
REV IEW

E-cadherin junctions as active mechanical integrators 
in tissue dynamics
Thomas Lecuit and Alpha S. Yap

During epithelial morphogenesis, E‑cadherin adhesive junctions play an important part in mechanically coupling the contractile 
cortices of cells together, thereby distributing the stresses that drive cell rearrangements at both local and tissue levels. Here 
we discuss the concept that cellular contractility and E‑cadherin‑based adhesion are functionally integrated by biomechanical 
feedback pathways that operate on molecular, cellular and tissue scales.

Cellular contractility is a cardinal determinant of cell and tissue mor-
phogenesis. Indeed, our understanding of morphogenesis has evolved 
from the classical view that tissue remodelling is driven by differential 
adhesion between groups of cells1,2, to the current appreciation that acto-
myosin contractility contributes to morphogenesis by critically influenc-
ing cell contact dynamics and cell movements3,4. As an illustration of this 
shift in focus, the seminal ideas of Steinberg on cell sorting were first 
interpreted from the standpoint of differential adhesion strength associ-
ated with cadherin binding energies1. However, cell sorting and tissue 
arrangements in embryos are also influenced by actomyosin-dependent 
cortical tension5,6. These different views can be reconciled by the realiza-
tion that actomyosin tension and cadherin-based adhesion both contrib-
ute to the interfacial energy in epithelial tissues7,8. Furthermore, cadherin 
adhesion mechanically couples the contractile cortices of neighbour-
ing cells together6,9,10 and allows cell-level forces to yield supracellular, 
tissue-level forces10–12. Thus, cortical tension and cell–cell adhesion are 
intimately linked6.

In this Review, we examine recent evidence from a range of cell and 
model systems that define how cadherin-based junctions and contractil-
ity are integrated. We focus on epithelia, where E-cadherin forms homo-
philic adhesive complexes10,13 to stabilize the surfaces of contacting cells. 
Epithelial cells exhibit complex and rich dynamics during development 
and regeneration, but must also preserve tissue integrity and barrier 
function. For instance, epithelial cells divide while maintaining contacts 
with their neighbours, and thereby produce new cell–cell interfaces14–17. 
Cell extrusion, in response to apoptosis18,19, oncogenes20,21 or external 
pressure22,23, is accompanied by the loss of several cell contacts. Finally, 
epithelial cells remodel their contacts by a process of neighbour exchange 
called intercalation24, which may occur in a random orientation to allow 
cell movement in an epithelial tissue, or may be planar-polarized to drive 
directed tissue extension25–28. Cell division14–17, cell extrusion20,22,23 and 
cell intercalation26,27,29 are basic cellular processes that add, remove, or 

exchange cell junctions and thereby fluidize epithelial tissues on time 
scales of tens of minutes to hours12,30. All these cases involve the applica-
tion of contractile forces at E-cadherin junctions, which can both resist 
deformation and transmit subcellular stresses11,31. This implies that 
epithelial dynamics hinge on how the mechanical properties of their 
E-cadherin-based cell–cell junctions are regulated during these differ-
ent processes.

We suggest that elucidating the biomechanical complexity of these 
processes can be guided by two themes. First, junctions serve not only to 
couple adhesion and contractility, but also influence the biogenesis of the 
contractile apparatus itself. Cadherin junctions (often called adherens 
junctions) can then be regarded as active agents in the morphogenetic 
process, rather than solely as passive resistance elements. Second, adhe-
sion and the actomyosin cytoskeleton are integrated at junctions by a 
combination of biochemical pathways and biomechanical feedback: bio-
chemistry determines mechanics and mechanics regulates biochemistry. 
Here, we focus on actomyosin, although it is important to note that 
microtubules and intermediate filaments also interact with junctional 
adhesion systems32,33.

Integrating adhesion and contractility at E‑cadherin junctions
Adherens junctions are enriched in cortical actomyosin34–37 and are 
also physically linked to the actomyosin networks found in the apical 
(or medial–apical) epithelial cell cortex37,38 (Fig. 1a). These actomyo-
sin networks display pulsatile behaviour when myosin II contractility 
drives the aggregation of its associated actin networks39,40. Such pulses 
occur with similar periodicity (~100 s) in the medial–apical network 
of morphogenetically active embryonic cells37,41–45 and at the lateral 
junctions in cultured epithelia20. These actomyosin pulses deform 
cell-cell junctions in embryonic cells and generate oscillatory planar 
movements of cadherin clusters in cultured epithelia20. In embryonic 
epithelial cells, anisotropic flows of pulsating actomyosin also feedback 
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on the asymmetric distribution of clustered E-cadherin at junctions46. 
These coupled patterns of movement therefore indicate that E-cadherin 
adhesion and actomyosin are physically linked to one another, allowing 
actomyosin to transmit forces to the adhesion system.

The physical connection between cadherin complexes and the con-
tractile apparatus is principally mediated by association with the F-actin 
component of actomyosin. Multiple mechanisms link E-cadherin to 
F-actin (Fig. 1b). A key role is played by α-catenin47,48, which can directly 
bind actin filaments49 and also supports less direct interactions through 
proteins such as vinculin48,50,51 and EPLIN (also known as LIMA1)52.
Other molecular mechanisms also participate, such as the unconven-
tional motor myosin VI, which can associate directly with E-cadherin53 
and is recruited to apical cadherin junctions (zonulae adherente) in 
polarized epithelia54. Although we do not yet understand why such a 
wide range of proteins are able to link cadherins to cortical F-actin, one 
interesting possibility is that they may be making distinct contributions 
to the mechanical properties of the junctions. For example, although 
myosin VI is a processive motor that moves towards the minus-ends 
of actin filaments, under resistive load — such as it might experience 
at adherens junctions — it can potentially convert to an actin-binding 
anchor55 that might serve to reinforce cadherin–actin associations under 
stress. Alternatively, they may reinforce mechanical coupling with forces 
that have different orientations to the junctions (for instance, perpen-
dicular (or normal) versus tangential to junctions)51. More generally, this 
emphasizes the notion that multiple actin pools exist which interact with, 
and organize, subsets of cadherins within the junctions56–58.

However, E-cadherin adhesions also contribute to the biogenesis of 
the junctional actomyosin cortex itself (Fig. 1c). E-cadherin adhesions 
are sites of Rho signalling59,60, which activates myosin II, and the cad-
herin–catenin complex participates in coordinating the balance of Rho 
activators (guanine nucleotide exchange factors (GEFs)) and inactivators 

(GTPase-activating proteins (GAPs)) at adherens junctions60. Rho sig-
nalling is mediated by the ROCK protein kinase, which also associ-
ates with E-cadherin at cell–cell junctions61,62. Other proteins that can 
interact with ROCK to promote its junctional accumulation, such as 
the actin-binding protein Shroom, also have important roles in control-
ling junctional tension and morphogenesis61,63. Additionally, E-cadherin 
adhesions promote actin assembly at the junctional cortex by recruiting 
actin regulators (for example, Arp2/3 (ref. 64), formins (ref. 65), CD2AP 
(ref. 66) and cortactin (ref. 67)) and the signalling pathways that activate 
them. These associations between signalling molecules and actin regu-
lators at E-cadherin-based junctions help generate the actin networks 
that are necessary for actomyosin contractility. Thus, the integration of 
adhesion and contractility that is seen at adherens junctions6 involves 
a contribution from E-cadherin to building the contractile apparatus 
itself, an effect that is most evident for junctional actomyosin. Although 
it is not known whether cadherin-based actin assembly also affects the 
medial–apical networks, it can extend outwards from junctions68.

This capacity for cadherin adhesion actively to build, as well as pas-
sively bind to, actomyosin complicates the analysis of junctional mechan-
ics. In parsing this problem, it is important to appreciate that the timescale 
of analysis influences the apparent mechanical properties of cell–cell 
interactions. The total mechanical stresses (force/surface area) in the 
plane of the junctions between cells consist of elastic, viscous and active 
stresses69–71. Elastic stresses depend on the extent of deformations, whereas 
viscous stresses depend on the rate of deformations and active stresses 
depend on myosin II motor activity, actin dynamics and crosslinking. 
On short timescales (seconds), elastic behaviour dominates and allows 
long-range propagation of tension within and between cells in a tissue72. 
The junctional73–75 and medial–apical actomyosin networks12,37,76 make 
contributions to such elastic stresses, as do passive connections between 
the actin network and E-cadherin complexes38,57. On longer timescales 
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Figure 1 Actomyosin at epithelial junctions. (a) Schematic of actomyosin 
organization in simple epithelial cells. Cells in a monolayer are depicted as 
hexagons when viewed in the apical plane. Myosin minifilaments interact with 
F-actin networks both at the cortices of cell–cell junctions and in the medial–
apical pole of the cells. (b) Mechanisms for the E-cadherin molecular complex 
to associate with F-actin of the actomyosin apparatus. Actin filaments may 

bind directly to α-catenin, interact with α-catenin-associated proteins, such as 
vinculin or EPLIN, or bind to proteins such as myosin VI, which can associate 
with E-cadherin independently of α-catenin. (c) Cadherin adhesions support 
biogenesis of the junctional actomyosin apparatus by promoting actin assembly 
(for example, through nucleation by engaging Arp2/3, formins and associated 
proteins such as cortactin) and Rho-dependent activation of myosin II.
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(minutes and longer), however, viscous stresses become more apparent 
as the turnover of components (E-cadherin, actin filaments, myosin II 
and crosslinkers) allows stress dissipation, fluid behaviour of subcellu-
lar networks70 and cell interfaces, as well as large-scale deformations in 
the tissues, with cells sliding past one another as in a viscous fluid3. On 
these longer timescales, cadherin adhesion may also contribute to active 
stresses by regulating the actomyosin apparatus60.

Mechanosensitivity and the impact of force
Force can affect the behaviour of the cadherin–actomyosin system 
at many levels and through different mechanisms, both passive and 
active. It should be noted that the distinction between passive and 
active processes can sometimes cause confusion between biologists 
and physicists. For physicists, active processes consume energy and 
therefore exist out of thermodynamic equilibrium72, whereas passive 
processes do not consume energy. The biological use of these terms 
is less precise, but active processes are commonly taken to involve 
complex cellular responses (for example, signalling) that are elicited 
by instructive stimuli. As we shall see, mechanosensitivity in the cad-
herin–actomyosin system involves mechanisms that are passive or 
active in both the physical and biological senses of these terms.

With regard to tension-sensitive adhesion, the coupling of E-cadherin 
to actomyosin contractile networks carries a potential paradox. Although 
the generation of contractile stress contributes to morphogenesis by 
remodelling cell junctions, it would tend to disrupt the cell–cell adhe-
sions that transmit those stresses (Fig. 2a). This implies that mechanisms 
must exist to strengthen adhesion in proportion to contractility and 
which themselves may be regulated to achieve either junction remod-
elling or reinforcement. Indeed, one mechanism for force-dependent 
adhesive strengthening is an intrinsic property of the cadherin adhe-
sive bond itself. The strength of interaction between associated mol-
ecules can respond to force in three theoretically distinct ways: they 
may become more short-lived (slip bonds); longer-lived (catch bonds); 
or become  insensitive to stress (ideal bonds)77,78. Crystallographic analy-
ses indicate that isolated cadherin ectodomains can form two distinct 
trans-conformations: a strand-swap dimer in which opposing cadherins 

insert a conserved tryptophan residue into a hydrophobic pocket on 
their binding partner, and an X-dimer formed by extensive interac-
tions between the amino-termini of the ectodomains79. The X-dimer is 
thought to be an intermediate state to the adhesive strand-swap dimer79. 
Interestingly, measurement of bond lifetimes of single molecules under 
force using atomic force microscopy revealed that cadherin mutants 
favoured to form X-dimers display catch bonds80,81. Effectively, the ten-
dency of catch bonds to strengthen under stress would allow transitional 
X-dimers to resist tensile forces, and thereby stabilize cell–cell interac-
tions (Fig. 2b). However, this may not be sufficient to reinforce adhesion 
against stress. Strand-swap dimers of E-cadherin ectodomains — the 
putative mature form of adhesion — showed slip-bond behaviour80, 
implying that they could weaken under stress.

At the cellular level, however, cadherin-based adhesion is not solely 
determined by the intrinsic binding activity of the ectodomains, but 
is also promoted by the lateral organization of cadherins into finite-
sized clusters82, a process that requires cytoplasmic contributions83–85. 
E-cadherin clusters are evident at epithelial cell–cell junctions, and their 
number, size, lateral mobility and compositional turnover depend to a 
large extent on associations with actin filaments20,57,85,86. As the strength of 
adhesion depends on these properties of clusters, it might be predicted to 
be influenced by the junctional cytoskeleton. Indeed, cortical actomyo-
sin stabilizes E-cadherin at the zonula adherens87, promotes cadherin 
clustering and strengthens adhesion35,36. Cadherin clustering in response 
to cortical actomyosin would then provide an additional mechanism 
for adhesion to be strengthened at sites where stress is being applied 
(Fig. 2b). On the basis of our earlier discussion, adhesive strengthening 
of catch bonds represents a passive process, whereas strengthening via 
cadherin clustering is an active process, as it entails Rho–ROCK signal-
ling and myosin activity35,36, which consume energy.

At another level, the junctional actomyosin system is itself sensitive 
to force. Cells undergo stiffening when mechanical forces are applied to 
adhesions formed by cadherin-coated beads88, a response that is accom-
panied by the accumulation of F-actin at the adhesions89. This implies 
that the cytoskeleton can be altered by the application of force to cadherin 
adhesions. At native cell–cell junctions such mechanosensitivity would be 
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Figure 2 Forces and mechanosensitivity at E-cadherin junctions. (a) The 
E-cadherin–actomyosin system encounters multiple patterns of force (F), 
including forces acting on the ectodomains that would tend to rupture the 
adhesion bonds, and stresses that tend to cause turnover of F-actin in the 
junctional actomyosin network. Elements of the cadherin–catenin complex 
are depicted as in Fig. 1b. (b) Mechanosensitive response mechanisms 

include passive and active processes. Adhesion can be strengthened to resist 
detachment forces by catch bonds in the ectodomain adhesive interaction 
and actomyosin-dependent clustering of cadherin receptors. The junctional 
cytoskeleton can be reinforced against stress by catch bonds between the 
cadherin–catenin complex, and F-actin and tension-sensitive actin assembly 
mediated by vinculin and Ena/VASP.
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predicted to respond to the stresses that are transmitted across junctions 
through cadherin adhesions. Consistent with this, the amount of F-actin 
at the zonulae adherente of epithelial cells depends on myosin36,90, whereas 
stimulation of contractility can also increase the amount of myosin at the 
junctions74. Thus, force on the cadherin–actomyosin system is able to 
regulate the actomyosin system as well as strengthen adhesion.

As occurs with adhesive strengthening, tension sensitivity in the junc-
tional cytoskeleton is likely to reflect both passive and active molecular 
processes. These include the associations between cadherin and F-actin 
itself (Fig. 2b). As noted earlier, one mechanism to link the cadherin 
molecular complex to F-actin is via α-catenin, which is capable of binding 
directly to actin filaments49. Nevertheless, efforts to reconstitute interac-
tions between a minimal cadherin–catenin complex and F-actin were 
unsuccessful when performed in solution using purified proteins91. It 
now transpires that a more stable interaction occurs when these elements 
are engaged under force, a tension-sensitive process that is attributable 
to the formation of catch bonds between the cadherin–catenin complex 
and actin filaments92. In its simplest form, this would represent a pas-
sive mechanism to promote the cadherin–actin interaction under stress. 
Similarly, myosins are liable to remain attached when load is applied to 
the actin filaments93, thereby tending to convert motors into actin-based 
anchors. This intrinsic mechanosensitivity occurs through force-sensitive 
modulation of the kinetics of the myosin mechanochemical cycle93–95. 
This affects myosin II (ref. 96), as well as myosin VI, and may account for 
the observed ability of tension to stabilize myosin II at junctions74. The 
forces that load myosins could derive from contractility itself, and could 
also be generated from the growth of actin filaments that are crosslinked 
into networks by myosin94.

Tensile stress can also affect the junctional cytoskeleton by active 
processes such as actin assembly (Fig. 2b). Stimulation of contractil-
ity increased actin assembly at the zonulae adherente of cultured epi-
thelial cells, whereas inhibiting contractility reduced assembly90. The 
mechanism involved the tension-sensitive recruitment of vinculin to 
the zonulae adherente, where it serves to localize members of the Ena/
VASP family that promote the growth of actin filaments at their barbed 
ends97,98. α-Catenin is a dominant mechanism to recruit vinculin to junc-
tions, and the tension sensitivity of vinculin recruitment may reflect 
force-induced changes in the conformation of α-catenin itself, leading 
to the appearance of previously cryptic interaction sites89,95,99.

It is worth noting that the impact of force on the cadherin–actomyo-
sin system can be negative, as well as positive. For example, contractile 
stresses can induce turnover of the actin filaments on which myosin acts, 
a process that will ultimately limit contractility20. Indeed, myosin-induced 
F-actin turnover occurs at the lateral junctions of epithelial cells, located 
below the zonula adherens20 (Fig. 2a). At the zonula adherens, however, 
F-actin content appears to be protected from stress-induced turnover 
by the actions of proteins such as N-WASP20, which stabilizes actin fila-
ments56, and vinculin–Ena/VASP, which promote actin assembly90. These 
differences in the local response to stress would be predicted to have 
mechanical consequences: the ability of cortical actin to resist turnover 
and deformation promotes elasticity, whereas filament turnover facilitates 
fluidization, dissipates stress and favours viscous behaviour70. Consistent 
with this, junctional tension was higher at the zonula adherens than at the 
lateral junctions, due to local stabilization of cortical F-actin20.

Finally, cadherins might respond to the force that they experience100,101 
by modulating cortical signalling. One example of cadherin-based 

mechanotransduction occurs in vascular endothelial cells, where 
VE-cadherin functions as an adaptor that couples PECAM-1, an immu-
noglobulin  family adhesion protein, to the VEGF receptor 2 signalling 
pathway, thereby conferring cellular sensitivity to sheer flow102. Ligation 
of E-cadherin itself can also activate a range of cellular signalling path-
ways, including Rho family60,64,103 and Rap GTPases104, Src-family 
kinases105 and phosphatidylinositol-3-OH kinase (PI(3)K)106. However, 
whether such cadherin-activated signalling pathways are responsive to 
force exerted on cadherin adhesions during morphogenesis remains to 
be characterized.

From dynamic cells to tissue dynamics
To illustrate how spatial control over junction remodelling dictates 
different tissue outcomes, in particular with respect to the interplay 
between E-cadherin and actomyosin networks, we present a few typical 
examples of tissue morphogenesis in more detail.

Epithelial tissues exhibit astonishing plasticity during embryonic 
development, notably during gastrulation — the process associated 
with the formation of the different tissue layers — and organogene-
sis. Studies in both vertebrate and invertebrate model organisms have 
recently shed light on the cellular and molecular mechanisms of tis-
sue morphogenesis, revealing their conservation across species and 
the central role of junction dynamics in epithelia. Two general classes 
of morphogenetic processes exist in animals, namely tissue invagina-
tion and tissue extension107. Invagination is usually initiated by apical 
cell constriction, whereas extension is driven by cell intercalation and 
convergence–extension movements24.

Apical constriction is associated with geometric cell shape changes, 
whereby cells maintain contact with their neighbours but shrink the 
length of all junctions through the apical accumulation of myosin II 
and contractile stresses (Fig. 3a). Isotropic apical contractile actomyosin 
networks exert traction forces against all junctions and reduce the apical 
cell perimeter. This often requires apical Rho activation, phosphoryla-
tion of the myosin II regulatory light chain38,76,108,109 and recruitment of 
Shroom110–112. The connection between E-cadherin-associated proteins, 
in particular α-catenin, and pulsatile actomyosin networks is required for 
the mechanical coupling between apical tensile forces and cell junctions, 
as shown in Caenorhabditis elegans38 and Drosophila108. Individual con-
tractions within the apical zones of cells are coupled across several cell 
diameters, which reveals the E-cadherin-dependent build-up of elastic 
tissue stresses12. Such elastic tissue-scale stresses are proposed to cause 
tissue buckling and tissue invagination. In the vertebrate neural tube, 
invagination of the neuroectoderm requires planar-polarized supracel-
lular actomyosin cables that connect many cells together and produce 
incomplete cell intercalation29,61. Cells shrink some junctions but do not 
intercalate. As a result, tissue-level elastic stresses build up and cause tis-
sue buckling. In this system actomyosin tension requires Rho1 pathway 
activation by the planar cell polarity pathway and Shroom29,61, emphasiz-
ing the conserved role for actomyosin regulation. The role of cadherins 
in this process has not been described, but N-cadherin could be the 
cadherin involved in connecting the actomyosin network to junctions.

Tissue-level stresses can be dissipated by cell intercalation (Fig. 3b), a 
process that drives tissue extension in the Drosophila germband26,27, the 
chick epiblast113, the mouse endoderm114 and in Xenopus gastrulation115. 
Planar cell intercalation first requires junction shrinkage and the forma-
tion of a four-way or higher-order vertex, and then requires new junction 
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growth in a perpendicular orientation, thereby effectively allowing neigh-
bour exchange and stress dissipation in the tissue8,25. The mechanisms of 
junction shrinkage have been mostly deciphered in Drosophila, in which 
planar-polarized flows of actomyosin pulses produce stepwise junction 
shrinkage37 followed by stabilization of junction length by junctional acto-
myosin37,74. Planar-polarized actomyosin also requires the Rho1–ROCK 
pathway26,63,116 and a contribution from Shroom63. Actomyosin flows are 
oriented towards junctions by asymmetric coupling to E-cadherin com-
plexes through α-catenin46. Planar junction remodelling is also associated 
with planar-polarized regulation of E-cadherin: E-cadherin endocytosis 
is upregulated in a Rho1-dependent manner when junctions are under 
stress117 and E-cadherin clusters are also downregulated via inhibition of 
Par3 by the kinase ROCK116. Thus, concerted downregulation of adhesion 
and activation of actomyosin stresses may drive intercalation. 

Concluding remarks
We propose that cell–cell junctions can be understood as mechanical 
agents, which contribute to morphogenesis by functionally integrat-
ing cell adhesion and actomyosin-based contractility. We suggest that 
the complex biochemical pathways that support junctional mechan-
ics and contractility will ultimately prove to be themselves regulated 
by mechanical feedback. Mechanosensitivity, both passive and active, 
is evident in many of the mechanisms that integrate E-cadherin adhe-
sion and contractility at junctions. So far, however, this has been largely 
explored at the molecular and cellular level. An important challenge will 
be to test whether these mechanisms operate within the more complex 
environments of intact tissues and embryos. An exciting development 
has been the implementation of tension biosensors in model systems. A 
recent example revealed polarized patterns of molecular tension across 
E-cadherin during the morphogenetic process of border cell migration, 
which reflected feedback between E-cadherin adhesion and chemotactic 
Rac signalling118. This may be just a first glimpse of much more complex 

systems of biomechanical regulation. Furthermore, it is interesting to 
note that adhesion and the cytoskeleton are also integrated at integrin-
based adhesions. Indeed, many of the issues that we have highlighted in 
discussing cell–cell junctions also apply to integrin adhesions. The notion 
of cross-talk between cadherins and integrins has been a persistent, if 
elusive, theme in the biology of cell adhesion. As actomyosin contributes 
to the mechanical coherence of the cytoplasm119, it is enticing to specu-
late that cadherin and integrin adhesions may ultimately be found to be 
mechanically coupled to one another. Mechanical integration may then 
provide an avenue for adhesive cross-talk, one where the biochemistry of 
either cadherin or integrin junctions may be affected by the mechanical 
influence of the other adhesive system.
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