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Abstract

In recent years, a growing body of evidence has indicated that signaling molecules previously
implicated in axon guidance are important regulators of multi-step tumorigenesis and progression.
Eph receptors and ephrins belong to this special class of molecules that play important roles in
both axon guidance and cancer. Tremendous progress has been made in the past few years in both
understanding the role of Eph receptors and ephrins in cancer and designing therapeutic strategies
for cancer therapy. This review will focus on new advances in elucidating the contribution of Eph/
ephrin molecules to key processes in tumor initiation and metastatic progression, including cancer
cell proliferation, invasion and metastasis, and tumor angiogenesis.

Introduction

Cancer initiation and malignant progression are multi-step processes that involve loss of
growth control, evasion of apoptosis, sustained angiogenesis, tissue invasion, and metastasis
(Hanahan and Weinberg, 2000, 2011). Emerging evidence has indicated that signaling
molecules previously implicated in axon guidance are important regulators of multi-step
tumor initiation and progression (Adams and Eichmann, 2010a; Eichmann et al., 2005).
These include Eph/ephrin, Semaphorins/ Plexins, VEGF/VEGFR, chemokines/ receptors,
Netrins/DCC UNS5, Slit/Robo, and Notch/Delta. This review will focus on recent advances
on dissecting the role of Eph/ephrin molecules in cancer and tumor angiogenesis. Due to
space and scope constraints, we have limited our discussion in the text to the Eph receptors
and ephrins for which the most data are available. Tumor and vascular phenotypes of Eph/
ephrin knockout and transgenic animals are summarized in Table 1 and Table 2. More
comprehensive reviews on Eph-ephrin signaling in physiology and disease can be found
elsewhere (Kullander and Klein, 2002; Pasquale, 2005, 2008; Pasquale, 2010).

Dysregulation of Eph receptors in cancer

The Eph family of receptor tyrosine kinases (RTKS) is the largest identified in the vertebrate
genome and is subdivided into class A and class B based on sequence homology and binding
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affinity for two distinct types of membrane-anchored ephrin ligands. In general, Class A
receptors interact with glycosyl-phosphatidylinositol (GPI)-linked class A ephrins, while
class B receptors bind to class B ephrins that are attached to the cell membrane by a
transmembrane-spanning domain, although interclass binding does occur among certain
family members [reviewed in (Pasquale, 2005, 2008; Pasquale, 2010)]. Binding of ephrin to
Eph receptor induces receptor clustering and activation. Recent structural studies of the Eph/
ephrin interactions has not only identified ligand-receptor interaction sites, but also
discovered receptor-receptor interfaces that function in assembly of higher-order signaling
clusters (Himanen et al., 2010; Seiradake et al., 2010). Because both ligand and receptor are
membrane-bound, engagement of ephrin with Eph receptor between adjacent cells induces
bi-directional signaling through both ligand- and receptor-expressing cells [reviewed in
(Kullander and Klein, 2002; Pasquale, 2008)]. Originally characterized as axon guidance
regulators, ephrins and Eph RTKs are subsequently recognized to regulate physiologic and
pathologic processes during embryonic development, in normal tissue homeostasis, and in
disease [reviewed in (Pasquale, 2008; Pasquale, 2010)].

Recent technological advances in analyzing the human cancer genome permit the study of
gene copy number, expression level, and mutation status in tumor tissue. These studies
demonstrated that Eph receptors are often dysregulated in cancer [reviewed in (Brantley-
Sieders, 2011; Brantley-Sieders et al., 2011b; Pasquale, 2010)]. Gene expression studies by
microarray analysis and immunohisto-chemistry on tumor tissue microarrays (TMAS) have
correlated expression of some Eph receptors in tumor epithelium and/or vasculature with
disease stage, metastasis, recurrence, and survival. For example, EphA2 expression is
elevated in many types of cancer (Landen et al., 2005b; Wykosky and Debinski, 2008) and
high levels of EphA2 correlate with tumor malignancy and poor patient survival in breast
cancer (Brantley-Sieders, 2011; Fournier et al., 2006; Martin et al., 2008; Zhuang et al.,
2010) and lung cancer (Brannan et al., 2009; Faoro et al., 2010; Kinch et al., 2003).
Likewise, levels of several EphB receptors are also elevated in different stages of colon
cancer, lung cancer, or breast cancer (Batlle et al., 2002; Brantley-Sieders, 2011; Ji et al.,
2011; Kumar et al., 2009; Noren and Pasquale, 2007). However, decreased Eph receptor
levels have also been reported in certain types of human cancer (Batlle et al., 2005; Kumar
et al., 2009). Dysregulation of Eph receptor expression in tumor has been attributed to
multiple mechanisms, including chromosomal abnormality, epigenetic regulation, mMRNA
stability and transcriptional control [reviewed in (Pasquale, 2010)]. Aside from changes in
receptor level, somatic mutations have been found in nearly all Eph receptors. Notably, 11
somatic mutations in EphA3 receptor were identified in 5-10% of lung cancers, placing
EphA3 among 27 most frequently mutated genes in human lung adenocarcinoma (Davies et
al., 2005; Ding et al., 2008; Greenman et al., 2007; Wood et al., 2006). However, these
mutations are scattered throughout the receptor, and it is unclear whether these non-recurrent
mutations are “driver” or biologically neutral “passenger” genetic alterations. Elucidating
the effects of these mutations will greatly improve our understanding of how Eph receptors
function in cancer.

Role of Eph receptors in tumor cell proliferation

Sustained proliferative signals and evasion of growth suppressors are two hallmarkers of
cancer. However, Eph receptors were initially thought not to be involved in regulation of
cell growth (Brambilla et al., 1995; Bruce et al., 1999; Lhotak and Pawson, 1993). More
recent studies found that Eph receptors maintain tissue homeostasis by controlling the
proliferation of stem and progenitor cells in adult. For example, in the intestinal stem cell
niche, EphB signaling promotes cell-cycle reentry of progenitor cells through Abl and
Cyclin D1 and accounts for approximately 50% of the mitogenic activity in the adult mouse
small intestine and colon (Genander et al., 2009). Likewise, Eph receptor signaling in neural
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progenitor cells in hippocampus also promotes proliferation (Chumley et al., 2007). In
contrast, Eph receptors can negatively regulate proliferation of hair follicle and epidermal
progenitor cells in the adult mice (Genander et al., 2010), as well as in neural stem/
progenitor cells in the lateral ventricle (Conover et al., 2000).

In cancer cells, the role of Eph receptors in regulation of tumor cell growth is similarly
complex, and the effects of these receptors on cell proliferation are often dependent on
ligand stimulation, signaling cross talk, or other contextual factors. This complexity is best
illustrated in the case of EphA2 receptor. EphA2 receptor is highly expressed in a number of
tumor types, including breast cancer, prostate cancer, ovarian cancer, lung cancer, and
glioblastoma multiforme (Brantley-Sieders, 2011; Landen et al., 2005b; Wykosky and
Debinski, 2008). High levels of EphA2 are correlated with poor patient survival (Brannan et
al., 2009; Brantley-Sieders, 2011; Faoro et al., 2010; Fournier et al., 2006; Kinch et al.,
2003; Martin et al., 2008; Zhuang et al., 2010). Silencing of EphA2 in cancer cells by either
siRNA-mediated knockdown, anti-sense oligonucleotides, or targeted deletion of EphA2 in
knockout mice, inhibited tumor initiation and metastatic progression (Brantley-Sieders et al.,
2008; Duxbury et al., 2004; Landen et al., 2005a). Interestingly, the tumor promotion effects
of EphA2 appear to be ligand-independent and result from cross talk with HER2 receptor
tyrosine kinase (Brantley-Sieders et al., 2008). In support of this notion, overexpression of
EphA2 in non-transformed MCF-10A breast epithelial cells induces anchorage-independent
colony growth in vitro and tumor formation in vivo (Zelinski et al., 2001). Further
investigation revealed that high levels of EphA2 in these tumor cells are minimally
phosphorylated, suggesting poor ligand-induced receptor forward signaling. Indeed,
exogenous ligand stimulation of EphA2 suppressed colony formation on 2D culture and
spheroid growth in 3D Matrigel (Miao et al., 2001; Yang et al., 2011). Treatment of
mammary tumors with a ligand-mimetic activating antibody against EphA2 suppressed
tumor growth in vivo (Brantley-Sieders et al., 2008; Coffman et al., 2003; Landen et al.,
2006), corroborating the notion that EphA2's effects in tumor promotion is ligand-
independent. Similarly, EphB4 is often overexpressed in human breast cancer (Wu et al.,
2004), and EphB4 knockdown inhibited tumor cell survival, migration and invasion in vitro
and tumor growth in vivo (Kumar et al., 2006). However, ephrin-B2-induced EphB4
forward signaling inhibits breast cancer cell viability and proliferation, as well as tumor
volume in xenografts (Noren et al., 2006). Taken together, these data suggest a model in
which ephrin-induced Eph receptor forward signaling inhibits tumor cell proliferation,
whereas in the absence of the ligand, crosstalk between Eph receptors and other oncogenic
proteins leads to enhanced cell proliferation and tumorigenesis, presumably independent of
ephrin stimulation.

How does Eph receptor forward signaling inhibit tumor cell growth? Ephrin-B2-induced
EphB4 receptor forward signaling activates an antioncogenic pathway, leading to Abl kinase
activation and inactivation of Crk adaptor function through phosphorylation by Abl (Noren
et al., 2006; Noren and Pasquale, 2007). In the case of EphA2, several studies showed that
stimulation of tumor cells with ephrin-A1l ligand inhibited the activation of both Ras-MAPK
and Akt-mTOR pathways (Macrae et al., 2005; Miao et al., 2001; Yang et al., 2011).
However, in PC3 prostate cancer cells, MEK inhibitor does not appears to affect cell
proliferation, whereas PI3K inhibitor and Rapamycin efficiently inhibited cell growth,
suggesting that Akt-mTOR is the major pathway inhibited by EphA2 forward signaling
(Yang et al., 2011). It is interesting to note that EphA2 forward signaling does not change
the activity of Akt upstream regulators such as Ras family GTPases, P13 kinase, integrin, or
the SHIP2 lipid phosphatase. Rather, EphA2 inactivates the Akt-mTORC1 oncogenic
pathway through Akt dephosphorylation mediated by a PP1-like serine/threonine
phosphatase (Yang et al., 2011). Although inhibition of Akt-mTOR pathway by EphA2
forward signaling appears to be a major mechanism in regulation of cell growth in multiple
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tumor cell lines, the importance of EphA2-mediated suppression of Akt-mTOR pathway in
tumor growth needs to be further validated in animal models in vivo.

Decades of research have demonstrated that “contact inhibition” is an important mechanism
used by normal cells to suppress cell proliferation. The mechanism of contact inhibition
appears to involve strengthening of cell-cell adhesion and maintaining cell polarity and
tissue integrity. In MDCK cells, ligand-activated EphA2 signaling suppresses Arf6 GTPase
activity, leading to cell compaction and polarization (Miura et al., 2009), suggesting a role
for EphA2 forward signaling in E-cadherin-based cell-cell adhesion and the apical-basal
polarization of epithelial cells. However, overexpression of EphA2 receptor in MCF10A
mammary epithelial cells destabilizes adherens junctions via a RhoA-dependent mechanism
(Fang et al., 2008b). The seemingly conflicting results in these two studies may be due to
differences in signaling strength and composition of the signaling complex in the respective
cell types, as illustrated in ephrin-B1 regulation of tight junctions (Lee and Daar, 2009; Lee
et al., 2008). Either overexpression or loss of ephrin-B1 can disrupt cell-cell contact and
tight junctions. Overexpressed or unphosphorylated ephrin-B1 competes with active Cdc42
GTPase for binding to Par-6 and inhibits aPKC activation in the Par polarity complex,
leading to tight junction disruption. Tyrosine phosphorylation of ephrin-B1 induces
dissociation of ephrin-B1 and Par-6, which is now available to interact with Cdc42 and
establish tight junction. However, ephrin-B1 is also associated with Par-6 at adherence
junction. Loss of ephrin-B1 entirely may allow Par-6 at adherence junction compete with
Par-6 at tight junction for Cdc-42, resulting in disruption of tight junction. Interestingly,
phosphorylation of ephrin-B1 can be EphB receptor independent, and can be induced by
association with tight junction protein claudin (Tanaka et al., 2005). Together, these studies
suggest that de-regulation of ephrin/Eph signaling can affect cell-cell adhesion, but it
remains to be determined whether dysregulation of cell-cell adhesion directly leads to
changes in cellular proliferation. However, breaking down cell-cell adhesion is often a first
step that leads to epithelial-to-mesenchymal transformation, a program that broadly
regulates invasion and metastasis.

Role of Eph receptors in invasion and metastasis

High endogenous levels of Eph receptors in cancer cells, or overexpression of Eph
molecules, have been implicated in promoting tumor cell invasiveness and motility in vitro
and distant metastasis in vivo. Targeted EphA2 receptor knockout significantly inhibited
breast cancer lung metastasis in the MMTV-Neu transgenic mammary tumor model
(Brantley-Sieders et al., 2008). EphA2-deficient tumor cells isolated from the knockout mice
displayed reduced cell invasion and migration in response to serum stimulation, indicating
that EphA2 is required for tumor cell motility. High levels of EphA2 in glioblastoma cells
were also shown to promote tumor cell invasiveness and motility (Miao et al., 2009;
Wykosky et al., 2005). In both cases, EphA2-dependent cell motility appears to be mediated
by ligand-independent signaling and cross talk with other oncogenic pathways. In breast
cancer cells, EphA2 forms a complex with ErbB2 receptor tyrosine kinase and regulates the
activity of Ras-MAPK and RhoA GTPase (Brantley-Sieders et al., 2008). In glioblastoma
cells, EphA2-mediated chemotactic cell migration required phosphorylation of EphA2 on
Ser897 by Akt (Miao et al., 2009). Ephrin-Al stimulation of EphA2 negated Akt activation
by growth factors and caused EphA2 dephosphorylation on Ser897. As noted above,
inhibition of Akt activity by ligand-dependent EphA2 receptor signaling appears to be
mediated by a PP1-like phosphatase, resulting in dephosphorylation of Akt at Thr308 and
Ser374 sites (Yang et al., 2011).

In colon cancer, EphB-ephrin-B interaction regulates both cell positioning and tumor
metastasis (Merlos-Suarez and Batlle, 2008). In normal intestine, Wnt signaling drives
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EphB2 and EphB3 expression in crypts (Batlle et al., 2002). EphB2 is expressed at highest
levels in intestinal stem cells and its expression decreases in progenitor cells as they
differentiate and migrate towards the lumen. EphB3 is localized at the bottom most positions
of the crypt. Ephrin-B1 and B2 express complementarily in differentiated cells and their
expression is negatively controlled by B-catenine/Tcf activity. In colon cancer, APC
mutation activates the Wnt pathway and upregulates the expression of EphB2, B3, and B4
receptors. These tumor-initiating cells repopulate the crypts until they reach the surface
epithelium where they encounter normal cells expressing ephrin-Bs. EphB-ephrin-B
bidirectional signaling was proposed to restrict tumor spreading (Merlos-Suarez and Batlle,
2008). This model was supported by the observation that low- and medium-grade tumors
were enriched in EphB positive tumor cells, whereas high-grade tumors are often EphB
negative, suggesting that silencing of EphB expression is associated with more malignant
human tumors. Furthermore, loss of EphB3 or expression of a dominant negative
cytoplasmic deletion mutant of EphB2 accelerates tumorigenesis in the colon and rectum of
APCMI* mice, and results in the formation of aggressive adenocarcinoma (Batlle et al.,
2005). The mechanism by which EphB receptors compartmentalize the expansion of
colorectal tumor cells appears to be dependent on E-cadherin-mediated adhesion (Cortina et
al., 2007). Thus, constitutive Wnt signaling upregulates EphB expression at early stages of
colon cancer. However, EphB silencing is required for malignant tumor expansion at later
stages, as clinical studies correlate loss of EphB expression with the transition from
adenoma to adenocarcinoma (Batlle et al., 2005).

Interaction between tumor cells and adjacent stromal cells greatly influences tumor cells’
ability to move and invade into surrounding tissue. Most studies in the literature have
focused on paracrine signaling mediated by secreted factors. Using a tumor cell-fibroblast
co-culture system, a recent report showed that a combinatorial code of Eph receptor
activation dictates whether a cell moves or stops upon encountering another cell (Astin et
al., 2010). Prostate cancer cell line PC3 expresses high levels of ephrin-As and EphA2 and
EphA4 receptors. Contact inhibition of locomotion is induced between PC3 cells by EphA
forward signaling via RhoA activation and subsequent cell rounding. Knockdown of EphA2
and EphA4 abolished homotypic contact inhibition of motility in PC3 cells. In contrast,
fibroblasts express high level of ephrin-B2, which activates EphB3 and EphB4 on PC3 cells
to induce Cdc42 activation, lamellipodia formation and cell migration. It is not known if the
same combinatorial code of Eph molecules also functions in other tumor cell types.
However, it is now clear that signals transduced upon direct cell-cell contact are also crucial
for regulating contact inhibition of locomotion and invasiveness, possibly through Eph-
ephrin signaling between adjacent cells.

Regulation of tumor angiogenesis by Eph receptors

It is increasingly recognized that the tumor microenvironment plays crucial roles in tumor
initiation and malignant progression. Angiogenesis, a process in which capillaries sprout
from existing vessels, not only provides nutrients and oxygen for tumor growth, but also
allows tumor cells to intravasate and travel to a distant site to form metastatic lesions. Eph
receptors have been long known to regulate angiogenesis. Early studies discovered that
ephrin-Al, a prototypic ligand for the EphA2 receptor, induces corneal angiogenesis
(Pandey et al., 1995). Several years later, ephrin-B2 and EphB4 were shown to regulate
angiogenic remodeling and arterial-vein specification during embryonic development
(Gerety et al., 1999; Wang et al., 1998). Subsequent studies revealed that ephrin-Eph
molecules have diverse functions in regulating angiogenesis, including modulating
endothelial cell motility and assembly, recruiting perivascular supporting cells,
lymphangiogenesis, and, more recently, angiocrine signaling.
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Ephrin-Al and EphA2 in tumor-endothelium interaction

In addition to dysregulation of Eph receptor in tumor cells, many Eph receptors and ephrins
are also upregulated in the tumor vasculature. Elevated EphA2 receptor expression was
found in a number of tumor xenografts and human breast cancer clinical specimens
(Brantley-Sieders et al., 2011a; Ogawa et al., 2000). Host deficiency of EphA2 receptor
tyrosine kinase results in reduced tumor angiogenesis and metastatic progression (Brantley-
Sieders et al., 2005). EphA2 deficient endothelial cells display impaired migration and
assembly in response to either ephrin-Al ligand or VEGF stimulation (Brantley-Sieders et
al., 2004; Chen et al., 2006). The defective phenotypes resulted from, at least in part,
dysregulation of PI3K, Vav guanine nucleotide exchange factor, and Racl GTPase signaling
in EphA2 knockout endothelial cells (Brantley-Sieders et al., 2004; Hunter et al., 2006).
Mapping of phosphorylated tyrosine residues of EphA2 revealed interaction sites between
EphA2 and Vav GEF or p85 subunits of PI3K (Fang et al., 2008a), suggesting a critical role
for tyrosine phosphorylation in transducing EphA2 forward signaling in vascular endothelial
cells. Indeed, knockout of Vav2 and Vav3 in mice resulted in similar vascular defects in
vitro (Hunter et al., 2006) and impaired tumor angiogenesis in vivo (Brantley-Sieders et al.,
2009), supporting the critical role of VVav-Rac signaling in EphA2-mediated
neovascularization.

Expression analysis has correlated ephrin-Al with tumor neovascularization and progression
in several mouse models of cancer and in human samples. Ephrin-Al expression is induced
by TNF-a, VEGF, and HIF (Cheng et al., 2002; Pandey et al., 1995; Yamashita et al., 2008).
Targeted gene deletion of ephrin-Al in mice results in defective heart valve and impaired
cardiac function (Frieden et al., 2008). In addition, ephrin-A1-null endothelial cells have
reduced migratory and assembly response upon stimulation of VEGF in vitro and impaired
angiogenesis in a sponge assay in vivo (Youngblood and Chen, unpublished data),
suggesting a critical role of ephrin-Al in angiogenesis. It is currently unknown whether
ephrin-Al functions in vascular endothelial cells through EphA2 forward signaling, ephrin-
Al reverse signaling, or both. Although ephrins lack a cytoplasmic domain, ephrin-A
ligands can complex with transmembrane proteins to transduce their signals. Indeed, reverse
signaling by ephrin-As upon binding EphAs controls axon guidance and mapping in the
nervous system (Lim YS, 2008), and cell attachment and motility in fibroblasts and tumor
cells (Davy et al., 1999; Davy and Robbins, 2000). One recent study showed that p75
neurotrophin receptor (NTR) can form a complex required for Fyn phosphorylation upon
binding EphAs, activating a signaling pathway leading to cytoskeletal changes (Lim YS,
2008). It remains to be determined whether ephrin-Al reverse signaling also plays
significant roles in angiogenesis and what key transmembrane proteins act as co-receptors
for ephrin-Al in endothelial cells.

It is well known that tumor-derived proangiogenic factors induce neovascularization to
facilitate tumor growth and malignant progression. Conversely, the concept of “angiocrine”
signaling, in which signals produced by endothelial cells elicit tumor cell responses distinct
from vessel function, has been proposed (Butler JM, 2010). Recently, EphA2 receptor was
found to regulate such “angiocrine” signaling (Brantley-Sieders et al., 2011a). Co-
transplantation of tumor cells with wild-type, but not EphA2-null, endothelial cells enhanced
tumor growth before incorporation of exogenous endothelial cells into blood vessels,
suggesting that endothelial-derived factors modulate tumor growth. Interestingly, EphA2
does not appear to up-regulate angiogenic factors. Rather, loss of EphA2 results in elevated
Slit2 production from endothelial cells, which inhibits tumor cells growth and motility. In
human breast cancer, high levels of EphAz2 are associated with low Slit2 expression in tumor
endothelium, correlating with poor patient survival. Together, these data suggest that EphA2
RTK not only has a role in tumor-induced angiogenesis, but also functions in angiocrine
regulation of tumor growth and motility.
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Ephrin-B2 and EphB4 in tumor angiogenesis

Ephrin-B2 and its receptor EphB4 were first discovered to play a role in arterial-vein
specification and angiogenic remodeling during embryonic development (Gerety et al.,
1999; Wang et al., 1998). Knockout of either ephrin-B2 or EphB4 in mice resulted in similar
defects of angiogenic remodeling. Because complete deletion of ephrin-B2 or EphB4
induces embryonic lethality, inducible endothelial specific knockout animals or mice
bearing specific mutations in the cytoplasmic tail of ephrin-B2 have been developed.
Endothelial cell-specific deletion of ephrin-B2 affected retinal angiogenesis in newborn
mice, as well as lymphatic vessel development in dermal skin (Wang et al., 2010). These
vascular defects appear to be caused by lack of ephrin-B2 reverse signaling through
interaction with PDZ domain-containing proteins (Mé&kinen et al., 2005; Sawamiphak et al.,
2010). A single amino acid deletion in the PDZ-binding motif of the cytoplasmic tail of the
ephrin-B2 leads to similar phenotypes as those in endothelial-specific knockout mice. In
contrast, mutations in all 5 tyrosine residues of ephrin-B2 do not appear to affect ephrin-B2
function in angiogenesis, suggesting that ephrin-B2 reverse signaling in angiogenic
remodeling is mediated by PDZ interaction (Méakinen et al., 2005; Sawamiphak et al., 2010).

How does ephrin-B2 reverse signaling affects angiogenesis? Ephrin-B2 is expressed in
sprouting capillaries, both in tip cells and stalk cells. One of the characteristics of angiogenic
tip cells is that they send numerous fillopodia to sense the microenvironment in response to
VEGF released from hypoxic tissues. These tip cells express high levels of VEGF receptor 2
and receptor 3 and guide migration of the angiogenic sprout (Adams and Eichmann, 2010b).
Loss of ephrin-B2 or impaired ephrin-B2 reverse signaling significantly decreases the
number of fillopodia extensions in angiogenic tip cells without affecting the proliferation of
stalk cells (Sawamiphak et al., 2010) (Wang et al., 2010). Because ephrin-B2 and VEGFR
are co-localized on fillopodia and the body of the tip cells, the cross talk between these two
signaling pathways was investigated. Loss of ephrin-B2 or mutation in the PDZ-binding
motif of the ephrin-B2 cytoplasmic tail inhibited VEGF receptor endocytosis and receptor
phosphorylation. VEGF receptor endocytosis appears to be critical for its signaling, since
inhibition of VEGF receptor internalization by Dynosore, an inhibitor of dynamin GTPase,
reduced phosphorylation of VEGFR and Akt in vitro and fillopodia extension in angiogenic
spouts. Together, these results elucidate how these two important signaling pathways cross
talk in angiogenesis and lymphangiogenesis, although the molecular mechanism underlying
how ephrin-B2 PDZ interaction affects VEGFR endocytosis awaits to be further
investigated.

Aside from developmental and physiological angiogenesis, ephrin-B2 and EphB4 are also
expressed in the tumor blood vessels in a variety of tumors (Erber et al., 2006; Gale et al.,
2001; Shin et al., 2001) and are induced under hypoxic conditions (Vihanto et al., 2005),
suggesting that this ligand-receptor pair may regulate tumor neovascularization. In support
of this hypothesis, A375 melanomas form smaller, less vascularized tumors in the presence
of the soluble, monomeric EphB4 extracellular domain /n vivo (Martiny-Baron et al., 2004).
Soluble EphB4 may act, at least in part, by preventing binding of tumor cell EphB receptors
to ephrin-B2-positive endothelium, thus disrupting tumor angiogenesis. Further support for
this hypothesis is provided from studies in which overexpression of a truncated cytoplasmic
deletion EphB4 receptor construct produced increased tumor growth and vascularity in
mammary tumors, likely through ephrin-B2 mediated reverse signaling in host endothelium
(Noren et al., 2004). Indeed, transplantation of gliomas cells into the brain of mice with
ephrin-B2 cytoplasmic mutation results in reduced tumor size and decreased tumor vessel
density (Sawamiphak et al., 2010), suggesting ephrin-B2 reverse signaling is required for
tumor angiogenesis. Taken together, these studies reveal a critical role for B class receptors
and ligands in tumor progression and vascular recruitment for multiple types of human
cancer.
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Ephrin/Eph in endothelial-mural cell interaction

Perivascular supporting cells or mural cells, called pericytes in capillaries or vascular
smooth muscle cells in larger vessels, are essential components of blood vessels and are
critical in maintaining vessel stability. Alteration of pericyte density or the stable attachment
of pericytes to the endothelium is associated with a number of human diseases including
cancer. Paracrine signaling between endothelial and mural cells, such as PDGF-B/PDGFRf
and angiopoietin and Tie2 receptor, has been shown to play essential roles in recruitment of
perivascular mesenchymal cells to differentiate into pericytes and maintaining tight
interaction between endothelial cells and mural cells [reviewed in (Gaengel K, 2009)]. More
recently, ephrin-Eph receptor signaling, ephrin-B2 and EphB4 specifically, has also been
implicated in blood-vessel-wall assembly.

During embryonic development, ephrin-B2 is expressed on arterial endothelial cells.
However, as development proceeds, ephrin-B2 expression progressively extends through the
capillary bed and to pericytes (Erber et al., 2006; Gale et al., 2001; Shin et al., 2001),
suggesting a role of ephrin-B2 in vessel wall formation. Mural cell-specific deletion of
ephrin-B2 in mice results in perinatal lethality due to vascular defects in multiple organs and
abnormal migration of smooth muscle cells to lymphatic capillaries (Foo et al., 2006).
Ephrin-B2 deficient pericytes have reduced contacts with endothelial cells and fail to
envelope the endothelial tube (Foo et al., 2006), resulting in dysfunction of microvessels and
hemorrhage, indicating that ephrin-B2 is required for proper mural cell function. To
determine whether the role of ephrin-B2 in mural cells is mediated by reverse signaling,
Salvucci et al. mutated the 5 tyrosine residues of the ephrin-B2 cytoplasmic domain
(Salvucci et al., 2009). Interestingly, while mutation of all 5 tyrosine residues does not
appear to affect angiogenic sprouting in vivo (Sawamiphak et al., 2010) (Wang et al., 2010),
the same mutant severely impairs the ability of pericyte and endothelial cell assembly into
cordlike structures in a Matrigel plug assay (Salvucci et al., 2009). Thus, ephrin-B2 reverse
signaling via PDZ interaction appears to mediate angiogenic sprouting, whereas reverse
signaling through phosphorylated tyrosine residues may functions in vascular endothelial-
pericyte interaction.

Concluding remarks

Both pre-clinical laboratory studies and data in human cancer clinical specimens provide
compelling evidence that members of the Eph family of receptor tyrosine kinases and their
ephrin ligands regulate tumor growth, invasion and metastasis, and neovascularization.
However, Eph receptor signaling is complex, influenced by differences in ligand-dependent
versus ligand-independent signaling, forward versus reverse signaling, and kinase-dependent
versus kinase-independent signaling. Some of the paradoxical functions of Eph also appear
to be influenced by tissue type and oncogenic context. Given the complexity of signaling
regulated by this RTK family, as well as extensive cross-talk with other RTK families
involved in cancer, future efforts should be aimed at understanding how Eph receptor
expression and function is modulated in the context of relevant cancer pathways.

In spite of these challenges, Eph receptors are very attractive therapeutic targets. They are
expressed in a broad range of human cancer types in both tumor and the surrounding host
tissue. In addition, some of the Eph receptors are known to simultaneously regulate tumor
growth and neovascularization, permitting molecularly targeted therapies to potentially
disrupt at least two key processes in tumor progression with a single agent. Although the
role of Eph receptors in tumor stem cells has not been investigated extensively, Eph
receptors/ephrins are expressed in various other types of stem cells, such as in nervous
system and the intestine (Genander and Frisén, 2010). Characterizing the Eph/ephrin in
cancer stem cells will allow development of targeted therapies to this group of cells,
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preventing tumor recurrence and metastasis. Finally, because Eph family is the largest RTK
family in the genome and its ligands and receptors often display overlapping expression
patterns in both tumor cells and the surrounding host stroma, a key step in translating the
biological and mechanistic data from the laboratory into the clinic will be to analyze the
expression and mutations of individual Eph receptors in large datasets of human cancer.
Together with mechanistic studies in cell lines and animal models, expression profiling and
mutation analysis in human tissue will elucidate the mechanisms of tumor initiation and
progression and lay foundations for development of new anticancer therapeutics.
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Mouse Strain

Tumor Model

Phenotype

Reference

EphAZ”- knockout mice

MMTV-Neu Breast cancer

Decreased tumor incidence,
tumor burden, and metastasis

(Brantley-Sieders et al.,
2008)

EphA2 ¥ gene trap mice

DMBAJ/TPA Skin cancer

Increased tumor number, tumor
burden, and invasiveness

(Guo et al., 2006)

EphA27 gene trap mice

APC Min+ Colon cancer

Decreased tumor number and
size in small and large intestine

(Bogan et al., 2009)

Villin-ephrinA1 Transgenic mice

APC Min* Colon cancer

Increased tumor numbers and
invasiveness

(Shi et al., 2008)

MMTV-EphB4 Transgenic mice

MMTV-Neu Breast cancer

Accelerated tumor onset and
increased metastasis

(Munarini et al., 2002)

Villin-EphB24€ EphB3” Vil -Cre/ephrinB14/A

APC Min+ Colon cancer

Increased tumor number and
tumor invasion

(Batlle et al., 2005;
Cortina et al., 2007)
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Table 2

Vascular phenotypes of Eph/ephrin mutant animals
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Gene knock out/knock in

Phenotype

Reference

ephrinA1" Defects in heart valves and impaired cardiac function (Frieden et al., 2010)
EphAZ” Perinatal lethality; hypoplastic heart valve (Stephen et al., 2006)
EphAZ" Defects in tumor angiogenesis (Brantley-Sieders et al., 2005;

Brantley-Sieders et al., 2008)

EphB2"- EphB3"

Embryonic lethal; die at E10.5 (~30%); Defective vessel
remodeling, similar to those observed in epfrinB2"

(Adams et al., 1999)

sprouting

EphB4" Embryonic lethal, die at E10.5; Defective vessel remodeling, (Gerety et al., 1999)
similar to those observed in ephrinB2"-
ephrinB2” Embryonic lethal, die at E10.5; Defective vessel remodeling and | (Wang et al., 1998)

ephrinB22C/AC (deletion of cytoplasmic
domain)

Defects in angiogenic remodeling similar to those observed in
ephrinB2"

(Adams et al., 2001)

ephrinB2AV/AV (deletion of Val. residue
in PDZ-binding motif)

Defects in angiogenic remodeling similar to those observed in
ephrinB2”- Defects in tumor angiogenesis

(Mékinen et al., 2005;
Sawamiphak et al., 2010)

ephrinB2°¥7%Y (knockin mutation in 5
tyrosine residues)

Mild lymphatic phenotype

(Mékinen et al., 2005;
Sawamiphak et al., 2010)

ephrinB2AEC (VE-cadherin promoter
driven CreERT2, EC-specific knockout)

Defects in angiogenic sprouting in both blood vessels and
lymphatic vessels.

(Wang et al., 2010)

ephrinB2/69F (Tie2-rtTA driven tetO-
ephrinB2 transgenic)

Increased angiogenic sprouting.

(Wang et al., 2010)

ephrinB2APCVSMC (PDGFR@ promoter
driven Cre, mural cell-specific
knockout)

Perinatal lethality; vascular defects in multiple organs; abnormal
migration of smooth muscle cells to lymphatic capillaries.

(Foo et al., 2006)
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