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SUMMARY

The establishment and maintenance of precisely organized tissues requires the formation of
sharp borders between distinct cell populations. The maintenance of segregated cell popula-
tions is also required for tissue homeostasis in the adult, and deficiencies in segregation under-
lie the metastatic spreading of tumor cells. Three classes of mechanisms that underlie cell
segregation and border formation have been uncovered. The first involves differences in cad-
herin-mediated cell–cell adhesion that establishes interfacial tension at the border between
distinct cell populations. A second mechanism involves the induction of actomyosin-medi-
ated contraction by intercellular signaling, such that cortical tension is generated at the border.
Third, activation of Eph receptors and ephrins can lead to both decreased adhesion by trigger-
ing cleavage of E-cadherin, and to repulsion of cells by regulation of the actin cytoskeleton,
thus preventing intermingling between cell populations. These mechanisms play crucial roles
at distinct boundaries during development, and alterations in cadherin or Eph/ephrin expres-
sion have been implicated in tumor metastasis.
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1 INTRODUCTION

The generation of a functional organism requires the for-
mation and maintenance of a precise organization of dif-
ferent tissues and of distinct cell types within tissues. For
many tissues, establishment of the final complex pattern
involves an initial subdivision into regions, each with a
specific identity that underlies the subsequent generation
of a particular set of cell types. Such spatial patterning is
achieved in part through localized cell-to-cell signaling
that induces specific tissues, regional domains, or cell types
to form at the appropriate location. However, these pat-
terns are initially imprecise and undergo refinement, for
example, by sharpening of a fuzzy border between tissue
subdivisions. Furthermore, the emerging patterns can po-
tentially become scrambled owing to the intrinsic motility
of many cells, and because tissue growth and morphogen-
esis can drive intermingling; for example, cell intercalation
during proliferation or convergence-extension movements
can disperse clonally related cells. The control of cell move-
ment to generate and maintain the precision of tissue
organization is thus of central importance in embryogene-
sis, as well as in tissue homeostasis in the adult organism.
A failure to maintain the correct localization of cells under-
lies clinically relevant disorders such as the metastatic
spreading of tumors. There is consequently much inter-
est in identifying the underlying cellular and molecular
mechanisms.

Mechanisms that establish and maintain tissue organi-
zation have been intensively studied for the sharp bound-
aries that form at the interface of adjacent tissues and of
regional domains within a tissue. Insights into the sig-
nificance of boundary formation came from studies of
embryogenesis and wing imaginal disc development in
Drosophila that revealed the existence of compartments
(groups of cells that do not intermingle with their neigh-
bors), thus enabling each territory to maintain a discrete
regional identity (reviewed by Irvine and Rauskolb 2001).
Compartments have also been identified in vertebrate tis-
sues, for example, in the developing nervous system, in
which the intermingling of cells is restricted across the bor-
ders of specific subdivisions of the brain (Fraser et al. 1990;
Zeltser et al. 2001; Langenberg and Brand 2005). The estab-
lishment of a sharp border can have a crucial role in addi-
tion to the generation of discrete regions: At some borders,
specialized boundary cells form that act as a signaling cen-
ter that further patterns the tissue, for example, by inducing
distinct cell types at different concentrations of the signal
(Irvine and Rauskolb 2001; Kiecker and Lumsden 2005).
The formation of a sharp interface is thus essential for cor-
rect localization of the signaling center and patterning of
the tissue (Dahmann and Basler 1999).

Important insights into how borders can form came
from classic experiments in which cells from different tis-
sues are dissociated, mixed, and allowed to reaggregate (re-
viewed by Steinberg 1963, 1970). It was found that the cells
from distinct tissues segregate from each other to attain a
characteristic organization in which one population envel-
ops the other (Fig. 1A). Although such large-scale segrega-
tion generally does not occur in normal tissues, local
segregation does occur at borders that are initially impre-
cise (Fig. 1B). A corollary to the process of segregation is
that this will prevent the tissues from intermingling. It is
therefore reasonable to assume that mechanisms that drive
segregation in vitro contribute to the formation and main-
tenance of borders in vivo.

Studies using cell reaggregation assays led to the impor-
tant and influential proposal that the differential adhe-
sion of distinct cell populations underlies cell segregation
(Steinberg 1970, 2007). However, other studies have uncov-
ered distinct mechanisms that can restrict intermingling
between cell populations, namely, the contact inhibition
of cell migration, contact repulsion of cells by Eph receptor
and ephrin signaling, and the induction of cortical tension
(Abercrombie 1979; Poliakov et al. 2004; Dahmann et al.
2011). In this article, we will discuss the roles and relation-
ships of these mechanisms in cell segregation and border
maintenance during development and tumorigenesis.
There is good evidence that some of these mechanisms
also establish finer-grained patterns of distinct cell types,
underlie matching of neurons to targets, and contribute to
morphogenetic movements such as convergent extension
(reviewed by Takeichi et al. 1997; Poliakov et al. 2004; Sol-
nica-Krezel 2006; Rebsam and Mason 2011).

2 CELL ADHESION AND DIFFERENTIAL AFFINITY

The segregation of cells derived from different tissues in re-
aggregation assays was initially suggested to occur through
a combination of directed cell migration and the selective
adhesion of cells of the same type (Townes and Holtfreter
1955). Subsequent work from Steinberg and colleagues
supported an alternative idea, formalized as the differential
adhesion hypothesis, in which cells are proposed to have
a liquidlike behavior: Nondirectional motility allows cells
to reorganize, and differences in cell adhesion generate
mechanical forces that drive segregation (Steinberg 1963;
Steinberg 1970). The subsequent identification and func-
tional experiments with cell adhesion molecules that medi-
ate homophilic binding have provided strong support for a
role of differential adhesion in cell segregation.

Cell-to-cell adhesion is mediated by a number of classes
of proteins present on the cell surface that bind in trans to
partners presented on adjacent cells (Yagi and Takeichi 2000;
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Halbleib and Nelson 2006; Harris and Tepass 2010). Prom-
inent roles are played by “classical” cadherins, members of
the cadherin superfamily of transmembrane proteins that
also include protocadherins, Fat and dachsous, and the sev-
en-pass membrane protein, Flamingo. Classical cadherins
mediate homophilic binding, and in some cases also inter-
act heterophilically with other family members. The speci-
ficity of cell responses to homophilic versus heterophilic
interactions is determined not only by the binding interface
(Patel et al. 2006) but also by other domains of the cadherin
molecule (Niessen and Gumbiner 2002; Leckband and Pra-
kasam 2006; Shi et al. 2008). On binding, cadherins trigger
intracellular signaling that stimulates further recruitment
of cadherins and thus increases the strength of adhesion
(Ehrlich et al. 2002; Yamada and Nelson 2007). The cyto-
plasmic domain of cadherins interacts with proteins, in-
cluding p120, b-catenin, and a-catenin, that in turn bind
the actin cytoskeleton or regulate its polymerization (Hal-
bleib and Nelson 2006). The relationship between cadher-
ins and the actin cytoskeleton is required for strong ad-
hesion (Jamora and Fuchs 2002), and involves a dynamic
exchange of binding partners rather than direct linkage
(Drees et al. 2005; Yamada et al. 2005).

2.1 Role of Differential Adhesion in Cell Segregation

Key evidence in support of the differential adhesion hy-
pothesis comes from reaggregation experiments showing

that cells transfected to express different homophilically
binding cadherins, or different levels of the same cadherin,
will segregate from each other (Nose et al. 1988; Steinberg
and Takeichi 1994). It is proposed that segregation is driven
by mechanical forces of affinity and tension, analogous to
those that occur at the molecular level for oil and water.
A difference in affinity between two cell populations leads
to tension at their interface because cells of one or both
populations experience stronger cohesive forces from “like”
cells (homotypic interactions) than from “unlike” cells
(heterotypic interactions). In principle, this imbalance in
forces will drive segregation to generate and maintain a
flat interface—which minimizes contact between the two
cell populations—as it requires an increase in free energy
for a cell to break the stronger contacts with like cells to
move into the unlike territory (Fig. 2A). A prediction is that
in reaggregation assays, interfacial tension will drive the
segregation of the more cohesive population to the center,
and many studies have shown that indeed this is generally
the outcome (Steinberg 1970, 2007; Steinberg and Takeichi
1994; Foty and Steinberg 2005).

Many cadherin family members have tissue- or region-
ally restricted expression during development (Matsunami
and Takeichi 1995; Redies and Takeichi 1996; Inoue et al.
1997; Takeichi et al. 1997), suggestive of roles in cell segre-
gation in vivo, and this has received strong support from
a number of studies. For example, ectopic expression ex-
periments have shown a role of R-cadherin and cadherin-
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Figure 1. Cell segregation and boundary formation. (A) In vitro assay for cell segregation in which two cell popu-
lations are dissociated, mixed, and reaggregated. Over a period of time, the intermingled cell populations may seg-
regate from each other. When performed with one population expressing lower levels of cadherin (red) than the
other (blue), the former segregate to the outer region of the reaggregate, as predicted by the differential adhesion
hypothesis. (B) During normal development, distinct tissues or regional domains within tissues are induced to
form at specific locations. In many cases, the border of the adjacent domains is initially fuzzy, and local cell segre-
gation underlies the formation of a sharp interface.
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6 in segregation across the border of the lateral ganglionic
eminence and cerebral cortex in the mouse forebrain
(Inoue et al. 2001). Similarly, DE-cadherin is required for
correct localization of the oocyte in Drosophila follicles
(Godt and Tepass 1998), and MN-cadherin for segregation
of motor neuron subtypes in the chick spinal cord (Price
et al. 2002).

Studies of several protocadherins with tissue-restricted
expression have revealed that these too can mediate cell seg-
regation and contribute to border formation; for example,
paraxial protocadherin (PAPC) drives segregation when ec-
topically expressed and is required to form epithelial boun-
daries during somitogenesis (Kim et al. 1998, 2000; Rhee
et al. 2003). However, structural studies and binding assays
suggest that protocadherins do not mediate homophilic cell
adhesion (Morishita and Yagi 2007). Rather, PAPC binds
C-cadherin and decreases its adhesive activity (Chen and
Gumbiner 2006), whereas interactions between protocad-
herin-19 and N-cadherin increase adhesive activity (Biswas
et al. 2010). These findings raise the prospect of wider roles
of protocadherins in cell segregation and boundary forma-
tion through the modulation of cadherin activity.

2.2 Evidence that Other Mechanisms Contribute
to Cell Segregation

Although the results of reaggregation assays show that dif-
ferential adhesion can drive cell segregation, several excep-
tions have been found to the prediction that the more
cohesive population will segregate to the inside of a reag-
gregate. One example comes from studies revealing roles
of cortical tension in cell segregation (Krieg et al. 2008),
discussed below. Another example has been found in reag-
gregation assays with amphibian embryo tissues: When
mesoderm or endoderm cells are reaggregated with epithe-
lial ectoderm cells, the latter, more cohesive, population
segregates to the outside rather than the inside (Townes
and Holtfreter 1955). Similar results have been found with
mouse embryonic stem cells and primitive endoderm, in
which the latter cells form an outer epithelium (Moore
et al. 2009). A likely explanation is that the epithelial cells
are intrinsically polarized, with a nonadhesive apical sur-
face that stabilizes the assembly of the epithelium at the
outer surface. Importantly, it has been found that adhesive
interactions of other cells with the epithelial layer can re-
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Figure 2. Cell adhesion and cortical tension. (A) One mechanism underlying cell segregation is mediated by dif-
ferential adhesion of the two distinct cell populations. The differential adhesion hypothesis proposes that segrega-
tion is driven by the aggregate achieving the lowest free energy in which there is maximal contact between cells with
the higher mutual affinity. At the interface of the two populations, interfacial tension occurs because the more
adhesive cells (blue) will experience stronger cohesive forces from “like” cells than from “unlike” cells (red). The co-
hesive forces experienced by an ectopic cell (+) or by a cell at a smooth interface (∗) are illustrated. At a fuzzy inter-
face there is a net decrease in cohesive bonds and increase in free energy compared with a smooth interface. (B)
Another mechanism that underlies boundary sharpening and maintenance is mediated by cortical tension. Sig-
naling from one cell population (red) induces assembly and contraction of cell-surface-associated actomyosin in
the adjacent cells (blue). This cortical tension sharpens the borders and restrains movement of cells across the
interface.
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verse the relative positioning of cell types in reaggregates,
such that they acquire the normal configuration seen in
the developing embryo (Krieg et al. 2008; Ninomiya and
Winklbauer 2008).

A further important consideration is whether differential
adhesion is sufficient to generate a sharp interface between
cell populations. Unlike oil and water, cells have free energy
that underlies their active migration and is capable of over-
whelming adhesion-driven forces (Harris 1976). Such in-
trinsic motility on the one hand enables the movement of
cells so that they can meet new neighbors, but on the other
hand candestabilize tissueorganization. The borders formed
after differential adhesion-driven cell segregation in vitro do
not match the sharp interfaces of boundaries in vivo, and it
therefore seems likely that additional, or alternative, mecha-
nisms contribute to the sharpening of borders.

2.3 Other Potential Roles of Restricted Cadherin
Expression during Development

Despite the striking differential expression of specific cad-
herins across many tissue borders, there is a paucity of
evidence from loss-of-function manipulations for a role in
the restriction of cell intermingling (Winklbauer 2009).One
possible explanation is that there is overlapping expres-
sion and functional redundancy between cadherin family
members, but at some borders this may instead reflect
the existence of other cell segregation mechanisms. An ex-
ample is the notochord-somite border, where expression of
a dominant negative cadherin has no effect on cell segrega-
tion, arguing that cadherin-independent mechanisms are
sufficient (Reintsch et al. 2005). This raises the question
of whether tissue- or region-specific cadherin expression
in some cases reflects roles other than in cell segregation.
Indeed, cadherins are essential for many other aspects of
tissue morphogenesis, such as formation of epithelia, mod-
ulation of cell shape, and cell migration (Halbleib and Nel-
son 2006; Lecuit and Lenne 2007). One example is the
switch in cadherin expression in the transition from epithe-
lial to mesenchymal cells that enables the more dynamic
adhesion required for migratory behavior (Takeichi et al.
2000; Coles et al. 2007; Park and Gumbiner 2010), and pro-
motes motility of tumor cells (Nieman et al. 1999; Hazan
et al. 2000). Another example comes from studies of roles
of cadherins in collective cell migration, discussed below.

3 REGULATION OF CELL MIGRATION
BY CADHERINS

In the differential adhesion hypothesis, it is proposed that
there is no directed migration of cells, but rather cell motil-
ity enables reorganization of the distinct cell populations to

achieve the lowest free energy of the adhesive interactions.
An alternative to this facilitative role of cell migration was
proposed by Abercrombie based on time lapse analyses of
cell interactions in culture (Abercrombie 1979). These stud-
ies revealed that collisions between cells can trigger contact
inhibition, in which there is a collapse of the leading lamel-
lipodia and consequent arrest of cell migration, which may
subsequently be reinitiated in a new direction (Abercrom-
bie and Heaysman 1953). Contact inhibition on interaction
of cells from adjacent tissues would prevent one population
from migrating into the other, and loss of this mechanism
could thus underlie the invasive behavior of metastatic tu-
mor cells (Abercrombie 1979).

A number of findings suggest that cadherin-mediated
interactions can regulate cell migration directly, rather than
only via the generation of mechanical forces. For example,
the asymmetry in cadherin-mediated interactions of cells at
the edge of a tissue sheet leads to cell polarization such that
migration occurs away from the cell contacts (Desai et al.
2009; Dupin et al. 2009). Furthermore, N-cadherin can me-
diate the contact inhibition of cell migration (Theveneau
et al. 2010). However, because cadherin-mediated interac-
tions are preferentially homophilic, this does not provide a
mechanism to restrict intermingling between cell popula-
tions. In order for contact inhibition to restrict cell inter-
mingling, it needs to be triggered by heterotypic interac-
tions between distinct cell types, and such a mechanism
has been uncovered in studies of Eph receptors and ephrins,
discussed below.

Although contact inhibition appears unlikely to be a
mechanism by which cadherins drive cell segregation, it
may contribute in other ways to the stabilization of tissue
organization. A striking illustration of this is the role of
cadherin-mediated polarization in the migration of neural
crest cells in Xenopus embryos (Theveneau et al. 2010). In
thissystem,neuralcrestcellsmigratechemotactically toward
higher levels of the chemokine, Sdf1, but in the absence of
cell contacts the direction of migration shows only a weak
bias toward the source of attractant. However, invivo, neural
crest cells migrate as a sheet of dynamically interacting cells,
within which N-cadherin-mediated contacts inhibit Rac1
activation and thus suppress lamellipodia formation. As a
consequence, lamellipodiaformationinresponsetochemo-
attractant is preferentially maintained at the free edge of cells
at the front of the sheet, conferring a high directionality to
cell migration. In addition, cadherin-mediated interactions
promote the coherence of migration, such that adjacent cells
tend to remain together (Borghi et al. 2010; Theveneau et al.
2010). It can be envisaged that both adhesive interactions
and contact inhibition contribute to this stabilization of
cell organization by promoting the directionality of migra-
tion and restraining the intermingling of cells.
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Another perspective on roles of adhesion in cell migra-
tion comes from studies of convergent-extension move-
ments during gastrulation in which lateral cells migrate
toward the midline of the embryo. It has been shown that
directed migration requires a bone morphogenetic protein
(BMP) gradient that establishes a reverse gradient of cell
adhesiveness (von der Hardt et al. 2007). Furthermore,
cell migration is oriented if a gradient of calcium-depend-
ent cell adhesion is artificially created by use of a calcium
chelator. It is proposed that cell migration is oriented owing
to preferential stabilization of contacts between lamellipo-
dia and the more adhesive neighbors, such that the cell is
displaced toward the latter on retraction of the lamellipodia
(von der Hardt et al. 2007). A role of cadherins in direction-
al migration has also been uncovered for cerebellar granule
neurons that migrate as chains of cells. Time lapse imaging
reveals a dynamic regulation of cell polarity in which
cadherin-2 protein shifts along the cell membrane to the
front of the cell, and this may orient migration by stabiliz-
ing the centrosome at the leading edge (Rieger et al. 2009).
The modulation of directional migration by cadherins also
involves interactions with integrin-mediated adhesion to
extracellular matrix (Borghi et al. 2010). Indeed, more
broadly the signaling and adhesive activities of integrins
and cadherins form components of an integrated network
(Weber et al. 2011). These findings that cadherins can reg-
ulate the internal polarity of cells and coordinate their
directional migration challenge the assumption that cad-
herins drive segregation only via mechanical forces acting
on randomly motile cells.

4 ROLES OF CELL CORTEX TENSION

The differential adhesion hypothesis proposes that interfa-
cial tension between tissues that maintains segregation de-
rives solely from the relative amounts of adhesiveness of
distinct cell populations (Foty and Steinberg 2005). How-
ever, an alternative view is that segregation can be driven
by tension and cell-surface contraction generated inde-
pendently of differential adhesion (Harris 1976). There is
now good evidence that tension generated by the contrac-
tion of actomyosin in the cell cortex has important roles in
the segregation of specific cell populations (Lecuit and
Lenne 2007; Paluch and Heisenberg 2009). An elegant
study of zebrafish embryo germ layers (Krieg et al. 2008)
found that mesoendoderm cells are more cohesive than ec-
toderm cells, which would be predicted to generate greater
surface tension of mesoendoderm and consequently, their
segregation to the inside of reaggregates. However, mesoen-
doderm cells actually segregate to the outside of ectoderm
cells in reaggregates. This pattern of segregation can be ex-
plained by the finding that ectoderm cells have a higher

actomyosin-dependent cell cortex tension, which is regu-
lated by Nodal signaling. In support of this, inhibition of
actomyosin activity, such that cell cortex tension is de-
creased in ectoderm cells, causes them to instead segregate
to the outside of reaggregates (Krieg et al. 2008).

Evidence for a role of cell cortex tension in boundary
formation has come from studies in Drosophila. Initial clues
came from the findings that in the wing imaginal disc there
is an increased amount of actin and myosin II protein at the
dorsal-ventral (Major and Irvine 2005, 2006) and anterior-
posterior compartment boundaries (Landsberg et al. 2009)
compared with nonboundary regions. Because myosin II
function is essential for the sharpness of these borders (Ma-
jor and Irvine 2006; Landsberg et al. 2009), this suggests a
model in which actomyosin contraction generates cell cor-
tex tension. Indeed, the measurement of tension by laser
cutting of cell bonds has shown that there is �2.5-fold-
higher tension along the anterior-posterior compartment
boundarycomparedwithnonboundary regions,which com-
puter simulations suggest is sufficient to generate cell segre-
gation (Landsberg et al. 2009). A recent study has revealed
an analogous role of myosin II in restricting cell mixing
across the parasegmental boundaries of the Drosophila em-
bryo (Monier et al. 2010). The sharpness of the paraseg-
ment borders is challenged by movements occurring on
cell division, but any cells that move toward the adjacent
compartment rapidly relocate back to their origin. How-
ever, this restriction to cell movement no longer occurs if
the myosin II cable at the compartment border is disrupted
by laser-mediated inactivation (Monier et al. 2010). These
findings suggest that actomyosin-mediated tension creates
a fence at the boundary that prevents the crossing of cells
between compartments.

The mechanisms that underlie myosin II accumulation
and actomyosin contraction are currently unclear, but are
known to lie downstream from signals that have critical
roles in formation of compartment boundaries (Irvine and
Rauskolb 2001): wingless signaling at parasegmental boun-
daries (Monier et al. 2010) and Notch activation at the wing
disc dorsal-ventral boundary (Major and Irvine 2005).
Thus, as for zebrafish germ layers (Krieg et al. 2008), this
suggests a model in which segregation and boundary sharp-
ening is established by intercellular signaling that leads to
actomyosin contraction and increased cell cortex tension
(Fig. 2B).

5 CELL SEGREGATION BY EPH-EPHRIN
SIGNALING

A further mechanism that underlies cell segregation across
specific boundaries has been identified through studies of
Eph receptor tyrosine kinases and their ephrin ligands. In
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vertebrates, Eph receptors comprise a large family of pro-
teins, subdivided into EphA and EphB subclasses based
on their sequence similarities and binding to ephrins (Gale
et al. 1996). With some exceptions, EphA receptors bind
to the glycosylphosphatidylinositol (GPI) -anchored eph-
rinAs, whereas EphB receptors bind to the transmembrane
ephrinBs, and because both components are membrane-
bound the interactions require cell-to-cell contact. Re-
markably, the binding and clustering of Eph receptors
and ephrins can lead to signal transduction through both
components, thus eliciting bidirectional signaling (Hol-
land et al. 1996; Bruckner et al. 1997). Signaling through
Eph receptors and ephrins is highly complex and acts
through multiple pathways (Jorgensen et al. 2009) to affect
cell phenotype, including the regulation of cell migrat-
ion, proliferation, and differentiation (Kullander and Klein
2002; Poliakov et al. 2004; Pasquale 2005; Bush and Soriano
2010). Of potential relevance to roles in cell segregation,
Eph-ephrin interactions can control polymerization of the
actin cytoskeleton, cadherin function, and integrin-medi-
ated adhesion.

Initial evidence for roles of Eph-ephrin signaling in
boundary formation came from studies of the segmenta-
tion of the vertebrate hindbrain to form rhombomeres.
Cell intermingling is restricted across rhombomere boun-
daries (Fraser et al. 1990) owing to distinct cellular proper-
ties of odd- versus even-numbered segments (Guthrie et al.
1993). This correlates with the expression of EphA4 and
specific EphB receptors in rhombomeres r3 and r5, whereas
corresponding ephrinB ligands are expressed in r2, r4, and
r6 (Nieto et al. 1992; Becker et al. 1994; Bergemann et al.
1995; Flenniken et al. 1996; Chan et al. 2001). The results
of blocking Eph receptor activation, and of injecting Eph
receptor or ephrinB RNA to create embryos with mosaic
overexpression revealed that Eph-ephrin interactions un-
derlie cell segregation across hindbrain boundaries (Xu
et al. 1995, 1999). This may reflect a general role because
cell culture assays have shown that complementary expres-
sion of Eph receptor and ephrinB genes is sufficient to
maintain sharp borders (Mellitzer et al. 1999) and to segre-
gate intermingled cells (Tanaka et al. 2003; Cortina et al.
2007; Poliakov et al. 2008). Indeed, reciprocal expression
of Eph receptors and ephrins occurs in many tissues during
development (Gale et al. 1996), and has been implicated in
boundary formation during somitogenesis (Barrios et al.
2003; Julich et al. 2009) and cell segregation in limbs (Com-
pagni et al. 2003; Davy et al. 2004). An interesting example
is the role of counter gradients of EphB and ephrinB ex-
pression in maintaining the segregation of progenitors
and differentiating cells in intestinal crypts (Batlle et al.
2002), which are relevant to mechanisms of tumor meta-
stasis (Batlle et al. 2005), discussed below. These studies

raise the question of the mechanisms by which Eph recep-
tor and ephrin-expressing cells segregate.

5.1 Eph-Ephrin Signaling and Differential
Adhesion

One potential mechanism by which Eph-ephrin signaling
may drive segregation is that cell repulsion creates differen-
tial adhesion (Steinberg 2007). Indeed, E-cadherin-medi-
ated adhesion contributes to Eph-ephrin-mediated cell seg-
regation, and EphB activation regulates the subcellular
localization of E-cadherin (Cortina et al. 2007). Direct sup-
port for regulation of differential adhesion comes from re-
cent studies revealing a mechanism by which Eph-ephrin
interactions lead to decreased cadherin-mediated adhesion.
Previous studies showed that EphA3 interacts with the met-
alloproteinase ADAM10, and that on binding to ephrinA li-
gand and receptor activation, ADAM10 cleaves ephrinA
protein thus enabling cell disengagement (Hattori et al.
2000; Janes et al. 2005). It has recently been shown that re-
cruitment of ADAM10 also occurs on interaction of EphB3
and ephrinB1, and that in epithelial tissues EphB receptors
interact with E-cadherin, which is a substrate for ADAM10
(Solanas et al. 2011). Consequently, EphB3-ephrinB1 bind-
ing triggers cleavage and shedding of E-cadherin at the in-
terface of their interactions, thus establishing differential
adhesion that contributes to cell segregation in vitro (Sola-
nas et al. 2011). Moreover, inhibition of ADAM10 in the in-
testine disrupts the organization of the stem cell niche that is
regulated by EphB3 signaling (Solanas et al. 2011). A further
mechanism by which Eph-ephrin signaling may decrease
cell adhesion is by inhibiting the function of connexins,
which contribute to adhesive interactions as well as media-
ting gap junctional communication (Mellitzer et al. 1999;
Davy et al. 2006).

Further insights into roles of Eph-ephrin signaling come
from experiments in which cell transplantation is per-
formed to create mosaic embryos in which EphA4 or eph-
rinB2 has been knocked down in a subset of cells. It was
found that the “knockdown” cells segregate to the borders
of the hindbrain segments that normally express EphA4
or ephrinB2, respectively (Cooke et al. 2005; Kemp et al.
2009). These results show that Eph receptors and ephrins
are not solely acting at borders to restrict intermingling,
but it is currently unclear what type of cell response drives
segregation within hindbrain segments. One possibility is
suggested by the findings that in some contexts, rather
than causing cell repulsion, Eph-ephrin signaling can pro-
mote the adhesion of cells, required, for example, for fusion
of specific epithelial sheets (Holmberg et al. 2000; Dravis
et al. 2004). The basis of an adhesive rather than repulsive
cell response is unclear, but may reflect that Eph-ephrin
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signaling activates some pathways that promote adhesion
(Lee et al. 2008), whereas high levels of activation of oth-
er pathways trigger cell repulsion (Holmberg et al. 2000;
Hansen et al. 2004). One way in which low-level activation
may be achieved is through cis-inhibitory interactions of
coexpressed Eph receptors and ephrins (Hornberger et al.
1999; Yin et al. 2004; Carvalho et al. 2006), and it is likely
that overlapping expression occurs in many tissues (So-
bieszczukand Wilkinson1999).Alternatively,adhesionmay
be increased by overlapping expression of Eph receptor and
ephrinB because this coactivates specific pathways within
the same cells (Dravis et al. 2004). Taken together, these
findings suggest a model in which Eph-ephrin signaling
restricts cell intermingling by increasing adhesion with-
in specific territories and by decreasing adhesion across
borders.

5.2 Eph-Ephrin Signaling and Cell Migration

Studies of roles in axon guidance and cell migration have
shown that Eph receptor and ephrin signaling can mediate
contact-dependent repulsion that prevents entry into inap-
propriate territory (Poliakov et al. 2004; Pasquale 2005;
Egea and Klein 2007). In cell segregation assays, this is
seen at the single cell level to involve cytoskeletal collapse
of cell processes following the interaction between Eph re-
ceptor and ephrinB-expressing cells (Poliakov et al. 2008).
Although the interaction of Eph receptors with ephrins in-
itially mediates strong binding between cells, the interac-
tion activates proteolytic cleavage and/or endocytosis of
Eph/ephrin complexes that then enables Eph- and eph-
rin-expressing cells to disengage (Hattori et al. 2000; Mars-
ton et al. 2003; Zimmer et al. 2003). These findings sug-
gest that complementary expression of Eph receptors and
ephrins may restrict cell intermingling across borders by bi-
directional repulsion of the two cell populations (Mellitzer
et al. 1999). This model is similar to the proposal of Aber-
crombie that invasion of tumor cells is restricted by the con-
tact inhibition of cell migration (Abercrombie 1979), and
indeed recent work has implicated Eph-ephrin signaling
in contact inhibition of tumor cell lines (Astin et al. 2010).

Studies of border formation between ectoderm and
mesoderm during Xenopus gastrulation have provided im-
portant insights into how Eph-ephrin signaling underlies
the restriction of cell intermingling (Rohani et al. 2011).
In this system, mesodermal cells migrate on the ectoderm
of the blastocoel roof, while not migrating into the ectoder-
mal tissue. This behavior involves repeated cycles of adhe-
sive interactions and retraction of the mesoderm cells at the
border, such that the ectoderm provides a substrate for mi-
gration, while repelling the mesodermal cells from invading
the ectoderm. The formation of the border requires signal-

ing through EphB receptors to activate Rac and RhoA both
in mesoderm and ectoderm cells; this bidirectional forward
signaling is established by the overlapping expression of
distinct EphB receptors and ephrinBs in each of the adja-
cent cell populations. Importantly, although Eph-ephrin
signaling increases cell adhesion in ectoderm, but not mes-
oderm, this is not required for the tissue separation behav-
ior at the border (Rohani et al. 2011).

Taken together, these studies suggest that Eph-ephrin
interactions may drive cell segregation through multiple
mechanisms: by triggering de-adhesion that generates dif-
ferential adhesion between Eph receptor and ephrin-ex-
pressing cells; by creating global differences in cell adhe-
sion; and by contact repulsion that restricts cell migration
(Fig. 3). The relative contribution of these mechanisms to
boundary formation is currently unclear, and may be de-
pendent on context, such as the migratory and adhesive
properties of the interacting cell populations.

5.3 Integrin Activation at Somite Borders

Insights into a further mechanism by which Eph-ephrin
signaling underlies boundary formation have been uncov-
ered in studies of somitogenesis. Interactions between
EphA4 and ephrinB2 at the borders of complementary do-
mains in presomitic mesoderm has a crucial role in boun-
dary formation by inducing the mesenchymal cells to form
the polarized epithelium of the somites (Barrios et al.
2003). At later stages, there is an integrina5-dependent ac-
cumulation of fibronectin matrix at somite borders that is
required for continued stabilization of the boundary (Ju-
lich et al. 2005; Koshida et al. 2005). This accumulation
of extracellular matrix is attributable to ephrin activation
that underlies an “inside-out” increase in the affinity of in-
tegrina5 for its ligands (Julich et al. 2009). These findings
suggest a sequential process in which Eph-ephrin interac-
tions both initiate boundary formation and induce the ac-
cumulation of fibronectin, which in turn maintains the
boundary by activation of integrin signaling.

6 CELL ADHESION AND TISSUE
BOUNDARIES AS SUPPRESSORS OF
TUMOR PROGRESSION

Many of the same mechanisms underlying cell segregation
during development also act to constrain tumor growth
and prevent the dissemination of cancer cells, which fre-
quently retain the expression of cell adhesion and cell re-
pulsion molecules characteristic of the tissue from which
they originated. Thus there is much interest in uncovering
the contributions of cell adhesion and repulsion to tumor
formation and progression.
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6.1 Cell Adhesion in Tumor Progression: Cadherins
Control Tumor Cell Dissemination and
Epithelial-to-Mesenchymal Transition

Amongst all adhesion molecules, E-cadherin acts as the
central suppressor of cancer dissemination in tumors of ep-
ithelial origin. Loss of E-cadherin-mediated adhesion cor-
relates with an invasive phenotype and poor prognosis in
several tumor types (van Roy and Berx 2008; Makrilia
et al. 2009). Several mechanisms can underlie diminished
E-cadherin-based adhesion in epithelial tumor cells. A
small subset of tumors acquires inactivating mutations in
the E-cadherin gene (CDH1). These alterations are more
prevalent in diffuse gastric (Berx et al. 1998a,b; Machado
et al. 2001) and infiltrating lobular breast cancers (Berx
et al. 1996, 1998a). Epigenetic silencing of the CDH1 locus
is also a common finding in epithelial cancers (Machado
et al. 2001; van Roy and Berx 2008). The assembly and sta-
bility of adherens junction components can be reduced in
tumor cells through posttranscriptional modification of
its components. A prime example is phosphorylation of
the intracellular domain of E-cadherin by receptor tyrosine
kinases such as c-met, or by src, which induces internaliza-
tion and degradation of E-cadherin via the interaction with
the E3-ubiquitin ligase Hakai (Fujita et al. 2002). Disrup-
tion of adherens junctions can also be mediated by tyrosine
phosphorylation of specific residues of b-catenin that de-
crease its affinity for E-cadherin (Roura et al. 1999). Given

that hyperactivation of tyrosine kinases is a prevalent alter-
ation in cancer, these mechanisms may account for cancer
dissemination in many tumor types.

Transcriptional regulators of epithelial-to-mesenchy-
mal transition (EMT) during development are frequently
expressed by tumor cells, inducing mesenchymal-like phe-
notypes that lead to transcriptional silencing of E-cadherin
(Thiery et al. 2009). Some key regulators of EMT such as
Snail1, Snail2, Zeb1, Zeb2, or E47 are transcriptional re-
pressors that silence the expression of E-cadherin by direct
binding to its promoter (Thiery et al. 2009). Other regula-
tors of EMT (e.g., the transcriptional activator Twist) pro-
mote mesenchymal phenotypes without repressing E-
cadherin directly (Thiery et al. 2009). EMT involves not
only silencing of E-cadherin expression but also coordi-
nated changes that confer a migratory phenotype to tumor
cells. These include loss of cell polarity, activation of metal-
loproteinase activity, as well as global changes in the cell cy-
toskeleton (Thiery et al. 2009). An important phenomenon
in EMT is cadherin switching, such as the expression of
mesenchymal N-cadherin on silencing of E-cadherin in
tumor cells. The different properties of N-cadherin and E-
cadherin have been analyzed by engineering knockin mice
conditionally expressing N-cadherin from the E-cadherin
locus (Libusova et al. 2010). Mice with E-cadherin substi-
tuted by N-cadherin in intestinal epithelial cells displayed
normal intestinal development suggesting no major defects
in cell adhesion (Libusova et al. 2010). Yet, as these mice

Actin depolymerization
Receptor endocytosis
Cell repulsion

Cohesive bonds

Directional repulsion

Cadherin cleavage
De-adhesion

ADAM10

EphrinB

EphB
E-cadherin

E-cadherin

A B

Figure 3. Eph receptor and ephrin signaling. (A) Interactions between EphB receptor and ephrinB ligand can trigger
two mechanisms that underlie cell segregation. The first is mediated by interactions of EphB receptor with the metal-
loproteinase ADAM10 and with E-cadherin. On binding of EphB receptor to ephrinB ligand, ADAM10 activity
cleaves E-cadherin, thus leading to decreased adhesion selectively at the Eph-ephrin interface. The second mecha-
nism involves signaling pathways downstream from activated EphB receptor that lead to depolymerization of the
actin cytoskeleton, with concommitant endocytosis of Eph-ephrin complexes. The combination of cytoskeletal col-
lapse and cell disengagement leads to repulsion of EphB- by ephrinB-expressing cells. (B) Decreased E-cadherin-
mediated adhesion between EphB and ephrinB cells establishes differential adhesion. Directional repulsion of
EphB-expressing cells by ephrinB-expressing cells prevents intermingling. These two mechanisms may act together
to establish and maintain cell segregation.
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aged, they developed crypt dysplasia as a result of enhanced
Wnt signaling owing to increased nuclear localization
of b-catenin (Libusova et al. 2010). This phenotype may
be explained by the inability of N-cadherin to quench
b-catenin, perhaps as a result of E-cadherin and N-cadher-
in showing different affinities for b-catenin. Additional
studies have also revealed that expression of N-cadherin
readily confers migratory properties to tumor cells (Nie-
man et al. 1999; Hazan et al. 2000). This is in part owing
to the establishment of homotypic adhesions between N-
cadherin-expressing tumor cells and stromal cells during
invasion (Hazan et al. 1997; Tran et al. 1999). The effects
of N-cadherin as a promoter of cell motility have also been
connected to its specific interaction with fibroblast growth
factor (FGF) receptor (Hazan et al. 2000; Williams et al.
2001; Suyama et al. 2002). N-Cadherin prevents ligand-in-
duced internalization of FGF receptor, causing sustained
downstream signaling, which results in an enhanced inva-
sive phenotype (Suyama et al. 2002).

6.2 EphB-EphrinB Signaling in Colorectal Cancer:
Eph-Ephrin Signaling Imposes Boundary
Formation in Solid Tumors

There is emerging evidence that boundary formation im-
posed by Eph-ephrin interactions can also restrict the pro-
gression of cancer. Perhaps the best understood example is
the role of EphB signaling in colorectal cancer (CRC). Most
CRCs are initiated as benign tumors called adenomas,
which arise on mutational activation of the canonical
Wnt signaling pathway (Clevers 2006). EphB2 and EphB3
are direct target genes ofb-catenin/Tcf, the transcriptional
effector complex of the Wnt pathway (Batlle et al. 2002;
Hatzis et al. 2008). As a consequence, intestinal adenomas
express high levels of EphB2 and EphB3 (Batlle et al. 2002,
2005). In contrast, in the most aggressive CRCs the expres-
sion of EphB2 and EphB3 is silenced despite constitutive
activation of the Wnt signaling pathway (Batlle et al.
2005). Silencing of EphB2 correlates with poor prognosis
in CRC (Jubb et al. 2005; Guo et al. 2006). The effects of
EphB silencing on tumor progression have been studied
in ApcMin/+ mice, a mouse model of intestinal tumori-
genesis. ApcMin/+ mice spontaneously develop adeno-
mas in the intestine, which remain largely benign. In
ApcMin/+ mice bearing EphB3 or ephrinB1 loss-of-func-
tion alleles, colon adenomas rapidly progressed to invasive
cancers, implying a causal role for EphB silencing in CRC
progression (Batlle et al. 2005; Cortina et al. 2007). In vitro
and in vivo evidence suggests that EphB receptors suppress
CRC progression by mediating the restriction of migration
of tumor cells into ephrinB1-expressing territory. Activa-
tion of EphB activity in fully malignant CRC cells enforces

compartmentalized growth as opposed to a disseminated
distribution (Cortina et al. 2007). This phenomenon de-
pends on the ability of EphB signaling to enforce cell sort-
ing and E-cadherin-mediated adhesion in cultured CRC
cell lines (Cortina et al. 2007). Analysis of tumor formation
in ApcMin/+ mice confirmed that the expression of EphB
receptors in tumor cells prevented their spreading into the
adjacent normal epithelium, which have high levels of eph-
rinB1 expression (Cortina et al. 2007). Interestingly, ex-
pression of EphB3 reverts EMT in CRC cell lines (Chiu
et al. 2009). This observation fits well with the silencing
of EphB receptors observed at invasion fronts and in poorly
differentiated tumors (Batlle et al. 2005; Jubb et al. 2005;
Guo et al. 2006), and suggests that decreased EphB signal-
ing plays a role during metastatic dissemination.

6.3 EphB4 Signaling in Breast Cancer: Tumor
Suppression Activity Is Mediated by Eph
Signaling

In breast cancer, EphB4 signaling has been shown to act as
both a tumor suppressor or promoter depending on the ex-
perimental context (reviewed by Noren and Pasquale
2007). Blockade of constitutive EphB4 signaling present
in nontransformed breast cell lines diminishes cell-to-cell
adhesion and promotes a mesenchymal-like phenotype
(Noren et al. 2006), similar to the effects induced by
EphB signaling in CRC cell lines (Cortina et al. 2007;
Chiu et al. 2009). In vivo, activation of EphB4 inhibits
breast cancer growth in xenograft models (Noren et al.
2006). This tumor suppressor mechanism depends on
the activation of the kinase Abl by EphB4, which in turn
phosphorylates and blocks the activity of the adaptor pro-
tein Crk (Noren et al. 2006). In addition, the EphB4-Abl-
Crk axis negatively controls the expression of the metallo-
proteinase MMP2, which may account for the reduced in-
vasion capacity of breast cancer cells on activation of EphB4
(Noren et al. 2006). Paradoxically, overexpression of EphB4
in transgenic mouse synergizes with Neu oncogene in the
formation of mammary tumors (Munarini et al. 2002). In-
dependent studies have also shown that EphB4 exerts pro-
survival signals in breast cancer cell lines (Kumar et al.
2006). In the same study, tumors derived from breast can-
cer cell lines engineered to express low levels of EphB4 dis-
played defects in vascularization (Kumar et al. 2006).
Indeed, anti-EphB4 monoclonal antibodies block vasculo-
genesis in xenograft models derived from several cancer cell
lines, including breast cancer (Krasnoperov et al. 2010).
This observation implies that protumorigenic effects of
EphB4 occur in part through a tumor cell nonautonomous
mechanism, in which ephrin-B2 is activated in vascular en-
dothelial cells.

E. Batlle and D.G. Wilkinson

10 Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008227



6.4 Eph-Ephrin Signaling in Prostate Cancer:
Eph-Ephrin Signals Influence Tumor Cell
Migration

The migratory behavior of prostate cancer cells is also
largely controlled by Eph-ephrin interactions. Dissemina-
tion of tumor cells occurs through the invasion of the sur-
rounding stroma, in which the most abundant cells are
tumor-associated fibroblasts (TAFs). In vitro cocultures
of metastatic prostate cells with TAFs highlighted opposing
roles for EphB-ephrinB and EphA-ephrinA interactions in
the regulation of tumor cell migration (Astin et al. 2010).
Activation of EphB3 or EphB4 in prostate cancer cells by
ephrinB2 expressed in fibroblasts promotes migration via
cdc42 activation and enhancement of filopodia formation.
In contrast, interaction of EphA2 and EphA4 receptors with
ephrinA ligands present at the surface of neighboring pros-
tate tumor cells induces contact inhibition of locomo-
tion by triggering Rho-mediated contractility (Astin et al.
2010). Thus, EphA and EphB receptors have antagonizing
functions during the dissemination of prostate cancer cells.
These results also imply that the recruitment of ephrinB2+

fibroblasts to the tumor microenvironment would pro-
mote tumor cell migration by favoring EphB over EphA
signaling.

7 CONCLUDING REMARKS

There has been significant progress in uncovering mecha-
nisms that underlie the segregation of cell populations
and formation of boundaries. Furthermore, several of the
mechanisms found to act in development also maintain tis-
sue organization in the adult, and when defective contrib-
ute to metastasis during tumor progression. One type of
mechanism is mediated by intrinsic global differences in
adhesiveness between cell populations that can drive segre-
gation and establish interfacial tension across borders. More
recently, other mechanisms have been uncovered that in-
volve local signaling between cells: the induction of cortical
tension at specific boundaries, and bidirectional activation
of Eph receptors and ephrins that regulates cell migration
and adhesion. The findings that differential adhesion, cor-
tical tension, and Eph signaling can each mediate cell seg-
regation suggest that they can act as alternative mechanisms
that have been recruited to serve at distinct boundaries, or
at different stages of boundary formation and maintenance
(Milan et al. 2001; Major and Irvine 2005). However, it re-
mains to be addressed whether individually these mecha-
nisms account for the rate and extent of segregation that
occurs following mixing of distinct cell populations, or
for the remarkable sharpness of borders between tissues
or tissue subdivisions; for example, mathematical model-
ing of cortical tension does not fully account for border

sharpness (Landsberg et al. 2009). It will therefore be im-
portant to determine whether multiple mechanisms are re-
quired to achieve cell segregation, for example, acting
additively, or synergistically through an interplay between
biochemical pathways, such as the feedback between adhe-
sion and cortical tension (Monier et al. 2011).
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