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The cadherin-catenin adhesion complex is the key component of the intercellular adherens
junction (AJ) that contributes both to tissue stability and dynamic cell movements in epithe-
lial and nonepithelial tissues. The cadherin adhesion complex bridges neighboring cells and
the actin-myosin cytoskeleton, and thereby contributes to mechanical coupling between
cells which drives many morphogenetic events and tissue repair. Mechanotransduction at
cadherin adhesions enables cells to sense, signal, and respond to physical changes in their
environment. Central to this process is the dynamic link of the complex to actin filaments (F-
actin), themselves structurally dynamic and subject to tension generated bymyosin IImotors.
We discuss in this review recent breakthroughs in understanding molecular and cellular
aspects of the organization of the core cadherin-catenin complex in adherens junctions,
its association to F-actin, its mechanosensitive regulation, and dynamics.

A
defining feature of tissues is adhesion be-

tween cells at specialized intercellular junc-
tions, known as adherens junctions, which in-

volves Ca2þ-dependent cell–cell adhesion

molecules of the cadherin family (e.g., E-cad-
herin in epithelia) and their associated catenins.

The cadherin/catenin adhesion complex is a

key component that contributes to epithelial
and nonepithelial tissue stability and dynamic

cell movements. This complex bridges neigh-

boring cells and the actomyosin cytoskeleton,
and thereby contributes tomechanical coupling

between cells which drives many morphogene-

sis events and tissue repair. The importance
of this coupling is particularly exemplified in

mammalian embryonic cell compaction and in-

gression (Samarage et al. 2015), and during api-

cal constriction (Weng and Wieschaus 2016)

and convergent extension of the germ band lay-
er in Drosophila (Guillot and Lecuit 2013). It is

also critical during wound healing and gap clo-

sure of epithelial mammalian cells monolayers
(Liu et al. 2010; Vedula et al. 2012; Doxzen et al.

2013; Bazellieres et al. 2015). Thus, understand-

ing the molecular and cellular biology of the
cadherin cell adhesion machinery, including as-

sociated partners and F-actin, and of adherens

junctions, is a prerequisite to acquiring a com-
prehensive understanding of key developmental

and pathological processes common to multi-

cellular organisms from flies and worms to
humans. Fortunately, recent advances in com-

bining classical cell biology, live cell imaging,

biomechanical, and biophysical tools have
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allowed us to gain a deeper understanding of the

integration of the processes of cadherin adhe-
sion and association to the actin cytoskeleton

that lead to the formation of adherens junctions

which are stable enough to maintain tissue co-
hesion, but also plastic enough to allow cell re-

arrangement during development. We will fo-

cus here on recent progress in unveiling the deep
molecular and cellular mechanisms of cadherin

adhesion which include multiscale clustering

and dynamic association to the contractile ac-
tomyosin cytoskeleton.Wewill discuss the chal-

lenge of understanding cell adhesion dynamics

at multiple scales in living cells, an issue that
is common to understanding the behavior of

many self-assembled modules in living matter.

We will discuss the issues which become
accessible now to investigators thanks to new

developments in proteomics, structural biology,

imaging, quantitative biology, modeling, and
biophysics.

HISTORICAL PERSPECTIVE, A FEW
MISUNDERSTANDINGS

The present knowledge about adherens junc-
tions, their link to actin and their dynamic na-

ture, started with a misunderstanding back in

the 1970s between two early fields of cell biol-
ogy. The first, and older one, is intrinsic to the

emergence of cell biology: it is the characteriza-

tion of cellular structures, compartments and
organelles thanks to the development, then use

by cell biology pioneers, of the electron mi-

croscope. This allowed Palade and others to de-
scribe in epithelial cells portions of plasma

membranes at the intercellular sites where

neighboring membranes come into proximity
with one another (Farquhar and Palade 1963).

Among them was a class of junctions found in

many tissues that were collectively called adhe-

rens junctions, which are located below tight

junctions at intermediate position within the

epithelial apico-lateral complex in vertebrate
cells (named zonula adhaerens in the seminal

paper of Farquhar and Palade [1963]). These

junctions are characterized by an intercellular
spacing of around 20 nm that is maintained

throughout the junction and extensive conden-

sation of cytoplasmic fibrils along either side of

the junction. They differ from desmosomes,
which are found at more basal positions and

characterized by a wider intercellular space bi-

sected by an intermediate line. Desmosomes
have bundles of cytoplasmic fibrils converging

into dense plates that are separated from the

inner leaflets of the cell membrane by a zone
of low density. Because of this morphological

description in fixed adult, highly structured,

tissues, intercellular junctions have been con-
sidered as stable attachment points appearing

in mature tissues.

The second angle of attack comprises the
studies of cell adhesion initiated 10–15 years

later under the leadership of pioneers such as

Edelman and Takeichi who were puzzled by
morphogenetic processes appearing during

the shaping of organisms. They were clearly

inspired by two developmental biologists: Wil-
son (1907) and Holtfreter (1939), (see Holtfr-

eter 1964 for the translation in English). By

developing dynamic tools to study and quantify
cell–cell adhesion as short term aggregation of

live cells, they defined cell–cell adhesion as a

dynamic process associated with morphogene-
sis (Urushihara et al. 1976; Brackenbury et al.

1977; Thiery et al. 1977). Amazingly for a latter-

day cell biologist, both fields ignored each other
up to the 1980s, when the expression of cadher-

ins, identified as cell adhesion molecules thanks

to aggregation assays, was shown to induce the
formation of adherens junctionswhen transfect-

ed in cells (Matsuzaki et al. 1990; Mège et al.

1988). As an illustration, N (neural)-cadherin
was functionally and biochemically character-

ized, then cloned simultaneously by the Edel-

man and Takeichi groups (Hatta et al. 1988;
Matsuzaki et al. 1990), and turned out to be

the adherens junction cell adhesion molecule

(A-CAM) characterized by Volk and Geiger
(1986). This precipitated the merger between

the two views, which has only strongly evolved

along the past 10 years toward an integrated
view of intercellular junction dynamics on the

time scale of a cell’s lifetime thanks to dynamic

live cell imaging (Adams et al. 1998; Thoumine
et al. 2006; Guillot and Lecuit 2013; Heisenberg

and Bellaiche 2013; de Beco et al. 2015).
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In the 1980s, functional perturbation and

immunoprecipitation experiments showed that
cadherin function required the integrity of

the actin cytoskeleton, and that the cadherin

cytoplasmic domain associates with intracellu-
lar cadherin-associated proteins, namely cate-

nins a and b (Nagafuchi and Takeichi 1988;

Ozawa et al. 1989). These catenins, as well as
another protein described as a cadherin cyto-

plasmic tail binding partner, p120-catenin

(Reynolds et al. 1994), rapidly appeared togeth-
er with the cadherin molecule itself as obligato-

ry subunits of a multimeric plasma membrane

homophilic adhesion receptor, the cadherin/
catenin complex, which requires association to

F-actin for its function (Mège et al. 2006). Al-

though detailed biochemical analysis of the
cadherin/catenin complex published in 2005

cast doubt on the nature of this link to F-actin

(Nelson and Weis 2016), it is clear now, after

almost a decade of controversy, that the com-
plex binds F-actin directly via a-catenin, which

is a bona fide actin binding protein, with b-cat-

enin making the link between cadherin cyto-
plasmic tail and a-catenin (Fig. 1). The novel

insight acquired along the past years is that this

association may require forces developed by
the myosin II motors and involve additional

F-actin-binding/bundling proteins such as

vinculin, as developed further in this review
(Yonemura et al. 2010; Buckley et al. 2014).

THE CORE CADHERIN/CATENIN COMPLEX

Classical cadherins found at the adherens junc-

tions are Ca2þ-dependent cell–cell adhesion
molecules composed of an extracellular domain

with five cadherin repeats, a transmembrane

EC2
EC2

EC3

E-CadherinE-Cadherin

Cell surface Cytoplasm

β-Catenin

α-Catenin
F-actin

p120

Catenin

EC4

EC5
EC1
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Figure 1. Three-dimensional model of the E-cadherin-catenin cell adhesion complex associated with F-actin.
The E-cadherin-catenin cell adhesion complex is a major component of adherens junctions that mediate
calcium-dependent cell–cell adhesion. Ectodomains of E-cadherin cell adhesion receptors (orange and pink)
from adjoining cells engage in the extracellular strand-swap trans interaction. The cytoplasmic region of E-
cadherin binds directly to b- and p120-catenins, and indirectly to the F-actin-binding protein a-catenin
through b-catenin. a-catenin binds directly to F-actin through its carboxy-terminal actin-binding domain
or indirectly by associating with other F-actin-binding proteins, such as vinculin (not shown here). The model
is based on the following crystal structures: E-cadherin ectodomain EC1-5 trans-dimer bound to calcium
(yellow spheres) (PDB ID: 3Q2V) (Harrison et al. 2011); p120 catenin (blue) bound to E-cadherin (PDB ID:
3L6X) (Ishiyama et al. 2010); b-catenin (green) bound to E-cadherin (PDB ID: 1I7W) (Huber andWeis 2001);
aE-catenin (red) (PDB ID: 1DOW, 4IGG and 4K1N) (Pokutta andWeis 2000; Ishiyama et al. 2013; Rangarajan
and Izard 2013); and F-actin (light and dark gray) (PDB ID: 3B63) (Cong et al. 2008). The plasma membrane is
shown in pale yellow lines.Model building was performedwith Coot (Emsley and Cowtan 2004). Themolecular
image was produced using PyMOL (DeLano 2008).
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domain and a carboxy-terminal cytoplasmic

domain (Takeichi 2014) (Fig. 1). The extracel-
lular domain is responsible for homophilic in-

teractions between cadherin molecules ex-

pressed at the surface of neighboring cells
(Boggon et al. 2002). This trans interaction in-

volves weak stepwise dimerization of cadherin

ectodomains through transient X-dimer then
strand-swap dimer formation, with dissociation

constants ranging from ≏100–900 mM for

E-cadherin (Harrison et al. 2011; Kudo et al.
2016). During cadherin synthesis in the ER, the

armadillo-repeat family proteins p120-catenin

and b-catenin (alternatively g-catenin in some
cell types) assemble onto the cytoplasmic do-

main.While p120-catenin has an essential func-

tion in regulating the stability of cadherin-cat-
enin complexes at the plasmamembrane (Peifer

and Yap 2003), b-catenin interacts with the ac-

tin binding protein a-catenin (Figs. 1, 2). The
integrity of the cadherin-catenin complex as

well as its association with the actin cytoskele-

ton were recognized very early on as a prerequi-
sites for cell–cell adhesion (Nagafuchi and

Takeichi 1988). It has also been known for

some time that the a-catenin/b-catenin heter-
odimer binds in a stoichiometric complex to

cadherins (Aberle et al. 1994). Subsequent bio-

chemical studies challenged the direct linkage
between the cadherin-catenin complex and

F-actin (Yamada et al. 2005). However, recent

data reconciled these opposite views by consid-
ering the role of mechanical force as a central

element required for binding the cadherin-cat-

enin complex to F-actin (Buckley et al. 2014;
Yao et al. 2014b).

Ecad

Ecad

p120

F-actin

Nascent adhesion Cadherin clustering Mature junction

CytoplasmCell s
urfa

ce

βcat
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α-Catenin

clustering

Actin bundling

Cooperative
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Cis-interaction

Trans-dimerization

Diffusion trapping

Cis-interaction
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Multiple cluster
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Figure 2. Extra- and intracellular molecular interactions of cadherin clustering. Nascent cell–cell adhesion is
mediated by trans-dimerizationof cadherin ectodomains fromopposing cell surfaces. Small cadherin clusters are
formed when cadherin trans-dimers gather at cell adhesion sites through diffusion trapping (Lambert et al.
2007). Cadherin-mediated cell adhesion is strengthened by having a-catenin within the cadherin-catenin com-
plex directly binding to F-actin under tension (Buckley et al. 2014). Cadherin clustering is supported by both
extra- and intracellular molecular interactions, including trans- and cis-interactions of cadherin ectodomains
(Boggon et al. 2002; Harrison et al. 2011) and cooperative F-actin binding of a-catenin (Hansen et al. 2013;
Buckley et al. 2014). Interactions between the cadherin cytoplasmic tail and p120-catenin are also crucial for
cadherin clustering (Yap et al. 1998; Ishiyama et al. 2010). The size of cadherin cluster may increase as cadherin
ectodomains organize into a two-dimensional (2D) lattice arrangement (Harrison et al. 2011). Increased local
concentration ofa-catenin through cadherin clustering andmultiplea-catenins associating with the same actin
filament may promote clustering of the a-catenin actin-binding domains (Chen et al. 2015) and actin bundling
(Rimmet al. 1995), hence furtherassociatingmultiple cadherin clusters intracellularly through the actin network
to formamature junction. Vinculin has not been considered in this representation, although it plays amajor role,
because the interface of its interactionwith a-catenin is only very poorly resolved at the ultrastructural level and
because its open/closed conformational switch at adherens junctions is not yet well established.
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While interacting in trans, the cadherin ex-

tracellular domain is thought to cluster by cis-
interaction to form oligomeric arrays bridging

the plasma membranes of the two opposing

cells (Harrison et al. 2011; Wu et al. 2011). Ex-
tracellular domain interactions trigger interac-

tions of cadherin-associated cytoplasmic pro-

teins with actin filaments (Lambert et al. 2002;
Mège et al. 2006). Although it may be conve-

nient to describe the processes governing the

integration of cadherin adhesion and cytoskel-
eton at adherens junctions following this extra-

to intracellular orientation, the formation, mat-

uration and reshaping of adherens junctions will
likely involve back and forth dialogue between

these two layers.

CADHERINS ARE CLUSTERED IN MICRON-
SCALED STRUCTURES AND
OLIGOMERIZED IN NANOASSEMBLIES

Although the exact ultrastructural distribution

of cadherin molecules in adherens junctions re-
mains to be solved, it is clear that cadherins

show a range of modes of lateral organization

at the plasma membrane, as reviewed recently
by Yap et al. (2015). It has been long shown that

cadherins accumulate in discrete micron-scaled

clusters (microclusters) at nascent adhesion
sites (Angres et al. 1996; Yap et al. 1997; Adams

et al. 1998; Gavard et al. 2004; Lambert et al.

2007; Cavey and Lecuit 2008; Hong et al. 2013;
Wu et al. 2014). More recently, the application

of superresolution techniques identified anoth-

er level of cadherin clustering at the nanoscale
level (typically ≏50 nm size, which we will call

nanoclusters) (Truong Quang et al. 2013; Wu

et al. 2015), indicating that the microclusters
observed previously and adherens junctions

could result from the aggregation of nanoclus-

ters (Yap et al. 2015).
Microclusters have been proposed to form

and grow by a diffusion-trapping process (De-

lanoe-Ayari et al. 2004; Lambert et al. 2007). At
minimum, this process only requires the pres-

ence and diffusion of cadherin ectodomains, as

long as the plasma membranes of neighboring
cells are close enough to allow cadherins to in-

teract by their amino-terminal EC1 domains

(≏38 nm) (Boggon et al. 2002; Wu et al.

2011). This passive process requires neither as-
sociation to catenins and F-actin nor actomyo-

sin generated forces, as it has been shown in cells

(Delanoe-Ayari et al. 2004; Harrison et al. 2011)
and by using various reconstruction approach-

es, such as artificial lipid vesicles bearing cad-

herin molecules that lack their cytoplasmic tails
(Harrison et al. 2011) and lipid droplets covered

with recombinant cadherin ectodomains (Pon-

tani et al. 2016). Nevertheless, as we will discuss
below, this diffusion-trapping clustering pro-

cess is highly regulated in cells by the association

of cadherin/catenin complexes with the actin
cytoskeleton and cadherin endocytosis.

The evident advantage of this multiscale

molecular clustering is to allow weak, short-
lived binding interactions to cooperatively act

together as optimized functional architectures

(Recouvreux and Lenne 2016; Strale et al.
2015). Indeed, single molecule analysis showed

that the lifetime of single cadherin bonds was on

the order of seconds to minutes (Perret et al.
2002), although fluorescence recovery after

photobleaching (FRAP) experiments on real

cell–cell contacts or reconstituted cadherin ad-
hesions indicate the presence of an immobile

fraction of cadherins at contact sites with a

slow recovery limited by an unbinding reaction
rate with characteristic half times t1/2 ¼ 15–

20 min (Thoumine et al. 2006; Lambert et al.

2007). Other studies confirmed the presence of
an ultraslow exchange fraction of cadherin at

adherens junctions in mammalian epithelial

cells as well as in Drosophila embryonic epithe-
lium in vivo (Yamada et al. 2005; Cavey et al.

2008). This stabilization could result from an

active process requiring actomyosin, as dis-
cussed below. However, the mere apposition of

the plasma membrane initiated by a few cad-

herin trans bonds may be sufficient to drive
the growth of stable clusters as predicted by

modelling approaches (Wu et al. 2013; Mancini

et al. 2016). This is reminiscent of modeling
performed with other membrane-borne li-

gand-receptor interactions, such as connexins

(Bruinsma et al. 1994). It could be explained
phenomenologically as an increase in the prob-

ability to form new trans bonds close to preex-

Cadherin Adhesion and the Cytoskeleton at Adherens Junctions
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isting bonds by setting of the distance between

the two membranes to one that is optimal for
bond formation (Bihr et al. 2012; Wu et al.

2013). In addition, surface proximity may in-

crease the rebinding rate of broken bonds. Final-
ly, modeling of cadherin and connexin cluster

formation predicts that discrete clusters will

only take place if a negative potential locally
counteracts adhesive intercellular bonds (Bihr

et al. 2012; Mancini et al. 2016). Indeed, these

theoretical analyses predict that, in cases in
which a negative (antiadhesive) process would

not be present to limit the size of stochastically

appearing clusters, these clusters would grow,
coalesce or fuse indefinitely until available re-

ceptors are depleted. This negative potential

could be because of membrane fluctuation or
of the presence of molecules in the glycocalyx

the size of which is at least one order of magni-

tude longer than the cadherin ectodomain, as
proposed recently for the actomyosin-indepen-

dent formation of integrin clusters at focal ad-

hesions ormuch earlier for the formation of gap
junctions (Braun et al. 1984; Paszek et al. 2014).

Cadherin clustering is induced by homo-

philic trans interactions between cadherin EC1
domains as originally described by structural

analysis (Boggon et al. 2002). However, more

recent X-ray diffraction analysis revealed anoth-
er interface between EC1 and EC2 domains of

cadherins positioned in cis (Harrison et al.

2011). From these data and in silico modeling,
it has been predicted that cadherin clusters

could be formed by arrays of cadherins orga-

nized in oligomers by the repetition along the
membrane of trans EC1-EC1 and cis EC1-EC2

interfaces (Fig. 2) (Harrison et al. 2011; Wu

et al. 2013). Interestingly, the in silico prediction
was that the cis interface could form only

after the trans interface, because of its weak

binding energy. However, the cooperative inter-
play between cis and trans interactions would

have a major impact on the stabilization of cad-

herin-cadherin clusters. Although imaged in
reconstituted systems (Harrison et al. 2011), it

has been difficult to obtain evidence of the

formation of these oligomers in cells. The com-
bination of single molecule labeling and im-

mmunogold electronmicroscopy recentlymade

it possible to visualize oligomeric structure at

the plasma membrane of mammal cells (Strale
et al. 2015). These nanometric organized olig-

omers, which displayed a predicted lateral dis-

tance of 7–8 nm between single cadherins in
the plane of the membrane, were lost in cells

expressing cadherins bearing mutations that

impaired the formation of the cis interface or
when the trans interactions were not formed

as predicted by structure and modeling (Harri-

son et al. 2011; Wu et al. 2013). It was further
shown that the cis interface, although not nec-

essary for the formation of macroscopic cad-

herin clusters and adherens junctions them-
selves, significantly increases the stability of

cell–cell contacts (Strale et al. 2015). This stabi-

lization may result from the cooperative cis and
trans interactions between cadherin ectodo-

mains, but also from a cooperative association

of oligomer-associated a-catenin molecules to
actin filaments.

CADHERIN MICRO-
AND NANOCLUSTERING
AND F-ACTIN ASSOCIATION

While cadherin microclusters can form in the

absence of a functional intracellular domain

(Harrison et al. 2011), they are unstable and
their lifetime is strongly increased by a-catenin

mediated coupling to F-actin (Hong et al.

2013). Thus, cadherin cluster formation at ac-
tual cell–cell contacts likely results from a com-

bination of passive and active components. The

active component requires catenins and F-actin
binding, and is involved in cadherin adhesion

strengthening (Hong et al. 2013; Lambert et al.

2007; Thoumine et al. 2006). Indeed, the pres-
ence of catenin binding sites reduces the diffu-

sive fraction of cadherins at cell–cell contacts as

revealed by FRAP experiments. Hong et al.
(2013) further showed that F-actin-uncoupled

adhesive clusters display high instability and

random motion and require the cadherin cis-
binding interface. Coupling these clusters with

F-actin through an a-catenin actin-binding do-

main dramatically extends cluster lifetime and
alleviates the dependence of their formation on

the presence of the cis-binding interface. In ad-

R. M. Mège and N. Ishiyama
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dition, the a-catenin actin-binding domain has

been shown to cooperatively bind to F-actin
(Buckley et al. 2014; Hansen et al. 2013), form

clusters on F-actin (Chen et al. 2015) and facil-

itates actin bundling (Rimm et al. 1995). Thus,
the cadherin extracellular region produces in-

tercellular adhesion clusters through trans and

cis inter-cadherin bonds, although the intracel-
lular region connects these clusters to the cyto-

skeleton and may promote further clustering

through a-catenin (Fig. 2). The cooperative
binding to F-actin of multiple a-catenins with-

in cis-interface linked cadherin/catenin oligo-

mers may by itself contribute to stabilizing cad-
herin clusters. Such cooperation, for which the

molecular and structural correlates are not yet

deciphered, may synchronize extracellular and
intracellular binding events in the process of

adherens junction assembly.

Cadherin clusters have been shown to grow
and move directionally along the orientation of

actin cables (Kametani and Takeichi 2007;

Lambert et al. 2007). Interestingly, the link of
cadherins through a-catenin’s F-actin binding

domain (FABD) conferred directionality to

cluster motility (Hong et al. 2013). It is impor-
tant to note that cadherin oligomers, by con-

struction, are not isotropic (Harrison et al.

2011), in contrast to most of the assemblies
formed at the plasmamembrane by other trans-

membrane oligomeric proteins. This raises the

question of how the topology of cadherin olig-
omers may be oriented with respect to their

association with oriented F-actin, and its impli-

cations for the growth andmovement of clusters
during adherens junction assembly. In addition,

Troyanovsky et al. (2015) recently described a

relation between cadherin clusters and clusters
of nectin, another cell adhesion molecule pre-

sent at adherens junctions, the function of

which has been underexamined so far. Al-
though cadherins are not required for the basic

process of nectin engagement at cell–cell con-

tacts, E-cadherin recruits nectin into adherens

junctions, where both proteins form distinct

but tightly associated clusters. The recruitment

of nectin into composite adherens junctions is
mediated by a-catenin (Tachibana et al. 2000).

Nectins, associated with their cytoplasmic part-

ner afadin, cluster on actin filaments aligned

because of the clustering of the cadherin/cate-
nin complexes. Whether nectin/afadin clusters

could reinforce the actin structure and facilitate

further clustering of cadherins is, however, still
unclear.

Cadherin clustering has gained much inter-

est over the last three years after the use of high-
resolution imaging made it possible to prove

that cadherins indeed organize into nanoclus-

ters at adherens junctions both in Drosophila

and in mammal cells (Truong Quang et al.

2013; Strale et al. 2015; Wu et al. 2015). These

studies are complementary but still diverge on
many aspects. Using 3D photoactivated locali-

zation microscopy (PALM) in living Drosophila

embryonic epithelium, Truong Quang et al.
(2013) imaged clusters with dispersed sizes

ranging from tens to hundreds of cadherinmol-

ecules. They showed that these clusters are dy-
namic, presenting events of fusion and fission.

The investigators further suggested that these

form by diffusion trapping giving rise to clus-
ters whose size follows a power law. They pro-

pose that the maximum size of these clusters is

limited by dynamin-dependent E-cadherin en-
docytosis, which imposes a cutoff size. More-

over, interactions between E-cadherin clusters

and actin filaments were shown to control the
fission of clusters in a size-dependent manner.

Thus, cadherin clustering depends on key

cortical regulators, which provide tunable and
local control over cadherin organization. Using

structured illumination microscopy (SIM) to

image fixed mammalian epithelial cells, Wu
et al. (2015) described with higher spatial reso-

lution, slightly smaller clusters having amean of

6–10 cadherins within domains of around 60
mm size spaced between each other by 100–200

mm. The packing in 60 mm domains corre-

sponded to the maximum packing predicted
by the cadherin oligomer structure (Harrison

et al. 2011). However, Wu et al. (2015) found

that these clusters form in the absence of trans
and cis interactions, meaning that they may not

correspond to the oligomers described in other

studies (Strale et al. 2015). One may note, how-
ever, that the SIM approach used by Wu et al.

(2015), as with the PALM approach developed

Cadherin Adhesion and the Cytoskeleton at Adherens Junctions
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by Truong Quang et al. (2013), does not have

the resolution to discriminate between unor-
dered clusters and oligomers.

Wu et al. (2015) reported the presence of

cortical F-actin bundles around the cadherin
clusters. The investigators proposed that these

actin filaments were instrumental in limiting

the size of engaged and nonengaged clusters
by a corralling effect. Truong Quang et al.

(2013) also reported an interaction between E-

cadherin clusters and F-actin in Drosophila

epithelium and attributed the function of this

association to the size-dependent fission of

clusters which could contribute to limit the
size of clusters, as discussed above. However,

these conclusions were mostly drawn from the

predictions of a theoretical model, and thus are
still waiting for more direct experimental evi-

dence. Interestingly, applying biochemical ap-

proaches Troyanovsky et al. (2006) showed that
an active cellular process, likely endocytosis, is

involved in the disassembly of cadherin adhe-

sive dimers. The inactivation of this process
by ATP depletion or by treatments inhibiting

endocytosis resulted in the immediate stabiliza-

tion of cadherin dimers and in a dramatic in-
crease in E-cadherin accumulation at cell–cell

contacts. A role for cadherin endocytosis was

further suggested by immuno-electron micros-
copy observations revealing the presence of cla-

thrin-coated pits in the vicinity of adherens

junctions. Thus, cadherin endocytosis alone,
or in concert with other mechanisms, may in-

deed control the lifetime of cadherin adhesive

dimers, thereby regulating the dynamics and
plasticity of cadherin-based adhesive sites.

FORCE-DEPENDENT ANCHORING OF THE
CORE ADHESION COMPLEX TO F-ACTIN

All types of adherens junctions found in epithe-
lial and nonepithelial tissues, despite their dif-

ference in stability and/or structure, share a core
molecular composition of a cadherin-catenin
complex that binds to the contractile actomyo-

sin network. It has become more and more ev-

ident that local cortical contractility and in par-
ticular Myosin II local recruitment and

activation is central in adherens junction forma-

tion and stability. For example, positive feed-

back loops between cadherin engagement,
Rho-dependent activation of Myosin II activity

and junction reinforcement have been de-

scribed inmammalian epithelial cells (Ratheesh
et al. 2012; Priya et al. 2015). Conversely, during

Drosophila germ-band extension, intracellular

Myosin II flows are correlated with the resorp-
tion of junctions (Rauzi et al. 2010). There is

also evidence to suggest that mechanical forces

can influence other aspects of the junctional
cytoskeleton, such as the dynamics of actin as-

sembly (Leerberg et al. 2014) (for additional

details see Yap 2016).
The stability andmechanical strength of ad-

herens junctions also depend on the extent and

topology of the association of cadherin/catenin
complexes to F-actin, which is also under the

control of Myosin II generated forces (le Duc

et al. 2010; Yonemura et al. 2010). Recent stud-
ies revealed that the cadherin-F-actin linkage

during cell–cell contacts remodeling involves

the a-catenin/myosin II-dependent recruit-
ment of vinculin. (le Duc et al. 2010; Yonemura

et al. 2010). However, at present, this direct me-

chanosensitive pathway is too complex for its
molecular details to be studied directly in cel-

lulo. Thus, in vitro systems with purified pro-

teins have been used, including the application
of single-molecule force-clamp spectroscopy,

which has led to a major breakthrough in the

understanding of the force response of cad-
herin-catenin complexes (Fig. 3). These studies

have been important in reconciling previous

biochemical studies that did not find binding
of the reconstituted cadherin/b-catenin/a-cat-
enin complex to F-actin in the absence of force

(Yamada et al. 2005) with cellular studies that
indicated a direct functional linkage between

the cadherin/b-catenin/a-catenin complex

and actin filaments (Borghi et al. 2012) and
those reporting tension-dependent recruitment

of vinculin at cell–cell contacts (le Duc et al.

2010; Yonemura et al. 2010).
Two recent single-molecule studies indeed

independently identified the force-dependent

binding of a-catenin to F-actin (Buckley et al.
2014) and the force-dependent unfolding of

a-catenin controling its binding to vinculin

R. M. Mège and N. Ishiyama
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(Yao et al. 2014b). Together, these suggest that
a-catenin may undergo force-dependent con-

formational changes that regulate binding of

the minimal cadherin/catenin complex to an
actin filament under force. In the study of Buck-

leyet al. (2014), an actin filamentwas suspended

between two optical traps above a reconstituted
complex of a-catenin/b-catenin/cytoplasmic

domain of E-cadherin bound to a platform.

The platform was moved back and forth to in-
duce force-dependent interactions between the

cadherin/ catenin complex and the actin fila-

ment. Force stabilized the formation of a cad-
herin/catenin-F-actin bond that could not form
in solution in the absence of force (Yamada et al.

2005). Bond dissociation kinetics could be ex-
plained by a 2-step catch bond in which force

shifted the a-catenin-F-actin bond from aweak

to a strongly bound state. Although the molec-
ular mechanisms underlying this catch bond

behavior remain unknown, this likely occurs

as the result of a conformational conversion of
the FABD domain of a-catenin. The force

threshold (4.5 pN) of this switch is in the range

of forces developed by a few myosin II motors
(2–3 pN), and the tension-dependent intramo-

lecular transition may thus contribute to stabi-

lize the association of the cadherin/catenin
complex to F-actin under the action generated

by myosin II.

A long postulated mechanism for cell–cell
adhesion strengthening is the tension-depen-

dent recruitment of the actin-binding protein,

vinculin, which was recognized early as a mark-
er of themature AJ (Watabe-Uchida et al. 1998).

More recently, its recruitment at cell–cell con-

tact has been reported to be dependent on my-
osin II activity (le Duc et al. 2010; Yonemura

et al. 2010). Although vinculin may bind b-cat-

enin (Peng et al. 2010), its binding to a central
domain of a-catenin (MI) containing the

vinculin binding domain (VBD) has been well

p120

Low tension

Cadherin

Conformational

transition

High tension

β-Catenin

F-actin

α-Catenin

Vinculin

Figure 3.Tension-dependent switch in the cadherin-catenins complex elicitsa-catenin conformational changes.
Two force-dependent reversible transitions in a-catenin conformation have been described recently at the single
molecule level: one affects the unfolding of the central domain allowing the binding of vinculin (Yao et al.
2014b), the other affects the binding of the carboxyl-terminus domain of the molecule to F-actin (Buckley et al.
2014). The typical force needed for these transitions is around≏5 pN. In the cells, this force would be generated
by a few Myosin II motors pulling via F-actin on a-catenin tethers held under tension by their association with
the cadherin-catenins complex in homophilic interaction with cadherins present at the surface of a neighboring
cell. The two transitions have been characterized independently with a partial complex, and further studies will
be required to determinewhether vinculin head binding, blockinga-catenin in its open conformation (Yao et al.
2014b), also stabilizes the F-actin binding domain of the molecule in its F-actin high affinity conformation
(Buckley et al. 2014). [Adapted fromLadoux et al. (2015)with permission fromTheRoyal Societyof Chemistry.]
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demonstrated (Watabe-Uchida et al. 1998; Choi

et al. 2012). Two adjacent domains, MII and
MIII, have been reported to inhibit vinculin

binding to the VBD domain (Yonemura et al.

2010; Ishiyama et al. 2013). In addition vinculin
is recruited to cell–cell contacts on cell stretch-

ing, and both vinculin and a-catenin are re-

quired for strengthening of cell–cell contacts
over time (Thomas et al. 2013). Together these

data supported the hypothesis that vinculin

is recruited in a force-dependent manner to
the cadherin/catenin complex on actomyosin

force-dependent unfolding of the a-catenin

central domain (Yonemura et al. 2010). This
process would be similar to the binding of

vinculin to the talin rod domain on tension-

dependent unfolding (del Rio et al. 2009; Yao
et al. 2014a), which is thought to be central in

cell-extracellular matrix (ECM) adhesion me-

chanosensing.
Single-molecule force-clamp spectroscopy

experiments using magnetic tweezers per-

formed on the central (MI to MIII) domain of
a-catenin have provided direct evidence of

force-dependent unfolding of a-catenin and

its role in vinculin/a-catenin binding (Yao
et al. 2014b). A single a-catenin MI-MIII mol-

ecule stretchedwithmagnetic tweezers unfolded

in three characteristic steps including a revers-
ible step at 4.8 pN. This conformational change

triggered binding of the vinculin head domain

in a 1:1molar ratiowith nanomolar affinity (Yao
et al. 2014b). This stretch-induced change in a-

catenin’s conformation involves the destabiliza-

tion of the intramolecular interactions between
theMI domain containing the vinculin binding

a-helix and the two inhibitory domains, MII

and MIII (Ishiyama et al. 2013; Maki et al.
2016), andopening of theMIdomain four-helix

bundle, resulting in a 1000-fold increase in the

affinity for vinculin head (Choi et al. 2012; Ran-
garajan and Izard 2012). This resulted in very

stable binding of a-catenin and vinculin head,

even after force was released, and prevented a-
catenin from returning to its closed conforma-

tion. Interestingly, the force-dependent binding

of vinculin head toa-cateninwas optimized in a
force range of 5–10 pN. The binding was

strongly inhibited at forces ,5 pN, when MI

exists in a stable autoinhibited bundle of a-he-

lices. Vinculin was released at forces .30 pN
at which point the vinculin binding a-helix of

a-catenin bound to its head domain was fully

unfolded. Thus, as in the case of a-catenin/
F-actin binding, vinculin binding to a-catenin

is dependent on a mechanical signal that causes

changes in the conformational equilibrium of
a-catenin.

These results provided the first direct evi-

dence for the transduction of an acute mechan-
ical signal into a long lasting biochemical signal

through two intramolecular tension-dependent

reconfigurations of a-catenin folding. Further
analysis at the single molecule level will allow us

to test amore integratedmodel inwhich the two

transitions could be cooperative and vinculin
binding therefore could stabilize F-actin bind-

ing and vice versa. Another question is the exact

role of vinculin in the cadherin complex: does it
just stabilize a conformation of a-catenin

through its head binding, or does it provide

an additional site for the complex to bind F-
actin? Expression of truncated forms of a-cat-

enin alone or fused to E-cadherin deleted from

its cytoplasmic domain, already showed that
cadherin/catenin complexes can functionally

bind to F-actin either by the a-catenin FABD

alone or by the actin binding side of vinculin
alone (Thomas et al. 2013; Chen et al. 2015).

However, the complexes directly bound to actin

via a-catenin actin binding domain were more
dynamic than those bound to actin indirectly

through vinculin. Further studies will be re-

quired to determine whether the association
to a-catenin increases the binding affinity of

the vinculin tail to F-actin (so-called vinculin

activation [Cohen et al. 2005; Bois et al. 2006]),
and to decipher the kinetics and constants of

association and dissociation of a-catenin, vin-

culin, and F-actin, and associated conforma-
tional changes in vitro and in cellulo.

THE CORE CADHERIN COMPLEX, ITS
REGULATION AND THE CADHERIN
ADHESOME

Although the core cadherin/catenin complex is

composed of cadherin, a-catenin, b-catenin,
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p120 and vinculin, one must admit that these

five proteins by themselves cannot explain the
diversity of the adherens junctions found in dif-

ferent tissues during development and in can-

cers. This complex is subjected to regulation
and in particular to complex phosphorylation

of p120, b-catenin, and cadherin cytoplasmic

tail. Accordingly, a large quantity of kinases
and phosphatases could be considered as part

of a wider cadhesome (Guo et al. 2014). How-

ever, as the exact action of these phosphoryla-
tions on the anchoring of the complex to F-

actin is still unclear it will not be discussed

here, but the reader is referred to other reviews
(Coopman and Djiane 2016; Lilien and Bal-

samo 2005). A more recent study addressed

directly the role of phosphosites found in the
flexible linker region of a-catenin in between

the regulatory region (MI to MIII) and car-

boxy-terminal part of the protein (FABD) (Es-
cobar et al. 2015). As the central domain of

a-catenin is responsible for binding important

regulatory partners such as vinculin, afadin,
and ZO (Zonulae Occludens) proteins, these ca-

sein kinase 2 and 1 phosphorylation sites may

affect both its binding to F-actin and its mod-
ulatory function, in particular its response to

force. InDrosophila embryos no obvious defects

were found in cadherin/catenin complex as-
sembly or adherens junction formation when

these sites were mutated but normal develop-

ment, collective cell migration, and embryo vi-
ability were affected. In mammalian epithelial

cells, nonphosphorylatable forms of a-catenin

induced mild defects in intercellular adhesion
but faster and more coordinated cell migrations

after scratch wounding suggesting that phos-

phorylation and dephosphorylation of the a-
catenin in this region are required for normal

cadherin/catenin complex function in Droso-

phila and mammalian cells (Escobar et al.
2015). Recently, Weis and colleagues identified,

in the cadherin tail, a conserved phosphoryla-

tion site that controls the interaction between
cadherin and b-catenin in vitro and in vivo

(Choi et al. 2015). It was known that phosphor-

ylation of a Ser/Thr-rich region in the cadherin
tail dramatically enhances affinity for b-catenin

and promotes cell–cell adhesion inmammalian

cell culture systems, but its importance had not

been shown in vivo. These investigators showed
that the conserved phospho-Ser1212 in Caeno-

rhabiditis elegans cadherin (homologous to

Ser686 in murine E-cadherin) is required for
binding to b-catenin and that the loss of

Ser1212 phosphorylation produces severe adhe-

sion defects producing developmental abnor-
malities that resemble full loss-of-function phe-

notypes.

Recently, wider searches for partners of the
cadherin/catenin complex have been per-

formed using proximity biotinylation and

quantitative proteomics (Guo et al. 2014; Van
Itallie et al. 2014). Van Itallie found known pro-

teins associated with E-cadherin, including cat-

enins and proteins involved in signaling. The
most abundant of the proteins identified were

catenins, but many others could be rationalized

as novel candidates for regulating the adherens
junction, cytoskeleton, trafficking or signaling.

The investigators further characterized one of

them: lipoma preferred partner (LPP), a LIM
domain protein which is present at both cell–

cell contacts and focal adhesions. Knockdown

of LPP showed its requirement for E-cadherin-
dependent adhesion and suggested that it plays

a role in coordination of cell–cell and cell-sub-

strate cytoskeletal interactions. It has subse-
quently been shown that LPP inhibits collective

cell migration during lung cancer dissemina-

tion (Kuriyama et al. 2016). LPP was shown to
act through the degradation of N-cadherin via

regulating the expression of matrix metallopro-

teinase 15 (MMP-15). Thus, at this point the
role of this protein in the formation and remod-

eling of cadherin adhesions remains unclear.

Guo et al. (2014) using the same approach iden-
tified several proteins in the vicinity of the

cytoplasmic tail of E-cadherin. By tagging pu-

tative E-cadherin-proximal proteins with GFP
and determining their subcellular localization,

they identified 24 proteins that were previously

uncharacterized as part of adherens junctions.
In the same study, using a structure-informed

database of protein–protein interactions, they

constructed an in silico E-cadherin interaction
network of 79 published and 394 previously

uncharacterized proteins. The same group pro-
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posed amore comprehensive view to classify the

members of the cadhesome related to the an-
choring of cadherins to F-actin in three catego-

ries: transmembrane receptors and membrane

binding proteins, adaptor proteins, and F-actin
associated proteins (Padmanabhan et al. 2015).

However, in the absence of more direct proof for

the contribution of these candidates to the reg-
ulation of adherens junctions, it is difficult to

infer how many will affect the direct link of the

complexes to F-actin.

INTERPLAY BETWEEN ADAPTOR PROTEINS

Although, not systematically picked out by

these analyses, three proteins belonging to the

adaptor proteins class, in addition to a-catenin,
play an important role in the association of the

complex to F-actin, likely by regulating the as-

sociation of cadherin/catenin complexes to
F-actin: vinculin, afadin, and ZO proteins 1, 2,

and 3. While the contribution of vinculin has

been the subject of intensive study (as discussed
above), the role of ZOproteins and afadin in the

association of cadherin to F-actin and in the

regulation of dynamics and mechanical proper-
ties of adherens junctions has been illuminated

by a recent study from Fanning, Peifer, and col-

leagues (Choi et al. 2016). Both proteins have
been described as direct a-catenin binding

partners (Itoh et al. 1997; Tachibana et al.

2000; Pokutta et al. 2002). Moreover, the Dro-
sophila afadin homolog Canoe regulates linkage

of the actin cytoskeleton to adherens junctions

during apical constriction (Sawyer et al. 2009).
Choi et al. (2016) used genetic tools and super-

resolution microscopy in epithelial MDCK cells

to analyze how the depletion of ZOproteins and
combined depletion of ZO/afadin proteins af-

fected the molecular architecture of the epithe-

lial zonula adherens (ZA) and tissue integrity
and dynamics.

It had been previously found that depleting

ZO family proteins inMDCK cells increases cell
junction tension and induces a highlyorganized

contractile actomyosin array at ZA (Fanning

et al. 2012; Maiers et al. 2013; Rodgers et al.
2013). ZO proteins knockdown elevated con-

tractility, suggesting that ZO proteins tend to

reduce cell cortical tension at adherens junc-

tions. Interestingly, this depletion induced the
formation, on each side of the bicellular junc-

tions, of alternating stripes of F-actin and my-

osin II that resembled minisarcomeres, and
which were very similar to what has been de-

scribed previously at the apical junctions of

epithelial cells in the organ of Corti (Ebrahim
et al. 2013). In this epithelium, the periodic

assemblies of bipolar Myosin II filaments inter-

laces with perijunctional actin and a-actinin to
form a continuous belt of muscle-like sarco-

meric units (≏400–600 nm) around each epi-

thelial cell (Fig. 4). Remarkably, the sarcomeres
of adjacent cells are precisely paired across the

junctional line, forming an integrated, transcel-

lular contractile network. Whether discrete
clusters of E-cadherin seen by Choi et al.

(2016) ensure the pairing of these sarcomeres

across the membrane is likely, but remains to be
shown. Both studies converge to show that the

contraction/relaxation of paired sarcomeres

concomitantly impacts changes in apical cell
shape and tissue geometry. In both cases, this

peculiar organization is associated with a very

stable, rigid cell organization with very low tis-
sue dynamics. MDCK cells respond to elevated

contractility by increasing junctional afadin.

Further depletion of afadin in these cells did
not prevent contractile array assembly but dra-

matically altered cell shape and tissue mechan-

ics. Further, both these two studies point to
tricellular junctions as being major sites of ten-

sion within epithelial apical junctions (Fig. 4).

Indeed, bicellular borders act as independent
contractile units, with actin cables anchored

end-on to cadherin complexes at tricellular

junctions. Accordingly, vinculin and a-catenin
under its open conformation are specifically ac-

cumulated at tricellular junctions and afadin

may act at these sites as a robust protein scaffold
that maintains ZA architecture.

THE DYNAMIC ADHERENS JUNCTION:
AN EMERGING PROPERTY

The cadherin/catenin complex-F-actin link
must be considered as having a capacity for

plasticity, to support stable or dynamic interac-
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tions, to account for the diversity of adherens
junctions or simple cadherin adhesions as well

as for their constant reshaping, in particular

when comparing adult epithelia homeostasis
and morphogenetic events. In fact cell–cell

junctions can be approximated as stable at short

time scale (in the range of cell lifetime), al-
though they are clearly dynamic at longer time

scale, for example, during tissues reshaping in

vivo (Guillot and Lecuit 2013) or collective cell
behavior in vitro (Ladoux et al. 2016).

Cell–cell junction dynamics is built in cad-

herinmacromolecular complexes that span over
different cellular phases (i.e., the extracellular

space, plasma membrane, cytoplasm). This dy-

namic depends on the proper dynamics of the
interactions of cadherin ectodomains and on

the dynamics of the cytoskeleton associated to
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Figure 4. Apical epithelial geometry and alternate distribution of Myosin II and F-actin in sarcomere-like
structures along the apical junctional line of organ of Corti. (A) Localization of NMIIC (Myosin IIC, green)
and a-actinin1 (blue) in periodic puncta along cell–cell contacts of rat inner sulcus cells (ISCs), with actin in
red. Arrowhighlights triangular arrangement ofNMIIC puncta at tricellular contacts (arrow). (B)Magnification
of bracket in (A); below: corresponding fluorescence intensity (FI) profile of NMIIC (green), actin (red), and a-
actinin1 (blue). (C) Magnification of tricellular junction from (A), showing alternation of NMIIC (green) with
actin (red) anda-actinin1 (blue); below: corresponding FI profile of NMIIC (green), actin (red), and a-actinin1
(blue). Scale bars: 3 mm. (D) Illustration of the relationship of the sarcomeric belt of an epithelial cell and that of
six neighboring cells, showing the paring of individual NMII sarcomeres across the junctional line. (E)Model of
the arrangement of bipolar NMIIC filaments at a tricellular junction. The ‘‘spring-like’’ symbol represents the
putative tether between NMII and the corner of the cell at tricellular contacts. [Panel A reprinted from Ebrahim
et al. (2013) with permission from Elsevier#2013.]
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the cadherin intracellular domains. Bridging

cadherin/catenin complexes dynamics with
the one of contractile actomyosin networks

will undoubtedly be the next frontier for inves-

tigation. Indeed, this raises important concep-
tual questions which are related to cadherin/
catenin complexes and actomyosin assembling

in macromolecular complexes from elementary
components belonging to two separate phases:

one diffusing in 2D in the plane of the mem-

brane and the other diffusing in 3D in the cyto-
plasm. These macromolecular architectures

present strong differences in their stability/re-
newal. For example, F-actin half residence time
at cell–cell contacts, as determined by FRAP, is

on the order of 0.1 min, and the one of unen-

gaged cadherin at these cell–cell contact sites is
around 0.5 min (Yamada et al. 2005). This is to

be compared to the characteristic half time of

cadherin engaged in adhesion, which is in the
range of 15–20 min (Lambert et al. 2007; Thou-

mine et al. 2006). Thus, the dynamics of junc-

tions is an emergingmultiscale property. In oth-
er words, just as we cannot define a human body

by the sum of its cells, or a cell as the sum of its

organelles, adherens junctions cannot be solely
defined by the sum of their protein compo-

nents. Without taking into account any regula-

tory pathway, the assembly and turnover of
adherens junctions will depend strongly on the

initial conditions and on the proper dynamics,

association and dissociation kinetics and topol-
ogy of the interaction between their adhesion

and cytoskeletal components. Moreover there

are spatial considerations on the associated reg-
ulatory pathways to be taken in account to ex-

plain, for example, the apical positioning of

these junctions in polarized epithelia (Priya
et al. 2015).

NEXT FRONTIERS

Beyond these considerations, further break-

throughs in understanding the molecular and
cellular regulations of cadherin/catenin an-

choring to F-actin under tension and its relation

to cadherin clustering at the cell surface will
benefit from the amazing technologies that are

now available in the cell biology field. These

range from the possibility of measuring forces

and stress in situ in living tissues (Ng et al. 2014;
Sugimura et al. 2016), measuring molecular

tensions and conformational changes at cad-

herin adhesions in vitro (Borghi et al. 2012;
Kim et al. 2015) and in vivo (Cai et al. 2014),

measuring cadherin dynamics in vivo (Erami

et al. 2016), and measuring at nanometer reso-
lution the layering of adhesome proteins within

adherens junctions (Bertocchi et al. 2016). This

is expected to allow us to gather dynamic and
quantitative information on the evolution of the

microcomplexes and nanocomplexes forming

adherens junctions during physiological pro-
cesses. It will be of particular interest to obtain

stoichiometric and kinetic information that can

be integrated with the data obtained with more
reductionist, reconstructive approaches using

purified constituents.
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notransductionmachinery at work at adherens junctions.
Integr Biol (Camb) 7: 1109–1119.
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