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Abstract

Eph receptor tyrosine kinases and their Ephrin ligands represent an important signaling system
with widespread rolesin cell physiology and disease. Receptors and ligands in this family are
anchored to the cell surface; thus Eph/Ephrin interactions mainly occur at sites of cell-to-cell
contact. EphB4 and EphrinB2 are the Eph/Ephrin molecules that play essential rolesin vascular
development and postnatal angiogenesis. Analysis of expression patterns and function has linked
EphB4/EphrinB2 to endothelial cell growth, survival, migration, assembly, and angiogenesis.
Signaling from these molecules is complex, with the potential for being bidirectional, emanating
both from the Eph receptors (forward signaling) and from the Ephrin ligands (reverse signaling).
In this review, we describe recent advances on the roles of EphB/EphrinB protein family in
endothelial cell function and outline potential approachesto inhibit pathological angiogenesis
based on this understanding.

l. INTRODUCTION

The Eph receptor family, which includes 14 members, constitutes the largest family of
tyrosine kinase receptors in mammals. Eph receptors and their Ephrin (Eph receptor
interacting) ligands form a system of cell communication with widespread rolesin
physiology and disease. In mammals, there are nine EphA (EphA1-8, and EphA10)
receptors, which promiscuously bind five glycosylphosphatidylinositol (GPI)-linked
EphrinA ligands and five EphB (EphB1—4 and EphB6) receptors, which promiscuously bind
three transmembrane EphrinB ligands (Chrencik ef &., 2006; Egea and Klein, 2007;
Kullander and Klein, 2002; Pasquale, 2010). There are some exceptions: EphA4 can bind
both A-type and most B-type Ephrins, EphB2 can bind EphrinA5, and EphB4 essentially
binds only EphrinB2 (Table ). Typically, Eph receptor—Ephrin ligand interactions occur at
the cell’ s surface at sites of cell-to-cell contact and result in bidirectional signaling from the
Eph receptor (forward signaling) and from the Ephrin ligand (reverse signaling) (Chrencik et
al., 2006; Egea and Klein, 2007; Pasquale, 2010).

EphrinB2 and its receptor EphB4 play critical rolesin the development of the vascular
system and contribute to the function of the adult vasculature (Pitulescu and Adams, 2010).
Knockout mice lacking EphrinB2 or EphB4 expression and mice with deletion of EphrinB2
targeted to the endothelial cells display a severely compromised vascular system and die at
midgestation (Adams ef a/., 1999; Gerety and Anderson, 2002; Gerety et &., 1999). The
targeted deletion of EphrinB2 inmural cells (pericytes and smoothmuscle cells) leads to
diffuse tissue edema, hemorrhaging, and perinatal death of the mice (Foo et a/., 2006).
EphrinB is phosphorylated in angiogenic blood vessels, and inhibition of phosphorylation-
dependent or PDZ-dependent signaling down-stream of EphrinB ligands prevents
endothelial cell sprouting and the proper assembly of endothelia cells with other endothelial
cells and with pericytes (Salvucci et a., 2006, 2009; Sawamiphak er a/., 2010b;Wang et 4.,
2010b).
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In this review, we will present current information on structural features, signaling
mechanisms, and expression and function of the EphB/EphrinB proteins in the context of
blood vessel physiology and pathology.

II. STRUCTURAL FEATURES AND INTERNALIZATION

The extracellular portion of Eph receptors (both A and B families) includes a globular,
ligand-binding domain; a cysteine-rich EGF-like region; and two fibronectin-type |11 repeats
(Himanen and Nikolov, 2003; Himanen et &., 2001; Toth ef &., 2001). The intracytoplasmic
portion consists of a short membrane-proximal region, atyrosine kinase domain, a sterile
alphamotif (SAM) protein—protein interaction domain, and a PDZ-binding C-terminal motif
(Fig. 1A; Chrencik et &., 2006). The B Ephrins display an extracellular Eph receptor-
binding domain, a single-pass transmembrane region, a short intracellular domain with
several sites for tyrosine and serine phosphorylation, and a C-terminal PDZ-binding motif
(Fig. 1A; Chrencik et &., 2006).

Initial high-affinity interaction between the Eph receptor globular domain and a protruding
loop of EphrinB leads to conformational changes of receptor and ligand, and the formation
of heterodimers of an Eph receptor with an Ephrin molecule (Himanen &t &., 2001; Toth et
al., 2001). Other residues in the Eph receptor contribute to alower-affinity binding interface
for much of the extracellular region of EphrinB2, leading to the association of two
homodimers to form a tetrameric complex comprising two Eph receptors and two Ephrin
molecules (Chrencik ef &/., 2006; Himanen and Nikolov, 2003). Eph/Ephrin tetramers can
aggregate into larger clusters through several low-affinity Eph—Eph and Ephrin—Ephrin
interactions identified in the extracellular domains (Fig. 1B; Smith ef &/., 2004).

One of the reported consequences of high-affinity interactions involving EphB and EphrinB
expressed on adjacent cellsisinternalization of both moleculesinto Eph or Ephrin-
expressing cells (Lauterbach and Klein, 2006; Mann ef 4., 2003; Marston et &/., 2003;
Zimmer et &., 2003). This process provides a mechanism for removal of Eph receptors and
ligands from the cell surface and termination of receptor/ligand adhesive interactions, which
may explain the occurrence of cell repulsion (Egeaand Klein, 2007). EphB—EphrinB
complexes, detected in intracellular vesicles as full-length proteins, are believed to be the
result of frans-endocytosis from one cell to the adjacent cell (Fig. 2). The direction of
endocytosis seems to be dependent on the direction of signaling. For example, if a cell
expressing EphB2 contacts a cell expressing EphrinB1 in which the C-terminal domain is
truncated, endocytosis of the complex occurs preferentially into the EphB2-expressing cell
(Zimmer et &., 2003). By contrast, if EphB2 is signaling-deficient, the internalization occurs
in the EphrinB1-expressing cell. If, however, both EphB and EphrinB are signaling-
impaired, internalization of the Eph/Ephrin complex is not observed (Zimmer ef 4., 2003).
Although the biochemical basis for internalization of Eph/Ephrin is currently poorly defined,
EphB1 was found to be associated with caveolin-1, suggesting the potential involvement of
caveolae (Vihanto ef &., 2006), and EphrinB1 was found to be associated with clathrin-
coated vesicles, suggesting a clathrin-dependent mechanism (Vihanto ef &., 2006). Once
internalized, signaling (reverse or forward) has been shown to persist within the recipient
cell (Marston et 4., 2003).

In addition to undergoing internalization of themselves, EphB and EphrinB can promote the
internalization of the surrounding membrane and other proteins. For example, EphB
signaling has been shown to modulate the clathrin-mediated endocytosis of amino-3-
hydroxy-5-methyl-4-isoxazol propionic acid-type glutamate receptors in neurons (Irie et &.,
2005), and EphrinB signaling has been reported to promote the internalization of VEGFR2
and VEGFR3 in endothelial cells (Sawamiphak et &/., 2010b; Wang et &., 2010b).

Adv Cancer Res. Author manuscript; availablein PMC 2012 November 19.
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lIl. BIDIRECTIONAL SIGNALING

Eph receptor signaling induced by Ephrin binding (forward signaling) isinitiated by
autophosphorylation and Src family kinases-mediated phosphorylation of the intracellular
tyrosine residues, resulting in the activation of the tyrosine kinase catalytic domain (Kalo
and Pasquale, 1999; Knoll and Drescher, 2004; Kullander and Klein, 2002; Murai and
Pasquale, 2003). Once the Eph receptors are phosphorylated, adaptor proteins containing
Src-homology 2 (SH2) domains can bind and initiate phosphorylation of downstream
substrates (Brantley-Sieders et &, 2004; Kalo and Pasquale, 1999; Murai and Pasguale,
2003; Wybenga-Groot ef &., 2001; Zisch ef &/, 2000). Activated Eph receptors can also
mediate other protein—protein interactions viathe SAM and PDZ-binding motifs, which
contribute to signaling (Chrencik et &/., 2006; Kullander and Klein, 2002; Noren and
Pasquale, 2004). Key components of Eph signaling are the Rho family of GTPases,
including RhoA, Cdc42, and Rac, which areinvolved in the regulation of the actin
cytoskeleton and cell shape, movement, and adhesion (Klein, 2009; Ogita ef &., 2003;
Shamah ef &/., 2001). Rho GTPases shuttle between an inactive (GDP-bound) and a
signaling-active (GTP-bound) state, and thistransition is regulated by guanidine nucleotide
exchange factors (GEFs), which activate the Rho GTPases (Holland ef 4., 1997).
Phosphorylated Eph receptors have been shown to associate and activate a number of Rho
GEFs, including Vav2, Tiam, Kalirin, and Intersectin (Cowan et &., 2005; Klein, 2009;
Murai and Pasguale, 2005; Sahin ef &., 2005). In addition, phosphorylated EphB has been
shown to induce the ubiquitination and degradation of the GEF Ephexin 5, which bindsto
EphB and inhibits RhoA activity (Margolis ef &., 2010).

Unlike Eph receptors, B Ephrins do not possess intrinsic catalytic activity, and thus rely on
the recruitment of signaling molecules to signal. EphrinB signaling upon receptor
engagement and clustering (reverse signaling) isinitiated by the recruitment and activation
of Src family kinases, which phosphorylate specific tyrosine residues in the intracytoplasmic
domain of B Ephrins (Palmer et a., 2002; Fig. 3A). The activation of Src kinasesis
dependent upon metalloproteinase and presenilin-1-y-secretase-mediated enzymatic
cleavage of an intracellular peptide of EphrinB that bindsto Src inhibiting its association
with the inhibitory protein Csk (Georgakopoulos et &l., 2006). Phosphorylated EphrinB
provides a docking site for the SH2 domain-containing adaptor protein Grb4 and the signal
transducer and activator of transcription STAT3 (Bong &t &., 2007; Cowan and
Henkemeyer, 2001; Segura et &., 2007; Tanaka et 4., 2003; Xu and Henkemeyer, 2009).
The EphrinB—-Grb4 complex results in the activation of focal adhesion kinase (FAK)
catalytic activity and recruitment of the G-protein-coupled receptor kinase interacting
protein (GIT) 1 (Cowan and Henkemeyer, 2001; Segura et &., 2007). Grab4 can also
associate with other proteinsinvolved in cytoskel eton regulation, including dynamin, Chl-
associated protein (CAP/ponsin), the Abl-interacting protein (Abi-1), and p21-activated
kinase (PAK1; Cowan and Henkemeyer, 2001). Upon binding to EphrinB, STAT3
undergoes Jak-2-dependent phosphorylation and migrates to the nucleus, where it regulates
avariety of target genes, thus linking membrane EphrinB to the nucleus (Bong et &/., 2007).

EphrinB can a so become phosphorylated in the absence of receptor engagement. In the
chicken retina, FGF can induce tyrosine phosphorylation of endogenous EphrinB,
presumably through the coexpressed FGF receptor (Chong er &/., 2000; Lee et &/., 2009). In
fibroblasts, activation of the PDGF receptor induces EphrinB1 phosphorylation (Bruckner ef
al., 1997), as does activation of Tie2 by angiopoietin-1 in endothelial cells (Adams ef &/.,
1999).

A number of studies have highlighted the importance of tyrosine phosphorylation-
independent signaling by EphrinB originating from protein—protein interactions involving
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the C-terminal PDZ-binding motif (Egeaand Klein, 2007; Lin ef &., 1999; Noren and
Pasguale, 2004). Genetic studies have shown that knock-in mice expressing a mutant
EphrinB2, in which the five tyrosines have been substituted to prevent phosphorylation, are
only modestly affected (Makinen et &/., 2005). In contrast, knock-in mice expressing a
mutant EphrinB2, in which the PDZ-interacting domain was disrupted, present major defects
in lymphatic vascular (Makinen et &., 2005) and retinal vessel development (Sawamiphak ef
a., 2010b).

Biochemical studies have provided examples of phosphorylation-independent EphrinB
signaling. In one such example, both the WTand phosphorylation-deficient EphrinB2
proteins were reported to similarly regulate the internalization of VEGFR2, whereas the
PDZ-mutant EphrinB2 did not. This observation suggested that the binding of activated
EphrinB2 to a PDZ-containing protein (yet to be identified) mediates the internalization of
VEGFR2 or VEGFR3 (Sawamiphak ef &/., 2010b; Fig. 3B). In another example, the
EphrinB cytoplasmic domain was reported to bind to the PDZ-containing RGS3 (regulator
of G-protein signaling) protein, which can regulate G-protein-coupled receptor signaling (Lu
et a., 2001; Fig. 3C). Another PDZ-dependent signaling pathway involves the interaction
between EphrinB and PAR-3, a scaffold protein member of the Par (partitioning defective)
complex (Lin ef &., 1999), which has been shown to stimulate Cdc42-induced Rac
activation (Lin et &., 1999; Nishimura et &, 2005). Dishevelled, a scaffold protein that
plays important roles in the Wnt signaling pathway, has been shown to bind to
unphosphorylated EphrinB as well as to tyrosine-phosphorylated EphrinB, a binding which
is mediated by Grb4 (Boutros and Mlodzik, 1999; Tanaka et &., 2003). The
phosphorylation-independent EphrinB1 binding of Dishevelled was found to require the
presence of the DEP (Dishevelled, Egl-10, Pleckstrin), but not the PDZ domain, of
Dishevelled (Lee ef &., 2006). Functionally, the binding of Dishevelled to EphrinB1 has
been shown to mediate signals through the Rho small GTPase pathway (Lee et &., 2006;
Tanaka et &., 2003; Fig. 3D). More recently, Par-6, another member of the Par protein
family, was found to bind to EphrinB1 at the C-terminus through a non-PDZ-binding motif
(Lee et al., 2009). This Par-6/EphrinB1 complex was found to compete with the small
GTPase Cdc42 for binding to Par-6, providing evidence that Par-6 is a mediator of EphrinB1
signaling (Lee et &., 2009; Fig. 3E). Recent genetic experiments have further suggested the
existence of phosphorylation and PDZ-independent EphrinB signaling, potentially mediated
by Grb4 docking viathe EphrinB SH3 domain or the association with Dishevelled (Dravis
and Henkemeyer, 2011).

Thereis evidence of cross-regulation between phosphorylation and PDZ-dependent EphrinB
signaling. For example, the tyrosine phosphatase PTB-BL, which contains a PDZ moatif, is
recruited to the active EphrinB and can negatively regulate EphrinB phosphorylation and
Src activity (Palmer et a., 2002; Fig. 3F).

Many of the signaling pathways initiated by EphB/EphrinB signaling described above have
been identified in endothelial cells and have been linked to various endothelial cell functions
(Chrencik er a., 2006). EphB4 signaling has been shown to activate the Akt, PI3K
(phosphatidylinositol 3-kinase), and the MAPK (mitogen activated protein kinases)
pathways promoting endothelia cell proliferation and migration (Steinle ef &., 2002).
EphB2 and EphB4 signaling was found to enhance SDFL/CX CL 12-induced Akt
phosphorylation (Salvucci ef &., 2006). EphrinB phosphorylation was reported to transiently
activate Src family kinases, which are positive regulators of EphrinB phosphorylation,
inducing endothelia cell sprouting (Palmer ef &/., 2002; Salvucci et &., 2009). Also,
EphrinB phosphorylation was reported to induce Jak2-dependent STAT3 phosphorylation,
contributing to endothelial cell assembly onto extracellular matrix (Salvucci e &., 2009).
EphrinB2 stimulation resulted in the activation of the PI3K and MAPK pathwaysin vascular
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endothelial cells promoting their proliferation (Steinle er &/., 2003) and migration (Maekawa
et al., 2003). EphrinB1 activation promoted INK phosphorylation through interaction of the
C-terminal domain with PDZ-containing proteins enhancing endothelial cell attachment and
migration (Huynh-Do et &., 2002).

Studies /n vivo have revea ed the importance of EphrinB2—PDZ interaction for reverse
signaling underlying the devel opment of lymphatic vessels (Makinen ef &., 2005), and the
regulation of VEGFR2 and VEGFR3 internalization and signaling in blood vessels thereby
modulating endothelial cell growth, survival, and migration (Sawamiphak et &., 2010b).
Although the biochemical basis for signaling from EphrinB/PDZ interactions has not been
clarified in endothelial cells, the contribution of Rho family GTPases might be important in
this context, analogous to the situation in neuronal cells and other cells (Egeaand Klein,
2007; Lee e &, 2006; Noren and Pasquale, 2004; Tanaka ef &., 2003, 2004).

IV. ROLE OF B-TYPE EPHS AND EPHRINS IN VASCULAR DEVELOPMENT

The formation of blood vessels starts early during development of the mouse embryo, and
the presence of functional vessels becomes necessary around midgestation. Two processes
contribute to the development of vascular structures: vasculogenesis, the process by which
endothelial cell precursors (angioblasts) form endothelial tubules, which contributes to the
formation of the primary vascular plexus in the yolk sac, and angiogenesis, the process by
which an existing vasculature forms sprouts and generates new vessels, thus expanding and
remodeling an existing vascular bed, which contributes to the formation of most vessels
during development and after birth.

Genetic experiments in mice have demonstrated that the global deletion of EphB4 or
EphrinB2 leads to embryonic death with marked defects in the “remodeling” of the primary
vascular plexus, suggesting that these molecules are critical to early vascular development
(Adams et &., 1999; Gerety et a., 1999;Wang ef &/., 1998). Consistent with this
interpretation, deletion of EphrinB2 targeted to the devel oping vasculature produced a
similar phenotype (Gerety and Anderson, 2002). The phenotype of EphB4-null or EphrinB2-
null mice was indistinguishable, suggesting that forward signaling, reverse signaling, or a
combination of forward and reverse signaling is necessary for normal vascular development.
Mutant mice, in which the carboxy-terminal cytoplasmic tail of EphrinB2 was truncated
(residues 264—336), displayed a very similar vascular phenotype to that of EphrinB2-null
mice (Adams et &., 2001), suggesting that EphrinB2 reverse signaling is critical to early
vascular development. A subsequent study using the same EphrinB2 C-terminal mutation in
adifferent construct concluded that the cytoplasmic domain of EphrinB2 is not essential for
vascular development as the mice were born live (Cowan et &., 2004). This study suggested
that the discordant results were attributable to differences in trafficking of the mutant
EphrinB2 to the cell surface and that the defective vascular development was attributable to
defective stimulation of Eph signaling (Cowan et &., 2004). Nonetheless, cardiovascular
development was compromised also in these mice, suggesting that EphrinB2 reverse
signaling iscritical at later stages of cardiovascular development (Cowan ef 4., 2004). Other
genetic experiments examined the relative signaling contribution of phosphorylation and the
PDZ-binding domain of EphrinB2 to vascular development (Makinen ef &., 2005). Knock-
in mice expressing a mutant EphrinB2, in which the conserved tyrosine residues were
mutated to prevent phosphorylation, had no appreciable blood vascular defects (Makinen et
al., 2005). Similarly, knock-in mice expressing a PDZ-mutant EphrinB2 were born normally
without apparent blood vascular defects (Makinen ef &/., 2005). However, these EphrinB2
PDZ-mutant knock-in mice exhibited marked defects in lymphatic vessel development,
whereas the phosphorylation-deficient knock-in mice had only minor defectsin the
lymphatic vessels (Makinen ef &/., 2005). Additional experiments using EphrinB2 PDZ-
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mutant mice concluded that EphrinB2 signaling is required for the normal devel opment of
retina vessels (Sawamiphak ef &., 2010b). Together, these results suggested that EphrinB2
reverse signaling mediated by the PDZ-binding domain is acritical contributor to lymphatic
and retinal blood vessel development (Makinen er &., 2005; Sawamiphak ef &/., 2010b).
EphrinB2-targeted deletion in pericytes and smooth muscle cells caused perinatal lethality
associated with developmental defects in small-diameter blood vessels, which were not
properly covered with smooth muscle cell/pericytes (Foo ef &., 2006). Similar to the
observations in mutant mice with atargeted deletion of EphrinB2 in the endothelium,
overexpression of EphrinB2 in the endothelium during early development caused marked
vascular defects and premature death at midgestation, providing evidence for a dosage-
dependent function of EphrinB2 during vascular development (Wang ef &., 2010b).

Several studies have revealed the importance of EphB4 and EphrinB2 in the determination
of arterial-venous fate of endothelial cells (Adams ef &., 1999; Gerety ef &/, 1999; Wang ef
al., 1998; Zhong et &., 2001, Fig. 4). Studies in zebrafish demonstrated that angioblasts
migrating to the trunk (where they form the dorsal aorta and the cardina vein) are
predetermined to either an arterial or avenous fate based on their selective expression of the
arterial marker EphrinB2 or venous marker EphB4. Initially, angioblasts assemble into a
single precursor vessel from which the venous-fated, EphB4-expressing endothelial cells
migrate and segregate to form the cardinal vein, whereas the EphrinB2-expressing cells do
not move ventrally (Herbert ef &, 2009). Various approaches to limit EphrinB2 or EphB4
function have established that this process of cell segregation is regulated by Eph/Ephrin
interactions (Herbert ef &/., 2009). For example, if EphrinB2 expression is silenced by
morpholinos or if EphrinB2 signaling is prevented by a C-terminal EphrinB2 deletion, the
dorsal aorta contains very few cells. Conversely, if EphB4 is targeted with morpholinos, the
cardina vein isdepleted of cells.

V. ANGIOGENESIS AND SPROUTING ANGIOGENESIS

Several mechanisms have been proposed to underlie the process of angiogenesis, that is, the
formation of new vessels from existing vessels, including sprouting, elongation/widening,
incorporation of circulating endothelial precursors, and formation of alumen. Thereis
evidence for acritical contribution of EphB4 and EphrinB2 function in several stepsin
angiogenesis.

EphrinB2 is expressed in the endothelium and mural cells of adult arteries, arterioles, and
capillariesin many tissues, and levels of EphrinB2 expression increase in angiogenic vessels
under physiological and pathological conditions (Gale et &., 2001; Korff ef &., 2008; Shin ef
al., 2001). EphrinB is broadly phosphorylated in angiogenic vessels of the retina, skin
wounds, and tumor vessels, but not in the resting endothelium (Salvucci ef &., 2009). EphB4
is expressed most prominently in endothelial cells of venous derivation (Wang ef &/., 1998).
This pattern of segregated expression of EphrinB2 and EphB4 has raised questions about the
sites and extent of receptor/ligand interactions, since they would be limited to arterial/vein
boundaries. However, expression of EphrinB2 and EphB4 partially overlapsin retinal
vessels (Wang ef &., 2010b), and endothelial cells derived from many sources, including the
umbilical vein, human aorta, and dermal microvasculature, were found to express EphrinB2
and EphB4. This suggested that EphrinB2 and EphB4 have much broader avenues for
interaction than previously appreciated (Gale ef &., 2001; Salvucci et &., 2006; Shin e 4.,
2001). In addition, certain tumor cells express EphB4 and other members of the B- and A-
type receptors, providing an opportunity for functional interactions with angiogenic tumor
vessels that express EphrinB2 (Fukai ef 4., 2008; Noren et &., 2006; Zhuang et &., 2010).

Adv Cancer Res. Author manuscript; availablein PMC 2012 November 19.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Salvucci and Tosato

Page 7

Angiogenic sprouting is characterized by the appearance of a pioneering endothelial cell,
identified asa“tip” cell, which formsfilopodial extensions and islocally invasive and
motile in response to surrounding VEGF-A gradients (Gerhardt e &/., 2003; Ferrara et &.,
2003; Ruhrberg et &/., 2002; Fig. 5). Other endothelial cells, named “stalk” cells, follow the
tip cell and form the extending sprout at the base of the stalk (Gerhardt ef &., 2003). The
Notch and VEGF signaling pathways play critical roles in determining the distinctive roles
of tip and stalk cells. Tip and stalk cells have both been shown to be responsive to local
VEGF-A gradients (Ferrara et &., 2003), but this responsiveness appears to be modulated by
opposing functions of the Notch ligands DIl4 and Jagl (Benedito ef 4., 2009). VEGF-A
induces the expression of the Notch ligand DII4 in tip cells, which interacts with Notchl/4
expressed on the adjacent stalk cells reducing their expression of VEGFR2 and thus limiting
stalk cell responsivenessto VEGF-A (Lobov er &., 2007; Suchting ef &., 2007). A second
Notch ligand, Jagl, is expressed by stalk cells and servesto stimulate Notch1/4 on tip cells
contributing to their responsiveness to VEGF-A (Benedito ef &., 2009). Another potential
regulator of tip and stalk cell function is soluble VEGFR1. Stalk cells produce soluble
VEGFR1, which neutralizes VEGF-A by competing with receptor binding, and may thus
further limit or modulate responses to VEGF-A in the growing sprout (Chappell ef &/.,
2009).

Recent studies have outlined an important role of EphrinB2 signaling in sprouting
angiogenesis, particularly in the regulation of tip cell function. Developing retinal vessels
grow by sprouting (Gariano and Gardner, 2005) and widely express EphrinB2, which is
concentrated on the tip cells and their protrusions (Sawamiphak ef &., 2010b; Wang ef &.,
2010b). EphrinB2 is diffusely phosphorylated in the developing retinal vessels, but
phosphorylation subsides once the retinal vessels have fully developed (Salvucci ef &.,
2009; Fig. 6). Expression of a PDZ-mutant EphrinB2 impaired the development of retinal
vessels, providing evidence that EphrinB2 signaling is critical to retinal vessel devel opment
(Sawamiphak er &l., 2010b). In particular, the PDZ-mutant tip cells displayed a significantly
reduced ability to form filopodia. This ability of EphrinB2 to promote filopodia extension
was confirmed /n vitrousing primary endothelial cells stimulated with EphB4-Fc
(Sawamiphak er al., 2010b) and retinal explants ex vivo (Sawamiphak ef &., 2010a).

In the mouse reting, filopodia from adjacent tip cells have been shown to bridge with each
other to form connections between devel oping sprouts, which isan initial step leading to the
development of alumen that permits blood flow in the new vessel (Bentley ef al., 2009). The
formation of such connecting bridges requires endothelial cell expression of EphrinB and
signaling (Sawamiphak et &., 2010b). A similar process of bridging between endothelial
cells can be observed /n vitrowhen primary endothelial cells are incubated onto extracellular
matrix to form a characteristic network (Salvucci et &., 2006, 2009). Endothelial-to-
endothelial cell assembly onto extracellular matrix /n vitrois characterized first by the
appearance of needle-like extensions and protrusions from endothelial cells resulting in the
joining or endothelial cellswith each other (Fig. 7A). The appearance of these needle-like
protrusionsis followed by extensive changesin the cytoskeletal structure and shape of the
joined cells, movement of the cell nuclei aong the cytoplasm, and the thickening of
connecting bridges (Salvucci et &., 2006, 2009). The initial stepsin this process of
endothelial-to-endothelia cell assembly are associated with time-dependent phosphorylation
of EphrinB2 (Salvucci et &., 2009; Fig. 7B). This phosphorylation is likely induced by
EphB/EphrinB interactions as specific peptide inhibitors of EphB prevent the formation of
cord-like structures on Matrigel (Fig. 7C). A number of experiments provide evidence that
such phosphorylation is critical to EphrinB2 function as a regulator of endothelial-to-
endothelial cell assembly: if EphrinB2 is silenced in endothelia cells or if the endothelial
cells express a signaling-deficient EphrinB2, the assembly of endothelial cellsinto networks
is markedly reduced. Other studies have also shown that if EphrinB2 is overexpressed,
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appropriate endothelial cell assembly is prevented, providing evidence that an optimal
EphrinB2 expression level isrequired (Salvucci ef &., 2009; Sawamiphak et &., 2010b;
Wang et 4., 2010b).

An important question relates to the mechanism by which EphrinB2 is activated in sprouting
endothelium, particularly in tip cells where it seems to play an essential role in the path-
finding, probing, and extension function of tip cells. One of the possibilitiesis that, in the
retina, astrocytes provide a source of cell-associated EphB4 that stimulates the developing
retinal vasculature (Sawamiphak ef &/., 2010b). Another possibility isthat retinal endothelial
cells express EphB4, which can stimulate EphrinB2 in interacting endothelial cells (Wang et
al., 2010b). Experiments /n vitrousing primary endothelial cells provide evidence that both
EphB4 and EphrinB2 can be simultaneously expressed and that the assembly of vascular
networks is dependent upon cell-to-cell interactions resulting in EphrinB signaling induced
by endothelial cell-derived EphB4 (Salvucci et &., 2006, 2009). Blocking such EphB/
EphrinB cell-to-cell interactions prevents endothelial cell assembly into vascular networks
(Savucci e &., 2006, 2009).

What is the mechanism by which EphrinB2 signaling contributes to sprouting angiogenesis,
including “tip” cell function and endothelial cell assembly? Two recent studies in mouse and
zebrafish have unveiled arole of EphrinB2 signaling in the regulation of VEGFR2 and
VEGFR3 function. If EphrinB2 is silenced or if a signaling-deficient (PDZ-mutant)
EphrinB2 is expressed in endothelia cells, VEGFR2 and VEGFR3 signaling is defective, as
evidenced by reduced phosphorylation of the receptor following stimulation by the cognate
ligand. In addition, activation of the downstream VEGFR signaling components Racl,
Erk1/2, and Akt isreduced (Sawamiphak ef &/., 2010b; Wang et &., 2010b). Recent studies
have concluded that VEGFR trafficking away from the plasma membrane into the endocytic
compartment contributes or is necessary for VEGFR function in response to appropriate
VEGF ligands (Lampugnani ef &., 2006; Lanahan et &., 2010; Sawamiphak et &, 2010b;
Wang et a., 2010b). Thus, by promoting the internalization of VEGFR2 and VEGFRS3,
EphrinB2 signaling may critically regulate VEGFR function in response to the VEGF
ligand. It was also observed that EphrinB2 signaling induces some degree of VEGFR2
internalization in the absence of exogenous VEGF (Sawamiphak ef &., 2010b). Thereis
evidence for the existence of an endogenous pool of VEGF, which is not secreted outside
the cells but contributes to endothelial cell function; it is possible that VEGFR internalized
by EphrinB2 signaling is activated by autocrine endogenous VEGF (Lampugnani et &.,
2006; Lee et al., 2007).

Besides serving as inducers of EphrinB2 reverse signaling, EphB receptors have also been
reported to play asignaling role of their own in endothelial cells. Two studies have
concluded that EphB4 forward signaling in endothelial cells represses endothelial cell
migration, adhesion, and proliferation /n vitro, and may serve to repel endothelial cellsfrom
each other and maintain arterial/venous boundaries in capillary beds (Fuller et &., 2003;
Kim et &., 2002). Thus, in these studies, EphB4 forward signaling appeared to have opposite
effects to those of EphrinB2 reverse signaling in the context of endothelial cell-sprouting
angiogenesis. However, other studies have suggested that EphB4 forward signaling in
endothelial cells promotes some degree of endothelial cell proliferation and angiogenesis
(Stein et &l., 1997, 2002). A detailed analysis of EphB2/4 expression and signaling in the
context of endothelial cell assembly into cord-like structures /n vitro showed characteristic
kinetic changes suggestive of arole of EphB forward signaling (Salvucci et &., 2006).When
first dispersed on extracellular matrix, primary endothelial cells broadly express surface
EphB2/4, but as the cells contact each other to form cord structures, EphB2/4 are
internalized and no longer detected on the cell surface (Salvucci et &., 2006). In addition,
EphB2/4 become phosphorylated with kinetics suggestive of their activation in association
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with the occurrence of cell-to-cell contact and receptor internalization (Salvucci et &.,
2006). EphB receptor signaling has been linked to the activation of secondary molecules that
regulate cytoskeleton structure and cell movement, particularly small Rho family GTPases
(Egea and Klein, 2007; Noren and Pasguale, 2004). Consistent with this ability of Eph
signaling to regulate cell structure in response to cell-to-cell contact, atypical feature of
endothelial cell assembly on extracellular matrix is the time-dependent activation of F
(filamentous)-actin filaments in conjunction with cell-to-cell contact and changesin cell
shape (Salvucci et a., 2006). The /in vivorelevance of these observations remains to be
determined, and progress on the role of EphB4 forward signaling in endothelia cell-
sprouting angiogenesis will likely benefit from use of mutant mice-expressing signaling-
deficient forms of EphB targeted to the endothelial cells.

VI. VESSEL REMODELING AND STABILIZATION

Once formed through sprouting angiogenesis, newly formed vessels undergo a number of
changes as aresult of the establishment of blood flow, changes in tissue metabolism,
endothelial growth factor availability, and other factors. Some of the newly formed vessels
regress, whereas others mature through the establishment of a basal membrane composed of
extracellular matrix proteins produced by endothelial cells and surrounding stromal cells. A
critical step in this process of maturation is the recruitment of pericytes/smooth muscle cells
to the nascent vessel, which stabilize the vessel wall and regulate endothelial cell survival,
growth, and permeability (Armulik et &., 2005; Hellstrom et &., 2001). Electron microscopy
studies have shown that pericytes are inserted into the basal membrane of vessels and come
into direct contact with the endothelium through cytoplasmic extensions that penetrate the
basement membrane and push deeply onto the endothelial cell surface membrane (Cuevas et
al., 1984). Pericytes are found around some blood capillaries, precapillary arterioles,
postcapillary venules, and collecting venules, but pericyte coverage of vesselsis partial and
variable (ranges between 10% and 50%), depending on the tissue. The highest pericyte
coverage is found in the central nervous system, where pericytes may regulate the blood—
brain barrier functions (Armulik et &, 2010); in the retina, the frequency of pericytesis
similar to that of the endothelial cells. Although the derivation of pericytes/mural cellsis
still somewhat controversial, recent studies suggest that such cells are similar to
mesenchymal stem cells, derive from the bone marrow, and display multilineage potential,
which explainsin part their morphological and phenotypic diversity (Crisan et &., 2008).

Genetic mouse models have implicated several genesin the generation and proper assembly
of pericytes, including the PDGF/PDGFR-1, Ang-1/Tie2, and the spingosine 1-phosphate
(S1P/S1P1) genes. PDGFB and PDGF-RB-null mice die during development with
microvascular aneurisms and lack of pericyte coverage on some vessels (Hellstrom ef &.,
2001). Angl- or Tie2-null mice die at midgestation with poorly organized basal membranes
and reduced coverage/detachment of pericytes (Dumont et &., 1994; Sato ef &., 1995; Suri
et a., 1996). Conversely, the overexpression of Angl promotes pericyte coverage and vessel
leakage resistance (Suri et &, 1998; Thurston et &/, 1999). Disruption of the s1pl genein
mice causes prenatal death with vascular abnormalities characterized by defective pericyte
coverage (Liu et &., 2000).

EphrinB2 also plays an important role in pericyte function. The mural -cell-specific
inactivation of EphrinB2, using PDGF-cre mice, caused the embryos to have edema and
extensive hemorrhaging in avariety of tissues and was associated with perinatal desth of the
mutant mice (Foo et &., 2006). Interestingly, the EphrinB2-null pericytes appeared
morphologically normal in many of these mice, but they associated poorly with the vessels,
showing a scattered distribution resulting in incomplete vessel coverage (Foo ef &/., 2006).
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During mouse devel opment, EphrinB2 is expressed in the mural cellsthat cover arteries and
veins (Foo et &., 2006). In the adult mouse, EphrinB2 is expressed in a proportion of smooth
muscle cellg/pericytes surrounding arteries (Shin ef &/, 2001). Importantly, levels of
EphrinB2 expression in smooth muscle cells are comparable to those detected in the arterial
endothelium (Shin et &., 2001). Human smooth muscle cells located in the media of adult
coronary arteries are partially positive for EphrinB2 (Korff et &/., 2008). Human bone
marrow-derived mesenchymal stem cells, which either represent pericytes or are related to
pericytes, express afunctional EphrinB, which can be phosphorylated by EphB4-Fc
(Salvucci et &, 2009).

The silencing of EphrinB2 in pericytes/smooth muscle cells derived from the mouse aorta
has remarkable effects on cell morphology: the cells become elongated, do not properly
spread, and show numerous active lamellipodia protrusions, without evidence of
polarization and without cell-to-cell contact (Foo et &., 2006). Some of these defects
appeared to be cell-contact-independent, suggesting that EphrinB2 may have cell-
autonomous roles (Foo ef &/., 2006). Functionally, EphrinB2-deficient smooth muscle cells
displayed increased, but random, migration, which was associated with defective formation
of focal adhesions. Such phenotype was reversed by reexpression of EphrinB2 or activation
of Rho-like GTPases (Foo ef 4., 2006). Consistent with EphrinB2 playing arolein mural
cell function, EphB4 (expressed by endothelial cells) induced activation of EphrinB2 on
mural cells and enhanced mural/endothelial cell association within tumor blood vessels
(Erber et a., 2006).

/n vitro, mesenchymal cells/pericytes, which express EphrinB2, characteristically make
contact with endothelial cells on extracellular matrix, and when this contact occurs,
EphrinB2 phosphorylation is clearly and transiently detected in the mesenchymal stem cells/
pericytes (Salvucci et a., 2009). The silencing of EphrinB2 in bone marrow-derived
mesenchymal cells/pericytes prevented their proper assembly with endothelia cells
(Salvucci et a., 2009; Fig. 8), suggesting that phosphorylation-dependent EphrinB2
signaling is critical for pericytes to make proper contact with endothelial cells (Salvucci et
a., 2009).

Littleis known about the role of EphB receptors and their signaling in pericytes. Human
mesenchymal stem cells express EphB2 and EphB4 (Salvucci ef &/., 2009), and smooth
muscle cells derived from human thymus a so express EphB4 (Korff ef &/., 2008).
Activation of EphB4 in smooth muscle cells reduced their ability to migrate, suggesting that
EphB4 signaling in pericytes may secure their attachment to the endothelial cells stabilizing
the vessel wall (Korff ef &., 2008). VVascular smooth muscle cells also express EphA4
receptors, which can be activated by EphrinA1 and by many EphrinB ligands (Ogita ef &.,
2003). When EphA4 is activated in smooth muscle cells, their ability to form lamellipodia
and to spread is inhibited, a process that was linked to inhibition of the small GTPase Racl
and the kinase Pak1 (Deroanne et &/., 2003).

VII. PHYSIOLOGICAL ANGIOGENESIS IN THE ADULT

Physiological angiogenesisin the adult is limited: it only occursin conjunction with the
menstrual cycle and pregnancy, in the skeletal bone during growth, and during wound

repair.

The critical role of VEGF as a promoter of angiogenesis during the menstrual cycle, embryo
implantation, and pregnancy are well recognized, but little is known about the potential roles
of Eph/Ephrinsin this context. Studies on corporalutea have shown that ovulation was
followed by arapid increase in the expression of EphrinB1 and EphrinB2 in the luteinizing
granulose (Egawa et &, 2003; Xu et &., 2006) and suggested the occurrence of EphB/
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EphrinB interactions between the granulosa cells of the corpus luteum and proximal
angiogenic capillaries (Egawa ef &/., 2003; Xu et &., 2006).

Placental implantation of the embryo involves the aggressive invasion of maternal tissues by
the embryonic/fetal cytotrophoblasts. This process ultimately results in the cytotrophoblast
invasion of the maternal spiral arterioles that supply blood to the placenta, creating a
chimeric vasculature composed of maternal and fetal cells (Fisher et &/, 1989; Librach et &.,
1991). The invasive behavior of the embryonic/fetal cytotrophoblasts is accompanied by
remarkable changes in gene expression and phenotype; in particular, they acquire vascular-
type markers (Damsky er &, 1992; Zhou et &/., 1997) and produce proangiogenic factors
(Zhou et 4., 2003). Important changes occurring in the cytotrophoblasts as they penetrate
the uterine wall are the loss of EphB4 expression and an increase in EphrinB2
expression.Notch signaling is a critical regulator of the divergent expression of EphrinB2
and EphB4 in these cells (Hunkapiller ef &/., 2011; Red-Horse ef 4., 2005). This phenotypic
change in embryonic/fetal cytotrophoblasts has been proposed to underlie the selective
tropism of the cytotrophoblasts toward the maternal arterioles, thus limiting interactions
with the maternal venules (Red-Horse et &., 2005).

Angiogenesis in the context of skin wound healing occurs through endothelial cell sprouting
from capillaries at the edge of the wound when the dermisisinjured. The processisdriven
by VEGF-A (Bao et a., 2009) that isfirst produced by platelets, which contribute to the
formation of the blood clot that initially seals the wound. Inflammatory monocytes and
neutrophils are additional sources of VEGF in the wound and represent alocal defense
system against pathogens. They are recruited by avariety of signals, including complement
components, platelet degranulation products, and potentially bacterial particles (Banks ef &/.,
1998; Mohle et &., 1997). Sprouting wound vessels are components of the “granulation
tissue,” which is ahalmark of wounds undergoing repair. Besides sprouting vessels, the
granulation tissue contains afibrin clot, fibroblasts, collagen, and inflammatory cells (Bao et
al., 2009; Murohara et al., 1998). Granulation tissue undergoes extensive remodeling in
repairing wounds, and the process is orchestrated by a series of enzymesincluding MMPL,
MM P2, urokinase-type, and tissue-type plasminogen activators, and plasminogen activator
inhibitor (Schultz and Wysocki, 2009).

A study reported that circulating mouse neutrophils express EphrinA2 and B2 (Schruefer et
al., 2006). Other studies have demonstrated that inflammatory macrophages express
EphrinB2 and suggested arole for monocytederived EphrinB2 in the stimulation of venous
endothelium that expresses EphB4 (Y uan ef &., 2000, 2004). Recent studies have confirmed
the expression of EphrinB2 in the developing dermal vasculature of mice (Wang ef &.,
2010b). In amurine model of wound healing in the skin, the sprouting endothelial cells from
the margins of the wound expressed EphrinB2, which was prominently and time-
dependently phosphorylated in these cells, indicative of active signaling (Salvucci ef 4.,
2009; Fig. 9A). In contrast, EphrinB2 was not phosphorylated in the surrounding normal
vessels or in the new capillaries once sprouting had subsided and the granulation tissue was
well developed (Salvucci ef &/, 2009). Additionally, EphrinB2 expression and
phosphorylation were transiently detected in wound-infiltrating inflammatory cells (Salvucci
et a., 2009).

VIIl. PATHOLOGICAL ANGIOGENESIS

A. Neovascular Disorders of the Eye

Intraocular neovascularization is a pathological complication of many eye diseases,
including diabetic retinopathy, retinopathy of prematurity, and age-related (neovascular,
wet-type) macular degeneration (AMD). Since these conditions represent the major cause
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for blindness, control of pathological angiogenesisis an important therapeutic goal. Retinal
ischemia and increased VEGF expression are often the principal causes of pathological
retinal angiogenesis (Alon et &, 1995; Fraid et &, 2009; Miller ef a., 1994). Oxygen levels
and the levels of VEGF aretightly regulated in the normal retina (Stenzel ef &., 2011).
Hypoxia regul ates expression of VEGF largely through the activities of the transcription
factors HIFs (hypoxiainducing factors) (Semenza, 2003; Tang et &., 2011). The HIF-1a
subunit is maintained at low levels during normoxia through an oxygen-dependent
degradation process, which is mediated by the von Hippel Lindau (VHL) protein, a
component of the E3 ubiquitin ligase complex (Semenza, 2011). Once the oxygen pressure
drops below 5%, HIF-1a is not sufficiently degraded, resulting in the activation of genes
involved in the maintenance of oxygen homeostatic levels. One of these target genesis

V EGF, which promotes the growth of blood vessels toward hypoxic zones (Ferrara et &.,
2003; Gerhardt er &/., 2003). Consistent with its role in the degradation of HIF-1a., loss-of -
function mutations of VHL result in increased tumor angiogenesis (Pugh and Ratcliffe,
2003).

Abnormally high levels of VEGF and pathological angiogenesis also characterize the wet-
type AMD (Jager e &., 2008). In this condition, choroidal neovascularization causes
exudation and hemorrhaging, which impair the central portion of theretinathat is
responsible for high-resolution vision (Jager ef &/, 2008). VEGF is detected at high levelsin
the choroidal membranes from patients with wet AMD (Kvanta et &., 1996; Lopez ef &/.,
1996); various approachesto limit VEGF activity in the eye have demonstrated a marked
clinical benefit to the patients.

A number of mouse models of ischemia-induced intraocular neovascularization have been
developed, including the retinopathy of immaturity (ROP) model, which has been useful to
study ischemia-induced retinal angiogenesis (Smith er a/., 1994). In this model, 7-day-old
mice are exposed to high (75%) oxygen tension for a period of 5 days and then are exposed
to room air. High oxygen tension causes physiological postnatal retinal angiogenesisto
come to a stop and promotes degeneration of the retinal vessels that had recently sprouted.
Once the retinas are reexposed to air oxygen, retinal neovascul arization resumes with
vigorous retinal vessel sprouting after 3 days (Smith er al., 1994). These sprouting retinal
vessels express EphrinB2, which is phosphorylated (Salvucci et &., 2009), indicative of
activity (Fig. 9B). Once the sprouting subsides in the retinal vessels, EphrinB2
phosphorylation aso subsides, without change in the levels of EphrinB2 expression
(Salvucci et a., 2009). These results show that hyperoxia-induced retinal neovascularization
is associated with EphrinB2 activation and thusis similar in this respect to the occurrence of
EphrinB2 phosphorylation during physiological postnatal angiogenesis of the retina.

B. Tumor Angiogenesis

Angiogenesis, a hallmark of a growing malignancy, often starts when the tumors are quite
small in size (1-2mm) and is principally driven by VEGF-A produced by the tumor cells
and by cellsin the tumor microenvironment. Tumor hypoxiais believed to represent an
important inducer of tumor-associated VEGF (Dayan et &., 2008; Ferrara and Kerbel, 2005;
Mantovani et &., 2002; Murdoch et &., 2008), which is an indispensable driver of tumor
angiogenesisin preclinical mouse models (Ferrara and Kerbel, 2005; Kim ef &., 1993).
Tumor angiogenesis resembles physiological angiogenesis but presents notable differences
(Chung et &, 2011). A principal difference isthat tumor angiogenesisis not self-limited but
appears to be a self-perpetuating and persistent process that is not turned off once vessels are
formed. Tumor vessels are disorganized compared to normal vessels and display a number
of abnormalities, including fragility, reduced number of pericytes, and leakiness with a
propensity to produce exudates and to bleed. These abnormalities have been linked to excess
VEGF-A, and thus VEGF neutralization has been reported to somewhat “normalize”’ the
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tumor vasculature (Jain, 2005). The tumor cells, particularly melanomas and glioblastomas,
may undergo a process of transformation, named “vasculogenic mimicry,” such that the
tumor cells or the differentiated tumor stem cells acquire phenotypic characteristics of
endothelia cells and become components of the vessel wall (Hendrix ef &/., 2003a,b; Ricci-
Vitiani e &., 2010; Wang ef &., 2010a).

A number of preclinical and clinical studies using inhibitors of VEGF have identified
VEGF-independent pathways of tumor angiogenesis, which may account for the poor
responses and/or acquired resistance to VEGF neutralization (Shojael ef &., 2007). One such
pathway involves the neutrophilderived proangiogenic factor Bv8 (also known as
prokineticin 2), which drives endothelial cell proliferation and migration in the absence of
VEGF-A (Shojaei ef &., 2007, 2009). Other pathways markedly modulate VEGF expression
and/or VEGF-A-induced responses, both physiologically and in cancer, including the D114/
Notch (Hellstrom et &., 2007; Noguera-Troise et &., 2006; Ridgway et &., 2006),
Angiopoietin-1/Tie2 and Angiopoietin-2/Tie2 (Augustin ef &., 2009), platelet-derived
growth factors (PDGFs)/PDGF-receptor p (Bergers et &, 2003), and TGFPL/TGFp receptor
Il (Chung ef 4., 2011; Fridlender ef 4., 2009). The Eph/Ephrin signaling pathways can aso
regulate VEGF/VEGFR signaling in the context of cancer, but the system is complex
(Bruckner et a., 1997; Pasguale, 2010; Sawamiphak ef &/., 2010a,b).

The functions of the Eph/Ephrin system in cancer are complex due to the fact that many
tumor cells express Eph receptors and ligands, abeit to varying degrees (Davalos ef &.,
2006; Huang et al., 2007; Noren and Pasquale, 2007; Zhuang et &., 2010), which can
stimulate or be stimulated by Eph/Ephrin molecules in the tumor endothelium and in other
cells of the tumor microenvironment. Thus, the outcome of Eph receptor and ligand
signaling in the tumor cells differsin different tumors (no effect, as opposed to inhibition or
stimulation of tumor growth) (Batlle ef &., 2002; Dohn et &., 2001; Dopeso et &., 2009; Jin
et a., 2006; Kumar et a., 2009; Miao et a., 2009; Noren and Pasquale, 2007; Noren et &.,
2006; Ruhe et al., 2007; Smith et al., 2004; Yu et a., 1999).

There are afew situations that best illustrate the complex roles of Eph/Ephrin in tumor
growth. For example, a number of studies have provided evidence that EphB2/EphB4
signaling in certain tumor cells suppresses tumor growth or promotes tumor dormancy. In
particular, it was reported that soluble EphrinB-Fc reduced colon and breast cancer cell
growth /n vitro and tumor progression in mice by pharmacologically activating tumor cell-
associated EphB4 (Batlle er &/, 2002; Noren and Pasquale, 2007; Noren et &., 2006).
Consistent with a tumor-suppressor role of EphB4 signaling, a dominant-negative form of
EphB4 promoted colorectal tumor growth (Dopeso ef &., 2009). Also, consistent with the
notion that EphB2 and EphB4 act as inhibitors of tumor growth, EphB2 and EphB4 are
mostly inactive in tumors as judged by low levels of phosphorylation in many malignant
cells and are expressed at higher levels in benign tumors of the same lineage (Kumar et &.,
2009; Miao et a., 2005; Noren and Pasquale, 2007; Noren et &., 2006). Thus, it was
proposed that EphB signaling in the tumor cells may inhibit oncogenic signaling pathways
operating in the tumor cells thereby reducing tumor growth, may promote repulsive
interactions between the EphB-expressing tumor cells and the EphrinB1-expressing normal
tissue that would restrict tumor cell invasion, or may promote tumor cell adherence to each
other preventing local tissue infiltration (Cortina et &., 2007; Kemp et &., 2009; Pasquale,
2010).

In contrast with these results, other studies have indicated that EphB4 signaling promotes
tumor growth, perhaps due to aloss of tumor-inhibitory function or to acquisition of ligand-
independent activities (Pasquale, 2010). In some studies, activation of tumor-associated
EphB4 enhanced tumor growth, motility, and metastasis of prostate, bladder, colorectal, and
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melanoma cancer cells (Xia ef &, 2005, 2006; Yang et &., 2006). Also, knockdown of
EphB4 in colorectal and ovarian cancer cellsinhibited tumor growth and metastasis (Kumar
et a., 2007, 2009). Tumor-associated expression of EphB4 stimulated tumor angiogenesis
and tumor growth by activating EphrinB2 on the tumor endothelium (Noren ef &., 2006),
and overexpression of EphrinB2 in ovarian and melanoma tumor cells correlated with
increased tumor invasion and poor prognosis, perhaps by promoting EphB4 activation in the
tumor cells (Castellvi et &., 2006; Meyer ef &, 2005). Deregulated expression of EphB4 and
EphrinB2 in KSHV (Kaposi's sarcoma-associated herpes virus)-infected KS cellsis also
believed to contribute to tumor growth (Masood et &., 2005).

The complexities of Eph/Ephrin interactions in growing tumors and the difficultiesin
generalizing their function in cancer suggest that careful experimentation with controlled
systems may be useful. In line with this, a simplified tumor model unequivocally showed
that EphrinB2 signaling in tumor-associated vessel s promotes tumor angiogenesis, much
alike the situation in physiological angiogenesis (Sawamiphak ef &., 2010b). Using mouse
tumor models of intracranial gliomas and subcutaneous astrocytoma, the authors showed
that tumor growth and tumor angiogenesis were significantly reduced in EphrinB2-deficient
tumor-bearing mice in comparison to wild-type control mice (Sawamiphak ef &/., 2010b).
Theinterpretation of these resultsis that sprouting angiogenesis in tumors resembles
physiological angiogenesis and as such is similarly regulated by EphrinB2 signaling via
modulation of VEGF-A/VEGFR2 function (Sawamiphak ef &., 2010b; Wang ef &/., 2010b).
Consistent with EphrinB signaling playing an important role in tumor angiogenesis, the
angiogenic tumor vessels in experimental MOPC315 tumors displayed an intensely
phosphorylated EphrinB, particularly at the tumor margins where angiogenesis was most
prominent (Salvucci ef &., 2009; Fig. 9C). In addition, tumors that express EphB4 promote
angiogenesi s through interaction with EphrinB2 expressed by the tumor endothelium (Noren
et a., 2006).

IX. THERAPEUTIC IMPLICATIONS

Pathological angiogenesisin the adult is mostly associated with neovascular diseases of the
eye, including wet macular degeneration and diabetic retinopathy, and with tumor
angiogenesis, which contributes to tumor growth in many types of cancer. It is now clear
that EphrinB2 signaling plays a critical rolein promoting VEGF-induced endothelial cell
sprouting and orchestrating endothelial-to-endothelial and endothelial-to-pericyte assembly.
For these reasons, EphrinB2 and its ligands are desirable therapeutic targets for
antiangiogenic therapy. However, the complexities of cancer, where Eph/Ephrin interactions
involve not only the tumor vasculature but also the tumor cells and other cellsresulting in
strikingly different tumor outcomes, are a challenge for the development of Eph/Ephrin-
based cancer drugs. Thus, potential application of Eph/Ephrin targeting to cancer treatment
will need additional study and validation for individual cancer types, stage, and other
variables.

A number of approaches have demonstrated to effectively inhibit Eph/Ephrin interactions.
Monomeric soluble EphB4 ectodomain, which inhibits EphB4 forward signaling and
EphrinB2 reverse signaling, has been shown to reduce angiogenesis /n vivoand
experimental tumor growth in mice (Kertesz et &/., 2006; Scehnet ef &., 2009). EphB4
agonist antibodies could be useful in the context of selected EphB4-expressing tumors as
they could promote EphB4 tumor-suppressor activity and at the same time inhibit EphrinB2-
induced tumor angiogenesis (Krasnoperov &t &., 2010; Noren and Pasquale, 2004; Noren et
al., 2006). Specific antibodies to EphB2 have been generated that can effectively block
interaction with Ephrins and kill EphB2-expressing tumor cells when conjugated with the
cytotoxic drug auristatin (Mao ef &., 2004; Xu et &l., 2009). Phage display allowed the
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identification of specific peptides that bind EphB2 and EphB4 at nanomolar concentrations
and can readily inhibit endothelial-to-endothelial cell assembly /n vitro and experimental
angiogenesis /n vivo (Chrencik ef &, 2006, 2007; Koolpe ef &., 2005; Salvucci et ., 2006,
2009). A neutralizing antibody to EphrinB2 was reported to reduce vessel number, but not
size, in an experimental model of human glioblastoma (Li et &., 2011).

X. CONCLUSIONS

In this review, we have discussed evidence for arole of the B family of Ephs and Ephrinsin
angiogenesis. We have described how B Ephs and Ephrins signaling play critical rolesin
developmental and postnatal angiogenesis in physiology and disease. Thus, B Ephs and
Ephrins are promising targets to modul ate angiogenesis. Several approaches to block EphB/
EphrinB function seem to be very effective at reducing angiogenesis in experimental
models. However, many complexities of EphB and EphrinB signaling are not understood,
particularly how they integrate with other signaling pathways. The context-dependent
functions of B Ephs and Ephrinsin cancer are poorly understood and may require a better
understanding of the role of Eph/Ephrin in cell interactions between tumor cells and the
tumor microenvironment as well as understanding how EphB/EphrinB signaling integrates
with oncogenic signaling pathways. Research in the coming years will likely decipher the
diverse functions of Ephs and Ephrins in the context of cancer. Thiswill be an important
advance that may open awide range of therapeutic opportunities.
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Fig. 1.

(A) Schematic representation of the domain structure and binding interfaces of Ephrins and
Eph receptors. EphrinA ligands are attached to the cell surface through a
glycosylphosphatidylinositol (GPI)-anchor; the extracellular domain contains an Eph
receptor-binding domain that is connected to the transmembrane segment. EphrinB ligands
are transmembrane proteins with an extracellular Eph receptor-binding domain connected to
atransmembrane segment, which is followed by a short intracellular domain. The Eph
receptors include an extracellular domain composed of an Ephrin-binding domain, a
cysteine-rich segment that contains an epidermal growth factor (EGF)-like motif, and two
fibronectin-type 111 domains; and a cytoplasmic region that contains a juxtamembrane
region, the kinase domain, a sterile amotif (SAM), and a binding site for PDZ-containing
proteins. (B) Representation of initial binding of cell surface Eph and Ephrin moleculesto
form heterotetramers, which initiate signaling, and subsequent oligomerization to form large
receptor/ligand clusters that expand laterally through hemophilic interactions between Eph
receptors.
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Interaction of EphrinB with EphB can lead to (A) frans-endocytosis in the direction of the
receptor (forward endocytosis) or (B) fransendocytosis in the direction of the ligand
(reverse endocytosis). Both processes lead to the internalization of full-length ligand and
receptor.

Aav Cancer Res Author manuscript; availablein PMC 2012 November 19.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Salvucci and Tosato Page 27

A B C
EphrinB EphrinB EphrinB
I .. —
VEGF SDF-1
o —
Phospho- ! ! Al HH !
) S~ B PDZ CXCR4
dependent . 2 2 VEGFR2/3 [ PDZ—RGSB]
l -
signaling ST VEGFR2/3 \

Grb4 A ( u"_{-’
Regulation B \/ \ \ endoTytosm oo /—'> 2. e
Abi-1

of focal adhesion @
Sehs C} _. VEGFR2 GTP
L signaling

\ l I transcription

PAK1

Cytoskeleton dynamics Guided migration
D E , F .
EphrinB EphrinB EphrinB
! F"ar-! /!
(DEP-Dishevelled ) e a— . \
€dc4d
l ) PDZ-dependent
signalin
RhoA Regulation of tight . :
l Junctions C lati f phosphorylati
INK1 ross regulation of phosphorylation-

dependent and PDZ-dependent
Cytoskeleton dynamics signaling
Cell movement

Fig. 3.

Mechanisms of EphrinB reverse signaling. (A) EphrinB activation by EphB receptor leads to
the recruitment of Src family kinases (SFK's) that phosphorylate EphrinB intracellular
domain at tyrosine residues. The adaptor molecule Grb4, which contains a Src-homology-2
(SH2) domain, is recruited to the phosphorylated EphrinB and initiates a number of
signaling events that regulate cytoskeleton dynamics and focal adhesions. The
phosphorylated EphrinB can also recruit the Jak2/STAT3 complex; the phosphorylated
STATS3 trandl ocates to the nucleus regulating expression of target genes. (B) Activated
EphrinB regulates the internalization of VEGFR2 and VEGFR3 through PDZ-mediated
binding of yet unknown protein(s). After VEGF binding, VEGFR is phosphorylated;
signaling from activated VEGFR requires internalization, which is positively regulated by
EphrinB signaling. (C) RGS3 is a PDZ-containing protein that constitutively binds to
EphrinB and links signaling from the G-protein-coupled receptor CXCRA4 to EphrinB.
CXCR4 signaling in response to the ligand SDF1 isinduced by the dissociation of Gy and
GTP-Ga subunits. PDZ-RGS3 can inhibit CXCR4 signaling by enhancing the GTPase
activity of the Ga. subunit, resulting in the reformation of the inactive heterodimeric CXCR4
receptor. (D) The scaffold protein Dishevelled binds EphrinB through its DEP domain and
mediates signaling via the Rho small GTPase pathway. (E) The scaffold protein Paré
associates with EphrinB resulting in the loss of tight junctions. PAR6 forms a complex with
activated apical protein kinase C (aPK C) and Cdc42-GTP, the complex localizesto the
apical cell junctions where it regulates tight junctions. EphrinB1 can compete with Cdc42
for binding to Par6 and thus reduce tight junctions. (F) Cross-regulation between EphrinB
phosphorylation- and PDZ-dependent signaling pathways. The phosphatase PTB-BL,
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dephosphorylates EphrinB.
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EphrinB2

Fig. 4.

A role for EphB4 and EphrinB2 in arterial and venous fate determination. In the primitive
vascular plexus, presumptive arterial and venous territories are marked by the distinctive
expression of EphrinB2 or EphB4, prior to the formation of EphrinB2* arteries and EphB4*
veins.
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Fig. 5.

Angiogenesisis often initiated by the sprouting of endothelial cells from existing vessels.
Theleading cell in the sprout, the so-called tip cell, is characterized by filopodia extensions;
the cells at the base of the sprout, the so-called stalk cells, are proliferating. VEGF/
VEGFR2, the Notch ligands Deltad and Notch signaling participate in orchestrating
sprouting angiogenesis.
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Fig. 6.

EphrinB is phosphorylated in remodeling but not in fully developed retinal vessels. (A)
EphrinB phosphorylation is not detected in fully developed mouse retinal vessels, including
the CD31" endothelial cells and theNG2* pericytes. (B) EphrinB2 is widely phosphorylated
in the remodeling retinal vessels from 6-day-old mice, both in the endothelial cellsand in
the pericytes.
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Fig. 7.

Primary endothelial cells assembleinto cord-like structures on extracellular matrix, a
process that requires EphB/EphrinB interaction. (A) Time-dependent assembly of primary
endothelial cells on Matrigel. Note the appearance after 1-2h of needle-like endothelial cell
extensions that eventually form the initial bridging of endothelial cells with each other. (B)
EphrinB2 is broadly and time-dependently phosphorylated in endothelia cells as they
assemble into cord-like structures. (C) The EphB receptor inhibitors SNEW and TNYL-
RAW peptides prevent the assembly of endothelial cellsinto cord-like structures.
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Fig. 8.

Endothelia cells and mesenchymal stem cells/pericytes assemble in cord-like structures on
Matrigel, with mesenchymal stem cells (green) in the nodes anchoring the cord structures.
(B) EphrinB is phosphorylated (white) at points of contact between endothelial cells
(HUVEC green) and mesenchymal stem cells (MSC red) forming cord-like structures. (C)
The silencing of EphrinB2 in mesenchymal stem cells (green) prevents their assembly with
endothelial cells (unstained). (D) The silencing of EphrinB2 in endothelial cells (unstained)
prevents their assembly with MSC (green).
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(A) EphrinB is phosphorylated in angiogenic vessels associated with skin wound healing.
(B) EphrinB is phosphorylated in angiogenic retinal vesselsinduced by hypoxia (areas of
hypoxiavisualized in green; ROP model). (C) EphrinB is phosphorylated in angiogenic
tumor vessels. CD31 identifies endothelial cells, NG2 pericytesymural cells.
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Table |
Listing of EphA, EphrinA, EphB, and EphrinB Proteins

EphA receptors EphrinA ligands
EphA1 EphrinA1
EphA2 EphrinA2
EphA3 EphrinA3

(EphA4) EphrinA4
EphA5 % (EphrinA5 "
EphA6 T
EphA7
EphA8
EphA10

EphB receptors EphrinB receptors

EphB1 / / EphrinB1
( EphB2) |
EphB3

EphB6

EphrinB3 /

Although EphrinA ligands generally bind to EphA receptors, there are exceptions noted by the red arrows. Although EphrinB ligands generally
bind all EphB receptors, EphrinB2 essentially binds only to EphB4.
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