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The development, homeostasis, and regeneration of com-
plex organ systems require extensive cell–cell communi-
cation to ensure that different cells proliferate, migrate,
differentiate, assemble, and function in a coordinated and
timely fashion. Eph receptor tyrosine kinases and their
ephrin ligands are critical regulators of cell contact-de-
pendent signaling and patterning. Eph/ephrin binding can
lead to very diverse biological readouts such as adhesion
versus repulsion, or increased versus decreased motility.
Accordingly, depending on cell type and context, a limited
and conserved set of receptor–ligand interactions is trans-
lated into a large variety of downstream signaling pro-
cesses. Recent evidence indicates that the endocytosis of
Eph/ephrin molecules, together with the internalization
of various associated tissue-specific effectors, might be
one of the key principles responsible for such highly
diverse and adaptable biological roles. Here, we summa-
rize recent insights into Eph/ephrin signaling and endo-
cytosis in three biological systems; i.e., the brain,
intestine, and vasculature.

Eph receptors, which have been divided into the sub-
classes A and B, represent the largest family of receptor
tyrosine kinases (RTKs) in the animal kingdom. In
humans, nine EphA (EphA1–8 and EphA10) and five EphB
(EphB1–4 and EphB6) receptors are known. The extracel-
lular part of Eph receptors contains a globular ligand-
binding domain, a cysteine-rich region, and two fibronec-
tin type III repeats. The intracellular, cytoplasmic part
consists of a short juxtamembrane region with several
conserved tyrosine residues, the tyrosine kinase domain,
a sterile a motif (SAM) protein–protein interaction do-
main, and a C-terminal PDZ-binding motif (Fig. 1A).
Based on their structural features and binding affinity
for A- or B-type receptors, the ligands have also been di-
vided into GPI-anchored ephrin-A (ephrin-A1–5 in mam-
mals) and transmembranous ephrin-B (ephrin-B1–3) mol-
ecules (Pasquale 2005). While EphA receptors typically

bind to ephrin-A proteins, and EphBs bind to ephrin-B
ligands, there is also limited cross-binding between mem-
bers of the two classes (Fig. 1A; Kullander and Klein 2002;
Himanen et al. 2004; Klein 2004). In contrast to classical
growth factor receptors, Eph–ephrin binding leads to bi-
directional signal transduction into both the receptor cell
(a process termed ‘‘forward signaling’’) and the ligand cell
(‘‘reverse signaling’’). For the B-ephrins, this active, re-
ceptor-like signal transduction involves several highly
conserved tyrosine phosphorylation sites in the cytoplas-
mic domain, a C-terminal PDZ motif, and the binding to
several cytoplasmic adapter and PDZ domain proteins (Fig.
1B). While ephrin-As lack a cytoplasmic tail, these ligands
are still capable of triggering downstream activation of
Src family kinases (SFKs) and phosphoinositide 3-kinase
(PI3K), which might involve a signal-transducing ‘‘core-
ceptor’’ or the clustering of plasma membrane micro-
domains (Davy et al. 1999; Davy and Robbins 2000; Holen
et al. 2008). The neurotrophin receptors Trk/B and p75
might serve as such coreceptors, and it has been shown
that their signaling is enhanced by interactions with
ephrin-A ligands in cis (Lim et al. 2008; Marler et al. 2008).

In many—but by no means all—settings, Eph/ephrin
signaling interactions generate repulsive signals that, for
example, help to guide growing neuronal axons and mi-
grating cells to their appropriate targets (Fig. 1C). The
sorting and segregation of mixed Eph- and ephrin-express-
ing cell subpopulations is another role that has been
observed in a variety of biological processes. In this con-
text, cells will move around with the aim of minimizing
Eph/ephrin interactions so that Eph-positive and ephrin-
expressing cells preferentially end up in separate clusters
or tissue domains (Fig. 1C; Xu et al. 1999, 2000; Batlle
et al. 2002; Compagni et al. 2003; Davy et al. 2004, 2006;
Kim et al. 2008; Passante et al. 2008; Jorgensen et al. 2009).

Comprehensive and up-to-date reviews of Eph/ephrin
signaling in cancer, structural features, and binding in-
terfaces, and its role in the entry of Nipah and Hendra
paramixoviruses have been published elsewhere (Himanen
et al. 2007; Maisner et al. 2009; Pasquale 2010).

Eph/ephrin signaling modes and biological effects

In addition to the binding of Eph/ephrin molecules in
trans, cis interactions between receptors and ligands
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expressed in the same cell have been reported (Egea and
Klein 2007). Cis binding does not lead to active signaling,
but rather seems to interfere with receptor activation by
the ephrin-A ligand presented on surrounding cells (Fig.
1B; Yin et al. 2004; Carvalho et al. 2006). This cis in-
hibition model can explain how partially overlapping ex-
pression of EphAs and ephrin-As can generate gradients of
active, signaling-competent receptors in the developing
visual system (Hornberger et al. 1999; Carvalho et al. 2006;
Flanagan 2006). However, it has also been reported that
coexpressed EphA/ephrin-A molecules segregate into dis-
tinct membrane domains with opposing functional roles in

cell adhesion and repulsion (Marquardt et al. 2005). Segre-
gation would obviously limit the potential of cis interac-
tions of Ephs and ephrins and offers an alternative expla-
nation for the modulation of functional effects by the ratio
of coexpressed receptor and ligand molecules.

In addition to cis and trans interactions, several alter-
native modes of modulating Eph/ephrin signaling have
been proposed. For example, high concentrations of the
ligand ephrin-A2 presented in trans inhibit the growth of
retinal axons, whereas low concentrations are growth-
promoting (Hansen et al. 2004). Thus, differences in the
local levels of Eph/ephrin signaling interactions might
lead to distinct biological effects. Likewise, short splice
variants of the receptor EphA7 lacking the cytoplasmic
kinase domain can convert repulsive cellular responses
into adhesion (Holmberg et al. 2000). Remarkably, some
of the activities of Ephs and ephrins appear not to rely on
physical receptor–ligand interactions. For instance, acti-
vation of EphA3 by ephrin-A5 in trans leads to the for-
mation of large receptor clusters that expand laterally
through Eph–Eph cis interactions (Fig. 1D; Wimmer-
Kleikamp et al. 2004). This signaling cluster propagation
is ephrin-independent, which might enable the amplifi-
cation of an initially small signal generated by cell con-
tact and Eph–ephrin binding. It has also been proposed
that the receptor EphB4 can inhibit integrin-mediated
cell adhesion independently of its main (or sole) binding
partner, ephrin-B2 (Noren et al. 2009). Conversely, cul-
tured ephrin-B2-deficient or -overexpressing cells show
contact-independent migration and adhesion defects,
suggesting that the ligand can also signal in a cell-
autonomous mode in the absence of receptor binding
(Foo et al. 2006; Bochenek et al. 2010).

Cleavage of Eph receptors and ephrins by ADAM family
metalloproteases and g-secretase proteases also hugely
affects the biological effect of Eph/ephrin interactions
(Hattori et al. 2000; Janes et al. 2005, 2009; Georgakopoulos
et al. 2006; Tomita et al. 2006; Litterst et al. 2007). Ephrin-A2
can be released from the plasma membrane after cleavage
by ADAM10/Kuzbanian (Fig. 1E; Hattori et al. 2000). A
cleavage-resistant version of ephrin-A2 strongly delays
the repulsion of Eph receptor-presenting axon growth
cones, which indicates that proteolytic processing helps
to terminate Eph/ephrin-mediated cell interactions. The
same study has also suggested that ADAM10 constitu-
tively binds to ephrin-A2 in cis, while cleavage is
triggered only after EphA binding (Hattori et al. 2000).
However, it has also been shown that ADAM10 can
stably associate with EphA3 so that ephrin-A2 is cleaved
in trans and therefore only after binding to EphA3 (Janes
et al. 2005). Since the ADAM10 recognition motif is
conserved in the extracellular domain of all vertebrate
ephrins, cleavage might be of general relevance for Eph/
ephrin interactions and the resulting cell behavior.

Internalization by endocytosis

Another mechanism used by cells to terminate Eph/
ephrin interactions is endocytosis. During this process,
the intact receptor–ligand complex and, possibly, associated

Figure 1. Eph/ephrin structure, signaling, and mechanism of
action. (A) Domain organization of Eph receptors and ephrin
ligands. Cysteine (Cys)-rich, fibronectin (FN) type III, and SAM
domains; transmembrane (TM) regions; and tyrosine phosphory-
lation sites (Y) are indicated. EphA receptors typically bind
ephrin-A (GPI-anchored) ligands, and EphB receptors bind eph-
rin-Bs (arrows). There is limited cross-talk between members of
different classes (dashed arrows). (B) Eph/ephrin interactions in
trans lead to bidirectional signal transduction. EphA and ephrin-
A coexpression in cis impairs receptor activation. (C) Eph/ephrin
interactions frequently transduce repulsive signals important for
cell migration and cell sorting. (D) Binding Eph/ephrin molecules
form heterotetramers to initiate the signal, oligomerize, and
further assemble in large receptor clusters that expand laterally
trough Eph–Eph cis interactions. (E) Metalloprotease association
with the EphA/ephrin-A complex leads to cleavage of the ligand,
endocytosis of the complex, and cell–cell repulsion. (F) Eph/
ephrin interaction can lead to repulsion also by trans-endocytosis
of the complexes in a forward or reverse direction.
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cytoplasmic proteins, together with the surrounding
plasma membrane, can be internalized into the Eph- or
ephrin-expressing cell (Mann et al. 2003; Marston et al.
2003; Zimmer et al. 2003; Lauterbach and Klein 2006).
The exact mechanistic basis for this unusual process—
termed trans-endocytosis—remains incompletely under-
stood (Fig. 1F). Nevertheless, double-membrane-coated
intracellular structures, which one would predict for the
combined internalization of interacting plasma membrane
regions, can be seen in the rat hippocampus by electron
microscopy (Spacek and Harris 2004). Trans-endocytosis
terminates adhesion and, like ligand proteolytic cleavage,
enables cell retraction. It is noteworthy that the direction
of endocytosis is determined by Eph/ephrin-mediated
signal transduction. Signaling-deficient EphB2, lacking
the cytoplasmic region, directs the internalization of the
receptor–ligand complex into the adjacent, ephrin-B1-
expressing cell. In contrast, the reverse scenario, full-length
EphB2 and truncated ephrin-B1, leads to trans-endocytosis
into the receptor cell. Simultaneous truncation of EphB2
and ephrin-B1 prevents internalization and strongly pro-
longs cell adhesion (Zimmer et al. 2003). Both receptor–
ligand complex internalization and cell retraction re-
quire actin polymerization and activity of the small
GTPase Rac1 (Marston et al. 2003). Moreover, signaling
from the internalized Eph/ephrin complex persists after
trans-endocytosis, suggesting that active signal transduc-
tion can be shifted into one or the other interacting cell
(Marston et al. 2003).

The clathrin pathway has been linked to ephrin-B1
endocytosis. Treatment of cells expressing green fluores-
cent protein (GFP)-tagged ephrin-B1 with soluble, recom-
binant EphB1/Fc fusion protein triggers ligand clustering
and internalization into clathrin-coated vesicles (Parker
et al. 2004). Internalized ephrin-B1 colocalizes with the
early endosome marker EEA1 (Early Endosome Antigen
1), and the uptake of the ligand is blocked by dominant-
negative dynamin (Parker et al. 2004). These features
suggest that classical, clathrin-dependent endocytosis is
responsible for ephrin-B (reverse) internalization. How-
ever, at least in the uptake of EphB receptors from the cell
surface, caveolae might also be involved. Caveolae are
plasma membrane invaginations with a special lipid
composition and roles in mechanosensing and endocyto-
sis (Bruns and Palade 1968; Yu et al. 2006). Ephs are con-
centrated in caveolae, and the receptor EphB1 associates
with the protein caveolin-1 (Vihanto et al. 2006). These few
reports indicate that further work is required to elucidate
the full molecular mechanism of Eph/ephrin endocytosis.

Eph/ephrin endocytosis—lessons from the
nervous system

Ephs and ephrins are understood best as patterning and
axon guidance molecules in the nervous system (Flanagan
and Vanderhaeghen 1998; Kullander and Klein 2002). The
motile growth cones at the distal ends of growing axons
respond to repulsive or attractive cues in their environ-
ment to ensure the proper wiring of the nervous system
(Fig. 2A; Chisholm and Tessier-Lavigne 1999; Yu and

Bargmann 2001; Grunwald and Klein 2002). The activa-
tion of Eph receptors in growing neurons typically, but
not always, leads to a growth cone collapse response and
retraction from an ephrin-expressing substrate (Poliakov
et al. 2004; Pasquale 2005; Klein 2009). Ephs and ephrins
are sometimes expressed in gradients so that neurons,

Figure 2. Eph/ephrin signaling and endocytosis in the nervous
system. (A) The growth cones of extending axons are guided by
attractive (+) and repulsive (�) cues. Follwing synapse formation
and maturation, neurotransmitters are released from the pre-
synaptic side and activate receptors (e.g., AMPAR or NMDAR
for excitatory synapses) located in the postsynaptic terminal. (B)
In the postsynaptic cell, Eph receptor endocytosis is clathrin-
mediated and regulated by the activation of Vav2 (a GEF for Rho
family GTPases), Rin1 (a GEF for endosomal Rab5 GTPase), and
TIAM1 (a GEF for Rac1 GTPase). Receptor endocytosis and
Rac1 GTPase activity are inhibited by the lipid phosphatase
SHIP2. Rac1 GTPase (which can get locally activated in endo-
somes) modifies actin cytoskeleton and has been linked to
caveolar internalization or pinocytosis. A similar, Rac1 GTP-
dependent mechanism might apply for ephrin-B reverse endo-
cytosis in the presynaptic cell. Linked to forward Eph signaling,
Numb (a clathrin adapter) regulates dendritic spine morphogen-
esis by coupling activated Eph and intersectin (a GEF for Cdc42).
Numb regulates not only spine growth, but also synaptic
plasticity, probably through Eph-dependent NMDA receptor
endocytosis. EphB forward signaling and endocytosis regulates
synaptic plasticity by phosphorylation of synaptojanin and
enhanced internalization of AMPAR. Postsynaptic ephrin-B
reverse signaling leads to GRIP binding and increases AMPAR
surface presentation. Some of the mechanisms of endocytosis
were derived from studies using soluble Fc fusion proteins and
are not validated by cell–cell stimulation experiments.
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depending on the actual levels of Eph/ephrin interactions,
can respond differentially to repellent cues (Klein 2004).
Once axons have reached their targets, the growth cone is
converted into a presynaptic terminal that contains
neurotransmitters and releases synaptic vesicles upon
stimulation (Fig. 2A). The postsynaptic (dendritic) site is
highly enriched in neurotransmitter receptors but also in
scaffolding and signaling proteins. For excitatory, gluta-
matergic synapses (using NMDA, AMPA, and other glu-
tamate-binding receptors), maturation involves actin-rich
dendritic spines that each forms synaptic connections
with a single axon terminal. Spine formation and re-
traction is a highly dynamic process and is also linked to
synaptic plasticity (Klein 2009). All of the processes above
involve Eph/ephrin molecules (Lai and Ip 2009) and are
strongly linked to internalization processes.

Eph/ephrin signaling is frequently coupled to activity
regulation of small Rho family GTPases such as Rac, Rho,
or Cdc42 that connect bidirectional receptor–ligand in-
teractions to changes in the actin cytoskeleton (Noren
and Pasquale 2004; Groeger and Nobes 2007). The activ-
ity of Rac is required for Eph/ephrin-induced membrane
ruffling, trans-endocytosis, and cell repulsion (Marston
et al. 2003). Cdc42 promotes the formation of filopodia
and dendritic spines (Irie and Yamaguchi 2002; Nishimura
et al. 2006). Rho-A regulates actin dynamics, cell
contractility, and phagocytosis, and is involved in Eph-
induced growth cone collapse. The latter is mediated by
ephexins, which are cytoplasmic proteins that interact with
Eph RTKs and have guanine nucleotide exchange factor
(GEF) activity enabling the activation of Rho (Shamah et al.
2001; Sahin et al. 2005). Other GEFs for Rho family
GTPases, the Vav proteins (Vav1–3), are also activated
downstream from Eph receptors (Fig. 2B; Cowan et al.
2005). Vav2 can bind the intracellular juxtamembrane
region of EphA4 and EphB2 via its Src homology 2 (SH2)
domain and gets tyrosine-phosphorylated in response to
ligand (ephrin-A1 and ephrin-B1, respectively) binding.
This phosphorylation step activates GDP/GTP exchange
and positively regulates Eph/ephrin endocytosis (Cowan
et al. 2005). Vav2/Vav3 double-knockout mice develop
axon guidance defects. Cultured neurons from these
mutants no longer show growth cone collapse and lack
Eph/ephrin endocytosis in response to ephrin-A1 stimu-
lation (Cowan et al. 2005).

TIAM1, a GEF with specificity for Rac1, is critical for
Eph/ephrin-mediated neurite outgrowth and dendritic
spine development (Tanaka et al. 2004; Tolias et al. 2007).
TIAM1 also plays an important role in Eph/ephrin endo-
cytosis (Fig. 2B; Yoo et al. 2010). Stimulation of cultured
cells expressing EphA8 with ephrin-A5 induces clathrin-
dependent endocytosis of the receptor–ligand complex.
Activation of TIAM1 requires binding of the GEF to the
juxtamembrane region of EphA8. Accordingly, deletion of
this region, which is highly conserved within the Eph
family, or down-regulation of TIAM1 expression compro-
mises EphA8/ephrin-A5 internalization (Yoo et al. 2010). It
is noteworthy that RTK signaling triggers the local activa-
tion of TIAM1 and Rac1 in endosomes, which in turn leads
to spatially restricted actin polymerization and the forma-

tion of cellular protrusion and controls directional migra-
tion (Palamidessi et al. 2008). Whether this mechanism can
also explain the roles of Eph receptors in cell migration
remains to be explored.

A negative regulator of Rac1, the GTPase-activating
protein (GAP) a-chimerin, acts downstream from EphA4
after ephrin-B3 binding. This interaction mediates
growth cone collapse in cultured neurons. Accordingly,
a-chimerin mutant mice show axon guidance defects
affecting motor neurons trajectories (Iwasato et al. 2007).

Rin1 (Ras/Rab interactor 1) is a GEF for the endosomal
GTPase Rab5, which is known to control the fusion of
endocytic vesicles and early endosomes. Rin1 is expressed
in mature excitatory neurons and, like Vav, binds EphA4
with its SH2 domain. The GEF gets tyrosine-phosphory-
lated in response to EphA4 activation and positively
regulates the internalization of the receptor into Rab5-
positive endosomes. EphA4 and Rin1 control neuronal
plasticity in opposite ways, suggesting that Rin1 antago-
nizes EphA4. EphA4 endocytosis is reduced in Rin1�/�

cultured explants from lateral amygdala, indicating that
the two molecules might also be functionally linked in
vivo (Fig. 2B; Deininger et al. 2008).

SHIP2 (Src Homology Inositol Phosphatase-2), a lipid
phosphatase that dephosphorylates phosphatidylinositol
3,4,5-trisphosphate (PIP3) and thereby suppresses PI3K
signaling, is a negative regulator of ligand-induced Eph
receptor endocytosis (Fig. 2B; Zhuang et al. 2007). SHIP2
is recruited to the SAM domain of ligand-bound, active
EphA2. Overexpression of SHIP2 or the administration of
PI3K inhibitor reduces EphA internalization in cultured
cells, whereas siRNA knockdown of SHIP2 has the op-
posite effect. SHIP2 function and EphA2 endocytosis are
linked to the GTPase Rac1. EphA2 receptor increases
Rac1 activity, which requires PI3K signaling (Brantley-
Sieders et al. 2004). EphA2-induced Rac1 activation is
increased in SHIP2 knockdown cells with elevated PIP3
levels (Zhuang et al. 2007). Although the link between
SHIP2 and EphA2 endocytosis has been established in
cancer cells, SHIP2 is expressed in many cell types and
might well control Eph activity in the nervous system.

While it appears that Rac1 signaling generally regulates
Eph/ephrin internalization positively (Marston et al.
2003; Zhuang et al. 2007), the exact link to the clathrin
endocytosis machinery remains unclear. Likewise, an
involvement of other modes of internalization—like
caveolae or pinocytosis, which are positively regulated by
Rac signaling—has not been ruled out (Fig. 2B). As small
GTPases are also activated downstream from B-class
ephrins (Nakada et al. 2006; Xu and Henkemeyer 2009;
Bochenek et al. 2010), GEFs might be good candidates for
the regulation of reverse endocytosis into the ligand cell.

Endocytosis in synaptogenesis and plasticity

Another important regulator of clathrin-mediated endo-
cytosis that has been linked to Eph/ephrin signaling and
internalization is the adapter molecule Numb. Numb
contains a phosphotyrosine-binding domain that inter-
acts with proteins containing an NPXY motif and thereby

Eph/ephrin signaling and endocytosis
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links this cargo to the AP2 adapter complex and clathrin
(Santolini et al. 2000). Numb and the related Numb-like
control neural progenitor maintenance, differentiation,
and cortical morphogenesis (Petersen et al. 2002; Li et al.
2003). In cultured hippocampal neurons, Numb accumu-
lates in growing neurites and regulates axon guidance,
which involves the endocytosis of the neuronal cell
adhesion molecule L1 (Nishimura et al. 2003). Stimula-
tion of cultured neurons with soluble, recombinant
ephrin-B1 protein induces dendritic spine formation and
maturation, which depends on the presence of Numb.
This effect is mediated by postsynaptic Eph receptor ac-
tivation, as Numb forms a complex with NMDA receptor
and ephrin-B1-bound EphB2 (Fig. 2B; Nishimura et al. 2006).
Another critical step is binding of Numb to intersectin
(a GEF for Cdc42), which leads to Cdc42 activation, the
formation of dendritic protrusions, and spine elongation
(Irie and Yamaguchi 2002; Nishimura et al. 2006). In line
with these findings, the Drosophila homolog of intersec-
tin, Dap160, also has a role in synaptic development and
endocytosis (Koh et al. 2004; Marie et al. 2004).

As mentioned above, the strength of functional
synapses—i.e., their responsiveness to stimulation and
quantity of neurotransmitter release—is modulated in pro-
cesses such as learning and memory storage. While syn-
aptic plasticity remains incompletely understood, impor-
tant roles have been attributed to the modulation of the
axon terminal and the function of neurotransmitter recep-
tors. Synaptojanin 1, a polyphosphoinositide phosphatase,
controls the internalization of postsynaptic AMPA recep-
tor (Gong and De Camilli 2008), a process that has been
linked to Eph/ephrin signaling (Fig. 2B). Ephrin-B2 stimu-
lation of EphB2 in cultured neuroblastoma-like cells or
hippocampal neurons leads to tyrosine phosphorylation of
synaptojanin 1 (Irie et al. 2005). This phosphorylation takes
place in the proline-rich domain (PRD) and inhibits the
interactions with the SH3 domain of endofilin, a presyn-
aptic BAR (named after the proteins Bin–Amphiphysin–
Rvs) domain-containing protein controlling membrane
curvature (Hopper and O’Connor 2005). Binding of endo-
phylin to the PRD domain stimulates the 59-phosphatase
activity of synaptojanin 1 and thereby triggers the hydro-
lysis of phosphatidylinositol 4,5-biphosphate (PIP2) to
phosphatidylinositol 4-phosphate (PI4P). Once this process
is inhibited by EphB2 signaling, PIP2 levels go up, which in
turn promotes clathrin-mediated endocytosis and trans-
ferrin uptake. In line with these findings, mutations in the
Eph kinase or the PRD domain of synaptojanin 1 block the
increase of transferrin uptake and prevent the uptake of
AMPA receptor in hippocampal neurons (Irie et al. 2005).
Interestingly, EphB2–ephrin-B2 interactions not only pro-
mote endocytosis, but also impair the transfer of internal-
ized cargo—in this case, the protein transferrin—into
endosomes (Irie et al. 2005). Thus, Eph signaling controls
two distinct processes in the endocytic machinery in the
opposite fashion, the early and the late phases of clathrin-
mediated endocytosis.

While the findings above suggest that B-class ephrins
mainly act presynaptically, ephrin-B2 also controls den-
dritic spine morphogenesis, synapse formation, and syn-

aptic plasticity on the postsynaptic side (Grunwald et al.
2004; Segura et al. 2007). Some of these functions have
been linked to the regulation of AMPA receptor traffick-
ing (Fig. 2B; Essmann et al. 2008). Stimulation of cultured
hippocampal neurons with soluble, recombinant EphB4
fusion protein stabilizes AMPA receptor at the cell sur-
face. In contrast, the receptor is constitutively internal-
ized and synaptic transmission is reduced in neurons
lacking ephrin-B2 (Essmann et al. 2008). Both ephrin-B2
and AMPA receptor interact with and are bridged by the
multi-PDZ domain protein GRIP (glutamate receptor-
interacting protein). The binding of GRIP to ephrin-B2 is
induced by Eph receptor binding and involves the phos-
phorylation of a serine residue in the proximity of the
PDZ-binding motif at the C terminus of the ligand. Ac-
cordingly, rescue of ephrin-B2 knockout neurons with
wild-type ephrin-B2, but not a point mutant lacking the
serine phosphorylation site, can restore AMPA receptor
surface presentation (Essmann et al. 2008). Besides GRIP,
the PDZ domain proteins PICK1 and syntenin have been
identified as binding partners of various glutamate re-
ceptor subunits and Eph/ephrin molecules (Torres et al.
1998; Bruckner et al. 1999; Hirbec et al. 2002, 2003;
Essmann et al. 2008; McClelland et al. 2009). Interest-
ingly, serine (Ser 880) phosphorylation of the AMPA re-
ceptor subunit GluR2 by protein kinase C a also in-
terferes with PDZ (PICK1 and GRIP) binding and thereby
decreases the constitutive surface expression and recy-
cling of internalized GluR2 (Lu and Ziff 2005). Ser 880
phosphorylation seems to be suppressed by ephrin-B2 and
is therefore increased in knockout hippocampal neurons
lacking the transmembrane ligand (Essmann et al. 2008).

These examples show that Eph/ephrin molecules have
very versatile roles in the developing and adult nervous
system. Many of these functions involve the positive or
negative regulation of endocytosis and trafficking. As we
show below, internalization might be a general mecha-
nism by which Eph/ephrin molecules control complex
and highly diverse biological processes.

Cell positioning in the gastrointestinal tract

In the gastrointestinal tract, processes such as cell di-
vision, differentiation, migration, and patterning are crit-
ical not only during development, but throughout adult
life due to the very high rate of cell replacement in the
epithelial lining of the intestine (Crosnier et al. 2006).
This epithelium forms during embryogenesis in the mouse,
and proliferation becomes confined to the pockets between
the finger-like villi, which protrude into the lumen of the
intestine. In postnatal life, the intervillus pockets develop
into crypts, which contain stem cells together with
transient populations of yet undifferentiated progenitors
(Fig. 3A). Differentiated epithelial cells display distinct
patterns of migration. Paneth cells, which provide anti-
microbial defense in the small intestine, move toward the
bottom of the crypt, whereas mucus-secreting Goblet,
hormone-producing enterendocrine, and adsorptive cells
migrate upward into the villi (Casali and Batlle 2009).
Migratory behavior and proliferation are tightly coupled.
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Cells reaching the upper crypt boundary stop cycling,
begin their differentiation, and enter the villus.

Stem cell maintenance and progenitor cell proliferation
in the intestine are under the control of canonical Wnt
signaling involving b-catenin and TCF/LEF family tran-
scription factors (Crosnier et al. 2006; van der Flier and
Clevers 2009). Proliferation in the crypts is compromised
in mice lacking critical Wnt pathway components (van de
Wetering et al. 2002). In contrast, loss of the tumor
suppressor APC, which normally targets b-catenin for
destruction, increases b-catenin levels and leads to crypt
enlargement and the amplification of undifferentiated
progenitor cells in mouse models or in the vast majority
of human intestinal cancers (Sansom et al. 2004; Clevers
and Batlle 2006).

Cell positioning along the crypt–villus axis and thereby
exposure to Wnt signals are controlled by Eph/ephrin-
mediated interactions between epithelial cells (Batlle
et al. 2002, 2005). Wnt positively regulates expression of
EphB2 and EphB3, and receptor-positive cells are found in
intervillus pockets and, later, in crypts (Batlle et al. 2002;
van de Wetering et al. 2002). Conversely, Wnt signaling
represses expression of ephrin-B1, and distribution of the
ligand is largely complementary to EphB receptors (Batlle
et al. 2002; van de Wetering et al. 2002). In newborn mice,
ephrin-B1 labels most of the intestinal epithelium, with
the exception of the bottommost cells in the intervillus
pockets. In the adult, ephrin-B1 and ephrin-B2 expression
is strongest at the villus–crypt boundary (Batlle et al.
2002). Indicating an important sorting function in the
small intestine, these boundaries are blurred in newborn
EphB2/EphB3 double-knockout mice, so that proliferat-
ing and differentiated cells intermingle (Batlle et al. 2002).
In the adult, Paneth cells preferentially express EphB3
and proliferating progenitor cells are positive for EphB2.
In line with these expression patterns, positioning of
Paneth cells is disrupted in mice lacking EphB3 but not
in EphB2 mutants. In the absence of EphB2 and EphB3, or
in transgenic mice expressing a dominant-negative re-
ceptor in the intestinal epithelium, ephrin-B1-positive
cells scatter along the crypt–villus axis (Batlle et al. 2002).
At the same time, proliferating cells are no longer con-
fined to the lateral crypts (Holmberg et al. 2006). In ad-
dition to its role in cell sorting, EphB2 directly controls
progenitor cell proliferation and cell cycle re-entry in
a ligand-dependent fashion (Holmberg et al. 2006).

As mentioned above, constitutive activation of the
Wnt pathway leads to the formation of adenomas and
colorectal cancer (Clevers and Batlle 2006). ApcMin (mul-
tiple intestinal neoplasia) mice carrying a truncated Apc
allele are widely used as a colon cancer model. An early
step in the development of adenomatous polyps in these
animals is the growth of epithelial evaginations at the
crypt–villus junction (Fig. 3A). The pattern of this process
is controlled by EphB/ephrin-B interactions (Cortina et al.
2007). In Apc mutants lacking epithelial ephrin-B1, EphB-
positive tumor cells no longer form evaginations and can
spread along the villus axis (Fig. 3A). This has important
implications for cancer progression: Tumorigenesis is
accelerated, tumor burden is increased, and the normal
glandular structure of adenomas is disrupted in ephrin-
B1-deficient Apc mice (Cortina et al. 2007). Later in
colorectal cancer progression, the expression of receptors
like EphB2 and EphB4 is lost despite constitutive b-cat-
enin activation (Batlle et al. 2005). Lack of EphB3 or
EphB4 or overexpression of a dominant-negative EphB2
receptor in ApcMin mice causes accelerated colorectal
tumorigenesis and the formation of aggressive adenocar-
cinomas, which suggests that EphBs act as tumor sup-
pressors (Batlle et al. 2005; Dopeso et al. 2009). Remark-
ably, distinct EphB2 downstream signaling activities
control cell positioning and cell cycle regulation in the
intestine (Genander et al. 2009). Cell sorting does not
require EphB2 kinase activity but involves PI3K signal-
ing. In contrast, the regulation of cell proliferation is

Figure 3. Eph/ephrin signaling regulates intestinal cell posi-
tioning and proliferation. (A) EphB2-positive stem and progen-
itor cells are located near the bottom (lower dashed line) of the
intestinal crypts, while ephrin-B1/ephrin-B2-positive differenti-
ated epithelial cells are concentrated at the crypt–villus bound-
ary (upper dashed line). In the small intestine, EphB3-expressing
Paneth cells are found at the crypt bottom. Constitutive
activation of the Wnt pathway in ApcMin mice leads to epithelial
evaginations near the crypt–villus junctions and development of
adenomatous polyps (yellow). When Eph/ephrin interactions are
compromised, tumor cells spread into the villi, and more
advanced colorectal cancers, which lack a glandular structure,
develop. (B) Intestinal cell sorting and positioning involves PI3K
activity downstream from Eph/ephrin signaling. Cell prolifera-
tion is promoted by Abl kinase and cyclin D1. The proteins Dvl
and Daam link Eph endocytosis and Wnt signaling.
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kinase-dependent and involves the downstream activa-
tion of the Abelson tyrosine kinase and up-regulation of
the cell cycle regulator cyclin D1. In carcinomas, cyclin
D1 expression becomes uncoupled from EphB signaling
so that high proliferation is maintained even when EphB
expression is lost (Genander et al. 2009).

Connections between Wnt and Eph/ephrin signaling
have been described in numerous tissues and morphoge-
netic processes (Tanaka et al. 2003; Kida et al. 2007).
Dishevelled proteins (Dvl), which are also essential com-
ponents of the Wnt signaling pathway, form complexes
with EphBs and the ligand ephrin-B1, leading to bidirec-
tional signal transduction, activation of RhoA and Rho
kinase, and cell repulsion in Xenopus embryos (Tanaka
et al. 2003). Daam1 (dishevelled-associated activator of
morphogenesis), a protein involved in noncanonical
Wnt signaling and the regulation of planar cell polarity,
forms a complex with phosphorylated Eph receptor and
Dishevelled 2 (Kida et al. 2007). This complex gets
internalized in a dynamin-dependent fashion, a process
that is essential for convergent extension of the zebra-
fish notochord and normal body axis formation. Future
work will have to address whether similar links between
Eph receptor endocytosis and Wnt signaling are also
relevant in the gastrointestinal tract and, in particular,
the sorting and organization of cells within the epithelial
sheet.

Regulation of blood vessel morphogenesis
by Eph/ephrin signaling

The formation of blood vessels starts early in the de-
veloping mouse embryo, and blood circulation becomes
indispensable for growth and survival around midgesta-
tion. Some vascular structures, like the dorsal aorta (DA)
and the first primitive vascular plexus in the yolk sac,
form by vasculogenesis; i.e., the de novo assembly of en-
dothelial tubules by progenitor cells (angioblasts) (Risau
and Flamme 1995). Later, the yolk sac vasculature re-
models into a hierarchically organized vascular bed con-
sisting of arteries, veins, and capillaries, the latter of which
mediate the exchange of gases, nutrients, and waste prod-
ucts with the surrounding tissue (Fig. 4A). This remodeling
of vessels and the formation of new capillaries by sprouting
from the existing vasculature, which is the predominant
mode of vessel growth later in development as well as in
regenerative or pathological neovessel formation in the
adult, are summarized under the term angiogenesis (Risau
1997).

Ephrin-B2 and the receptor EphB4 are the Eph/ephrin
molecules that appear most relevant in the vasculature.
Knockout mice lacking either ephrin-B2 or EphB4 show
severely compromised angiogenesis, fail to remodel their
yolk sac vasculature, and die at midgestation (Wang et al.
1998; Adams et al. 1999; Gerety et al. 1999; Gerety and
Anderson 2002). Ephrin-B2 expression is highest in the
arterial endothelium, whereas EphB4 is expressed most
prominently in venous endothelial cells in a variety of
animal species and developmental stages (Wang et al.
1998, 2010; Adams et al. 1999; Gerety et al. 1999; Lawson

et al. 2001, 2002; Moyon et al. 2001; Othman-Hassan
et al. 2001; Salvucci et al. 2006; Sawamiphak et al. 2010).
While this makes the two molecules useful markers for
arterial–venous differentiation, the complementary ex-
pression domains and spatial separation of arteries and
veins raises questions about the sites of signaling in-
teractions. Interestingly, ephrin-B2 and EphB4 expression
already marks larger regions of the primitive yolk sac
plexus prior to remodeling (Wang et al. 1998; Adams et al.
1999; Gerety et al. 1999; Zhong et al. 2001; Gerety and
Anderson 2002). Thus, binding of the two molecules might
occur at the domain boundaries and thereby promote
angiogenesis in the early embryo (Fig. 4A).

Ephrin-B2 and EphB4 are also required for the develop-
ment of the two major axial vessels transporting blood
between the heart and the periphery: the DA and the

Figure 4. Roles of EphB4 and ephrin-B2 in blood vessel mor-
phogenesis. (A) During vasculogenesis, angioblasts assemble
a primitive vascular plexus. Presumptive arterial and venous
territories are already marked by complementary expression of
ephrin-B2 and EphB4, respectively, before this plexus remodels
in arteries (ephrin-B2+), veins (EphB4+), and capillaries. (B) In
zebrafish embryos, ventral migration of venous-fated cells from
a common precursor vessel leads to segregation of the DA
(ephrin-B2+) from the CV (EphB4+). (C) Expression of ephrin-B2
(red) in the leading cells of the sprout (so-called tip cells) partially
overlaps with EphB4 (blue) in stalk cells at the sprout base. (D)
Ephrin-B2 links the regulation of cell motility and invasiveness to
VEGF receptor (VEGFR) endocytosis and signaling. The effects
downstream from EphB4 in this context remain unknown.
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cardinal vein (CV). It was previously thought that these
vessels form by the vasculogenic assembly of angioblasts.
However, this view has been profoundly challenged by
a study in zebrafish embryos that shows that angioblasts
initially assemble into only a single axial vessel, termed
the common precursor vessel, in the trunk (Herbert et al.
2009). Ventral sprouting from the precursor vessel and the
migration of venous-fated endothelial cells leads to a sep-
aration of the DA and the CV. Thus, the CV is formed not
by vasculogenesis but arterial–venous cell segregation
(Fig. 4B). This process is controlled by Eph/ephrin in-
teractions (Herbert et al. 2009). Endothelial cells express-
ing ephrin-B2a (one of the two orthologs of mammalian
ephrin-B2) have limited ability to migrate ventrally,
whereas those expressing the venous marker EphB4
(EphB4a) preferentially move into the CV. Fewer cells are
retained in the DA when ephrin-B2 expression is targeted
with morpholinos or when a C-terminally truncated,
reverse signaling-incompetent version of the ligand is
overexpressed. Conversely, injection of morpholinos tar-
geting EphB4 reduces the contribution of cells to the CV
(Herbert et al. 2009).

Ephrin-B2 expression in the vasculature is positively
controlled by vascular endothelial growth factor (VEGF)
signaling and the Notch pathway, both of which are crit-
ical regulators of vessel growth and arterial differentia-
tion (Torres-Vazquez et al. 2003; Lamont and Childs
2006). VEGF-A; its receptor, Kdrl/VEGFR2; and Notch,
all of which are known to upregulate the expression of
ephrin-B2, promote DA formation and prevent excessive
ventral sprouting. The ventral migration of venous-fated,
EphB4-expressing cells and CV formation are positively
regulated by VEGF-C (another member of the VEGF
family), its receptor Flt4/VEGFR3, and the p110a cata-
lytic PI3K subunit, all of which enhance endothelial
motility. Although it is not yet clear whether the major
axial vessels in mammals also develop by segregation
from a common precursor, the caliber of the DA and CV
in the early mouse embryo is reciprocally balanced by
Notch, ephrin-B2, and EphB4. Moreover, the anterior
parts of these axial vessels show conspicuous connec-
tions that might correspond to migrating endothelial
cells (Carlson et al. 2005; Benedito et al. 2008; Kim
et al. 2008).

Endothelial sprouting and VEGF receptor endocytosis

Another site of overlapping EphB4 and ephrin-B2 expres-
sion in the embryonic and early postnatal mouse is
developing lymphatic vessels. Unlike blood vessels,
which carry circulating blood, the lymphatic vasculature
is a blind-ended network that transports protein-rich
lymph and immune cells unidirectionally from the pe-
riphery through lymph nodes into certain veins. Growth
of dermal lymphatic vessels involves endothelial sprout-
ing from a primitive plexus, and this process is defective
in mutant mice lacking the C-terminal PDZ motif of
ephrin-B2 (Makinen et al. 2005). Ephrin-B2 is also an
important regulator of endothelial sprouting from blood
vessels (Sawamiphak et al. 2010; Wang et al. 2010).

Expression of the ligand labels angiogenic capillaries in
the embryonic skin and postnatal retina, where it par-
tially overlaps with EphB4 (Wang et al. 2010). Ephrin-B2
levels are also increased at sites of physiological and
pathological neoangiogenesis in the adult (Gale et al.
2001; Shin et al. 2001).

Angiogenic sprouting involves important phenotypic
changes in a subset of endothelial cells, termed tip cells,
which become motile and invasive, extend filopodial
protrusions, and lead the sprout from its distal end (Fig.
4C). Other endothelial cells, the stalk cells, form the base
of the sprout and follow the tip cell (Gerhardt et al. 2003).
Ephrin-B2, which strongly promotes endothelial cell
motility and invasive behavior in cultured cells and
transgenic mice, is an important positive regulator of this
sprouting process (Bochenek et al. 2010; Sawamiphak
et al. 2010; Wang et al. 2010). Physiological and patho-
logical angiogenesis are impaired in inducible loss-of-
function mutant mice or, albeit to a lesser extent, in
animals lacking the C-terminal PDZ-binding motif in
ephrin-B2 (Sawamiphak et al. 2010; Wang et al. 2010). Ex-
pression of EphB4 in tumor cells enhances blood vessel
growth through interactions with endothelial ephrin-B2
(Noren et al. 2006), which further supports a proangio-
genic role of ephrin-B2 reverse signaling.

The distinct behavior of tip versus stalk endothelial
cells is strongly coupled to VEGF and Notch signaling.
Gradients of VEGF-A in the tissue promote filopodia
formation and attract vascular sprouts (Ruhrberg et al.
2002; Gerhardt et al. 2003). The combined action of two
Notch ligands, Delta-like 4 and Jagged1, with opposing
functional roles in the vasculature confines Notch activa-
tion preferentially to stalk cells. This, in turn, is thought
to down-regulate the expression of VEGF receptors in the
stalk so that these cells respond less to VEGF than those
at the sprout tip (Siekmann et al. 2008; Benedito et al.
2009). VEGF signaling has also been linked to trafficking
of the receptor VEGFR2 and the dynamin-binding protein
synectin/GIPC, which connects actin-based molecular
motors to endocytic vesicles (Lanahan et al. 2010). In
the absence of synectin, trafficking of VEGFR2-contain-
ing endosomes is delayed, the receptor gets selectively
dephosphorylated at a critical cytoplasmic tyrosine resi-
due, and the downstream activation of mitogen-activated
protein (MAP) kinase signaling is impaired (Lanahan et al.
2010). These findings are consistent with previous evi-
dence for VEGF receptor signaling in endosomes or in an
autocrine fashion without VEGF secretion (Lampugnani
et al. 2006; Lee et al. 2007).

Interestingly, endothelial ephrin-B2 and its C-terminal
PDZ-binding motif are also required for the endocytosis of
the receptors VEGFR2 and VEGFR3 in cultured cells or
mutant mice (Fig. 4D; Sawamiphak et al. 2010; Wang et al.
2010). In the absence of the B-class ligand, stimulated
VEGF receptors are retained on the cell surface, which is
accompanied by reduced tyrosine phosphorylation of these
molecules and impaired downstream activation of Rac1,
Akt, and MAP kinase Erk (Sawamiphak et al. 2010; Wang
et al. 2010). While the stimulation of EphB4 forward or
ephrin-B2 reverse signaling can trigger some VEGF receptor
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internalization even in the absence of VEGF stimulation,
this process fails to induce significant activation of the
VEGF pathway (Fig. 4D; Sawamiphak et al. 2010; Wang
et al. 2010). Although the exact molecular connection be-
tween the Eph/ephrin system and VEGF receptor endocy-
tosis remains to be resolved, the available evidence points
to a transient interaction at the plasma membrane early in
the endocytosis process (Sawamiphak et al. 2010; Wang
et al. 2010). The activation of small Rho family GTPases
downstream from endothelial ephrin-B2 (Bochenek et al.
2010) might be important in this context, similar to what
has been shown for Eph/ephrin-mediated internalization
processes in the nervous system. The link between ephrin-
B2 and VEGF signaling might also be relevant for the
segregation of the DA and CV, which is differentially
controlled by VEGF-A, VEGF-C, and the corresponding re-
ceptors (Herbert et al. 2009).

Outlook

Eph receptors and ephrins are highly versatile regulators
of processes as diverse as axon guidance, the modulation
of synaptic plasticity, cell sorting in the intestinal crypt,
or the morphogenesis of the vascular system. These roles
are not confined to physiological processes, but are highly
relevant for a variety of human pathologies and, in par-
ticular, cancer. Thus, understanding the key mechanisms
controlling Eph/ephrin function would not only provide
deeper insight into interesting biological principles, it
might also enable the development of new therapeutic
reagents. For example, while antibodies against VEGF-A
are already used for the treatment of cancer, inhibition of
ephrin-B2 might be useful to simultaneously interfere
with the function of VEGFR2 and VEGFR3, which act
together during angiogenesis (Tammela et al. 2008).

Unfortunately, factors such as the large number of li-
gands and receptors, their dynamic expression patterns,
the complexity of bidirectional signaling, the strength of
their interactions, or the influence of cis versus trans
binding complicate the research on Eph/ephrin molecules
and can lead to confusing, seemingly incompatible re-
sults. For example, it has been shown that Eph/ephrin
signaling can modulate integrin activity positively as
well as negatively (Becker et al. 2000; Huai and Drescher
2001; Noren et al. 2009; Yamazaki et al. 2009). Another
puzzle is the question of how a limited set of receptor–
ligand interactions is translated into highly diverse bi-
ological readouts depending on cell type and tissue. Thus,
generic activities of the Eph/ephrin system, like the re-
cruitment of specific cytoplasmic adapter and signaling
molecules, need to get coupled to cell type-specific mol-
ecules with specialized functional roles. The emerging
links between Eph/ephrin molecules and endocytosis,
which are highlighted in this review, appear to resolve
this conundrum by connecting Ephs and ephrins with
AMPA-type glutamatergic receptors in neurons or VEGF
receptors in endothelial cells. Likewise, it should be
worthwhile to search for similar links to the internaliza-
tion of the receptors for Wnts, FGF and EGF family
growth factors, or other key players in the gastrointes-

tinal tract, or in other organ systems where little is
known about the role of Eph/ephrin-induced endocytosis.
In the vasculature or the nervous system, where exciting
connections with receptor trafficking have already been
established, more insight is needed into the underlying
molecular machinery and the association with clathrin,
clathrin-binding adapters, molecular motors, and the
cytoskeleton. Differential effects of Eph/ephrin mole-
cules on integrins, which are also strongly regulated by
trafficking and control the internalization of other sur-
face molecules (Caswell et al. 2009), need to be re-
explored in the context of endocytosis.

The internalization of the Eph/ephrin complex or of
associated surface receptors might also explain some of
the puzzling variation in the experimental results pub-
lished by different groups. Trans-endocytosis can convert
adhesive interactions into repulsion. Likewise, the con-
trolled removal of Ephs and ephrins from the cell surface
in response to certain stimuli could lead to fundamental
changes in migratory behavior or cell repulsion and
sorting processes. The fate of the internalized Eph/ephrin
molecules—e.g., degradation versus recycling to the cell
surface—and the regulation of the underlying trafficking
processes remain to be resolved. Future work should ad-
dress these and other important questions to resolve
whether the control of endocytosis is one of the general
mechanisms responsible for Eph/ephrin function in highly
diverse biological settings.
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