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Bidirectional signaling has emerged as an important sig-
nature by which Ephs and ephrins control biological
functions. Eph/ephrin signaling participates in a wide
spectrum of developmental processes, and cross-regula-
tion with other communication pathways lies at the
heart of the complexity underlying their function in
vivo. Here, we review in vitro and in vivo data describing
molecular, functional, and genetic interactions between
Eph/ephrin and other cell surface signaling pathways.
The complexity of Eph/ephrin function is discussed in
terms of the pathways that regulate Eph/ephrin signaling
and also the pathways that are regulated by Eph/ephrin
signaling.

Since the cloning of the first eph gene 20 years ago (Hirai
et al. 1987) and the identification of ligands for Eph re-
ceptors (ephrins) a few years later (Bartley et al. 1994;
Beckmann et al. 1994; Cheng and Flanagan 1994), much
work has been done in trying to understand the function
of this receptor/ligand pair. Due to a great number of
studies related to Eph/ephrin signaling, we are beginning
to grasp the full range of action of this signaling cascade.
Eph receptors form the largest subfamily of receptor ty-
rosine kinases (RTKs). They interact with cell surface-
bound ligands that are also part of a family of related
proteins. Structural differences distinguish two classes
of ephrins: Ephrins-A (A1–A6) are tethered to the plasma
membrane via a glycosyl phosphatidyl inositol moiety,
while ephrins-B (B1–B3) span the plasma membrane and
possess a short cytoplasmic tail (Fig. 1). Eph receptors
and ephrins are also grouped into class A and class B
based on their degree of sequence similarity. One of the
unique features of Eph/ephrin signaling is the fact that
both receptors and ligands are competent to transduce a
signaling cascade upon interaction. Eph-activated signal-
ing is termed forward, and ephrin-activated signaling is
termed reverse. Another level of complexity stems from
the fact that interactions between Eph receptors and eph-
rins can happen in trans (between two opposing cells) or
in cis (within the same cell). It is commonly assumed

that trans interactions are activating while cis interac-
tions are inhibiting (Fig. 1).

Eph receptors and ephrins are expressed in virtually all
tissues of a developing embryo, and they are involved in
a wide array of developmental processes such as cardio-
vascular and skeletal development, axon guidance, and
tissue patterning (Palmer and Klein 2003). In many de-
velopmental processes, the biological function of Eph/
ephrin signaling boils down to the modulation of cell
adhesion: growth cone retraction in axon guidance, cell
sorting in embryo patterning, cell migration and fusion
in craniofacial development, and platelet aggregation,
among others. Although Eph/ephrins have been studied
classically in a developmental context, their physiologi-
cal functions in the adult are coming to light. They have
been implicated recently in learning and memory (Gerlai
2002), in bone homeostasis (Zhao et al. 2006), and in
insulin secretion (Konstantinova et al. 2007). Alterations
of Eph/ephrin signaling in humans leads to congenital
diseases and cancer (Pasquale 2005).

As our understanding of Eph/ephrin signaling im-
proves, so does our reckoning that Eph/ephrins do not
act in isolation, but are part of a complex network of
regulatory pathways that must act in concert to control
appropriate biological responses (Table 1). This review
presents genetic, biochemical, and functional evidence
for cross-talks between Eph/ephrin and other signaling
pathways.

Cell surface receptors

Fibroblast growth factor receptor (FGFR)

The notion of cross-talks between Eph/ephrins and other
RTKs was proposed in one of the original papers describ-
ing bidirectional signaling. It was shown in this study
that ephrin-Bs could be phosphorylated on tyrosine in
response to Platelet-Derived Growth Factor receptor ac-
tivation (Bruckner et al. 1997). Since then, a number of
studies have reported interactions between Eph/ephrin
and another family of RTK, FGFR. Jones et al. (1998)
reported that injection of ephrin-B1 in both blastomeres
of a two-cell stage Xenopus embryo resulted in blasto-
mere dissociation at the mid-blastula stage, and that the
phenotype could be rescued by culturing the injected
embryos in the presence of basic FGF. In addition, this
activity was associated with the cytoplasmic and trans-
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membrane portions of the ephrin-B1 protein, and the ex-
tracellular domain was not required for the induced
deadhesion. In a follow-up paper (Chong et al. 2000), the
same laboratory elucidated the mechanisms by which
FGF signaling could rescue the ephrin-induced cell dis-
sociation. Activated FGFR bound directly to ephrin-B1
in cis and induced its phosphorylation on tyrosine,
which in turn inhibited the ability of ephrin-B1 to induce
blastomere dissociation (Chong et al. 2000).

The relevance of this interaction was subsequently il-
lustrated in the context of eye field formation in Xeno-
pus. Retinal specification is a multistep process in which
cellular movements during gastrulation and neurulation
are critical to allow retinal progenitors to populate the
eye field. Moore et al. (2004) showed that activated
FGFR2 repressed eye field formation by restricting
movements of retinal progenitors, therefore limiting
their access to the eye field. Ectopic expression of ephrin-
B1 rescued that phenotype, and ephrin-B1 knockdown
phenocopied the repression associated with activated
FGFR2. Moody (2004) concluded from their studies that
these two signaling pathways coordinately regulate ac-
cess to the eye field by modulating cell movement. Al-
together, these studies point to antagonistic interaction
between FGF and ephrin signaling pathways.

Other studies have reported a direct agonistic interac-
tion between FGFR and Eph/ephrin signaling pathways.
Indeed, in mammalian cells, FGFR and Eph-A4 could
trans-phosphorylate each other and activate common
downstream signaling pathways. Moreover, costimula-
tion of both receptors resulted in the potentiation of mi-
togen-activated protein kinase (MAPK) stimulation (Yo-

kote et al. 2005). No functional significance for the Eph-
A4/FGFR potentiation was reported in that study
(Yokote et al. 2005); however, an earlier study (Park et al.
2004) in Xenopus had also revealed an agonistic interac-
tion between Eph-A4 and FGF signaling. Overexpression
of Eph-A4 (like ephrin-B1) induced cell dissociation in
early Xenopus embryos. As development proceeded, em-
bryos recovered from the loss of cell adhesion; however,
overexpression of Eph-A4 induced ectopic formation of
posterior protrusions (Park et al. 2004) These tail-like
structures are multicellular protrusions that express a
number of posterior markers. They are not a direct con-
sequence of the early loss of cell adhesion, but rather
reflect the role of Eph/ephrin signaling in directing mor-
phogenetic movements during development. Similar ec-
topic structures were induced following activation of
FGFR1 in Xenopus embryos, and FGF8 knockdown res-
cued the Eph-A4-induced protrusions, indicating that
FGF signaling could be involved in the Eph-A4-induced
phenotype. Moreover, coinjection of both Eph-A4 and
FGFR1 receptors increased the incidence of these struc-
tures (Park et al. 2004), which is consistent with the
potentiating effect described in vitro (Yokote et al. 2005).
While the sites of interaction between FGFR3 and Eph-
A4 were mapped to the juxtamembrane domain in
FGFR3 and the N-terminal portion of the tyrosine kinase
domain in Eph-A4 (Yokote et al. 2005), the binding site
for ephrin-B1 on FGFRs has not been reported (Fig. 2).

More recently, the interplay between FGF and Eph/
ephrin signaling has been involved in regulating asym-
metric cell division and cell fate determination in Ciona
embryos (Picco et al. 2007). In these chordate embryos,
notochord and neural precursors share a common
mother cell, and the binary choice between both fates is
determined by differential extracellular signal-regulated
kinase (ERK) activation. Picco et al. (2007) have shown
that FGF signaling and Eph/ephrin signaling act in coor-
dination to differentially regulate ERK and have pro-
posed that local inhibition of ERK by an activated Eph
receptor polarizes the mother cell and initiates asym-
metric cell division leading to the acquisition of distinct
cell fates. Again, this study illustrates how the antago-
nistic relationship between FGF signaling and Eph/eph-
rin signaling controls key developmental processes.
Picco et al. (2007) inferred that the cross-talk between
both pathways was downstream from the receptors, at
the level of ERK activation; however, it does not neces-
sarily preclude direct binding of FGFR and Eph receptor.
Because MAPK is a cytoplasmic effector common to a
number of receptor/ligand pairs, modulation of MAPK
activity could be a mechanism by which Eph/ephrin im-
pinge on a number of signaling cascades.

Ryk

RYK is an atypical RTK that contains a catalytically in-
active tyrosine kinase domain. Genetic studies in Dro-
sophila and the mouse have implicated RYK in regulat-
ing axon guidance and craniofacial development, two
developmental processes that involve cell migration

Figure 1. Main features of Eph/ephrin signaling. (A) Both
classes of Eph receptors and ephrins activate bidirectional sig-
naling. Interaction between Eph receptors and ephrins leads to
activation of forward and reverse signaling in neighboring cells.
(B) Eph receptors and ephrins expressed in opposing cells inter-
act in trans and activate bidirectional signaling. Eph receptors
and ephrins coexpressed in the same cell interact in cis. Cis
interaction has been shown to inhibit trans interaction and/or
signaling.
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Table 1. Cross-talk between Eph/ephrin and other signaling pathways

Interactor pair Model system
Protein

interaction
Cis vs.
trans

Downstream
targets

Biological
function Outcome Reference

EPH-A4/FGFR1, 2, 3, 4 Mammalian cell lines Yes Cis MAPK Agonistic Yokote et al. 2005
Eph-A4/FGFR1 Xenopus embryos ND Y phosphorylation Morphogenesis Agonistic Park et al. 2004
Eph/FGFR Ciona embryos ND MAPK Cell fate

specification
Antagonistic Picco et al. 2007

Eph-B2,B3/Ryk Mouse embryo Yes Cis AF-6? Migration Agonistic Halford et al. 2000;
Trivier and Ganesan 2002;
Kamitori et al. 2005

Eph-A/CXCR-4 Human primary T cells ND Small GTPase Chemotaxis Antagonistic Sharfe et al. 2002
Eph-B4/CXCR-4 Human cytotrophoblasts ND Chemotaxis Antagonistic Red-Horse et al. 2005
Eph-B2, B4/CXCR-4 Human endothelial cells ND Akt Chemotaxis Agonistic Salvucci et al. 2006
Eph-A8/�5�1, �5�1 Mammalian cell lines ND PI3K Substrate

adhesion
Agonistic Gu and Park 2001

Eph-A2, B2, B3/integrin Mammalian cell lines ND Small GTPases; FAK Substrate
adhesion

Antagonistic Miao et al. 2000, 2005;
Zou et al. 1999)

Eph-B1/�v�3, �5�1 Mammalian cell lines ND Substrate
adhesion

Agonistic Huynh-Do et al. 1999

Eph/�1 integrin Human dendritic cells ND Substrate
adhesion

Agonistic de Saint-Vis et al. 2003

Eph-A4/�iib�3 Human platelets Yes Cis PI3K; small GTPase Substrate
adhesion

Agonistic Prevost et al. 2004, 2005

Eph-A/integrin VSMC ND Small GTPases Substrate
adhesion

Antagonistic Deroanne et al. 2003

Eph-A4/�1 integrin Rat primary neurons ND FAK; Pyk2 Substrate
adhesion

Antagonistic Bourgin et al. 2007

Eph-A2/claudin-4 Mammalian cell lines Yes Cis ZO-1 Epithelial
permeability

Antagonistic Tanaka et al. 2005a

VAB-1/WRK-1 C. elegans embryo Yes Trans Growth cone
repulsion

Cooperative Boulin et al. 2006

VAB-1/SAX-3(Robo) C. elegans embryo Yes Cis Morphogenesis Cooperative Ghenea et al. 2005
Eph-B3/E-cadherin Mammalian cell lines ND Cell sorting Agonistic Cortina et al. 2007
Eph-B1, B2, B3,

B4/NMDAR
Rat primary neurons Yes Cis CamKII; Grb10;

Src-f; MAPK
Synaptic

plasticity
Agonistic Dalva et al. 2000;

Grunwald et al. 2001;
Takasu et al. 2002

Eph-A3/ADAM10 Mammalian cell lines Yes Cis Processing Hattori et al. 2000
Eph-B2/metalloprotease Mammalian cell lines ND Cis Processing Litterst et al. 2007
Eph-B2/�-secretase Mammalian cell lines ND Cis Processing Litterst et al. 2007
Ephrin-B1/FGFR1, 2 Xenopus embryos Yes Cis Y phosphorylation Cell adhesion Antagonistic Jones et al. 1998;

Chong et al. 2000
Ephrin-B1/FGFR2 Xenopus embryos ND Migration Antagonistic Moore et al. 2004
Ephrin-B/CXCR-4 Mouse embryo ND G-prot Chemotaxis Antagonistic Lu et al. 2001
Ephrin-B1/�iib�3 Human platelets ND Substrate

adhesion
Agonistic Prevost et al. 2004

Ephrin-B1/�v�3, �5�1 Mammalian cell lines ND JNK Substrate
adhesion

Agonistic Huynh-Do et al. 2002

Ephrin-A5/�5�1 Mammalian cell lines ND Src-f; MAPK Substrate
adhesion

Agonistic Davy et al. 2000;
Huai and Drescher 2001

Ephrin-B2a/�5 integrin Zebrafish embryo ND Substrate
adhesion

Cooperative Koshida et al. 2005

Ephrin-B1/claudin-1, 4 Mammalian cell lines Yes Trans Src-f Epithelial
permeability

Antagonistic Tanaka et al. 2005b

VAB-2/WRK-1 C. elegans embryo Yes Cis Growth cone
repulsion

Cooperative Boulin et al. 2006

Ephrin-B1/connexin43 Mouse embryo Yes Cis Cell
communication

Antagonistic Davy et al. 2006

Ephrin-B2, B3/NMDAR Mouse hippocampus No? Synaptic
plasticity

Agonistic Grunwald et al. 2004

Ephrin-B2/NMDAR Mouse brain Yes Cis Synaptic
plasticity

Agonistic Calo et al. 2005

Ephrin-B2/mGlu1, 5 Mouse brain Yes Cis Synaptic
plasticity

Agonistic Calo et al. 2005

Ephrin-A2/ADAM10 Mammalian cell lines Yes Cis Growth cone
repulsion

Processing Hattori et al. 2000

Ephrin-A5/ADAM10 Mammalian cell lines Yes Trans Processing Janes et al. 2005
Ephrin-B1, B2/�-secretase Mammalian cell lines ND Cis Src-f Processing Georgakopoulos et al. 2006;

Tomita et al. 2006
Ephrin-B2/metalloprotease Mammalian cell lines ND Cis Src-f Processing Georgakopoulos et al. 2006

(ND) Not determined; (VSMC) vascular smooth muscle cells; (Y phosphorylation) tyrosine phosphorylation.
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(Halford and Stacker 2001). Because these biological
functions overlap with those attributed to Eph/ephrin
signaling, a potential interaction between these path-
ways has been sought. In the mouse, homozygous dele-
tion of Ryk resulted in craniofacial defects similar to
defects observed in Eph-B2/Eph-B3-deficient embryos. In
addition, RYK directly interacted with Eph receptors,
and activated Eph receptors could phosphorylate RYK on
tyrosines (Halford et al. 2000). The molecular mecha-
nisms by which RYK influences Eph/ephrin signaling are
still unclear; however, the authors (Halford et al. 2000;
Halford and Stacker 2001) have proposed that RYK could
facilitate the recruitment of AF-6, a cell junction-associ-
ated protein, to Eph receptors, therefore facilitating ac-
tivation of downstream signaling events such as cell mi-
gration. Surprisingly, human RYK also interacted with
Eph-B2 and Eph-B3, but this interaction did not lead to
tyrosine phosphorylation of RYK, and no interaction
could be detected between human RYK and AF-6 (Trivier
and Ganessan 2002). Direct interaction between RYK
and Eph receptors has also been observed in a rat model.
The site of interaction between rat RYK and Eph-B3 was
mapped to the extracellular domain of RYK (Kamitori et
al. 2005; Fig. 2).

Interaction between RYK and Eph receptors is also in-
volved in regulating the migration of neuroprogenitors.
Indeed, overexpression of full-length RYK, but not a mu-
tant form that does not bind to Eph-B3, inhibited radial
migration of cortical neuroprogenitors in the rat cortex.
Conversely, a mutant form of RYK lacking the kinase
domain (including six out of nine tyrosines) had no effect
on radial cell migration and still bound Eph-B3, suggest-
ing that the function of RYK in cortical cell migration is
independent of tyrosine phosphorylation but correlates
with Eph-B3 binding (Kamitori et al. 2005). Altogether,
these results suggest that RYK and Eph receptors act as
agonists in regulating cortical cell migration during de-
velopment (Fig. 2).

The latter study, however, must be interpreted in light
of recent findings showing that RYK is an alternate re-
ceptor for Wnt proteins (Inoue et al. 2004; Lu et al. 2004)
and that the Wnt/�-catenin pathway is also involved in
cortical cell migration (Machon et al. 2003). To compli-
cate matters further, a recent study uncovered an antago-
nistic relationship between Wnt/RYK and Eph/ephrin
pathways in controlling retinotectal topographic map-
ping (Schmitt et al. 2006). Topographic mapping is a pro-

cess ensuring that axons project to their appropriate tar-
get in the brain. Eph/ephrin signaling has been involved
in positioning retinotectal projections along the medial–
lateral axis; however, it cannot alone account for correct
mapping in the tectum. In their very elegant study,
Schmitt et al. (2006) demonstrate that the Wnt3/RYK
pathway acts as a lateral mapping force to counterbal-
ance the Eph-B/ephrin-B medial mapping force in the
tectum. Although Schmitt et al. (2006) favor the idea of
two independent pathways, their results do not rule out
the possibility that both pathways directly modulate
each other.

Chemokine receptors

Chemokines and their cell surface G-protein-coupled re-
ceptors are major regulators of cell trafficking. Among
the wide number of chemokines and chemokine recep-
tors (Zlotnik and Yoshie 2000), the CXCR4/SDF-1 pair
stands out since the function of the CXCR4/SDF-1 sig-
naling pathway is not limited to cell trafficking but also
encompasses important roles in organogenesis and em-
bryonic development (Kucia et al. 2004). The CXCR4/
SDF-1 pathway has been shown to regulate multiple cel-
lular processes such as locomotion, adhesion, secretion,
and potentially survival and proliferation (Kucia et al.
2004). In 2001, Lu et al. (2001) demonstrated that acti-
vation of ephrin-B reverse signaling inhibited SDF-1-in-
duced chemotaxis of cerebellar granule cells. The
mechanistic basis for this inhibition was partly eluci-
dated with the identification of PDZ-RGS3, a protein
that binds the cytoplasmic domain of ephrin-Bs and is
able to inactivate G-protein signaling via its GAP activ-
ity (Fig. 2; Lu et al. 2001). Similar results were obtained
in T cells, as it was shown that activation of Eph-A re-
ceptors inhibited SDF-1-induced chemotaxis by altering
the balance of small GTPases activity in these cells (Fig.
2; Sharfe et al. 2002). Down-regulation of chemokine-
induced migration by Eph/ephrin signaling was also
shown to be important to regulate trophoblast move-
ment involved in arteriole remodeling during human
placentation (Red-Horse et al. 2005). Unlike the studies
above, which demonstrated an antagonistic relationship
between Eph/ephrin and CXCR4/SDF-1 signaling, Sal-
vucci et al. (2006) reported that an agonistic interaction
between these pathways regulates endothelial move-
ment and morphogenesis of blood vessels (Fig. 2). Stimu-

Figure 2. Interactions with cell surface receptors. (A)
Eph receptors interact with FGFR, Ryk, and chemokine
receptors. Direct interactions are indicated by dashed
green lines. Arrows represent agonistic interaction,
while blunted lines indicate antagonistic regulation of
downstream effectors or biological processes. Tyrosine
phosphorylation events are shown in red. (B) Ephrins
interact with FGFR and chemokine receptors.
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lation of the Eph/ephrin signaling cascade enhanced
SDF-1-induced chemotaxis in endothelial cells, and both
pathways synergized to activate/phosphorylate AKT
(Salvucci et al. 2006). Therefore, these studies clearly
demonstrate that Eph/ephrin signaling and CXCR4/
SDF-1 signaling cooperate to regulate a number of bio-
logical processes involving cell chemotaxis. Although
the data so far point to a cross-talk at the level of down-
stream effectors, it would be interesting to test for direct
interactions between these proteins, especially in light
of the fact that both pathways localize in lipid rafts
(Gauthier and Robbins 2003; Wysoczynski et al. 2005;
Giri et al. 2007).

Together, these studies show that Eph/ephrin signal-
ing interacts with a number of cell surface receptors and
that these interactions can be agonistic or antagonistic
(Table 1).

Adhesion molecules

Integrins

Due to the prominent role of Eph/ephrin signaling in cell
migration, a relationship with integrin signaling was
postulated early on. Despite numerous studies showing
cross-talks between Eph/ephrin signaling and integrin
signaling, there is still a surprising degree of uncertainty
with respect to the outcome of the interaction between
both pathways: While a number of reports show that
Eph/ephrin signaling increased integrin-mediated cell
adhesion (Huynh-Do et al. 1999, 2002; Davy and Robbins
2000; Gu and Park 2001; Huai and Drescher 2001; de
Saint-Vis et al. 2003; Prévost et al. 2004, 2005), others
demonstrate a counter-effect of Eph/ephrin on integrin-
mediated cell adhesion (Zou et al. 1999; Miao et al. 2000,
2005; Deroanne et al. 2003; Bourgin et al. 2007). These
outcomes are not linked to a specific class of Eph/ephrin
pair, nor does it seem linked to either forward or reverse
signaling. It is important to note, however, that all the
studies focusing on reverse signaling have reported an
increased integrin-mediated adhesion following activa-
tion of class A and class B ephrins (Davy and Robbins
2000; Huai and Drescher 2001; Huynh-Do et al. 2002;
Prévost et al. 2004). Common sense now attributes the
opposite effects of Eph/ephrin signaling on integrin func-
tion to distinct cellular contexts, since all the above-

mentioned studies use different cell types (primary,
transformed, or nontransformed cell lines) and different
modes of expression of the proteins of interest (endog-
enous vs. ectopic) (Table 1). Nevertheless, the conclu-
sion from these studies is that Eph/ephrin signaling im-
pinges on integrin signaling (Fig. 3). In fact, cooperation
between Eph/ephrin and integrin signaling is supported
by genetic data: itga5 (integrin �5) and fn (fibronectin)
are required for somite development in zebrafish, and
reducing Eph/ephrin signaling in the context of a mutant
fn or itga5 background worsened the somite phenotype
(Koshida et al. 2005). The point of convergence between
both pathways appears to be at the level of cytoplasmic
kinases (FAK, PI3K, MAPK) and/or small GTPases (Rac,
Rho, Ras, Rap1). Only one study reports a direct inter-
action between an Eph receptor and an integrin (Prévost
et al. 2005).

Immunoglobulin superfamily (IgSF) proteins

Like Eph/ephrin, IgSF proteins are implicated in many
aspects of the nervous system development, including
axon pathfinding, target recognition, and synapse forma-
tion (Rougon and Hobert 2003). It was reported recently
that the Caenorhabditis elegans IgSF protein, WRK-1,
interacts with Eph/ephrin signaling to provide a midline
guidepost function (Boulin et al. 2006). Midline guide-
posts are necessary for developing axons to decide
whether to cross the midline or not, a decision that un-
derlies the ability of the nervous system to coordinate
events occurring on each side of the body. WRK-1 is ex-
pressed in embryonic midline motoneurons (eMNs), and
wrk-1 loss-of-function mutations caused nonautono-
mous midline axon guidance defects in the worm similar
to those observed in mutants for Eph/ephrin signaling.
Epistasis experiments indicated that these genes act in a
single pathway. Interestingly, the cell autonomy of
vab-1 (coding for an Eph receptor) and wrk-1was inves-
tigated, and although these genes act in the same path-
way, they are required in different cells. The proposed
model is that vab-1 and wrk-1 are expressed in opposing
and presumably interacting neurons (Boulin et al. 2006).
The authors further demonstrate a direct interaction be-
tween WRK-1, VAB-1, and VAB-2 (an ephrin), leading to
a proposed model in which WRK-1 and VAB-2 are coex-
pressed in eMNs, where they interact with each other

Figure 3. Regulation of adhesion proteins. Eph/ephrin
signaling regulates cell–cell adhesion and cell–matrix ad-
hesion by impinging on formation/stability of tight, ad-
herens, and gap junctions, as well as on integrin function.
In Eph-expressing cells (blue), activation of forward sig-
naling induces the redistribution of E-cadherin to the cell
surface while destabilizing claudins. In ephrin-expressing
cells (orange), activation of reverse signaling leads to in-
hibition of GJC, while interaction with claudins destabi-
lizes tight junctions. Both forward and reverse signaling
act on integrin-mediated adhesion. Together, these cas-
cades participate in Eph/ephrin-induced cell sorting.
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and provide a repulsive signal to VAB-1-expressing axons
in trans (Fig. 5, below; Table 1; Boulin et al. 2006).

Robo proteins are members of the IgSF family also in-
volved in midline axon guidance (Dickson and Gilestro
2006). Ghenea et al. (2005) identified sax-3 as a candidate
gene functioning with vab-1 during embryogenesis. Us-
ing genetic and molecular approaches, Ghenea et al.
(2005) demonstrated that SAX-3/Robo functions with
VAB-1 to regulate embryonic morphogenesis and axon
guidance in C. elegans. sax-3 mutants displayed defects
that are similar to vab-1 mutants, and analysis of a com-
bination of double mutants revealed a gene-dosage sen-
sitivity between these genes. In addition, direct interac-
tion between VAB-1 and SAX-3 was demonstrated using
two-hybrid and GST-pull-down assays (Ghenea et al.
2005). Since the domain of interaction was mapped to
the juxtamembrane domain of SAX-3, and both proteins
were coexpressed in a subset of neuroblasts, Ghenea et
al. (2005) proposed that these two receptors form a com-
plex in cis and act together during embryogenesis (Fig. 5,
below). Given the well-known role of Robo proteins as
midline guideposts and the data described above (Boulin
et al. 2006), it would be interesting to assess midline
crossing of ventral axons in double sax-3/vab-1 mutants.
In vertebrates, evidence for interplay between Eph/eph-
rin and IgSF proteins is limited to one member of the
family. Zisch et al. (1997) showed that L1 is a substrate
for Eph-B2 tyrosine kinase, while Suh et al. demon-
strated that growth cones stimulated with L1 lost their
responsiveness to Eph-B (Suh et al. 2004). Together,
these studies show the importance of the interplay be-
tween Eph/ephrin and IgSF proteins and highlight the
complexity of interactions between cell surface proteins,
which can happen either in cis or in trans.

Cadherins

In addition to the regulation of cell migration and axon
navigation, one of the prominent biological outcomes of
Eph/ephrin signaling is the regulation of cell sorting, a
process by which populations of cells physically segre-
gate from each other to generate distinct tissues or com-
partments (Xu et al. 1999; Poliakov et al. 2004). The cel-
lular and molecular mechanisms by which Eph/ephrin
signaling control cell sorting behaviors are still not well
characterized; however, because homotypic interactions
via cadherins play an important role in cell sorting (Te-
pass et al. 2002), it was postulated that these two path-
ways might cooperate to regulate cell adhesion and seg-
regation. Surprisingly, there is little evidence supporting
this hypothesis. In Xenopus embryos, ectopic expression
of an Eph receptor or an ephrin leads to cell dissociation,
a phenotype that could be rescued by overexpressing C-
cadherin (Winning et al. 1996; Jones et al. 1998). How-
ever, the fact that no alteration of the cadherin/�-catenin
interaction could be detected following ectopic expres-
sion of Eph or ephrin suggests that overexpression of
C-cadherin might not specifically rescue Eph/ephrin-in-
duced dissociation but might serve as indiscriminate
SuperGlue. In mammalian epithelial cells, it was shown

that Eph-A2 localizes to sites of cell–cell contact and
that this subcellular localization was dependent on E-
cadherin. In addition, ectopic expression of E-cadherin
expression in breast cancer cells that lack endogenous
E-cadherin increased tyrosine phosphorylation of Eph-
A2 and led to a decreased cell adhesion to the extracel-
lular matrix (Zantek et al. 1999). Zantek et al. (1999)
concluded that Eph-A2 function is dependent on E-cad-
herin; however, they also report that neither coprecipi-
tation nor coclustering between the two proteins could
be detected using their system. This led them to argue
that E-cadherin could primarily serve to stabilize cell–
cell contacts and thereby promote interactions between
Eph-A2 and its ligands (Zantek et al. 1999).

The most convincing data showing a direct role of E-
cadherin in Eph/ephrin-induced cell sorting was reported
by the Batlle group (Cortina et al. 2007). Expression of
Eph-B3 and ephrin-B1 in colorectal cancer cells (CRC)
induced cell sorting and stimulation of Eph-expressing
CRC resulted in cell clustering and redistribution of E-
cadherin to the plasma membrane. Importantly, down-
regulation of E-cadherin expression prevented Eph-in-
duced clustering and sorting between Eph- and ephrin-
expressing cells (Cortina et al. 2007).

Claudins

In contrast to cadherins, claudins have clearly been
shown to directly interact with Eph/ephrin proteins in
epithelial cells. Claudins are components of tight junc-
tions located in the subapical region of the lateral mem-
branes. Tight junctions serve as paracellular barriers re-
stricting movements of molecules across epithelial bar-
riers (Hartsock and Nelson 2007). Direct interaction
between Eph-A2 and claudin-4 was reported and mapped
to their extracellular domains. This interaction led to
the phosphorylation on tyrosine of claudin-4, which
then reduced its integration in tight junctions, thus in-
creasing paracellular permeability (Fig. 3; Tanaka et al.
2005a). Interestingly, claudin-4 also binds to ephrin-B1,
and the interaction between these proteins, which was
mapped to their extracellular domain, led to tyrosine
phosphorylation of ephrin-B1 that in turn affected inter-
cellular adhesion (Fig. 3; Tanaka et al. 2005b). Tyrosine
phosphorylation of claudin-4 in this context was not dis-
cussed. An interesting bit of data was that interaction
between claudin-4 and ephrin-B1 happened in trans,
lending support to the notion that ephrins could have
Eph-independent functions (Tanaka et al. 2005b).

These studies reveal the interplay between Eph/eph-
rins and integrins, cadherins, and claudins, which are
involved in the regulation of intercellular permeability
and cell adhesion and probably participate in cell sorting
(Fig. 3; Table 1).

Channels and pores

Connexins/innexins

As mentioned above, one of the outcomes of Eph/ephrin
signaling is cell sorting. Cell sorting during embryo de-
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velopment permits the formation of distinct compart-
ments with distinct developmental fates. This process is
necessary from early embryo patterning to organ forma-
tion. An important characteristic of developmental com-
partments is the fact that all cells in the compartment
exchange information by direct coupling of their cyto-
plasms. On the contrary, cells of a given compartment
are not directly coupled to cells of an adjacent compart-
ment, and this break in coupling forms a developmental
boundary. The structures that allow for direct coupling
of cytoplasms and transfer of small molecules are called
gap junctions. Connexins are the main structural sub-
units of gap junctions in vertebrates (Laird 1996).

Wilkinson and colleagues (Mellitzer et al. 1999) have
shown that in addition to their role in cell sorting, Eph/
ephrins are also involved in negatively regulating gap
junction communication (GJC). Eph/ephrin bidirectional
signaling was required to restrict cell intermingling, but
unidirectional signaling via Eph receptors or ephrins was
sufficient to inhibit GJC between Eph- and ephrin-ex-
pressing cells. These results clearly demonstrated that
inhibition of GJC is not a mere consequence of an Eph/
ephrin-induced deadhesion, since inhibition was ob-
served even in conditions in which cells intermingled
(Mellitzer et al. 1999). We showed more recently that
inhibition of GJC by Eph/ephrin signaling has adverse
consequences on skeletal development in the mouse em-
bryo (Davy et al. 2006). Gap junctions play a critical role
in nearly all aspects of skeletal development, from limb
bud patterning to differentiation of osteoblasts; however,
the mechanisms underlying this function remain un-
clear (Stains and Civitelli 2005). As a result of the link-
age of the Efnb1 gene (coding for ephrin-B1) to the X-
chromosome, heterozygous females that carry one copy
of a loss-of-function Efnb1 allele are mosaic with respect
to ephrin-B1 expression. This mosaicism leads to the for-
mation of ectopic Eph/ephrin boundaries in ephrin-B1
heterozygous females and correlates with the appearance
of skeletal phenotypes that are never seen in ephrin-B1-
null animals (Compagni et al. 2003; Davy et al. 2004).
This is similar to what has been observed in patients
carrying a mutation in the Efnb1 gene (Twigg et al. 2004;
Wieland et al. 2004). Importantly, the skeletal defects
observed in ephrin-B1 heterozygotes could be partially
rescued by overexpression of connexin 43 (Cx43) (Davy
et al. 2006), suggesting that inhibition of GJC at ectopic
Eph/ephrin boundaries is the underlying cause of the
skeletal defects in ephrin-B1 heterozygotes. More re-
cently, interaction between GJC and Eph/ephrin signal-
ing has also been shown to be involved in insulin secre-
tion (Konstantinova et al. 2007).

The mechanism by which Eph/ephrin signaling inhib-
its GJC is still unclear; however, we reported a biochemi-
cal interaction between ephrin-B1 and Cx43, raising the
possibility that Eph/ephrin directly regulates GJC. One
possible mechanism could be via internalization of gap
junctions. Our results also suggested that interaction be-
tween ephrin-B1 and Cx43 could be involved in the pro-
cess of cell sorting itself (Fig. 3). A recent publication on
the role of gap junction in regulating radial migration in

the developing cortex lends support to this idea since it
demonstrates that gap junction proteins are involved in
providing adhesive contacts necessary for radial migra-
tion, independently of cell–cell communication (Elias et
al. 2007).

An overlap between Eph/ephrin signaling and GJC has
been uncovered in C. elegans. In the adult hermaphro-
dite gonad, oocytes are arrested in meiotic prophase and
resume maturation in the presence of a sperm signal,
MSP. Eph/ephrins are doubly involved in the process of
oocyte maturation: First, Eph/ephrin signaling is re-
quired to block maturation of oocytes in the absence of
sperm; second, VAB-1/Eph is one of the MSP receptors
responsible for lifting the maturation block in the pres-
ence of sperm (Miller et al. 2003). In addition to Eph/
ephrin signaling, oocyte maturation is also inhibited by a
parallel pathway involving CEH-18 in sheath somatic
cells. Binding of MSP to an unknown receptor on sheath
cells lifts this inhibition (Miller et al. 2003). Interest-
ingly, breakdown of gap junctions was observed between
oocytes and sheath cells in ceh-18 mutants, correlating
with an increased rate of oocyte maturation. These ob-
servations indicated that gap junctions could be involved
downstream from CEH-18 to provide an inhibitory sig-
nal to the oocyte. Two recent studies have confirmed
that gap junctions are indeed involved in regulating oo-
cyte maturation (Govindan et al. 2006; Whitten and
Miller 2007). Mutants in innexins (the proteins forming
gap junction pores in invertebrates) exhibited higher
than normal rates of oocyte maturation, which is similar
to the Eph/ephrin mutants. Based on these results, the
current model is that gap junction pores between sheath
cells and oocytes allow for the transfer of a signal inhib-
iting oocyte maturation. In presence of sperm, the MSP-
induced cascades in the oocyte (which involve VAB-1/
Eph) and in the sheath cells lead to destabilization of gap
junctions, blocking the transfer of information to the
oocyte. In this model based on genetic data, Eph/ephrin
signaling runs parallel to GJC, while MSP/VAB-1 antago-
nizes GJC. Interestingly, this switch from negative to
positive regulation of oocyte maturation by VAB-1 in-
volves NMR1, another type of cell surface receptor (li-
gand-gated ion channels, further discussed below) (Fig. 4;
Corrigan et al. 2005). Although there is currently no evi-
dence for a direct interaction between Eph/ephrin and
GJC in this system, these studies clearly highlight the
delicate intricacies between Eph/ephrin signaling and
GJC.

NMDA receptor (NMDAR)

A number of molecular signals control aspects of syn-
apse development, including secreted factors that affect
the competence of neurons to generate synapses, cell–
cell adhesion proteins that locally drive the organization
and maturation of synaptic specializations, and ligand-
or voltage-gated ion channels that respond to neuronal
activity (Li and Sheng 2003; Scheiffele 2003; Craig et al.
2006). There is a growing body of evidence for a tight
cooperation between Eph/ephrins and ion channels in
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regulating excitatory neurotransmission and synaptic
plasticity.

Initial studies showed a direct association between the
N-terminal domains of Eph-B2 and the NMDA receptor
1 (NR1) subunit of the NMDARs at the post-synaptic
membrane (Dalva et al. 2000). This interaction was en-
hanced by the presence of ephrin-B acting in trans (Fig.
4). In parallel, activation of Eph-B by soluble ephrin-B, in
vitro, induced Eph-B kinase-dependent formation of den-
dritic spines, suggesting that the interaction between
Eph-B/ephrin signaling and NMDAR could contribute to
local changes influencing spinogenesis (Penzes et al.
2003). In these early studies, Eph-B signaling was impli-
cated in post-synaptic differentiation, where ephrin-B
treatment increased the density of synaptic release sites
(Dalva et al. 2000) and of synaptic markers apposed to
spines (Penzes et al. 2003). Studies using cultured corti-
cal neurons further revealed that the activation of Eph-B
by exogenous addition of ephrin-B2 could potentiate
NMDAR clustering and enhanced NMDAR-dependent
Ca2+ flux, suggesting a mechanism whereby activity-de-
pendent and -independent signals converge in the regu-
lation of synaptic plasticity (Takasu et al. 2002).

In agreement with these findings, animal models lack-
ing Eph-B2 display abnormal NMDAR-dependent synap-
tic plasticity and a reduction in synapse-associated
NMDARs (Grunwald et al. 2001; Henderson et al. 2001).
Analysis of Eph B1, B2, and B3 triple-knockout mice
show few dendritic NMDAR clusters and, interestingly,
contained a reduced AMPA receptor (AMPAR) density
(Henkemeyer et al. 2003), thereby indicating that Eph-B
is more broadly involved in post-synaptic development.
Further examination of the triple-knockout model re-
vealed that Eph-B preferentially regulates the develop-
ment and maturation of functional excitatory synaptic
contacts between neurons, at pre- and post-synaptic
membranes in vitro (Kayser et al. 2006). Using cultured
neurons, Kayser et al. (2006) demonstrate that Eph-B2
colocalizes with AMPARs in cortical neurons, and that
the PDZ-binding domains but not the kinase domain of
Eph-B2 are required for this colocalization. They further

demonstrate that the disruption of the Eph-B2–AMPAR
association, by mutating the Eph-B2 PDZ-binding do-
main, did not result in a decrease in dendritic spines but
could still regulate dendritic spine development in vitro.
Therefore, Kayser et al. (2006) put forward two potential
scenarios for the function of Eph-B in synaptogenesis:
first, that Eph-B might initiate de novo formation of ex-
citatory synapses with the ephrin-B/Eph-B/NMDAR
complex serving to converge protein–protein interaction,
or, alternatively, that Eph-B may traffic to pre-existing
NMDAR-containing synaptic sites organized by other
synaptogenic molecules and act to recruit AMPAR, in-
duce spine formation, and modulate presynaptic func-
tions via trans-synaptic signaling.

Recent studies conducted by Tolias et al. (2007) have
further unraveled how Eph-B receptors may complex
with NMDAR and positively regulate their function.
Here the authors show that Tiam1, a large multidomain
protein that is necessary for proper spine and synapse
development (Tolias et al. 2005), specifically interacts
with Eph-B2 (Tolias et al. 2007). The activation of Eph-B
by ephrin-B induced the phosphorylation and recruit-
ment of Tiam1 to Eph-B complexes containing NMDAR,
which in turn leads to Rac-dependent actin remodeling
required for spine formation (Fig. 4). It is worth noting
that besides Tiam1, ephexin and intersectin, which are
also guanine nucleotide exchange factors (GEFs), have
been involved in regulating dendritic spine formation
downstream from Eph signaling (Nishimura et al. 2006;
Fu et al. 2007).

While most studies to date focused on the actions of
Eph-B forward signaling at the pre- and/or post-synaptic
membranes, there is emerging evidence describing how
ephrin-B reverse signaling functions in synaptogenesis
and spine formation. Post-synaptic Eph-B trans-activates
ephrin-reverse signaling to regulate presynaptic differen-
tiation (Grunwald et al. 2004; Segura et al. 2007). In CA1
hippocampal neurons, ephrin-Bs are localized to the
post-synaptic membrane where they regulate NMDAR-
dependent long-term plasticity (Grunwald et al. 2004;
Fig. 4). An interaction between ephrin-B2 and me-

Figure 4. Interactions with synaptic proteins. (A) The
figure shows a holistic view of Eph/ephrin interactions at
sites of synapse formation/regulation. Eph-A4-induced
forward signaling inhibits �1-integrin, which induces
spine remodeling. Eph-B receptors and ephrins-B interact
with NMDAR and potentiates its activity. Recruitment
of Tiam1 to the Eph-B/NMDAR complex and activation
of small GTPases facilitates spine formation. Activation
of NMDAR induces processing of Eph receptors by
MMPs and PS. (B) Interaction between Eph/VAB-1 and
NMDAR participates in oocyte maturation, which also
involves down-regulation of GJC.

Eph/ephrin signaling integrated

GENES & DEVELOPMENT 423



tabotropic Glutamate receptors group 1 (mGlu1) was
shown (Calo et al. 2005). mGlu1 receptors interact with
NMDARs and are involved in the regulation of synaptic
plasticity during development and in adulthood (Spooren
et al. 2003). Although the functional significance of
this interaction between ephrin-B2 and mGlu1 is un-
known, Calo et al. (2005) speculate that it may facilitate
NMDAR activation, or directly amplify mGlu1 re-
sponses. Together, these studies demonstrate that Eph-
B/ephrin-B signaling positively regulates the activity of a
number of ligand-gated ion channels, which underlies
their role in regulating dendritic spine formation and
synaptic plasticity (Fig. 4).

Eph-A4, which belongs to the other class of Eph recep-
tors, has been shown to regulate synaptic plasticity
(Grunwald et al. 2004) and spine remodeling (Murai et al.
2003; Bourgin et al. 2007) by distinct mechanisms. Eph-
A4 indirectly regulates synaptic plasticity by activating
reverse signaling post-synaptically (Grunwald et al.
2004). In addition, Eph-A4-induced forward signaling ac-
tivates a number of cytosolic effectors that then inhibit
�1-integrin function and induce dendritic spine remod-
eling (Fig. 4; Murai et al. 2003; Bourgin et al. 2007).

Cell surface proteases

ADAM

Cognate Eph and ephrin typically bind at nanomolar af-
finity (Zimmer et al. 2003), where after the initial bind-
ing event, the ligand–receptor pairs oligomerize to form
large signaling aggregates. How this tight binding of a
membrane-bound receptor to a ligand tethered to an op-
posing cell is reconciled with the typically repulsive ac-
tivity of the Eph/Ephrin binding began to emerge in the
last few years. The initial studies demonstrated that eph-
rin-A2 forms a stable complex with the metalloprotein-
ase Kuzbanian (KUZ), the Drosophila homolog of
ADAM 10 (Hattori et al. 2000). These studies also dem-
onstrated that upon formation of the Eph-A3/ephrin-A2
signaling complex, KUZ catalyzed the proteolytic shed-
ding of ephrin-A2 from its membrane tether. ADAMs,
which can process or remove the extracellular domains
of cell surface proteins, are particularly intriguing in that
they contain both cell adhesion and proteolytic domains
(Kaushal and Shah 2000; Primakoff and Myles 2000). By
finding that ephrin-A2 is a metalloprotease (MMP) sub-
strate, Hattori et al. (2000) showed that cell surface
MMPs not only modulate the strength of axon guidance
signals, but are also intimately involved in defining their
outcomes.

More recently, Janes et al. (2005) shed new light on the
mechanism by which ADAM10 interacts with an ephrin
signaling complex. This work revealed that the acidic
pocket within the ADAM10 cysteine-rich domain medi-
ates cleavage of both ephrin-A5 and ephrin-A2 (Janes et
al. 2005). A key finding was that ADAM10 cleaves Eph-
A-bound ephrin-As from their membrane tether in trans
(Fig. 5). Thus, consistent with findings that ADAM10
constitutively associates with the Eph-A3 receptor in

cis, the studies showed that ADAM10 must be presented
by the juxtaposed cell for cleavage of ephrin-A2 or eph-
rin-A5. This is in contrast to other characterized ADAM-
mediated proteolytic events that so far have been shown
to occur only in cis (Blobel 1997). Nonetheless,
ADAM10 appears to be the first example of a protease
that cleaves its substrate in a manner that is cell-nonau-
tonomous. The phenomenon for cleavage of Ephs and
ephrins at the cell surface has quickly begun to represent
a general strategy underlying Eph/ephrin repulsive sig-
nals in many cell types.

Presenilins (PS)

More recently, two independent studies showed that
ephrin-Bs are substrates for �-secretase (Georgakopoulos
et al. 2006; Tomita et al. 2006). PS are highly conserved
polytopic transmembrane proteins that represent the ac-
tive component of �-secretase, a multiprotein complex
of Nicastrin, APH1, and PEN-2 (Takasugi et al. 2003).
�-Secretase is an unusual aspartate protease that cleaves
single-span transmembrane proteins within the trans-
membrane domain. Although it is unable to cleave the
full-length form of its substrates, �-secretase cleaves sub-
sequent to ectodomain shedding to liberate N-terminal
small fragments and C-terminal intracellular domains
(ICD) into the luminal and cytoplasmic sides, repec-
tively (Kopan and Ilagan 2004; Tomita and Iwatsubo
2004). Georgakopoulos et al. (2006) revealed a novel sig-
naling cascade whereby Eph-B/ephrin-B2 binding stimu-
lates the sequential processing of ephrin-B2 by MMPs
and �-secretase to produce ephrin-B2 ICD (Fig. 5). The
ephrin-B2 ICD binds Src and promotes its dissociation
from a negative Src regulator called C-terminal Src Ki-

Figure 5. Interactions at growth cones. Binding of WRK-1 and
Eph/VAB-1 in trans prevents midline crossing. VAB-1 also in-
teracts with SAX-3 in cis. Growth cone retraction requires ter-
mination of contact between Eph- and ephrin-expressing cells.
This is achieved by cleavage of ephrin ectodomain by ADAM10
in trans and/or endocytosis of Eph/ephrin complexes, followed
by processing of the ectodomain in the endosomal/lyzosomal
pathway. Subsequent to ectodomain shedding, processed eph-
rins are targets for PS cleavage that releases the ICD in the
cytosol.

Arvanitis and Davy

424 GENES & DEVELOPMENT



nase (Csk), thus allowing for the autophosphorylation
and activation of Src. Likewise, degradation of the eph-
rin-B2 ICD results in Src dephosphorylation and deacti-
vation. Georgakopoulos et al. (2006) extrapolate their
findings to previously established consequences of Eph-
B/ephrin-B signaling that lead to the recruitment of cel-
lular factors to cytoplasmic ephrin-B and to the rear-
rangement of the actin cytoskeleton (for a review on eph-
rin-induced reverse signaling, see Palmer and Klein 2003).

Parallel studies reported that Eph-B/ephrin-B1 binding
mediates ephrin-B1 ectodomain shedding, and the mem-
brane-tethered fragment is sequentially cleaved by
�-secretase to release the ICD (Tomita et al. 2006). These
studies further showed that the overexpression of the
membrane-tethered ephrin-B1 led to the formation of
cellular protrusions consisting of F-actin, which was
negatively regulated by �-secretase activity. Moreover,
overexpression of the ephrin-B1 ICD and inhibition of
the proteasome resulted in the nuclear localization of
the ephrin-B1 ICD. To date, the functions of �-secretase-
generated ICDs as transcriptional activators (i.e., Notch,
APP, CD44) or repressors (Jagged, N-Cadherin) within
the nucleus have been reported (for review, see Kopan
and Ilagan 2004); however, functional analysis of the
nuclear ephrin-B1 ICD awaits further study.

While ephrin-Bs are shown to constitutively undergo
ectomembrane shedding and sequential cleavage by �-
secretase to release the ephrin-B ICDs, new findings sup-
port an analogous process for the Eph-B2 receptor (Lit-
terst et al. 2007). To date, reports have indicated that the
mechanism by which adhesive and signaling interac-
tions between Eph receptors and ephrin ligands are ter-
minated include endocytosis of the cell surface Eph/eph-
rin complexes and cleavage of the ectodomain of ephrin
ligands (Hattori et al. 2000; Marston et al. 2003; Zimmer
et al. 2003). Recent work shows that two distinct path-
ways regulate the proteolytic processing of Eph-B2 recep-
tor and its complexes: one stimulated by calcium influx
and the other by ephrin-B2 ligand binding (Litterst et al.
2007). Eph-B2 processing was stimulated by N-methyl-
D-aspartic acid (NMDA) treatment and calcium influx
and was sensitive to a broad spectrum of MMP inhibi-
tors, particularly the inhibition of ADAM10. Therefore,
these data show an additional physiological consequence
of the interaction between Eph-B2 and NMDAR (Fig. 4),
and identified ADAM10 as the protease involved in cal-
cium-induced processing of the Eph-B2 receptor.
ADAM10 processing of Eph-B2 did not require endocy-
tosis but rather resulted in the rapid shedding of the ex-
tracellular domain of Eph-B2, suggesting that the ectodo-
main shedding and �-secretase cleavage involved in this
pathway occur at or near the plasma membrane. In ad-
dition to this first pathway, a ligand-induced processing
of Eph-B2 was demonstrated in the endosomal/lysosom-
al pathway. Eph-B2/ephrin-B2 binding resulted in in-
creased ectodomain shedding followed by �-secretase
processing and rapid degradation of Eph-B2 ectodomain
following ubiquitination (Fig. 5).

Taken together, the findings demonstrate that both
Eph receptors and Ephrin ligands are processed by MMPs

and/or �-secretase, a catalytic event necessary for some
of their functions (Table 1; Ethell and Ethell 2007).

Conclusions and perspectives

Our understanding of the Eph/ephrin pathway has im-
proved tremendously over the last 10 years—we have
discovered that it is involved in many developmental
processes, we know it affects a number of cellular func-
tions, and we partly characterized its mechanistic mode
of action. The challenge we face now is to consider Eph/
ephrin signaling not in isolation but as part of a network
of information. Every single cell constantly receives nu-
merous signals that have to be instantaneously inte-
grated and translated into coherent cellular responses.
Direct or indirect regulatory interactions between path-
ways serve as a mechanism to simplify the interpreta-
tion of the many environmental factors confronting cells
at every decisional key point, since upstream cross-regu-
lation eliminates the requirement of having a specific
signaling cascade for each extracellular cue.

One of the obvious difficulties in assembling a model
from the studies presented above is the fact that Eph/
ephrin signaling clearly impinges on multiple pathways
simultaneously to achieve its biological function. A sec-
ond difficulty lies in the fact that the outcome (agonistic
or antagonistic) of a given cross-talk seems to be highly
dependent on cellular context. Resolution of these ap-
parent discrepancies awaits the characterization of all
players in the various signaling cascades. Indeed, one
could hypothesize that the presence or absence of (as yet)
unknown partners could switch outcomes from agonis-
tic to antagonistic. Another possibility that has been
little explored is that different Eph/ephrin pairs could
regulate different signaling cascades, therefore leading to
opposite outcomes.

For many years, Eph/ephrin signaling has been studied
in a developmental context; however, recent publica-
tions clearly highlighted its involvement in organ func-
tion and in disease in the adult. Although regulation of
cell adhesion, migration, and morphology underlies most
of the developmental roles of Eph/ephrin signaling, these
proteins seem to regulate a different set of biological out-
comes in the adult. In the future, it will be interesting to
compare signaling cascades and signal integration in the
context of the roles of Eph/ephrins in the adult.

The discovery that Eph/ephrins are substrates for cell
surface proteases was satisfying, as it resolved one of the
paradoxes of this signaling pair: how the initial Eph/eph-
rin adhesion turned into cell repulsion. However, cleav-
age of Eph receptors and ephrins and release of their
ectodomain in the extracellular milieu raises the mind-
boggling possibility that the action of these proteins
might not be limited to short-range cell–cell interac-
tions, but might also encompass long-range paracrine in-
teractions.
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