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ABSTRACT
Adherens junctions (AJs) are molecular complexes that mediate cell-cell adhesive interactions and
play pivotal roles in maintenance of tissue organization in adult organisms and at various stages of
development. AJs consist of cadherin adhesion receptors, providing homophilic ligation with
cadherins on adjacent cells, and members of the catenin protein family: p120, b- and a-catenin.
a-catenin’s linkage with the actin cytoskeleton defines the linear or punctate organization of AJs in
different cell types. Myosin II-dependent tension drives vinculin recruitment by a-catenin and
stabilizes the linkage of the cadherin/catenin complex to F-actin. Neoplastic transformation leads to
prominent changes in the organization, regulation and stability of AJs. Epithelial-mesenchymal
transition (EMT) whereby epithelial cells lose stable cell-cell adhesion, and reorganize their
cytoskeleton to acquire migratory activity, plays the central role in cancer cell invasion and
metastasis. Recent data demonstrated that a partial EMT resulting in a hybrid epithelial/
mesenchymal phenotype with retention of E-cadherin is essential for cancer cell dissemination.
E-cadherin and E-cadherin-based AJs are required for collective invasion and migration, survival in
circulation, and metastatic outgrowth.
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Introduction

Cell-cell adhesive interactions play a key role in
morphogenetic processes in development and in
tissue organization. Adherens junctions (AJs)—
specialized cell structures that mediate cell-cell
adhesion—regulate cytoskeleton reorganization,
intracellular signaling and transcriptional regulation.
AJs are highly conservative structures consisting of
cadherin cell-cell adhesion receptors, which are
responsible for the homophilic interactions between
adjacent cells, and a cytoplasmic multiprotein com-
plex that links the AJs with the actin filaments.1,2 In
epithelial cells, endothelial cells, neural cells, fibro-
blasts, intercalated disks of cardiac myocytes,
different subtypes of the classical cadherins (e.g.,
E-, N-, P-, VE-cadherin) were identified in AJs.
Depending on how AJs associate with actin fila-
ments, AJs may be classified into 2 forms: linear
(tangential), typical of epithelial cells, and punctate
(radial), typical of fibroblasts.3 The actin cytoskele-
ton regulatesthe assembly, organization, stability
and remodeling of AJs.

Structure and organization of AJs, functional
connection of AJs with the actin cytoskeleton

In epithelial tissues, E-cadherin is a key mediator
of stable cell–cell adhesion. In epithelial cells,
E-cadherin-based AJs form a continuous, linear cir-
cumferential belt (zonula adherens) around the apical
part of the cell. Junction-associated actin filaments
run parallel to the cell-cell border and form a compact
belt-like structure called a circumferential bundle.3

The AJs are located between tight junctions and des-
mosomes, and these 3 junction systems form the so
called epithelial junctional complex4 that maintains
structural and functional integrity of epithelia. Tight
junction assembly and maturation are closely linked
to the assembly of adherens junctions. In epithelial
junctional complex, tight junctions ensure selective
and regulated paracellular diffusion to maintain
homeostasis in organs and tissues.5-7 Tight junctions
also form the border between the apical and basolat-
eral plasma membrane domains that restricts the
exchange of membrane components between the
apical and basolateral cell domains. It had been
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previously found that formation of tight junctions is
necessary for apico-basal polarization. Actin bundles
underlying tight junctions and AJs drive compaction
of epithelial cells.8,9 Mechanical stability in epithelial
tissues is provided by another specialized adhesive
structures, desmosomes, which anchor intermediate
filaments to the plasma membrane and thus mediate
strong adhesion between cells. The composition,
molecular architecture and functions of cell-cell junc-
tions have been described in several reviews.1,2,7,10,11

Classical cadherins are transmembrane glycopro-
teins consisting of an amino-terminal extracellular
domain subdivided into 5 repetitive extracellular sub-
domains (EC1-EC5), a transmembrane domain, and a
C-terminal cytoplasmic domain.1,2 The extracellular
domain mediates Ca2C-dependent homophilic inter-
action with the cadherin molecule on the surface of a
neighboring cell. Adhesion is provided by trans inter-
action of the EC1 domains of cadherins of neighbor-
ing cells. Upon establishment of adhesive interaction
between cells, cis interactions of the EC1 domain of
one cadherin molecule with the EC2 domain of an
adjacent cadherin molecule cause cadherins to clus-
ter.12,13 Through cis interactions of the EC domains
adhesive clusters are formed, however, AJs can still
assemble even in the absence of E-cadherin cis oligo-
merization.14 The extreme importance of association
of E-cadherin cytoplasmic domains with F-actin
under tension for formation of adhesive clusters and
their maturation into AJs has been reviewed in
detail.2,15 The cytoplasmic domain of E-cadherin
binds to members of the catenin protein family, such
as b-catenin and p120-catenin. p120-catenin regulates
the stability of cell-cell adhesion by controlling the
retention of E-cadherin at the cell surface.16-18

a-Catenin, whose N-terminal domain interacts with
b-catenin, plays a key role in linking of AJs with actin
cytoskeleton.19-22 a-Catenin’s C-terminal domain
binds actin filaments, and its central part contains
both the vinculin-binding domain MI and the MII
and MIII domains that inhibit the binding of vincu-
lin.22,23 The binding of a-catenin to F-actin through
its actin-binding domain stabilizes adhesive clusters24

and initiates vinculin recruitment by a-catenin. In a
great number of studies it has been demonstrated that
tension generated by myosin II is indispensable for AJ
assembly.22,25-27 Recent studies showed that a-catenin
recruits vinculin through a force-dependent confor-
mational change in a-catenin.26,28,29 Application of a

force to an a-catenin molecule induces unfolding of
a-catenin and hence, destabilization of the interac-
tions between the MI vinculin binding and MII and
MIII inhibitory domains,23,30 and opening of the MI
domain, resulting in an apparent 1000-fold increase in
affinity for vinculin. The force threshold of this transi-
tion (»5 pN) is comparable to combined forces of a
few myosin II motors (2–3 pN), therefore, tension
generated by myosin II is capable of inducing force-
dependent intramolecular unfolding of a-catenin
and vinculin recruitment that stabilize the cadherin/
catenin complex providing additional linkages to
F-actin.26

Recent super-resolution microscopy studies of the
nanoscale protein organization in adhesion complexes
using a planar cadherin-coated substrate have pro-
vided new insights into molecular architecture and
protein-protein interactions in AJs and the role of
force-dependent conformational changes of vinculin
in triggering actin polymerization.31 It was discovered
that plasma-membrane proximal cadherin–catenin
compartment was segregated from the actin cytoskele-
tal compartment by an intermediate zone containing
vinculin, zyxin, and VASP. In all cases, vinculin posi-
tion was determined by a-catenin. In MDCK cells,
vinculin is recruited to E-cadherin adhesions while in
a relatively compact, low tension state. However, in
C2C12 myoblasts that form N-cadherin-based adhe-
sions containing vinculin in high tension state, mole-
cules of vinculin are extended up to 30 nm. Besides
tension, conformational activation of vinculin is
regulated by the Abl kinase and PTP1B phosphatase.
Vinculin activation changes the position of VASP,
moving it down into the actin cytoskeletal compart-
ment where VASP promotes further actin assembly. It
was also found that actin cytoskeletal compartment of
adhesion complexes also contained other actin-bind-
ing proteins, such as EPLIN, myosin II, palladin, and
a-actinin.

EPLIN can additionally stabilize the circumferential
actin belt by inhibiting actin depolymerization and
crosslinking actin filaments.32 Depletion of EPLIN dis-
rupted cell-cell adhesion converting linear AJs into
punctate AJs associated with straight actin bundles.33

Another actin-binding protein, afadin, is recruited to
the AJs via a-catenin. Afadin, through binding to
JAM and nectins, is also involved in the establishment
of apico-basal polarity. The activated afadin interacts
with p120 catenin and strengthens its binding to
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E-cadherin, which results in reduced E-cadherin
endocytosis.34-36 Myosin IIA is involved in the forma-
tion and disassembly of the AJs in epithelial cells.37-39

Actomyosin-based contractility maintains shape and
function of AJs and supports structural integrity in
epithelial tissues. Treatment with myosin ATPase
inhibitor blebbistatin resulted in wavy appearance of
the AJs. In fibroblasts, radial (punctate) AJs are
associated with straight actin bundles oriented per-
pendicular to the cell-cell boundary and formation
and maintenance of these AJs critically depends on
myosin II-mediated contractility and the function of
Rho effector, ROCK.40,41

It was shown that tension-sensitive actin assembly
supports actomyosin contractility at AJs and junc-
tional integrity.42 Several years ago de novo actin
nucleation was detected at cell-cell junctions.43-46

Actin polymerization at cell-cell junctions is mediated
by 2 types of actin nucleators, Arp2/3 and formins. It
was shown that the Arp2/3 complex colocalizes with
E-cadherin at AJs and inhibition of Arp2/3-mediated
actin assembly strongly affects AJ formation.46 Arp2
or Arp3 RNAi reduces actin nucleation at AJs
and junctional F-actin content.43,47 De novo Arp2/3-
dependent polymerization of actin filaments was also
detected in vitro at cadherin-enriched junctions on
purified membranes; assembly of junctional actin crit-
ically depended on the presence of a-actinin-4.48

Arp2/3-mediated actin assembly at AJs is regulated
by the Arp2/3 activator WAVE2. WAVE2 has been
identified at cadherin-based cell–cell junctions and
depletion of WAVE2 dramatically alters junctional
actin assembly at the new cell-cell junctions and the
integrity of the AJs in epithelial cells.44,45 Another
Arp2/3 activator, N-WASP, colocalized with E-cad-
herin at cell-cell contacts.9 N-WASP, however, does
not activate Arp2/3 at AJs but instead stabilizes the
junctional cytoskeleton at a postnucleation stage.47

Recently it has been demonstrated that E-cadherin in
AJs can directly interact with cortactin, which in
the presence of N-WASP can recruit WAVE2 and
Arp2/3, thus promoting actin nucleation at the AJs.49

The role of members of the formin family in the
actin assembly at the AJs remains incompletely under-
stood. Dia1 (Diaphanous-related formin 1), a major
downstream effector of RhoA, was enriched at the
cell-cell contacts in MCF7 breast cancer cells and
depletion of Dia1 by RNAi reduced E-cadherin and
actin accumulation at cell-cell contacts.50 FMNL2

(Formin-like 2) was shown to be required for
Rac1-dependent actin assembly and turnover at AJs in
MCF10A mammary epithelial cells cultured in 3D
Matrigel.51 In Eph4 mammary epithelial cells the
formin inhibitor SMIFH2 reduced F-actin and
E-cadherin accumulation at the AJs. Fmnl3 (Formin-
like 3) colocalized with E-cadherin at the AJs and
overexpression of Fmnl3 increased junctional F-actin
accumulation.52

Regulation of AJs by Rho and Rap GTPases

Rho GTPases are the main regulators of the assembly,
dynamics, reorganization, and contractility of the
actin cytoskeleton. Several years ago it was found that
Rho, Rac and Cdc42 are required for the establish-
ment of E-cadherin-mediated adhesion.53 Active Rac1
and Arp2/3 are initially localized in the zone of early
contacts between 2 epithelial cells but their levels
rapidly decrease as E-cadherin accumulates.54 As the
newly formed contact begins to expand, the marginal
actin bundle directly underneath it disappears; how-
ever, the actin bundles at the contact edges remain
intact.55,56 RhoA activity and actomyosin contractility
at the contact edges are required for expansion of the
contact.54 Rho effector Dia1 also contributes to the
formation of linear AJs. Depletion of Dia1 disrupted
linear AJs50 but did not affect the assembly of radial
AJs.57 In epithelial cells, the activities of the 2 Rho
effectors Dia1 and ROCK must be precisely balanced
for AJ maintenance.3 Of particular importance for the
AJ integrity is the centralspindlin complex regulating
Rho GEF/GAP balance. In MCF-7 cells, centralspin-
dlin recruits RhoGEF Ect2, thus supporting junctional
integrity through myosin IIA. Centralspindlin also
inhibits the junctional localization of p190RhoGAP.58

The spatial organization of VE-cadherin-based AJs
and the cytoskeletal networks in endothelial cells is
pivotal for endothelial barrier function and vascular
permeability. Endothelial AJs are highly dynamic and
morphologically heterogeneous. It was found that in a
monolayer of HUVECs, VEGF, TNF-a, or thrombin
induce a transformation of linear continuous AJs
aligned with circumferential actin bundles into frag-
mented radial AJs (“focal AJs”) oriented perpendicular
to the cell-cell boundary and attached to straight actin
bundles. In contrast to linear AJs, focal AJs contain
vinculin. Inhibition of actomyosin contractility pre-
vented this junction remodeling.59 The small GTPases
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of Rho family and Rap GTPases control the endothe-
lial barrier function by regulating the spatial organiza-
tion and contractility of junction-associated actin
cytoskeleton.60-62 RhoA can activate various effector
proteins in endothelial cells that may affect junction
integrity. ROCK is one of the key regulators of linear
junction disassembly. ROCK-dependent actomyosin
contractility of the radial actin bundles destabilizes the
endothelial barrier function. However, Rho-Dia1 sig-
naling activated by a RhoGEF Syx promotes junction
stability.63 Junctional strengthening is also effected by
Rac1 activating WAVE2 which promotes actin poly-
merization44,45 and by Cdc42 activating WASP which
may strengthen the circumferential actin bundle.47

Rap1 supports endothelial barrier function by spatially
controlling myosin II activity in circumferential actin
bundle through activation of the Cdc42–MRCK path-
way and suppression of the Rho–ROCK pathway
inhibiting formation of straight actin bundles con-
nected to radial AJs.64

The role of cadherin-mediated adhesion
in development

Cadherins play important roles at various stages of
development. During blastocyst stage of early embry-
onic development, cells undergo compaction and
apico–basal polarization. In embryos lacking both
maternal and zygotic E-cadherin, during blastocyst
stage of development, cells fail to compact and form a
trophectodermal epithelium.65 (Cdh1¡/¡) mouse
embryos develop normally until the blastocyst stage
then they die.66,67 During development, AJs help
maintain tissue integrity while epithelial cells undergo
dramatic changes in shape, relative position and
motility. The important morphogenetic processes
such as tissue invagination and tissue extension are
provided by actomyosin bundles and networks con-
nected with cadherin-based AJs.3,68 Apical constric-
tion that transforms columnar-shaped epithelial cells
into wedge-shaped cells initiates invagination of the
neuroectoderm during the neural tube closure. It has
been found that Shroom 3 is the key player in various
morphogenetic processes that require apical constric-
tion.69,70 Shroom 3 recruits ROCK to the AJs that
leads to contraction of the circumferential actomyosin
belt and apical constriction.71,72 During neural tube
morphogenesis, cells within the neural plate interca-
late toward the midline, extending the tissue along the

anterior-posterior axis in a process known as conver-
gent extension. Tissue extension that was described in
the chick epiblast, in the mouse endoderm and other
tissues is also driven by cell intercalation and conver-
gent extension movement. During neural crest cell
delamination, cells undergo a partial EMT and
migrate as a group of cells held together by N-cad-
herin-based AJs.73 Recent studies demonstrated that
in Xenopus, E-cadherin is also required for proper
migration of cranial neural crest cells in vivo, as
knockdown of E-cadherin inhibits migration of cra-
nial neural crest cells.74 Recent data suggest a novel
role for E-cadherin in cell migration in embryos. In
the developing zebrafish embryo, migration of pri-
mordial germ cells within the embryo requires E-cad-
herin-mediated cell-cell adhesion between germ
cells and somatic cells. Dominant-negative mutant of
E-cadherin lacking the extracellular domains inhibited
cell motility.75

E-cadherin plays an important role in differentia-
tion of epithelial cells. Studies of tissue-specific disrup-
tion of Cdh1 in mouse demonstrated that E-cadherin
is required for morphogenesis of intestinal epithe-
lium45,76 and for terminal differentiation of alveolar
secretory cells of the mammary gland during lacta-
tion.44,77 Thus the studies summarized here provide
important insights into the functions of AJs in
development.

EMT, a driving force in cancer

The changes in cadherin-mediated cell-cell interac-
tions play a key role in the tumor progression. Cancer
cell dissemination from the primary tumor with for-
mation of distant metastases remains the major cause
of mortality of patients with cancers. Cancer cell dis-
semination is a result of the invasion-metastasis cas-
cade that includes: 1) escape of cancer cells from the
primary tumor and invasion of the basement mem-
brane; 2) migration in the tissue stroma; 3) intravasa-
tion into blood and lymph vessels; 4) spreading
through circulation; 5) arrest at distant organ sites and
extravasation; 6) survival in distant organs; 7) meta-
static outgrowth.78,79 The program of epithelial-mes-
enchymal transition (EMT) whereby epithelial cells
lose apico-basal polarity and stable cell-cell adhesion
and gain mesenchymal-like properties, such as migra-
tory activity, is considered a central driving force of
cancer cell dissemination.80 EMT is the first step of
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the invasion-metastasis cascade where in the primary
tumor neoplastic cells disrupt stable cell-cell contacts
and migrate away from the tumor, invading the base-
ment membrane. Among the EMT-inducing factors
are: aberrant activation or deregulation of oncogenic
signaling pathways, such as TGFb, EGF, HGF, Notch,
FGF, Wnt, and IGF, extracellular signals from the
tumor microenvironment (e.g., cancer associated mac-
rophages or fibroblasts), and hypoxia.81,82 These sig-
nals usually activate the EMT-inducing transcription
factors (EMT-TFs) – TWIST1, SNAI1, SNAI2, ZEB1,
ZEB2, or PRRX1 that repress E-cadherin.83 EMT is
also characterized by appearance of mesenchymal
markers such as N-cadherin, vimentin and fibronec-
tin.80 N-cadherin can drive migration of transformed
cells through interaction with fibroblast growth factor
receptor (FGFR) and enhancement of FGF signaling.84

For a long time downregulation of E-cadherin was
considered a crucial step in carcinoma progression
promoting invasion and metastasis.85-87 The studies of
cell lines derived from human carcinomas demon-
strated that cells expressing E-cadherin had an epithe-
lioid phenotype and were noninvasive in vitro while
carcinoma cells that lost E-cadherin expression had a
fibroblastic phenotype and were invasive.88,89 Down-
regulation of E-cadherin expression was found in
esophageal, gastric, colon, prostate cancer, and hepa-
tocarcinoma.90-95 In many carcinomas expression of
E-cadherin is downregulated by either hypermethyla-
tion of the CDH1 gene promoter or an increase in
expression of EMT-TFs, while bona fide mutations in
the CDH1 gene were described only in a few types of
cancers, such as diffuse-type gastric cancers and breast
carcinomas.87,96 It has been generally accepted that
in human malignancies, reduced expression of
E-cadherin was associated with infiltrative growth,
metastasis and poor prognosis for the patient.86 The
impact of downregulation of E-cadherin expression
on tumor progression is mostly associated with weak-
ening of cell-cell adhesion; however, E-cadherin in AJs
can also interact with receptor tyrosin kinases (EGFR,
IGFR, and c-Met) to inhibit their signaling.97-99

Many invasive carcinomas, however, retain expres-
sion of E-cadherin. Immunohistochemical studies
found accumulation of E-cadherin at the plasma
membrane and its colocalization with a-catenin and
p120 in ductal breast carcinomas, colorectal carcino-
mas, prostate carcinomas, pancreas carcinomas and
oral squamous cell carcinomas.100-106 This suggests

that invasion of carcinoma cells into the adjacent tis-
sues is not prevented by the presence of E-cadherin. A
few years ago the classic view of EMT in tumor as the
transformation of epithelial cells into mesenchymal
cells evolved into a concept of plasticity and transi-
tional states.107-109 Recent data demonstrated that car-
cinoma cells often undergo a partial EMT where cells
acquire mesenchymal traits but retain epithelial
markers.110,111 In cancer, EMT is not a binary switch
between epithelial and mesenchymal states, but rather
a spectrum of intermediate states that are determined
by the microenvironment. It is considered that a
hybrid epithelial/mesenchymal phenotype may be
metastable and epithelial-mesenchymal plasticity
allows cells to adopt functional behaviors and quickly
change their phenotype depending on external
signals.112

AJs in neoplastic cells

For tumor cells, E-cadherin and E-cadherin-based AJs
play an important role in survival, growth, invasion
and metastasis.113 Many invasive carcinomas infiltrate
surrounding tissues as multicellular clusters in which
tumor cells remain connected to the neighboring
tumor cells. This process, known as collective inva-
sion,114 is mediated by E-cadherin-based AJs. Collec-
tive invasion has been described for carcinomas of
breast, prostate, and colon, squamous cell carcino-
mas.115-118

Invasive tumors can maintain well-differentiated
epithelial morphology and apico-basal polarity.119 In
samples of mammary ductal carcinoma, adherens
junctions, tight junctions, and desmosomes were visu-
alized by electron microscopy.120 It has been shown
that in squamous cell carcinomas derived from the
esophagus, oral epithelium, lung, and cervix, E-cad-
herin and tight junction proteins (occludin, claudins,
ZO-1, and cingulin) are expressed.121 Cell lines estab-
lished from highly differentiated carcinomas can also
maintain polarized epithelial phenotype (e.g., MCF-7,
and T-47D breast carcinomas, A-549 non-small cell
lung carcinoma, Caco-2 and T854 colorectal carcino-
mas). In the cells of these lines stable linear (tangen-
tial) AJs associated with circumferential actin bundles
were observed.42,58 The assembly and regulation of
integrity of linear AJs in well-differentiated trans-
formed cells are similar to those in normal epithelial
cells.9,58
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In transformed epithelial cells that undergo partial
EMT, AJs are often morphologically distinct from lin-
ear AJs in normal epithelial cells. In IAR epithelial cells,
transformed by mutated Ras or chemical carcinogens,
we described radial (punctate) E-cadherin-based AJs
associated with straight actin bundles (Fig. 1). Unlike
stable linear AJs in normal epithelial cells, the punctate
AJs in transformed IAR cells were very dynamic and
unstable, similar to AJs of fibroblasts. Why AJs assem-
ble into 2 different types, linear and punctate, is far
from clear. We consider that the changes in the AJ
organization may be due to the significant reorganiza-
tion of actin cytoskeleton and disappearance of circum-
ferential actin bundle as a result of activation of EMT
in transformed cells leading to alterations of directions
of tension in the area of cell-cell contacts.57 In these
cells, the deficiency of tangential tension and increased
centripetal tension in the zone of cell-cell contact leads
to the assembly of straight actin bundles and to matu-
ration of punctate AJs. The link with straight actin
bundles is essential for the formation of punctate AJs.
As our experiments with the ROCK inhibitor Y-27632
and the myosin II ATPase inhibitor blebbistatin have
shown, the formation and maintenance of punctate
AJs critically depend on myosin II-mediated contractil-
ity.57 In the study of punctate AJs at the edge of epithe-
lial colonies it was shown that after laser ablation of
perpendicular actin filaments linked with the AJs, the
punctate AJs converted into linear AJs.122 Eplin (whose
one or 2 isoforms may be lost in certain neoplasms) is
considered as a key player in the formation of linear
AJs.33 EPLIN is lost in punctate AJs at the edge of epi-
thelial colonies.122 During laser ablation and conversion
of the punctate AJs into linear AJs EPLIN was
recruited to the junctions. As suggested by Takeichi,3 a
tensile force that is exerted on punctate AJs by perpen-
dicular actin filaments disturbs binding of EPLIN to
the AJs, and EPLIN-free punctate AJs are more
dynamic than linear AJs. Our data, however, does not
support this hypothesis because immunofluorescent
staining revealed that both stable linear AJs in normal
IAR-2 cells and unstable punctate AJs in transformed
IAR cells accumulate EPLIN (unpublished).

Our studies demonstrated the differences in cell
behavior during the establishment of cell-cell contact
by normal IAR-2 and transformed IAR-6–1 cells
retaining expression of E-cadherin and forming punc-
tate AJs. Cell-cell interactions of normal epithelial cells
resulted in the establishment of a stable cell-cell

contact followed by contact paralysis at the site of the
contact and at the free edges. In the culture of trans-
formed cells, no stable cell-cell contacts were observed
but rather, only transitory E-cadherin-mediated con-
tacts between cells. These transitory contacts did not
inhibit lamellipodia formation at the site of the con-
tact. Eventually, the migrating cells changed the direc-
tion of their migration.40 In more detail the process of
the cell-cell interactions was reviewed by B. Stramer
and R. Mayor.123

We found that E-cadherin-based but not
N-cadherin-based AJs were instrumental in effective
collective migration of transformed epithelial cells over
planar substrates and in migration chambers.124 Trans-
formed IAR cells retaining E-cadherin, could migrate
both collectively and individually. In contrast, neoplas-
tic IAR cells that lost E-cadherin expression and formed
only N-cadherin-based AJs migrated only individually.
The recent studies of tumor budding at the cancer-host
interface in human pancreatic, colorectal, lung and
breast carcinoma demonstrated that collective cell
migration but not single cell migration promotes cancer
cell invasion.125 The experimental studies of mouse

Figure 1. Organization of AJs and the actin cytoskeleton in nor-
mal and transformed IAR cells. Cells were stained for E-cadherin
(A, C) and actin (B, D). (A-B) In normal IAR-2 epithelial cells, AJs
organized as adhesion belts encircling each cell and co-localizing
with circumferential actin bundles. (C-D) In transformed IAR-6–1
epithelial cells, AJs organized into clusters (radial AJs) associated
with thin actin bundles. © PLoS One. Reproduced by permission
of Natalya Gloushankova. Permission to reuse must be obtained
from the rightsholder.57
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model of mammary cancer and pancreatic cancer con-
taining a mixture of transformed cells that express dif-
ferent fluorescent proteins demonstrated multicolored
polyclonal metastases arising from tumor cell clusters.
It was established that these clusters formed at the early
stages of invasion but not in distant tissues.126-128

Recently our laboratory performed a comparative
study of the behavior of transformed IAR cells that
either did or did not express E-cadherin on the conflu-
ent monolayer of normal epithelial cells (Fig. 2). We
demonstrated that transformed epithelial cells that
retain expression of E-cadherin can establish E-cad-
herin-based adhesions with normal epithelial cells:
dot-like dynamic E-cadherin-based adhesions in pro-
trusions and large AJs at the cell sides and rear.129 Live-
imaging studies revealed that unlike transformed cells
that did not express E-cadherin, transformed cells (4
lines) retaining expression of E-cadherin were able to
migrate over and invade the monolayer of normal

epithelial cells (transepithelial assay). The cells express-
ing a dominant-negative mutant form of E-cadherin
with the mutation in the first extracellular domain
practically lost the ability to adhere to normal cells and
invade the epithelial monolayer. Analyzing the invasive
behavior of transformed cells that expressed both E-
and N-cadherin in transepithelial assay, we compared
the effect of selective depletion of E-cadherin or N-cad-
herin. Depletion of N-cadherin with RNAi did not
affect the invasive behavior of the cells, while depletion
of E-cadherin led to a reduction in the number of cells
that had invaded the epithelial monolayer. Thus, the
ability of cancer cells to form E-cadherin-based AJs
with the surrounding normal epithelial cells may play
an important role in driving cancer cell dissemination
in the body. It has been established earlier that cancer-
associated fibroblasts (CAFs) may also be involved in
collective cancer cell migration by remodeling the
extracellular matrix and creating tracks for cancer

Figure 2. Interactions between transformed IAR-6–1 epithelial cells and normal IAR-2 epithelial cells. (A) A scheme of the experimental
design: a glass bottom culture dish with a confluent IAR-2 monolayer (red) and transformed IAR cells (green) seeded sparsely onto the
monolayer. (B) Transformed IAR-6–1 cells form E-cadherin-based AJs with underlying normal IAR-2 cells. E-cadherin accumulates in dot-
like adhesions at the leading edge and in prominent AJs encircling the IAR-6–1 cell. Right - boxed region is enlarged. (C) Transformed
IAR-6–1 epithelial cells migrate over the monolayer of normal IAR-2 epithelial cells. IAR-6–1 cells express GFP, IAR-2 cells express
mKate2. Selected frames from a live imaging sequence. A corresponding track of the migrating IAR-6–1 cell is shown on Frame 4. (D).
Transformed IAR-6–1 cells invade the monolayer of normal IAR-2 cells. IAR-6–1 cells express GFP, IAR-2 cells express mKate2. Frames
from a live imaging sequence, substrate level. Frame 1 is a DIC image of the corresponding field taken at t D 00, with the overlaid track
of the migrating IAR-6–1 cell. The IAR-6–1 cell is on top of the monolayer at 1450; a pseudopod invades the monolayer and spreads at
1800; the entire cell migrates across the monolayer and spreads on the underlying substrate at 1850, and the cell acquires an elongated
shape and migrates underneath the monolayer up until 4650. © PLoS One. Reproduced by permission of Natalya Gloushankova. Permis-
sion to reuse must be obtained from the rightsholder.129
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cells.130 Recent data demonstrated that CAFs can also
actively drive collective migration of cancer cells with
the help of heterophilic E-N AJs.131

The next stage of the invasion-metastasis cascade is
intravasation of cancer cells into pre-existing or newly
formed vessels and systemic circulation. A live-imag-
ing study in animals using intravital high-resolution
2-photon microscopy has recently investigated in
great detail the process of entering the vessels by
tumor cells. Tumor cell intravasation occurred exclu-
sively at the sites that consist of tumor-associated
macrophages contacting with a tumor cell and an
endothelial cell. VEGFA signaling from tumor-associ-
ated perivascular macrophages led to destruction of
endothelial AJs, transiently increased local vascular
permeability and resulted in tumor cell intravasation
at these sites.132 Over the past few years the presence
of circulating tumor cells (CTCs) and circulating
tumor cell aggregates in the blood of patients with
cancer was confirmed in many studies.133-138 In many
cancers high CTC numbers are associated with disease
progression.139 CTCs often have hybrid epithelial-
mesenchymal phenotype expressing both epithelial
and mesenchymal markers.111,140 Cadherin-mediated
interactions favor survival of CTC in the clusters
within the bloodstream. Clusters of tumor cells are
also more efficient than single CTCs in forming

experimental metastases.128,129 Clusters of � 20 cells
can rapidly and reversibly reorganize into single-file
chains and transit through capillary-sized vessels.141

Ectopic expression of E-cadherin early in tumor
progression plays an important role in the intraperito-
neal dissemination of epithelial ovarian carcinoma
cells. The early steps of epithelial ovarian carcinoma
metastasis involve shedding of the cells from the pri-
mary tumor to form floating cells or multi-cellular
clusters in ascites. E-cadherin expression promotes
aggregation of tumor cells into clusters142 that may
suppress ovarian cancer cell anoikis and have a posi-
tive effect on survival of tumor cells.143

E-cadherin-based cell-cell interactions have a piv-
otal role in metastatic colonization of distant tissues.
Re-expression of E-cadherin in metastases from pri-
mary tumors where E-cadherin was downregulated,
was described earlier.144,145 Mesenchymal-epithelial
transition (MET) is required for metastatic outgrowth
of tumor cells in distant tissues. Several studies
showed that EMT inducers, such as Twist and Paired
Related Homeobox 1 (PRRX1) that are necessary for
cancer cell migratory and invasive properties, need to
be repressed for successful metastatic outgrowth.146-148

Conclusion

Cadherin-mediated cell-cell interactions are essential for
tissue organization and morphogenetic processes. In epi-
thelial tissues, E-cadherin-based AJs provide stable cell-
cell adhesion. Neoplastic transformation may lead to
reorganization of actin cytoskeleton and rearrangement
of stable linear AJs into dynamic punctate (radial) AJs,
which modulates adhesive function of E-cadherin and
migratory behavior of tumor cells. The contemporary
concept of the partial EMT takes into account the impor-
tance of retaining of E-cadherin-based AJs by cancer cells
for their collective migration, survival and metastatic
outgrowth (Fig. 3). Transformed epithelial cells can also
establish E-cadherin-based adhesions with normal epi-
thelial cells, to migrate over and invade the monolayer of
normal epithelial cells. Thus, the ability of cancer cells to
form E-cadherin-based AJs may play an important role
in driving cancer cell dissemination in the body.
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Figure 3. Initial stages of cancer cell dissemination. Cells that
have undergone partial EMT (blue; note the presence of Ecad
AJs), break through the basement membrane and commence the
invasion-metastasis cascade. They cross the stroma by collective
migration, enter into a blood vessel and begin to spread in
circulation.
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