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Commentary & View

EphrinB reverse signaling in cell-cell adhesion

Is it just par for the course?
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Cell-cell adhesion is a critical process for the formation and
maintenance of tissue patterns during development, as well as
invasion and metastasis of cancer cells. Although great strides
have been made regarding our understanding of the processes
that play a role in cell-cell adhesion, the precise mechanisms
by which diverse signaling events regulate cell and tissue archi-
tecture is poorly understood. In this commentary we will focus
on the Eph/ephrin signaling system, and specifically how the
ephrinB1 transmembrane ligand for Eph receptor tyrosine
kinases sends signals affecting cell-cell junctions. In a recent
study using the epithelial cells of early stage Xenopus embryos,
we have shown that loss- or gain-of function of ephrinB1 can
disrupt cell-cell contacts and tight junctions. This study reveals
a mechanism where ephrinB1 competes with active Cdc42 for
binding to Par-6, a scaffold protein central to the Par polarity
complex (Par-3/Par-6/Cdc42/aPKC) and disrupts the localiza-
tion of tight junction-associated proteins (ZO-1, Cingulin) at
tight junctions. This competition reduces aPKC activity critical
to maintaining and/or forming tight junctions. Finally, phospho-
rylation of ephrinB1 on specific tyrosine residues can block the
interaction between ephrinB1 and Par-6 at tight junctions, and
restore tight junction formation. Recent evidence indicates that
de-regulation of forward signaling through EphB receptors may
play a role in metastatic progression in colon cancer. In light of
the new data showing an effect of ephrinB reverse signaling on
tight junctions, an additional mechanism can be hypothesized
where de-regulation of ephrinB1 expression or phosphorylation
may also impact metastatic progression.
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Although cell-substrate adhesion plays an important role in cell
migration, cell-cell adhesion maintains intercellular connections
between neighboring epithelial cells for normal morphogenetic
movements during development. Disruption of this critical process
is also one of the earliest steps in metastatic progression of cancer
cells. Cell-cell adhesion depends upon specific junctional complexes
such as the tight junctions, adherens junctions, gap junctions, and
desmosomes.! Tight junctions mediate adhesion between the most
apical polarized epithelial cells and control paracellular permea-
bility of ions and molecules across epithelial sheets. Tight junctions
also form a barrier to control the diffusion of integral membrane
proteins between apical and basolateral membrane surfaces. Other
junctional complexes that are critical to maintain cell-cell adhe-
sion are the adherens junctions that are located more basal than
tight junctions. Adherens junctions are associated with the actin
cytoskeleton that encircles the cell just inside the membrane of the
epithelial cells. Cadherins are central transmembrane proteins of
the adherens junctions and are required for binding and localiza-
tion of a critical group of cytoplasmic proteins, known as catenins,
that form a link between the cadherin complex and the actin
cytoskeleton.?? Loss of E-cadherin for example, is linked to tumor
progression and invasion.# In this commentary, we will focus on
the tight junctions and how ephrinB signaling through its intracel-
lular domain may exert influence on these junctions by regulating
complexes critical to their establishment and maintenance.

Eph/ephrin signaling affects cell-cell adhesion’ and cell move-
ment during development,® and during tumorigenesis has been
shown to play an instructive role in angiogenesis, as well as inva-
sion.* The cell-cell adhesion system is mediated by cadherin and
plays a critical role in morphogenesis during development. This
process depends upon the ability to form and disassemble cell-cell
contacts and disruption of this adhesion system has been shown to
play a critical role in cancer cell invasion and metastasis. A plethora
of evidence indicates that Eph receptor tyrosine kinases (RTKs)
and their ephrin ligands are either regulated by or control cell-cell
adhesion complexes.® The de-regulation of this signaling system is
linked to the promotion of more aggressive and metastatic tumor
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phenotypes in a large variety of human cancers, including breast,
lung, prostate, melanoma, and leukemia.”

Eph is the largest family of RTKs and they are divided into A
and B subclasses (EphA1 - A10 and EphB1 - B6) by sequence simi-
larities and binding specificity towards two subclasses of ligands
(ephrinAl - A6 and ephrinB1 - B3) known as ephrins. The ligands
are all membrane-bound proteins with the A subclass being glyco-
sylphosphatidylinositol anchor-linked to the membrane and the B
subclass being transmembrane proteins having a short cytoplasmic
domain. Generally, the A-type receptors have specificity toward
A type ligands, while B-types bind to their cognate receptors,
although there are exceptions to this rule.$?

Eph receptors can associate with proteins involved in regulating
the Rho family of GTPases, which are intimately involved in regu-
lating cell morphology, cell adhesion, and cell migration. Several
guanine nucleotide exchange factors (RhoGEFs) that activate
RhoA, Cdc42 or Rac have been shown to associate with the Eph
receptors and become activated upon ligand binding.!%1% Also,
a negative regulator of the small GTPase Ras, p120 RasGAD, has
been shown to bind phosphorylated EphB2 and this protein can
also associate with p190 RhoGAP, a negative regulator of RhoA
activity. 1

Eph receptors and ephrin ligands signal in a bi-directional
manner, where both molecules transmit intracellular signals upon
cell-cell contact. These interactions induce cell repulsive or attrac-
tive responses in several cell types, and may have different effects
within a sub-population of cells. Although ephrin ligands are
bi-directional signaling molecules, much of the focus has been on
Eph receptor signaling and function.

Unlike the receptors, the B-type transmembrane ephrin ligands
do not possess any intrinsic catalytic activity for signaling. Thus,
they rely upon a scaffolding activity that recruits signaling mole-
cules to transmit an effect on cell function. It has been shown that
ephrinBs utilize both phosphorylati on-dependent and -indepen-
dent signaling pathways, which may be viewed as different modes
of reverse signaling: (1) one mode where tyrosine phosphoryla-
tion of the intracellular domain of ephrinB leads to recruitment
of signaling molecules that exert a functional effect; (2) another
mode where unphosphorylated ephrinB associates with a protein
complex that transduces a signal, but upon tyrosine phosphospho-
rylation, the interaction of ephrinB with the signaling complex is
disrupted or modulated.

In response to an interaction with clustered Eph receptors,
phosphorylation-dependent reverse signaling is initiated through
a Src family kinase that phosphorylates tyrosines within the cyto-
plasmic domain of ephrinBs.!®!7 In addition, alternative growth
factor receptors (ie. FGF receptor, PDGF receptor, TIE-2) residing
within the same cell as ephrinB can induce the phosphoryla-
tion event in cis.!”?* Upon ephrinB phosphorylation, Grb4, an
adaptor protein, and STAT3, a signal transducer and activator
of transcription, have been shown to associate with ephrinB1 in
a phosphorylation-dependent manner and mediate a functional
effect. The ephrinB/Grb4 association results in increased focal
adhesion kinase (FAK) catalytic activity in cell culture21 and
modulation of dendritic spine morphogenesis through the G
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protein-coupled receptor kinase-interacting protein (GIT) 1.11:22

Grb4 can also associate with other proteins implicated in cytoskel-
etal regulation including Cbl-associated protein (CAP/ponsin), the
Abl-interacting protein-1 (Abi-1), dynamin, p21-activated kinase
(PAK 1), heterogeneous nuclear ribonucleoprotein K (hnRNPK)
and axin.?! The specific function of the STAT3 association with
ephrinB is less clear, but it can lead to Jak2-dependent activation
and transcription of reporter targets in Cos-1 cells and murine
neuroepithelial cells, revealing a signaling pathway from ephrinB1
to the nucleus.?

Phosphorylation-independent reverse signaling is observed
with PDZ-RGS3, a cytoplasmic protein that interacts B-type
ephrins. This protein binds the cytoplasmic tail of B ephrins
through a PDZ domain, and has a regulator of heterotrimeric G
protein signaling (RGS) domain. Stromal cell-derived factor-1
(SDEF-1), a chemokine with a G protein-coupled receptor, act as
a chemoattractant for cerebellar granule cells, and this action is
selectively inhibited by engagement of a soluble EphB receptor.?4
Another protein, Dishevelled, which is a scaffold protein critical
for the Wnt signaling pathway has also been shown to bind B-type
ephrins and mediate signals affecting cell sorting and movement
via the Rho small GTPase pathway.?>> However, phosphoryla-
tion of ephrinB1 modulates or abrogates the signaling that controls
retinal progenitor cell movement within the eye field by disrupting
the ephrinB1/Dishevelled interaction.!® Thus, there are several
modes and functions ascribed to ephrinB reverse signaling, and
possible links from Eph receptors and ephrins to regulators of
cytoskeletal architecture.

EphrinB reverse signaling may also occur through cytoplasmic
release of the intracellular domain. A recent study showed that
ephrinB1 can be sequentially cleaved by MMPs and y-secretase,
and the resulting C-terminal fragment can re-localize from the
cell surface to the nucleus when the proteasome system is inhib-
ited.?” However, the functional significance of this event is
still unclear. Another report demonstrated that ephrinB2 can
also be processed by MMPs and PS1/y-secretase to a 12 kDa
C-terminal fragment that binds to the Src kinase, inducing
its autophosphorylation. Moreover, the y-secretase system is
required for EphB-induced ephrinB2 reverse signaling that
regulates endothelial cell sprouting.?®

Although the above mentioned studies have given insight into
ephrinB signaling that affects cell movement, tissue boundaries
and dendritic morphogenesis, the precise mechanism by which
the ephrinB1 molecule signals through its intracellular domain to
regulate cell-cell contacts has remained elusive. However, it is the
ability to regulate cell-cell adhesion and motility that makes Eph/
ephrin signaling a formidable system for regulating tissue separa-
tion and morphogenesis.

A particularly interesting aspect of ephrinB reverse signaling
that is beginning to emerge is a role affecting cell-cell junctions.
One study demonstrated a physical interaction between ephrinB1
and claudins, where upon cell-cell contact claudin induces a
cis-phosphorylation of ephrinB1 that may regulate cell-cell adhe-
sion and paracellular permeability.?? In a recent study from our
laboratory, it was found that ephrinB1 signaling might regulate
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Figure 1. EphrinB1 regulates tight junction formation through an inferaction with Par-6. Unphosphorylated ephrinB1 may compete with Cdc42-GTP for
Par-6 binding and inhibit aPKC activation in the Par complex, leading fo tight junction disruption (left panel). Upon tyrosine phosphorylation ephrinB1
fails to interact with Par-6, which is now available to interact with Cdc42-GTP and establish tight junctions (middle panel). Loss of ephrinB1 may allow
Par-6 that is localized at adherens junctions and lateral cell borders compete with tight junction-associated Par-6 for Cdc42-GTP. The resulting reduction
in Cdc42-GTP localized at the apical border may reduce aPKC activity and disrupt tight junctions (right panel).

cell-cell junctions through a cell polarity complex in vivo.’"

This study focused on assessing whether ephrinBl may be a
mediator or modulator of cell-cell junction signaling in epithelial
cells using the Xenopus system. Evidence was presented that the Par
polarity complex protein, Par-6, which is a major scaffold protein
required for establishing tight junctions, associates with ephrinB1
and results in the loss of tight junctions. Using exogenous
expression in the Xenopus system, along with endogenous immu-
noprecipitation analysis in a human colon carcinoma cell line
(HT?29), it was shown that an interaction exists between ephrinB1
and Par-6. Par-6 constitutively binds atypical protein kinase C
(aPKC), and upon binding an active Cdc42-GTP undergoes a
conformational change that leads to aPKC activation. The Par-6/
aPKC/Cdc42-GTP complex localizes to the apical cell junctions
where it regulates tight junction formation, and tight junction
complexes may associate with the actin cytoskeleton, which is reor-
ganized for the formation and maintenance of cell-cell contacts.?!
Over-expression of ephrinB1 in embryonic ectoderm caused the
loss of tight junctions, as evidenced by ultrastructural analysis
and localization of tight junction proteins (ZO-1 and Cingulin).
Expression and immunoprecipitation analysis in Xenopus oocytes
demonstrated that ephrinB1 can compete with the small GTPase
Cdc42 for association with the Par-6 protein. This competition
model (Fig. 1) was tested and confirmed in vivo, where tight junc-
tion formation was rescued in ectoderm over-expressing ephrinB1
when an active form of Cdc42 was also expressed at the appro-
priate level.?

EphrinB1 is known to be tyrosine phosphorylated (through
a Src family kinase) upon interacting with the extracellular
domain of its cognate EphB receptor, and phosphorylated in cis
by an active FGF receptor. Immunoprecipitation analysis in the
Xenopus oocyte system, as well as the HT29 human colon carci-
noma cell line, demonstrates that tyrosine phosphorylation of the
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intracellular domain of ephrinB1 disrupts the interaction with
Par-6. Furthermore, phosphorylation of ephrinB1 rescues the
interaction between active Cdc42 and Par-6, supporting a model
where unphosphorylated ephrinB1 and active Cdc42 compete
for Par-6 binding (Fig. 1). Moreover, it was demonstrated that
phosphorylation on tyrosine 310 rescues tight junction formation
in embryonic ectoderm that is over-expressing ephrinB1. In vivo
evidence for this phosphorylation event disrupting the ephrinB1/
Par-6 complex and thus maintaining tight junctions during normal
ectoderm development comes from ephrinB1 replacement experi-
ments. In these studies, translation of endogenous ephrinB1 was
blocked by the ephrinBIMO (ephrinBI antisense morpholino
oligonucleotide), and wild-type or tyrosine 310 mutant ephrinB1
RNAs that are resistant to the MO were introduced at carefully
titrated concentrations. While wild-type ephrinBl was able to
rescue the localization of the tight junction-associated protein
ZO-1 in the presence of the ephrinBIMO, expression of the
ephrinB1Y310F mutant in the presence of ephrinBIMO failed to
restore appropriate localization of ZO-1. This data is consistent
with the observed enrichment of ephrinB1 tyrosine phosphoryla-
tion at the apical lateral domain at cell junctions.??3%:32 These
experiments provide critical in vitro and in vivo evidence for a
mechanistic model (Fig. 1) of how ephrinB1 controls tight junc-
tion formation.3°

We propose a model where unphosphorylated ephrinB1
possesses a competitive advantage for binding to Par-6, thus
displacing or preventing Cdc42-GTP from interacting with Par-6
at apical lateral borders. Since the Cdc42/Par-6 interaction is inhib-
ited, aPKC activity is reduced and tight junctions are disrupted. In
contrast, upon cell-cell contact a cognate Eph receptor (or possibly
an active FGF receptor or claudin) can induce phosphorylation
of ephrinB1 at the apical junctions, and dissociate ephrinB1 from
Par-6. Thus, Cdc42-GTP is free from competition with ephrinB1
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and can now bind to Par-6, inducing aPKC activation
and establishing tight junctions.?°

One of the questions that remains to be resolved is
why loss of ephrinB1 disrupts tight junction formation?
In our study, loss of ephrinB1 expression via the intro-
duction of an ephrinBIMO causes a loss of tight junction
assembly.30 In addition, Cortina and colleagues reported
that conditional loss of ephrinB1 in intestinal epithelia
of the mouse shows a substantial reduction of tight junc-
tions. One possibility within the confines of our model
(Fig. 1) is that loss of ephrinBl may result in more
available Par-6 along the lateral borders of the cell.
For example, phosphorylated ephrinB1 appears to be
enriched in apical junctions,29’30 while more unphos-
phorylated ephrinB1 appears to reside along the lateral
borders and adherens junctions.30 Thus, it may be
possible that loss of ephrinB1 allows Par-6 at these loca-
tions to compete for an interaction with Cdc42-GTD,
effectively displacing a portion of the Cdc42-GTP from
the apical junction region where aPKC resides and its
activity required for tight junction formation.

Alternatively, it is possible that ephrinB1 may affect
adherens junctions through the Par polarity complex.
Several recent papers have linked Cdc42 to adhe-
rens junction stability. One report by Harris and
Tepass identifies the Par complex as an effector for
Cdc42 in controlling the endocytosis of apical proteins
(ie. crumbs) that are critical for stabilizing basolateral

Tumor
Compartmentalization

Loss of
EphB Expression

hms~—ssm® EphB
@—/~ ephrinB

adherens junctions.33 Two other studies show that Cdc42

functions with Par-6 and aPKC to regulate E-Cadherin
endocytosis through the Arp2/3 complex, and this regu-
lation affects adherens junction stability.3%3

It is also possible that ephrinB1 may regulate cell-cell
adhesion independent of the tight junction-associated
Par complex. For example, ephrinB1 may have another
interacting partner that plays a critical role in adherens
junction formation or maintenance. In this case, loss

Figure 2. Loss of Eph-ephrin interactions may result in tumor invasion. Adenoma cells
(green) may be compartmentalized and restricted from invasion through bi-directional
signaling (upper left panel) established by the expression of ephrinBs in the surround-
ing normal tissue (flesh tone cells). During mefastatic progression, EphB expression is
lost in the adenoma cells (bottom left panel) and leads to unidirectional signaling (bot-
tom right panel). This loss of contact with the EphB receptor may lead to an accumula-
tion of unphosphorylated ephrinB1 in the surrounding cells (bottom right panel). The
unphosphorylated ephrinB1 may disrupt the Par complex (see Fig. 1), leading to tight
junction dissolution and allowing tumor cells to invade the surrounding tissue. Adapted

of ephrinB1 may affect adherens junction or even gap
junction formation, leading to an unraveling of cell-cell
adhesion that results in tight junction dissolution. Supporting this
possibility, we have observed by electron microscopy that a small
portion of the ectoderm cells injected with ephrinBIMO, show
loss of adherens junctions, but not tight junctions (Lee and Daar,
unpublished results).

It has been reported that gap junction communication may
be regulated by ephrinB1 through an interaction with Connexin
43 (Cx43), which is a major component of the gap junction
complex.3? A gap junction is an intercellular membrane composed
of two hemi-channels that connect cells across the intercellular
space and permit cell-cell communication by allowing small
molecules to pass between cells. Gap junctions play an important
role in morphogenetic processes during development. Studies
with zebrafish ectodermal explants have shown that bi-directional
signaling between EphB receptors and ephrinB ligands prevents
cell intermingling through gap junction communication. In

www.landesbioscience.com

Cell Adhesion & Migration

in part from Clevers and Batlle, 20064’

contrast, unidirectional signaling through Eph receptors or ephrins
restricts cell-cell communication through gap junctions.3® Recent
insight has been gained from a report showing that a mouse
heterozygous for loss of ephrinB1 results in calvarial defects, and
that gap junction communication is inhibited by ectopic ephrinB1
expression at cell boundaries. Moreover, biochemical support for a
role of ephrinB1 in gap junction communication was obtained by
co-immunoprecipitation analyses showing that ephrinB1 interacts
with Cx43 and regulates its localization.3?

Is it possible that an interaction between ephrinB1 and gap
junction proteins may play a role in cell-cell adhesion beyond a
role in gap junction communication? It has been recently reported
that gap junctions do not mediate neuronal migration by acting
as an aqueous channel, but rather, act as adhesive contacts that
interact with the internal cytoskeleton of the migrating neurons.?”
In this report, the gap junction subunits Cx26 and Cx43 are
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expressed at the contact points and mediate adhesion between
radial fibers and migrating neurons of cerebral cortex. An alterna-
tive role for Cx43 in adhesive events has been proposed in a model
in which Cx43 and N-cadherin may modulate neural crest cell
motility by engaging in cross-talk through p120 catenin and/or
integrin signaling.>®3% It remains to be tested whether ephrinB1
may regulate cell adhesion through an interaction with connexin
or another gap junction-associated protein in a manner indepen-
dent of gap junction communication. It will require a systematic
and thorough identification of the ephrinB interacting partners
and their localization during morphogenetic events to unravel the
full extent of ephrinB involvement in cell-cell adhesion. Thus, it
is interesting to consider the case of cancer progression, where
de-regulation of the Eph/ephrin signaling system may lead to inva-
sion and metastasis.

In colorectal cancer, intestinal adenomas are early stage precur-
sors of metastatic disease, and express high levels of certain
Wt target genes, such as EphB2 and B3 receptors.4® However,
during invasive progression of these adenomas, the EphB recep-
tors become down-regulated. It was also shown in the Apc/Min
mouse model system that loss of forward signaling through the
EphB receptor leads to invasion and malignant adenomas.*#0
Using colorectal cancer cell lines, the mechanism of action has
been identified, where activation of EphB enhances E-cadherin-
dependent adhesion. This cell-cell adhesion prevents colorectal
cells from invading the adjacent ephrinB+ territory. The situation
in vivo reflects this signaling, and EphB+ tumor cells are restricted
by contact with normal intestinal cells expressing high levels of
ephrinB1. In contrast, there is loss of EphB along with a redistri-
bution of E-cadherin from the adenoma cell surface as these cells
become invasive.

This begs the question of whether ephrinB1 in the surrounding
epithelial tissue only plays a role as ligand for the EphB+ tumor
cells, or might ephrinBl reverse signaling through its intra-
cellular domain contribute to metastasis as well. Our study
offers the hypothesis that reverse signaling through ephrinB1 in
the surrounding epithelial cells may be de-regulated, and that
ephrinBl may be unphosphorylated at the apical junctions due
to loss of interaction with the EphB receptor in the tumor cells.
If such a situation exists in colorectal cancer, it might lead to
ephrinB1 competing with Cdc42 for Par-6 binding in the adjacent
surrounding tissue, and the tight junctions and cell-cell boundaries
may be compromised, allowing for invasion of tumor cells into this
adjacent territory (Fig. 2). It will require high resolution imaging
and immunocytochemistry in tumor models and patient samples
to refute or validate this hypothesis.
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