, such as protein kinase C, often 

leading to inhibition of minifilament formation .78 However, 

whether these events influence actomyosin at cell–cell junc-

tions is not yet known.

The recruitment of myosin II to junctions is also influ-

enced by the integrity and dynamics of F-actin. Both NMIIA 

and NMIIB failed to concentrate at junctions when actin 

assembly by the WAVE2/Arp2/3 mechanism was  inhibited.21 
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This likely reflects the central role that F-actin binding plays 

in recruiting NMII to E-cadherin adhesions. Indeed, myosin 

can be found in a number of patterns that coincide with 

junctional F-actin. In the apical rings adjacent to the ZA, 

NMII is often found to overlay with the F-actin bundles in 

punctae8,13,80 and sometimes in sarcomere-like patterns.81 

At the lateral junctions, myosin punctae more commonly 

appear to bridge between short F-actin cables or strands.8 

Other myosin-binding proteins, such as anillin,82 are found 

at epithelial cell–cell junctions and influence junctional 

integrity, but whether these may couple NMII to cadherins 

remains to be evaluated.

Junctional tensile apparatus  
and forces
Generating force at junctions
The coupling of an actomyosin contractile apparatus to 

E-cadherin adhesions can ultimately generate contrac-

tile stress at junctions. Such stresses may serve many 

biological functions (to be discussed further in the sec-

tion on cellular applications of junctional contractility). 

However, these stresses can vary, both in their direction 

and magnitude.

A variety of spatial patterns of stress have been 

observed to be exerted at cell–cell junctions (Figure 1A–C). 

These include stresses that are oriented perpendicular or 

orthogonal to the junctions.83 For example, in embryonic 

cells that undergo apical constriction, contractile pulses 

in the medial–apical actomyosin networks cause pulsatile 

orthogonal movements of their associated cell–cell junctions 

(Figure 1B).84 Similarly, as endothelial cells form junc-

tions with one another, it is common to observe bundles 

of F-actin that are oriented approximately perpendicular to 

the junctions, inserting into VE-cadherin punctae at those 

contacts.85,86 These appear to generate orthogonal pulling 

forces on the punctae.

In other contexts, dominant patterns of stress are found 

to be oriented parallel to the junctions (Figure 1A). This 

was revealed when those junctions were focally cut with 

lasers: the residual portions of the junctions retracted, 

suggesting that tension was oriented principally along the 

junctions.8,21,80,87 This apparent line tension within junctions 

has been observed in Drosophila and mammalian epithelial 

cells. One potential mechanism for contractility to generate 

an apparent line tension is the organization of actomyosin 

into cables aligned with the junctions.8,21,79 Thus, the mecha-

nisms that determine the orientation of actomyosin, vis-a-vis 

the junctions, may critically determine the dominant vectors 

of stress that are generated when contractility is coupled 

to adhesion.

The spatial and temporal dynamics of actomyosin net-

works can also collaborate with this subcellular distribu-

tion to influence the overall patterns of contractility that 

are generated within cells. In Drosophila embryos, this 

is exemplified by the flow of NMII that occurs from the 

medial–apical regions of cells (their apical areas) to the ZA 

as the epithelia remodel.84 This polarized flow of actomyosin 

towards epithelial junctions is proposed as a critical mecha-

nism for the shrinkage of dorsal–ventral-oriented junctions 

during embryonic development.84 The flow was influenced 

by the polarized distribution of E-cadherin and depletion of 

E-cadherin compromised the flow.84 NMII flow requires myo-

sin activation by RLC phosphorylation, and dynamic cycles 

of phosphorylation and dephosphorylation are necessary for 

morphogenetic cell shape changes to occur.88

In addition to differences in the orientation of contractile 

stress, cell–cell junctions can also display differences in the 

detectable magnitude of stress that is exerted upon them. 

This can even occur within individual cell–cell junctions. For 

example, although the lateral junctions of polarized epithelial 

cells possess a contractile actomyosin network that exerts 

force upon cadherins (Figure 1C), the stresses in this region 

can be substantially lower than those found at the apical ZA.8 

Stresses in these lateral junctions are limited by myosin-

 induced actin filament turnover.8 Effectively,  myosin-induced 

contractility caused actin networks to condense and then be 

turned over, thereby allowing stress to be dissipated.8 One 

reason for stress-induced filament turnover may be that, at 

the lateral cortex, myosin often bridges between short actin 

cables that are not aligned with one another, which would 

tend to cause filament buckling.8

A further implication is that mechanisms must exist 

within the cytoskeleton of the ZA that antagonize or com-

pensate for potential stress-induced turnover. Indeed, this 

appears to be the case. One such mechanism is filament 

stabilization by N-WASP, as mentioned earlier. Consistent 

with this, depletion of N-WASP reduces tension at the ZA 

to levels similar to those found at the lateral junctions.8 

Another mechanism is tension-sensitive actin assembly.37,89 

We recently observed that actin assembly at the ZA is 

tuned in response to contractility, ie, decreasing when 

contractility is inhibited and increasing when contractility 

is stimulated.37 This reflected the tension-sensitive recruit-

ment of vinculin to E-cadherin junctions.37,90,91 Vinculin 

associated with members of the Ena/VASP family, which 

can promote actin assembly by functioning as an actin 
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polymerase and/or protecting barbed ends from premature 

capping.92 Disabling tension-sensitive actin assembly by 

inhibiting either vinculin or its ability to recruit Ena/VASP 

proteins decreased ZA tension, while ectopically target-

ing Ena/VASP to junctions could restore tension even to 

vinculin-deficient cells.37

Mechanosensing and signal transduction 
at cadherin junctions
The ability of E-cadherin adhesion to promote actomyosin 

assembly indicates that the adhesion system can serve 

as an active agent in the generation of force at junctions 

(Figure 4). Increasingly, it is also apparent that cell–cell 

junctions are sites where forces are sensed to elicit propor-

tional cellular responses.83,93 These responses often entail 

roles for the cytoskeleton, suggesting that mechanotrans-

duction ultimately elicits signals that regulate cytoskeletal 

function. This is supported by evidence that junctional 

homeostasis can be influenced by myosins.16 Similarly, it has 

been observed in endothelial cells that tugging on junctions 

increases the length of those junctions, suggesting a role 

for mechanoresponsiveness at VE-cadherin adhesions.85 

Indeed, the use of cadherin fusion proteins bearing FRET-

based tension sensors demonstrated that both E-cadherin 

and VE-cadherin at cell–cell junctions are themselves 

under molecular-level tension; in the case of VE-cadherin, 

this was also altered in response to shear flow.94–96 Further, 

the direct application of force to E-cadherin molecules 

can elicit cellular responses. This was demonstrated when 

magnetic beads coated with E-cadherin antibodies were 

allowed to engage cadherins on the surfaces of epithelial 

cells.97 Application of an oscillating magnetic field to twist 

the beads, and thereby exert force on the attached cellular 

cadherin, caused the cells to stiffen, a process that required 

an intact actomyosin cytoskeleton.97 In another example, 

pulling forces exerted on C-cadherin in Xenopus blastom-

eres induced protrusive activity at the pole opposite to the 

pulling force.98 Recently, it has been shown that applying 

anisotropic stresses to the junctions between pairs of S180 

cells deformed the contacts between the cells, leading to 

asymmetric distribution of E-cadherin, actin, and myosin.99 

Together, these observations suggest that cell–cell junctions 

possess mechanosensors.

How, then, might forces be sensed at junctions? One para-

digm involves tension-sensitive proteins in the cytoskeletal 

network that is connected to cadherins. This is exemplified by 

vinculin, which, as discussed earlier, is recruited to α-catenin 

in response to force (Figure 4).86,97,100 Vinculin was necessary 

for the cellular stiffening that occurred when E-cadherin 

adhesions were subjected to force by twisting cadherin-bound 

magnetic beads.97 Although the precise mechanism was not 

identified in those original studies, it may involve tension-

sensitive actin assembly (Figure 4). There are also multiple 

ways in which vinculin may participate in force sensing. One 

mechanism involves its recruitment to junctions by α-catenin. 

Vinculin can directly bind α-catenin36,37,101 in a region bearing 

cryptic epitopes that can be revealed in cells in response to 

contractility.100 As crystallographic analysis indicated that 

α-catenin
Vinculin

Vinculin

Force dependent
F-actin assembly

In the presence of
force

In the absence of force

– Vinculin changes into
  an open conformation

– Conformational change
  of α-catenin
– Recruitment of α-catenin
  binding proteins (eg, vinculin)

– Vinculin recruitment
  of MENA/VASP

MENA/VASP

+

Figure 4 Force sensing and responding at e-cadherin receptors through vinculin recruitment and tension-sensitive actin assembly. in the absence of force, α-catenin is in 
a close conformation; when the cadherin receptors are under force, α-catenin opens its vH2 domain for vinculin binding; vinculin transits into a open conformation under 
force, and recruits Mena/vASP, assembling F-actin in a force-dependent manner.
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α-catenin could adopt an autoinhibited conformation,90,102 

molecular tension might unfold α-catenin to promote the 

binding of vinculin. It was recently demonstrated that, when 

isolated α-catenin molecules were stretched using magnetic 

tweezers, the vinculin-binding domain was unfolded to acti-

vate vinculin binding, which then stabilized α-catenin in its 

open conformation.91

This example conforms to a broader model whereby molec-

ular function is directly modulated by force-induced changes 

in protein conformation, a model that appears increasingly 

prevalent in many cellular contexts.3,103 Indeed, other cytoskel-

etal components at cadherin junctions have the potential to be 

mechanosensitive. These include myosin VI,38 which is sensi-

tive to mechanical load,39,104 and EPLIN, the localization of 

which to junctions was modulated by contractility.35 Myosin VI 

can bind directly to E-cadherin,41 whereas EPLIN is recruited 

by α-catenin.35 Further, junctional tension can promote the 

recruitment and stabilization of NMII at the junctions,17,105 

perhaps reflecting the preference of myosin to interact with 

prestressed actin filaments.17,105 Thus, mechanosensitivity may 

reside at multiple loci within cadherin junctions.

Another paradigm for mechanosensing involves activa-

tion of cell signaling pathways by force-sensitive molecules. 

Here, attractive candidates might be the cadherins themselves, 

especially given their capacity to experience molecular force 

at cell–cell junctions.95,96 Classical cadherins can participate 

in cell signaling in many ways. These include modulation of 

signaling by Rho and Rap family GTPases,106–108 lipid kinases 

such as phosphatidylinositol-3 kinase,109 and protein kinases 

such as the Src tyrosine kinase.110,111 The extent to which such 

pathways are activated by force at junctions remains to be 

thoroughly characterized. It was recently demonstrated that 

vinculin at cell–cell junctions is tyrosine-phosphorylated in a 

fashion that depends on cellular contractility, suggesting that 

it is the target for a mechanosensitive signaling pathway.112 

Vinculin phosphorylation required the Abelson tyrosine 

kinase and E-cadherin adhesion,112 but how these elements are 

linked remains to be determined. One possibility is that force 

experienced by the cadherin when it is engaged in adhesion 

might elicit cell signaling. However, it is also possible that 

cadherins can participate as scaffolds in mechanosensing. 

This is illustrated by the role of VE-cadherin in sensing fluid 

shear stress upon endothelia.96 Here, VE-cadherin served as 

an adaptor molecule linking platelet endothelial cell adhesion 

molecule to vascular endothelial growth factor receptor 2 sig-

naling.113 Adhesive ligation of VE-cadherin was not necessary 

for its function in this signaling pathway, implying that it was 

not the direct mechanoreceptor, although it is possible that it 

received mechanical inputs from other receptors. Indeed, the 

initial application of fluid shear stress reduced mechanical 

tension on VE-cadherin.96 Clearly, much remains to be learnt 

about how cadherins participate in mechanotransduction at 

cell–cell junctions.

Examples of cellular applications  
of junctional contractility
Morphogenesis during development
The cadherin-actomyosin system allows cell–cell adhe-

sion to transmit forces between cells. During development, 

this is used in a number of ways to achieve morphogenetic 

 outcomes. One example occurs when epithelial sheets 

undergo folding events, such as occurs during ventral furrow 

formation in the Drosophila embryo. In this process, indi-

vidual cells undergo constriction of their apical poles which, 

through adhesive coupling, leads to folding of the whole tis-

sue itself. Here the principal force-generator appears to reside 

in the aforementioned medial-apical actomyosin network of 

cells.114–117 This displays a pulsatile pattern of contractility 

that is transmitted to the E-cadherin junctions to induce api-

cal constriction.114 The molecular mechanisms responsible 

for coupling this contractile network to cadherin adhesion 

remain to be fully elucidated, but includes the scaffolding 

protein, Canoe (afadin in vertebrates), loss of which caused 

the contractile network to uncouple from junctions.116

Pulsatile contractility in a medial–apical network is also 

implicated in another morphogenetic process, ie, neighbor-

exchange, where cells rearrange relative to one another. 

This is commonly seen when cells intercalate during the 

process of convergent-extension.17,75 The precise mode of 

contractility that contributes to neighbor-exchange may 

be developmentally regulated (Figure 5A). For example, 

in Drosophila, convergence-extension characterizes the 

process of germband extension. Medial–apical pulsed 

contractility appears to be a dominant mode of contractility 

during early germband extension,75,84 but at later stages tonic 

contractility at junctions becomes prominent, associated 

with the appearance of prominent myosin accumulation at 

the junctions themselves.17,118 It is not known how these pat-

terns of actomyosin change during development. However, 

myosin has been observed to flow from the medial–apical 

network into the junctions,84 suggesting that changes in local 

concentrations of actomyosin may be relevant.

This emphasizes that actomyosin and adhesion interact 

cooperatively during morphogenesis. For example, pulsed 

contractility induced the redistribution of E-cadherin from 

the apical to the subapical region,114 indicating that patterns 
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Figure 5 examples of cellular applications of junctional contractility mechanical forces (F in the figure). (A) Junctional contractility that drives germ band extension during 
Drosophila embryonic development. (B) Mechanical forces at cell–cell contacts that contribute to apical epithelial extrusion. (C) Actomyosin dependent tensile forces facilitate 
the cells moving into free space during (a) wound healing and (b) collective migration.
Abbreviation: NMii, nonmuscle myosin ii.

of contractility influenced junctional organization. Conversely, 

junctional dynamics can influence patterns of contractility. This 

is exemplified by the observation that medial–apical actomyo-

sin flowed towards junctions in a planar-polarized fashion.84 

This actomyosin flow was, in turn, attributable to polarized 

fluctuations in the levels of E-cadherin at junctions due to 

polarized endocytosis of the adhesion molecule itself.87,119

Morphogenetic junctional contractility is subject to 

several layers of cellular regulation. These include local sig-

nals that affect the contractile apparatus. Cycles of myosin 

phosphorylation and dephosphorylation, regulated by Rho 

kinase and myosin phosphatase, contribute to medial–apical 

network contractility.88 The junctional contractility is also 

subject to developmental regulation. For example, during 

apical constriction in the gastrulating Drosophila embryo, 

the transcription factor Snail appeared to  initiate pulsed 

contractility in the medial–apical networks, whereas another 

transcription factor, Twist, stabilized the constricted apical 

poles.115 Presumably these transcription factors exert their 

effects indirectly through cascades of downstream effectors 

that ultimately regulate contractility and its coupling to the 

cadherin system. Indeed, the coupling process itself may be 

developmentally regulated. This is suggested by studies in 

C. elegans embryos, which displayed pulsatile apical acto-

myosin networks that at first were not mechanically trans-

mitted to the junctions.120 Morphogenetic movements did 

not occur in this situation, but were only initiated when the 

junctions became mechanically coupled to actomyosin.120
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epithelial extrusion
Extrusion is a process whereby minorities of cells become 

physically expelled from epithelia.8 These minorities may 

result from apoptosis, which was the context where extrusion 

was first identified, or from other processes, such as bacterial 

infection or the expression of oncogenes. In these circum-

stances, extrusion may represent a mechanism to eliminate 

abnormal cells and restore homeostasis.121 In the case of 

oncogenic extrusion, however, extrusion may promote the 

proliferation of transformed cells by removing them from the 

inhibitory environment of a normal epithelium.122,123 Many 

instances of extrusion are cell nonautonomous phenomena, 

which only occur when minorities of abnormal cells are sur-

rounded by normal cells.122,123

This is clearly seen with oncogenic extrusion, which does 

not occur when a large number of cells express oncogenes, 

but only when the oncogene-expressing cells are surrounded 

by nonexpressing cells.122,123 This further implies that the 

intercellular interface associated with extrusion may bear 

distinctive properties. Interestingly, extrusion can also affect 

apparently normal cells when epithelia become overcrowded; 

here expulsion of the unlucky minority seems to provide a 

mechanism to restore population homeostasis.124,125

The notion that extrusion might be an active mechani-

cal process was first suggested by the observation that 

during apoptotic extrusion the neighboring cells assemble 

an actomyosin ring at their interface with the cell to be 

extruded.122,126,127 This suggested that contractility might be 

a key to extrusion. Recently, the role of junctional mechanics 

has become apparent in the context of oncogenic extrusion. 

Here we observed that patterns of contractile tension become 

reorganized specifically at the junction between transformed 

and nontransformed cells, ie, where extrusion will occur.8 

Junctions between nontransformed cells displayed high ten-

sion at their apical ZA but lower tension at the lateral junc-

tions located below the ZA (Figure 5B).8 However, this was 

altered specifically at the extrusion interface, which displayed 

reduced apical junction tension and increased lateral tension.8 

This was attributable, at least in part, to the redistribution of 

N-WASP from the apical to the lateral junctions.8 Therefore, 

local changes in junctional F-actin stability could modulate 

patterns of junctional tension to facilitate extrusion. It is likely 

that other changes in the junctional cytoskeleton collaborate 

to induce extrusion. E-cadherin can promote the junctional 

recruitment of N-WASP, as it regulates other aspects of the 

junctional actin cytoskeleton.15 Whether these regulatory 

effects of E-cadherin contribute to extrusion remains to be 

elucidated. E-cadherin was necessary in the neighboring 

cells for extrusion to occur.122,123 However, it was recently 

demonstrated that cleavage of E-cadherin in single cells can 

be sufficient to promote extrusion,127 suggesting that adhe-

sion alone may be less important than how the patterns of 

mechanical tension are altered at cell–cell interfaces.

wound healing
Finally, cadherin-cytoskeletal cooperation may contribute to 

the process(es) of wound healing (Figure 5C). Its precise role 

may depend on the size of the wounds that are involved. For 

example, the closure of small wounds can be critically influ-

enced by the cortical forces of the actomyosin cytoskeleton, 

as shown in Figure 5C(a).128 As studied in Drosophila, several 

stages in the process have been described, which begin with 

the retraction of the wound margins. This is thought to reflect 

the release of tension that was previously existing in the epi-

thelium (which can be considered as a prestressed material).129 

Subsequently, an apparent wave of myosin and F-actin flows 

in the epithelium towards the cells at the immediate wound 

margin, likely under the control of Ca2+ signaling.130,131 

Lastly, at the very edge of the wounded area, myosin and 

actin are organized into a contractile ring, which is anchored 

to junctional E-cadherin.132 This ring generates contractile 

forces that shrink the area of the open wounds.130,133,134 Here 

cadherin-actin cooperation may be essential for contractility 

to be coordinated at the wound margin.

The closure of large wounds also involves many cellular 

processes, including lamellipodia that drive migration of 

the cells at the wound front.128 This process can also be con-

sidered as a form of collective cell migration, as is readily 

illustrated in artificial wounds where cells show coordinated 

directionality of migration, as shown in Figure 5C(b).121,135–137 

However, this coordination is disrupted when E-cadherin or 

elements of the cadherin molecular complex (eg, α-catenin) 

are depleted. Under these circumstances, cell movements 

become chaotic within the migrating population.138–140 The 

precise mechanisms that allow cadherins to support collec-

tive migration are not well understood. Cadherin adhesion 

might be required to maintain the integrity of the migrating 

population;121,140 it may also transmit forces generated by cells 

at the margins of the wounds to other cells in the epithelial 

population.140 This is likely to be a fruitful field for future 

research.

Conclusion
Epithelia establish and maintain robust tissue architec-

tures out of intrinsically dynamic components. We have 

 highlighted the capacity for cooperation between adhesion 
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and the dynamic actomyosin cytoskeleton to contribute to a 

range of biological outcomes.57,69 Ultimately, the molecular 

and cellular mechanisms that integrate adhesion with the 

cytoskeleton are subject to regulation by external cues, 

both chemical and mechanical, that impinge upon cells 

from their local environments.4,5,141 It will be an exciting 

challenge for the future to characterize how such signals 

influence tissue homeostasis in the healthy organism, and 

how they might be perturbed to disturb cell–cell interac-

tions in disease.
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