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Abstract

Great strides have been made regarding our understanding of the processes and signaling events
influenced by Eph/ephrin signaling that play a role in cell adhesion and cell movement. However,
the precise mechanisms by which these signaling events regulate cell and tissue architecture still
need further resolution. The Eph/ephrin signaling pathways and the ability to regulate cell-cell
adhesion and motility constitutes an impressive system for regulating tissue separation and
morphogenesis [1, 2]. Moreover, the de-regulation of this signaling system is linked to the
promotion of aggressive and metastatic tumors in humans [2]. In the following section, we discuss
some of the interesting mechanisms by which ephrins can signal through their own intracellular
domains (reverse signaling) either independent of forward signaling or in addition to forward
signaling through a cognate receptor. In this review we discuss how ephrins (Eph ligands) “reverse
signal” through their intracellular domains to affect cell adhesion and movement, but the focus is
on modes of action that are independent of SH2 and PDZ interactions.
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1. Introduction

Members of the Eph/ephrin family have been implicated in regulating numerous
morphogenetic processes such as axon outgrowth, neural crest and retinal progenitor cell
migration, hindbrain segmentation, skeletal patterning, and angiogenesis [2, 3]. Interactions
between the Eph receptor tyrosine kinases residing on one cell with their membrane bound
ligands (ephrins) on another cell results in bi-directional signaling, in which both molecules
transmit intracellular signals upon cell-cell contact. Although there is evidence supporting
an ultimate role for both Eph receptors and ligands in affecting small GTPases such as Rho,
numerous signaling molecules and pathways intersect with Eph receptor or ligand signaling.
Additional studies are needed to define the Eph/ephrin signal transduction systems in
various cellular contexts. Cell-cell contact events during development can initiate Eph/
ephrin signaling that leads to cell sorting and boundary formation between receptor and
ligand bearing cells [4]. When matile ligand or receptor-bearing cells come in contact with
cells expressing the cognate receptor or ligand, the response is often adhesion or repulsion.
Alternative growth factors and signaling pathways can mediate or regulate Eph/ephrin
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signaling to cooperatively regulate the movement and positioning of the cognate receptor or
ligand-bearing cells [2]. These ligands and receptors play important roles in several
morphogenetic events during development, but when de-regulated can lead to cancer
invasion and metastasis [5, 6]. Recent data also show that members of the Eph/ephrin family
mediate cell-cell interactions both in tumor cells and in the tumor microenvironment (ie.
stroma and vasculature) [7, 8].

2. Ephrin-A and -B Ligands

Eph receptors are transmembrane receptor tyrosine kinases possessing an extracellular
domain that includes an N-terminal ligand-binding domain, a cysteine-rich EGF-like
domain, and two fibronectin type I1l motifs. These receptors are divided into two subclasses
(A & B) by sequence similarities and binding specificity towards two subclasses of ligands
(A & B) known as ephrins. The ephrins are all membrane-bound proteins with the A
subclass consisting of glycosylphosphatidylinositol (GPI)-linked to the membrane, and the B
subclass being transmembrane proteins with a short cytoplasmic domain. Generally, the A-
type receptors have specificity toward A-type ligands, while B-types bind to their cognate
receptors. The exceptions to this rule are EphA4 and EphB2 which can also bind all ephrin-
Bs and ephrin-Ab, respectively [4, 9]. Due to their role in cell adhesion, repulsion and
boundary formation, loss of forward and/or reverse signaling in the Eph/ephrin system can
lead to severe congenital malformations [2].

2.1 Ephrin-A Ligands and Reverse Signaling in Cell Adhesion

In this section we will focus on reverse signaling through the A-type ephrins, which are
GPI-linked to the membrane. Despite this source of tethering, there are data suggesting that
the A-type ephrins are capable of signaling within their host cell (Figure 1). Evidence
indicating that A-type ephrins can regulate adhesion by reverse signaling comes from
several studies. For example, loss of ephrin-A5 in mice leads to midline fusion in the neural
tube. It has been proposed that cell adhesion may result from weakening the activation of the
Eph/ephrin signaling that would normally promote cell repulsion [10]. In a study of ephrin-
A5 null mice, an inverse correlation between ephrin-A5 gene dosage and adhesion was
observed, and a decrease in adhesion of ephrin-A5 mutant cells as compared with wild-type
counterparts [10]. This concept is supported by the observation that in tissues highly
expressing spliced forms of EphA7 lacking kinase activity, such as the neural tube, the cells
are redirected from a repulsive to an adhesive response upon ligand/receptor contact [10].
Forward signaling might also be abrogated via phosphatase function [11] or through
cleavage and proteolysis [12], and therefore lead to increased adhesion.

Although affecting cell adhesion through a reduction of forward signaling may be a
significant strategy for morphogenesis, another useful strategy is to employ reverse signals
through the ephrin-As that promote attractive effects [13]. For example, in the Hek 293
system, it was shown that activation of ephrin-A2 or ephrin-A5 by EphA3 resulted in a
betal-integrin-dependent increase in adhesion to laminin by ephrin-A-expressing cells [13].
An independent study showed that in response to contact with its cognate Eph receptor,
ephrin-A5 signals within caveola-like domains of the plasma membrane leading to increased
adhesion of the cells to fibronectin [14]. In addition, ephrin-A5 induced an initial change in
cell adhesion, leading to changes in cell morphology, and these effects were dependent on
betal integrin activation [15]. Thus, class A ephrins may contribute to controlling the
affinity of certain cells toward specific extracellular substrates by regulating integrin
function [15]. Support for this concept can be found in other studies, for example, EphA3-/
ephrin interactions increased adhesion of hematopoetic progenitor cells to fibronectin and
VCAM-1, while a soluble EphA3-Fc antagonist increased progenitor cell and colony-
forming unit-spleen cells in the peripheral blood relative to controls [16]. Another study
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provides support for the ideal that the magnitude of ephrin-A4 reverse signaling in
lymphocytes determines the adhesion and transendothelial migration of B cells [17].

There are various molecules known to be regulated downstream of ephrin-A reverse
signaling (ie. Src family members, ERK1/2, Rac, AKT, integrin, paxillin, and p75NTR), but
the mechanism of activation and the pathways employed still need clarification [13-15, 18—
21]. Moreover, the down-regulation of ephrinA signaling is also of great importance for
regulating reverse signaling. One mechanism is through a ephrin cleavage involving the
Kuzbanian metalloprotease (ADAM10) (104). ADAM10 constitutively associates with
EphA3, and activation of the Eph receptor results in the kinase domain swinging away from
the plasma membrane (Figure 2). This repositioning of the kinase domain abrogates its
ability to sterically hinder ADAM10 from cleaving the ligand [22]. Cleavage of ephrin-A
occurs when ADAM10 and its substrate are present on the membranes of opposing cells
[23], thus allowing for a switch from adhesion to repulsion (Figure 2). Although this
mechanism explains a passive mechanism for reduction of forward and reverse signaling, a
thorough understanding of the active signaling that directs repulsion and adhesion is still
under investigation.

2. 2 Ephrin-B Ligands and Reverse Signaling

The B-type transmembrane ephrin ligands do not possess any intrinsic catalytic activity for
signaling, but rely upon a scaffolding activity that recruits signaling molecules to transmit
functional effects within the cell. It has been shown that ephrin-Bs utilize both
phosphorylation-dependent and -independent signaling pathways, which may be viewed as
different modes of reverse signaling: 1) one mode where tyrosine phosphorylation of the
intracellular domain of ephrin-B leads to recruitment of signaling molecules that exert a
functional effect; 2) another mode where unphosphorylated ephrin-B associates with a
protein complex that transduces a signal, but upon tyrosine phosphosphorylation, the
interaction of ephrin-B with the signaling complex is disrupted or modulated [24]; 3) a
possible third mode where tyrosine phosphorylation may occur but is not required for
specific signaling events [25].

Phosphorylation of ephrin-Bs occurs in response to binding and clustering of Eph receptors,
leading to activation of a Src family kinase that phosphorylates the intracellular domain of
B-type ephrins [26, 27]. Alternatively, specific growth factor receptors (ie. FGFR, PDGFR,
TIE-2) or cell surface molecules (Claudins) induce this phosphorylation event in ¢cis[26—
30]. There are phosphorylation-dependent and - independent signaling molecules and
pathways for both ephrin receptors and ligands [24]. A limited number interaction partners
have been identified for ephrin-Bs that mediate a functional effect (Figure 1). Several of
these partners require SH2 or PDZ interactions, while others do not use these modules for an
interaction with ephrin-Bs (Figure 1). For example, an ephrin-B interaction with PDZ-
RGS3, a GTP exchange factor, regulates the migration of cerebellar granule cells [31], and
is critical for the maintenance of the neural progenitor cell state [32]. Another interacting
partner is ZHX2 (a zinc finger homeodomain protein) that also regulates neural progenitor
maintenance in the developing murine cerebral cortex [33]. In this case, a non-SH2/PDZ
interaction is most likely, where the suggested binding domain of ephrin-B1 is located
within the region adjacent to the transmembrane domain and is conserved between ephrin-
B1 and B2 [33]. Both ephrin-B1 and ephrin-B2 interact with syntenin through their C-
terminal PDZ-binding motif and have been shown to function with EphB to mediate
presynaptic development [34-36]. Grb4, an adaptor protein with one SH2 and three SH3
domains, has been shown to associate with ephrin-B1 in a phosphorylation-dependent
manner and mediate functional effects on cell morphology [37, 38]. These effects may be
mediated through an association of Grb4 with other proteins implicated in cytoskeletal
regulation (Figure 1), including Cbl-associated protein (CAP/ponsin), the Abl-interacting
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protein-1 (Abi-1), dynamin, p21-activated kinase (PAK 1), and axin [37]. Ephrin-B1 has
also been shown to regulate dendritic spine morphogenesis through Grb4 and the G protein-
coupled receptor kinase-interacting protein (GIT) [39]. STATS3 has recently been identified
as a new member of this group of SH2 and phosphorylation-dependent ephrin-B-associated
signaling molecules [40, 41] (Figure 1). The recruitment of STAT3 to ephrin-B1, and its
resulting Jak2-dependent activation and transcription of reporter targets, may reveal a
signaling pathway from ephrin-B1 to the nucleus [40, 41]. The /n vivorelevance and
function of the ephrin-B/STATS3 association is still unclear, however, evidence from a more
recent study shows that the STAT3-dependent association is important for ephrin-B2 to
contribute to endothelial and mural cell assembly into vascular structures [42]. In this study,
it is postulated that STAT3 is unlikely to contribute to endothelial/pericyte assembly by
regulating gene transcription due to the rapidity of the effect in a 3D co-culture system. One
possible alternative is that STAT3 may work through its ability to regulate microtubule
stability via an interaction with stathmin, a tubulin depolymerizing molecule [43], but
further studies will be needed to sort out the mechanism.

2.3. Ephrin-B Ligands and non-SH2/PDZ Reverse Signaling in Cell Adhesion

In this section, we have chosen to focus on signaling by the transmembrane ephrin-B ligand
through proteins that do not directly interact with ephrin-Bs via their PDZ and/or SH2
domains. Early evidence that ephrin-Bs may send signals affecting cell-cell adhesion in the
absence of tyrosine phosphorylation came from Xenopus embryos, where the over-
expression of ephrin-B1 caused the blastomeres of ectodermal tissue to dissociate [44]. This
de-adhesion phenotype was also observed with the over-expression of ephrin-B1 lacking the
receptor binding domain, indicating that these adhesive properties are independent of the
Eph receptor/ephrin interaction [44]. Genetic evidence demonstrates that the intracellular
domain of ephrin-Bs is critical for neural crest movement, vascular morphogenesis, and
septation events, consistent with a signaling function for this domain [25, 45-48]. A role for
ephrin-B reverse signaling cell-cell boundaries is beginning to emerge, and is consistent
with ephrins regulating cell-cell adhesion [25, 49].

Both forward and reverse signaling through ephrin-B2 and its receptors, EphB2 and EphB3,
also play a critical role in cell-cell adhesion events. One such event is the tubularization of
the urethra and partitioning of the urinary and alimentary tracts. Generation of a mouse
mutant harboring a mutation in the murine ephrin-B2 gene which specifically disrupts
reverse signaling (cytoplasmic domain replaced with lacZ) leads to severe hypospadias and
incomplete cloacal septation [50]. This study indicates a major contribution of reverse
signaling in midline fusion of the urethra and cloaca.

A more recent study using phospho-specific antibodies shows ephrin-B tyrosine
phosphorylation localizes to midline septation in the foregut. Of particular interest, closure
of the ventral abdominal wall does not require forward signaling through the receptors
(EphB2/B3), but ephrin-B reverse signaling is necessary [25]. Moreover, mice lacking all
the tyrosine phosphorylation sites plus the PDZ binding motif do not phenocopy ephrin-
B2lacZ/lacZ mice, indicating that these two signaling modes are not necessary in the
midline septation events. In contrast, mice harboring one mutant allele for both tyrosine
phosphorylation and the PDZ binding motif and another allele lacking the full cytoplasmic
domain displayed increased hypospadias. Thus, the PDZ binding motif interactions of
ephrin-B2 do contribute at least to certain specific midline events. Collectively, the data
indicate that the ephrin-B2 reverse signal may have distinct tyrosine phosphorylation-
independent pathways. One involves PDZ binding domain interactions, and the other is
proposed to involve an interaction with claudin molecules, a major component of tight
junctions, which establish paracellular barriers between epithelial cells [25].
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Elucidation of some of the mechanisms of how ephrin-Bs can signal through their
intracelleular domain via non-PDZ or SH2 interactions are beginning to come to light. For
example, it has been shown that ephrin-B1 signaling may regulate cell-cell junctions through
a cell polarity complex /in vivo [49]. This study used the Xenopus system to assess whether
ephrin-B1 mediated or regulated signaling affecting cell-cell junctions in epithelial cells.
Ephrin-B1 was shown to associate with Par-6, a major scaffold protein required for
establishing tight junctions, in both a human colon carcinoma cell line and in Xenopus
embryos [49]. Par-6 is known to constitutively bind aPKC, and upon binding an active
Cdc42-GTP undergoes a conformational change that leads to aPKC activation [51]. The
Par-6/aPKC/Cdc42-GTP complex localizes to the apical cell junctions and regulates tight
junction formation. The tight junction complexes are believed to associate with the actin
cytoskeleton and assist in its reorganization in the formation and maintenance of cell-cell
contacts [51].

Expression and immunoprecipitation analysis in Xenopus oocytes demonstrated that ephrin-
B1 competes with the small GTPase Cdc42 for association with the Par-6 protein. When
ephrin-B1 is over-expressed in embryonic ectoderm, it causes the loss of tight junctions and
mis-localization of tight junction proteins (ZO-1 and Cingulin), suggesting a possible model
where ephrin-B1 may compete with Par-6 and affect the Par polarity complex activities.
This competition model (Figure 3) was supported by /7 vivo experiments showing that tight
junction formation in ectoderm over-expressing ephrin-B1 can be rescued by appropriate
levels of activated Cdc42 expression [49].

Ephrin-B1 is phosphorylated on tyrosine residues in response to binding the extracellular
domain of its cognate EphB receptor, and this is accomplished through a Src family kinase.
Phosphorylation can also occur in ¢/sby an active FGF receptor or by an interaction with
claudins, which are small transmembrane proteins that are important components of tight
junctions [26, 27, 30, 52]. Immunoprecipitation analysis of ephrin-B1 (endogenous or
exogenous) demonstrates that tyrosine phosphorylation of ephrin-B1 abrogates the
interaction with Par-6, and allows active Cdc42 and Par-6 to interact. This data is consistent
with a model where unphosphorylated ephrin-B1 and active Cdc42 compete for Par-6
binding, while ephrin phosphorylation disrupts the ephrin-B1/Par-6 complex (Figure 3).
Further support for the model is observed /n vivo, where translation of endogenous ephrin-
B1 is blocked in embryos by ephrin-B1 antisense morpholino oligonucleotides (MOs). In
these embryos, the endogenous ephrin-B1 was replaced by the introduction of MO resistant
RNAs encoding wild type ephrin-B1 or a tyrosine 310 mutant ephrin-B1 that fails to
disengage from Par-6 upon phosphorylation [49]. Expression of the ephrin-B1Y310F mutant
in the presence of ephrin-B1 MO failed to restore appropriate localization of the tight
junction protein ZO-1, while wild-type ephrin-B1 rescued apical lateral positioning of ZO-1
[49]. These experiments provide /n vitro and /n vivo evidence for a mechanism where
unphosphorylated ephrin-B1 possesses a competitive advantage for binding to Par-6, thus
preventing Cdc42-GTP from interacting with Par-6 at apical lateral borders (Figure 3).
Blocking the Cdc42/Par-6 interaction leads to reduced aPKC activity and tight junction
disruption. In contrast, during cell-cell contact, ephrin-B1 can be phosphorylated at the
apical junctions in response to a cognate Eph receptor (or an active FGF receptor or
Claudin), causing dissociation of ephrin-B1 from Par-6 (Figure 3). Thus, Cdc42-GTP is free
from competition with ephrin-B1 and is able to bind to Par-6, inducing aPKC activation and
establishing tight junctions [49].

Intriguingly, Eph/ephrin signaling has been linked to regulation of cell-cell junctions
through a role affecting Gap junctions. Gap junctions are specialized intercellular
connections between various cell-types that directly connect the cytoplasm of two cells, and
allow various molecules and ions to pass freely between cells. In zebrafish, expression of
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Eph receptors and ephrins in ectodermal explant cells were able to block Gap junction
communication (GJC) at the border between two adjacent cell populations [53]. The effect
on GJC was determined in zebrafish by injection of embryos with one of two lineage tracers.
Ectodermal explants were dissected from the embryos, juxtaposed for adherence, and the
cell aggregates were cultured and examined using confocal microscopy. This analysis
revealed intermingling between cells from uninjected control explants, but not when one
explant expresses ephrin-B and the other EphB. The authors tested GJC by examining
whether a fluorescent dye could freely flow between two explants, one expressing ephrin-B
and another expressing a cognate EphB. Lack of free flow of dye between these two
explants indicated GJC was inhibited [53]. In a mammalian study using mice that are mosaic
for the loss of ephrin-B1, GJC was inhibited at ectopic ephrin boundaries [54]. In addition,
these authors tested whether Eph/ephrin signaling could regulate GJC using calcein-AM as a
marker /in vitro. Ephrin-B1 expressing NIH 3T3 cells were plated on cells expressing Eph-
B2, resulting in inhibition of GJC, as evidenced by reduced transfer of calcein-AM, when
compared to control cells. Similar results were obtained using primary neural crest cells that
express both ephrin-B1 and Eph-B2 at low levels [54].

Upon further investigation, Connexin 43, a major gap junction protein, was found in the
immune complexes from cells expressing wild-type ephrin-B1, however, no interaction with
Connexin was observed with the extracellular domain of ephrin-B1 fused to Fc (Figure 1).
Since this data indicated that the intracellular domain of ephrin-B1 was important for an
interaction with Connexin 43, co-immunoprecipitations were performed with cells
expressing a mutant ephrin-B1 lacking the PDZ binding motif. It was observed that both
wild-type and the mutant ephrin-B1 interacted with Connexin, although wild-type ephrin-B1
displayed an affinity preference for phosphorylated Connexin and the ephrin-B1 mutant
preferred unphosphorylated connexin [54]. Moreover, using chimeric mouse embryos, the
authors show that the mutation in the PDZ binding motif of ephrin-B1 does not induce
calvarial defects, which are attributed to GJC inhibition. These data suggest that ephrinB1
can interact with a major gap junction protein through its intracellular domain and regulates
gap junction communication [54].

As mentioned previously, it was shown that ephrin-B1 interacts with claudins on the same
cell surface in cisusing MDCK cells [30]. Claudins are important components of tight
junctions and establish the paracellular barrier that controls the flow of molecules in the
intercellular space between the cells of an epithelium. Claudins contain four transmembrane
domains, but the N-terminus and the C-terminus are located in the cytoplasm. It was
observed that tyrosine phosphorylation of the intracellular domain of ephrin-B1 was
significantly increased by cell—cell contacts in a claudin-dependent manner. The
phosphorylated ephrin-B1 (probably the result of a Src family member) stimulated the
paracellular permeability in MDCK cells, providing further evidence that ephrin-B1 is able
to regulate tight junctions [30].

3 Ephrin-Bs and Reverse Signaling in Tissue Boundaries

Ephrin-Bs and reverse signaling have been shown to play a role in tissue boundary
formation that is dependent upon cell-cell adhesive interactions [4, 55]. One example of this
process is hindbrain segmentation (Figure 4), where Eph receptors and ephrins are expressed
in alternating rhombomeres and are required for the proper sorting of cells at rhombomere
boundaries [56, 57]. Using ectodermal explants from zebrafish, it was shown that
bidirectional (but not unidirectional) signaling between EphA4 expressing cells and ephrin-
B2a expressing cells restricted mixing between adjacent cell populations, leading to the
proposal that bi-directional signaling is responsible for cell repulsion (Figure 4) [53].
However, an additional twist to this concept is a report indicating that the ephrin-B2 ligand
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in rhombomere 4, as well as EphA4 in its respective rhombomeres (r3 and r5), are required
for normal cell affinity, and that EphA4 and EfnB2a regulate cell affinity independently
within their respective rhombomeres to maintain rhombomere integrity [58]. Additionally,
this study indicates that EphA4 and ephrin-B2a are specifically and individually required to
facilitate normal integration of newborn progenitors during the cross-midline cell division
that occurs in the neural keel, as part of the process maintaining rhombomere coherence and
bilateral symmetry [58].

Human mutations within ephrin-B1 lead to a morphogenetic disorder called
craniofrontonasal syndrome (CFNS), which can cause frontonasal dysplasia and fusion of
the coronal sutures [59]. The study suggests that, in heterozygous females, the mosaic loss
of ephrinB1 (due to X-inactivation) disturbs tissue boundary formation at the developing
coronal suture [59]. Davy and colleagues have shown that ephrinB1+/— mice exhibit
calvarial defects, a phenotype that is very similar to CFNS and correlates with cell sorting
defects in neural crest cells [54]. As mentioned previously, these authors went on to show
that gap junction communication was affected in the mice [54].

A subsequent study in the Soriano laboratory demonstrated that ephrin-B1 forward signaling
plays an intrinsic role in palatal shelf outgrowth in the mouse by regulating cell proliferation
in the anterior shelf mesenchyme [60]. In contrast, a recent study revealed a role for ephrin-
B reverse signaling in secondary palate fusion. This morphogenetic event requires adhesion
and an epithelial-to-mesenchymal transition of the epithelial layers on opposing palatal
shelves, and when this process fails, a cleft palate results. It was found that activation of
ephrin-B reverse signaling induced fusion of chicken palates ex vivo (even in the absence of
the normal inducer TGFbeta3), and that PI3K inhibition blocked this event [61].
Furthermore, abrogating ephrin-B reverse signaling with an unclustered Eph-Fc fusion
protein inhibited TGFbeta3- induced fusion in the ex vivo chicken system and normal fusion
in a mouse palate culture. Thus, ephrin reverse signaling appears to be necessary and
sufficient to induce palate fusion in these systems [61].

Somite formation is another process where Eph/ephrin signaling is involved in cell-cell
adhesive regulation. In this process, Eph-expressing cells that are adjacent to ephrin-
expressing cells display repulsive interactions, leading to tissue segregation and the
establishment of boundaries [4, 62]. During normal segmentation of somites, boundary cells
undergo a mesenchymal-to-epithelial transition, and the border separation relies upon an
intracellular signal from ephrin-B2 (‘reverse signaling’) in anterior cells adjacent to EphA4
expressing cells [63-67]. Mechanistic insight into the signaling pathway comes from a study
that showed ephrin-B2 transduced an intracellular signal that suppressed Cdc42 activity,
leading to formation of an intersomitic boundary that is rapidly followed by cell
epithelialization at this border [67]. This finding in somites, where a mesenchymal-to-
epithelial transition occurs, is in contrast to studies in epithelial cells (/n vitro or in vivo) that
demonstrate a requirement for Cdc42 activation for epithelial contacts and TJ formation [49,
68-70].

There is also evidence during zebrafish somite segmentation that ephrin-B2 reverse
signaling plays a role in cell-substrate adhesion via Integrins [65, 71]. Cytoplasmic signals
can initiate “inside-out' signaling that results in the clustering of Integrins and leads to
increased avidity of Integrins for extracellular matrix proteins. Integrin a5p1 is a major
receptor for fibronectin and is required for fibronectin matrix assembly. /n vivo, tension
within tissues mediated by Cadherin based cell-cell adhesion promotes fibronectin matrix
assembly [72], and this matrix is found along the somitic boundaries [64]. During somite
border morphogenesis, fibronectin matrix assembly is initially inhibited, but Integrin a5
activation by inside-out signaling frees the inhibition [65]. It was discovered that knock-
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down of ephrin-B2 does not cause a somite defect in wild-type embryos, but intensifies the
somite defect in integrin a5 null embryos, and blocks EphA4 activation as well as Itegrin
a5 clustering [71]. To assess the role of reverse signaling genetic mosaic experiments were
performed in fused somites genetic mutant embryos that lack somite borders and are
deficient in EphA4 expression, but display ubiquitous expression of ephrin-B2 [71].
Expression of a C-terminally truncated form of EphA4 (that lacks forward signaling) in
these embryos induced somitic borders, Integrin clustering, and fibronectin matrix assembly.
These data indicate that ephrin-B2 reverse signaling is sufficient to cause Integrin a5
clustering and FN matrix assembly [71].

4 Reverse Signaling Affecting Cell-Cell Contact and Movement

Recent work indicates that ephrin-B2 over-expression in endothelial cells, increases motility
and triggers repeated cycles of actomyosin-dependent cell contraction as well as cell
spreading in the absence of receptor (101). In response to soluble recombinant EphB4, cell
shape changes were observed, but in a non-repetitive fashion that ceased with ligand
internalization [73]. The C-terminal PDZ binding motif of ephrin-B is required for the
morphological alterations within the cell, but the downstream and interacting signaling
partners are unclear, save ROCK (Rho-associated protein kinase). Cell retraction and
membrane blebbing induced by reverse signaling through Ephrin-B2 requires ROCK
activation [73]. Support for a role of ROCK downstream of eprhin-B signaling comes from
work in Xenopus where the Rho/ROCK pathway is involved in the sorting of EphB2- and
ephrin-B1-expressing cell populations in a re-aggregation cell assay /n vitro [74]. Rho
activity has been shown to be critical for retinal progenitor cell movement /n vivo [24, 75]
and both these cell adhesion and movement events may be mediated by the scaffold protein
Dishevelled (Dsh) (Figure 1). Knock-down of Dsh in retinal progenitor cells inhibited the
normal dispersal of these cells away from the midline, resulting in a decreased contribution
to the dorsal eye field. Knock-down of Dsh in these progenitor cells produced a similar
result, and in non-retinal progenitors prevented ectopic ephrin-B1 expression from
dispersing cells to the eye field [75]. Various deletion mutants of Dsh rescued the effects of
a Dsh knockdown, but the DEP domain was essential for normal movement of ephrin-B1
expressing cells. Moreover, the DEP domain was critical for the interaction with the ephrin-
B1 C-terminus, leading to localization of Dsh at the cell membrane, a hallmark of the
activated planar cell polarity (PCP) pathway. Using knock-down and epistasis-like
experiments, it was revealed that downstream PCP components contribute to ephrinB1-
mediated cell dispersal into the eye field [75]. It had been shown previously that in early
embryogenesis an activated FGF receptor represses cell movement into the eye field by
restricting cells near the midline [29]. Using similar knock-down and rescue experiments in
retinal progenitor cells, the FGF receptor-induced repression of cell movement was observed
to be dependent upon phosphorylation within the intracellular domain of ephrinB1 [24].
Using phospho- specific antibodies and tyrosine mutants in ephrin-B1, it was determined
that specific tyrosines within the C-terminus ephrin-B1 disrupt the ephrinB1/Dsh interaction,
thus modulating retinal progenitor movement that is dependent on the PCP pathway [24].

One process that mechanistically remains elusive is how EphB/ephrin-B interactions cause a
switch between adhesion and repulsion. During cell contact and subsequent retraction of
cells and neuronal growth cones, EphB—ephrin-B complexes are endocytosed, which is
sufficient to promote cell detachment [76]. This event is bi-directional, and in hon-neuronal
cells shown to be dependent on actin polymerization, which in turn is dependent on Rac
signaling within the receptor-expressing cells [77]. Truncated EphB2, lacking the
cytoplasmic region, leads to internalization of the EphB2/ephrin-B1 complex into the
adjacent ephrin-B1-expressing cell. The reverse direction of trans-endocytosis is observed
with a wild-type receptor and truncated ligand. Truncated versions of both EphB2 and
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ephrin-B1 precludes internalization and enhances cell adhesion [76]. It also appears that
endocytosis of ephrin-Bs can regulate other receptor signaling pathways. For example,
endothelial ephrin-B2 can serve as a regulator of VEGFR2 and VEGFR3 endocytosis in
cultured cells or mutant mice, and the PDZ binding motif of ephrin-B is critical in this
process [78, 79]. Although endocytosis of both receptor and ligand can affect cell adhesion
and repulsion as well as other signaling pathways that might also affect cell segregation, the
mechanism that links ephrin-B endocytosis to the regulation of the downstream signaling
pathways, such as actin remodeling and Rac activity will require further studies.

Ephrin-B reverse signaling also affects cell-substrate adhesion (Figure 1), as observed when
EphB1/Fc induces ephrin-B1 tyrosine phosphorylation and migration of endothelial cells.
EphB1/Fc promotes integrin-mediated attachment and neovascularization in a mouse
corneal micropocket assay, ex vivo [80]. A recent study examined the role of EphB/
ephrinBs in mesenchymal stem cells (MSC) that are central to skeletal tissue homeostasis
and represent a major source of osteogenic progenitor cells. Ex vivohuman MSC
populations express EphBs and ephrin-Bs, and reverse ephrin-B signaling was shown to
inhibit MSC attachment and spreading. This inhibition occurred in part, by activating Src-,
P13 Kinase- and JNK-dependent signaling pathways [81]. It was previously shown that over-
expression of ephrin-B1 in Hek 293 cells resulted in JNK activation and cell rounding, but
did not require the C-terminal 33 amino acids of ephrin-B1 nor tyrosine phosphorylation
[82].

Although JNK activation is a downstream event in ephrin-B reverse signaling [80], its
precise role in cell-cell and cell-substrate modulation is not yet clear.

An alternative strategy to accomplish ephrin-B reverse signaling may be through cleavage
and release of the ligand intracellular domain (Figure 5). It has been reported that ephrin-B1
can be cleaved by matrix metalloproteases (MMPs) and gamma-secretase in a sequential
manner. The free C-terminal fragment can then localize to the nucleus under conditions
where the proteasome system is inhibited [83], however, the functional significance of this
event remains to be determined (Figure 5A). Ephrin-B2 has also been shown to be
proteolytically processed by MMPs and presenilin 1/-gamma secretase to release a C-
terminal fragment. The free fragment then binds to the Src kinase and inhibits its association
with inhibitory kinase Csk, and allows Src autophosphorylation. Src, in turn, phosphorylates
ephrin-B2 and inhibits its cleavage by gamma-secretase (Figure 5A). Thus, this may
represent a regulatory system where gamma-secretase is required for EphB-induced reverse
signaling through ephrin-B2 that regulates endothelial cell sprouting [84]. An intriguing
study in Xenogpus provides in vivo evidence for ephrin-B1 cleavage during development
[85]. In this study, ephrin-B1 and ephrin-B2 are cleaved by ADAM13, which is expressed in
the mesoderm during gastrulation (Figure 5B). The cleavage of ephrin-Bs leads to a marked
increase in canonical Wnt signaling (Figure 5B) and the expression of the early neural crest
marker snail2 [85]. It was shown in other studies that ROCK and the Wnt/PCP pathway are
activated through Dishevelled upon engagement of forward signaling of the EphB receptors
[74], and that in the absence of receptor binding, ephrin-B1 can also activate Wnt/PCP
signaling cell autonomously by recruiting Dishevelled to the plasma membrane [24]. Thus,
it may be possible that the processing of ephrin-Bs by ADAM13 shifts Wnt signaling
towards the canonical Wnt/Beta-catenin pathway at the expense of the Wnt/PCP pathway,
since the canonical and non-canonical Wnt pathways are known to antagonize one another
[86].
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5 Outstanding Issues

Significant gains have been made in our understanding of the mechanisms of action and
regulation of ephrin-A and -B reverse signaling in cell adhesive events, but further studies
are required. For A-type reverse signaling, it is still unclear how a GPI-linked ligand
tranduces a signal, and what mechanism and molecules are engaged proximally that lead to
the reported downstream effects. Although ephrin-Bs are more thoroughly studied in this
regard, many interesting questions remain. How does loss of ephrin-B1 disrupt tight junction
formation? Knock-down of ephrin-B1 Xenopus embryonic ectoderm, or loss of ephrin-B1 in
intestinal epithelia of the mouse shows a substantial reduction of tight junction assembly
[49, 87]. We hypothesized a model (Figure 2) where loss of ephrin-B1 may result in more
accessible Par-6 along the baso-lateral borders of the cell, which may allow Par-6 at these
locations to compete for an interaction with Cdc42-GTP [24]. Thus, effectively displacing a
portion of the Cdc42-GTP from the apical junction region where an interaction with aPKC is
required for tight junction formation (Figure 2). Alternatively, ephrinB1 may regulate cell-
cell adhesion independently from the Par complex, and its loss prevents an interaction with
another unknown partner protein that is critical for adherens junction formation or
maintenance. Consequently, loss of ephrin-B1 may affect adherens junction or even gap
junction formation, leading to disruption of cell-cell adhesion (Figure 2).

Ephrin-B1 may regulate adherens junctions (AJs) to affect cell-cell adhesion, but by what
mechanism? AJs are multi-protein complexes that mediate homotypic cell adhesion and Eph
signaling has recently been shown to regulate AJ complexes [88], and Cdc42 has been
linked to AJ stability. Cdc42 has been reported to function with Par-6 and aPKC to regulate
E-Cadherin endocytosis through the Arp2/3 complex to maintain AJ stability [89, 90]. The
Par complex has also been identified as a Cdc42 effector that regulates endocytosis of apical
molecules, such as Crumbs, that play a crucial role in stabilizing AJs located along the
basolateral surface of the cell [91]. In contrast to the ephrin-B1 directed regulation of the
activated Cdc42 interaction with Par-6 observed in epithelia TJs, it is ephrin-B2-induced
suppression of Cdc42 activity that drives somitic epithelialization [67]. Significantly more
work is necessary to begin to understand the cell contexts, parameters, and mechanisms that
are responsible for differential signaling from B-type ligands.

There is also the uncertainty of how the switch mechanism between adhesion and repulsion
can actually initiate an instructive repulsive signal? Endocytosis of ligands and receptors can
either send signals by clustering within vesicles or by termination of forward and reverse
signals through disengagement of ligand/receptor signaling? What is the mechanism and
parameters that determine these effects?

Does contact of ephrin-B1 with the EphB receptor activate the PCP pathway by clustering
Dsh to promote the directed migration of ephrin-B-expressing cells entering Eph-expressing
territory? Alternatively, does an ephrin B1/Eph interaction block the PCP pathway merely
by preventing Dsh binding or clustering ? A recent report [93] supporting this concept
shows phosphorylation of ephrin-B1 disengages Dsh from ephrin-B1 and restricts the
movement of cells into the eye field [29, 93]. Is it also possible that the Eph receptor blocks
ephrin-B1-induced PCP activation by causing the Eph/ephrin complex along with Dsh to be
endocytosed? Therefore, inactivation of the PCP pathway at interfaces of Eph and ephrin
expression may abrogate Wnt/PCP directed cell migration, and assist in the restriction of
cell intermingling between tissues [94]. What protein (s) mediates the interaction with Dsh?
Is Grb4 involved, or perhaps Par-6, which was recently demonstrated to recruit Smurf via
Dvl to regulate the PCP pathway [92]?
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Although much of the emphasis has been placed upon understanding the signaling events

t
i
|

hat occur when an Eph receptor-bearing cell contacts a ligand-bearing cell, remarkably little
nformation is known about the inhibition or modulation of signaling that occurs when both
igand and receptor interact /n cis. Clearly, there is still much to consider and many more

studies to perform.
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Figure 1.

Ephrin-B

EphB

SH2/PDZ -dependent and -independent reverse signaling pathways of ephrin-A and ephrin-
B in cell adhesion and movement. Ephrin-A signaling via Fyn to affect downstream players
in integrin-dependent adhesion. Ephrin-B reverse signaling pathways that are non-SH2/PDZ
dependent are located to left of the dotted line and SH2/PDZ-dependent signaling is located
to the right, such as regulation Src. Ephrin-B1 disrupts focal adhesions through GRB4 to
affect focal adhesions. RGS3 is a PDZ domain interaction that inhibits signaling by CXCR4,
a G protein-coupled chemokine receptor, to affect migration. STAT3 is an SH2 interaction
affecting endothelial cell and mural cell migration and positioning. JINK (center) is likely to
be a non SH2/PDZ interaction and influences integrin-dependent adhesion. Non-SH2/PDZ
ephrin-B1 interactions include PARG to inhibit atypical protein kinase C (aPKC), and upon
phosphorylation inhibits ephrin-B1 binding to PARS, allowing PAR6 to bind GTP-bound
CDC42 and activate aPKC. Ephrin-B also complexes with Dsh to affect RhoA and PCP
signaling. Ephrin-B1 may regulate cell boundaries through Connexin 43 (Cx43).

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 February 01.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Daar Page 18

Ephrin-A

Adam 10

Ligand and
receptor
endocytosed

Figure 2.

Ephrin-A cleavage from the cell surface. ADAM10 is constitutively associated with the
receptor. Ephrin-A binds to EphA, which clusters (not shown) and is activated, and results in
extension of the kinase domain. ADAM10 now recognizes the substrate motif in ephrin-A
and cleaves it. One possible result is ligand/receptor endocytosis into receptor bearing cell.

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 February 01.



1duosnuey JoyIny vd-HIN

Daar Page 19

Overexpressed or
unphosphorylated Ephrin-B1 Normal No Ephrin-B1

Phosphorylated Ephrin-B1
Ephrin-B1

Par-6

Active aPKC

Inactive aPKC

Par-3

<> Cdca2-GTP

(D cCell adhesion molecule X

%

< 5
g S
& S
S S

AGOOGRE

Figure 3.

Ephrin-B1 regulates tight junction formation through an interaction with Par-6.
Unphosphorylated ephrin-B1 may compete with activated Cdc42 for binding to Par-6. Lack
of a Par-6/Cdc42 interaction inhibits aPKC activation, leading to tight junction disruption
(left panel). Tyrosine phosphorylation of ephrin-B1 precludes an interaction with Par-6,
leaving it available to interact with Cdc42-GTP and establish tight junctions (middle panel).
In the absence of ephrin-B1, Par-6 that is localized to adherens junctions and lateral cell
borders may compete with tight junction localized Par-6 for active Cdc42. This may
effectively reduce available Cdc42 at the apical border, resulting in a reduction of aPKC
activity and disrupt tight junctions (right panel). Alternatively, an as yet unknown cell
adhesion molecule that normally associates with ephrin-B1 may no longer function in the
absence of ephrin-B1, resulting in loss of TJs and AJs. (Figure adapted from [24]).
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Figure4.
Boundary formation in the vertebrate hindbrain in response to Eph and ephrin bidirectional

signaling. Cartoon depiction of the rhombomeres in a developing vertebrate hindbrain where
boundaries are maintained only when bidirectional signaling from the Eph-receptor—
expressing cells (r3) contact ephrin-B-expressing cells (r4). r, rhombomere

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Daar

A
Ephrin-B

Nucleus?

@ Ephrin-B

J fA Endothelial
sprouting
A
L

Page 21

Adam 13

Ligand and
receptor
endocytosed

Figureb.

Ephrin-B cleavage and signaling. A) Upon bind the EphB receptor, ephrin-B may be

proteolytically processed by MMPs and presenilin 1/-gamma secretase to release a C-
terminal fragment. The free fragment may translocate to the nucleus to perform a yet

unknown function, or possibly the fragment binds to the Src kinase and inhibits its

|

Whnt/B-catenin

;
:

Whnt/B-catenin

association with inhibitory kinase Csk, and allows Src autophosphorylation. Src, in turn,

phosphorylates ephrin-B2, which can recruit certain signaling partners, such as Grb4,

leading to functional effects. B) Unliganded ephrin-Bs may be cleaved by ADAM13 leading
to an increase in canonical Wnt signaling through the cognate EphB receptor. Upon binding
to the EphB receptor, ephrin-Bs may be resistant to ADAML13 cleavage, thus activating non-
canonical Wnt/PCP pathway (not pictured) at the expense of Wnt/beta-catenin signaling.
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