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Abstract

The impact of Eph and ephrin signaling on cell behavior is complex and highly context dependent.
Forward signaling initiated by Eph receptor activation and reverse signaling initiated by ephrin
activation often mediate opposite effects. The apparent ligand-independent functions of Eph
receptors recognized recently add another layer of complexity. This review will attempt to sort out
the information generated recently on signaling by the A subfamily of Eph receptors and ephrin
ligands. We will focus on EphA/ephrin-A signaling in the context of several physiological and
disease processes, where new progresses have been made lately and unifying themes are emerging
amid previous confusions. For more comprehensive survey of literature on Eph/ephrin signaling
pathways and networks, readers are referred to outstanding reviews both in this volume and in
other recent publications.

A. INTRODUCTION

The cloning of the first Eph receptor tyrosine kinase (RTK) from an erythropoietin-
producing hepatoma cell line in 1987 set in motion of a rapid succession of identification of
multiple other related receptors (1). The effort culminated in emergence of the Eph receptors
as the largest subfamilies of RTKSs in vertebrate systems with 16 distinct members including
14 in mammalian systems (2). The identification of ligands called ephrins lagged for several
years, in part owning to the later realization of the membrane-bound nature of the ligands
(3-5). The six ephrin-A ligands (A1-A6) are anchored to the cytoplasmic membrane through
glycosyl phosphatidyl inositol (GPI) moiety, and generally bind to EphA receptors (Al-
A10). The three ephrin-B ligands (B1-B3) are type | transmembrane proteins with highly
conserved cytoplasmic tails and preferentially bind to EphB receptors (B1-B6). Notable
exceptions are EphA4 binding to ephirn-B2/B3 (6-8), and EphB2 binding to ephrin-A5 (9).
Ephs and ephrins are expressed in almost all embryonic tissues during development (10-13).
While the expression dissipates after birth, most cell types of the adult tissues retain distinct
repertoire of Eph receptor and ephrin ligand expression (14). The functional characterization
of Eph/ephrin system in the last two decades revealed an astounding array of developmental,
physiological and disease processes that are regulated by Eph/ephrin system (12,15-21).
Matching the functional versatility is equally diverse signaling mechanisms, which are
underscored by the unique bidirectional signaling properties of Eph/ephrin system: Not only
are there signaling by Eph receptors, the ephrin ligands are also capable of receptor-like
signaling into the interior of ligand-presenting cells. The bidirectional signaling by Eph/
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ligand system is intimately integrated with other cellular signaling networks via reciprocal
regulation to exert effective control over cell behaviors (22,23).

The explosive expansion in the literature on Eph/ephrin function and signaling is marked
with major discoveries as well as some controversies (19). This review will attempt to sort
out the information generated recently on signaling by the A subfamily of Eph receptors and
ephrin ligands. We will focus on EphA/ephrin-A signaling in the context of several
physiological and disease processes, where new progresses have been made lately and
unifying themes are emerging amid previous discrepancies. For more comprehensive survey
of literature on Eph/ephrin signaling pathways and networks, readers are referred to
outstanding reviews both in this volume and in many other recent publications. We
apologize for unable to cite many original papers due to space constrains and the more
focused themes of the review.

B. YIN AND YANG REGULATION OF CELL ADHESION AND MIGRATION BY
EPHA/EPHRIN-A SIGNALING

The best documented function of EphA/ephrin-A signaling is the regulation of cell adhesion,
positioning, and migration, processes critical for a wide variety of normal and pathological
processes from embryonic development to tissue regeneration, immune surveillance, and
tumor progression. Besides the highly context- and cell type-dependence, EphA and ephrin-
A can use diverse means to impact the ability of a cell to adhere and migrate.

B1. Differential regulation of cell-matrix interaction by EphA/ephrin-A signaling

EphA receptors—Regulation of integrin activities has been demonstrated to be a key
mechanism underpinning the effects of Eph/ephrin system on cell-matrix adhesion and
migration. Earlier studies show that activation of EphA2 and EphB2 is linked to suppression
of integrin function leading to the cell deadhesion and cell rounding effects (24,24,25). The
latter effects on cell rounding have been further documented in more recent studies (26,27).
The EphA2 activation-mediated outside-in signaling that triggers p1-integrin conformational
changes and inactivation was associated with FAK and paxillin tyrosine dephosphorylation
(25). Interestingly in a semi-in vivo setting, activation of EphA4 by ephrin-A3 in
hippocampal slices also inhibits integrin downstream signaling, including FAK, Pyk2 and
Crk dephosphorylation (28). In addition, EphAl has been shown to be associated with
integrin-linked kinse (ILK). Activation of EphAl by ephrin-Al inhibits ILK activity leading
to the inhibition of cell spreading and migration (29). Despite the emerging theme pointing
to the negative regulation of integrin function by EphA forward signaling, certain exceptions
exist. The most notable example is EphA8. Ligand stimulation of EphA8 promotes integrin-
mediated cell-matrix adhesion through PI3K. Interestingly, this effect is independent of
EphA8 kinase activity, further suggesting its uniqueness (30).

More recent studies provide further support for negative regulation of integrins by EphA
receptors. A large scale transcriptional profiling of ephrin-A-treated keratinocytes shows
that ephrin-A treatment, presumably through Eph activation, causes decreased integrin gene
expression, leading to the inhibition of cell migration (31). Similar observation has been
made in Schwann cells, which express EphA2, -A4, and -A7 (32). Upon contact with
astrocytes, which express most of ephrin-As, the interaction between EphAs and ephrin-As
suppresses intermingling and mediate sorting of two cell types. Treatment with ephrin-A5
inhibits integrin activity and causes FAK dephosphorylation (32).

Ephrin-A ligands—In contrast with EphA receptors, whose forward signaling is often
associated with inhibition of cell adhesion and migration as described above, the reverse
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signaling by ephrin-As appear to have generally opposite effects. Thus earlier studies
showed that ephrin-A5 expressed in NIH 3T3 cells displayed increased adhesion to
fibronectin and laminin upon ligation by EphA5-Fc through activation of p1-integrin (33).
Similarly stimulation of ephrin-A2 on HEK 293 cells with EphA3-Fc promoted integrin-
mediated cell adhesion and migration (34). This theme is further supported by recent studies.
Thus, ephrin-A reverse signaling has recently been reported to induce phosphorylation of
paxillin, a mediator of integrin signaling, and regulate hematopoietic stem cell adhesion and
trafficking (35). Ephrin-As are co-expressed with EphAs on T cells and the reverse signaling
initiated by ephrin-A activation stimulates integrin-mediated cell interaction and promotes T
cell trafficking to lymph nodes in vivo (36).

It is worth pointing out that some of the seeming confusions and inconsistencies regarding
EphA/ephrin-A regulation of cell adhesion and migration can be reconciled by
differentiating between the receptor vs. the ligand signaling or by taking into consideration
of the cellular context and different members of Ephs or ephrins involved.

B2. Differential regulation of cell-cell adhesion by EphA/ephrin-A signaling

Although EphA forward signaling negatively regulates cell-matrix interaction in many
cases, it seems to exert different effects on cell-cell interactions. EphA/ephrin-A signaling
regulates virtually all types of cell-cell adhesions. EphA2 has been reported to interact with
claudin 4, a component of tight junction. Activation of EphA2 causes phosphorylation of
claudin 4, leading to reduced association between claudin 4 and ZO-1 and delayed assembly
of claudin 4 to tight junctions (37). EphA/ephrin-A signaling also regulates both Ca2*-
dependent E-cadherin-based adherens junctions and Ca%*-independent Nectin-based cell-
cell adhesions. Nectins are linked to the actin cytoskeleton through actin-binding protein
afadin/AF-6. The nectin-afadin complex is important for the formation of not only adherens
junctions, but also tight junctions in epithelial cells. Early study shows that AF-6 interacts
with a subset of Eph receptors including EphA7 at cell-cell contacts in the brain. The
interaction is mediated by the PDZ domain of AF-6 and is dependent on tyrosine
phosphorylation of Eph kinases (38).

While the evidence of the regulation of Nectin-based cell-cell adhesion by Eph/ephrin
signaling is still relatively thin, there are mounting evidence demonstrates the mutual
regulation between Eph receptor and E-cadherin-based cell-cell adhesion. A positive
feedback loop between E-cadherin-mediated cell-cell adhesion and EphA2 forward
signaling has been suggested in a recent study done by Miura and colleagues (39). In this
study, EphA2 activation by ligand ephrin-Al stimulation in MDCK cells suppresses Arf6, a
GTPase primarily regulates recycling of plasma membrane components and remodeling of
the membrane and actin cytoskeleton at the cell peripheries, and induces cell compaction,
which is accompanied by the enhanced accumulation of E-cadherin to cell-cell contacts.
Blocking E-cadherin function inhibits ephrin-Al-stimulation induced cell compaction.
Therefore, E-cadherin-based cell-cell adhesion enhances EphA forward signaling, which in
turn downregulates Arf6 activity to enhance E-cadherin-based cell-cell adhesion and apical-
basal polarization of epithelial cells (39). This finding is consistent with early studies
showing that the expression, localization, as well as function of EphA2 are regulated by E-
cadherin (40,41). Disruption of E-cadherin-mediated cell-cell adhesion results in reduced
phosphorylation and cell-cell contact localization of EphA2 In normal breast epithelial
MCF-10A cells. Expression of E-cadherin into metastatic breast cancer MAD-MB-231 cells
enhances the phosphorylation of EphA2 and redistribution of EphA2 from cell periphery to
cell-cell contacts (41). It should be noted that in this study, reduced cell-matrix adhesion was
also observed after EphA2 activation by ligand stimulation, which is consistent with many
studies discussed in section Al above.
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A recent study by Lin et al further reinforced that EphA2 activation by ephrin-Al
stimulation strengthens inter-keratinocyte adhesion and induces stratification and terminal
differentiation. In their model, although EphA2 and E-cadherin were both concentrated at
nascent cell-cell contacts, activation of EphA2 caused no significant change in E-cadherin
expression level. Instead it dramatically upregulated the expression of desmoglein 1 and
desmocollin 1, the suprabasal desmosomal cadherin partners (42). The observation that
EphA2 forward signaling induced terminal differentiation is in keeping with the research by
Walsh and Blumenberg showing that treatment of keratinocytes with ephrin-A ligands
causes differentiation (31). Both studies are consistent with previous report that EphA2
activation by ephrin-A1 simulation in primary keratinocytes results in the inhibition of Ras/
ERK activities and cell growth (43). Deletion of EphA2 eliminates EphA2/ephrin-Al
interactions in the interface of the receptor-expressing and the ligand-expressing cells, which
could contribute to the increased tumor susceptibility (43).

Interestingly, EphA2 forward signaling is also important for N-cadherin-mediated cell
contacts and architectural integrity of tissues. Lens fiber epithelial cells express high levels
of both EphA2 and ephrin-A5 (44,45). Ephrin-AS5 activates EphA2, leading to the increased
recruitment of p-catenin to N-cadherin. Loss of £7na5or EphAZ genes results in the
disorganization of N-cadherin in lens fiber cells and the development of cortical cataract
(44,45). Moreover, human genetic studies revealed that EphA2 is associated with
development of age-related cataract (44,46-49). While most of the SNPs are in the non-
coding region, non-synonymous mutation was found in the kinase domain in one study that
alters the expression and catalytic activities of EphA2 (44).

Making intercellular connections is a characteristic to epithelial cells. Disruption and
reassembly of these adhesion features mark cell phenotype changes, defined as epithelia-
mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET), respectively.
Both processes play key roles in embryonic development and cancer progression. Based on
the findings discussed above, EphA/ephrin-A signaling differentially regulates cell-matrix
and cell-cell adhesion, which may facilitate changes in cell phenotypes in developmental,
physiological and disease processes (Fig. 1). It will be interesting to investigate how EphA/
ephrin-A signaling coordinate these two types of adhesion and how EphA receptor
activation facilitate the switch between cell-matrix adhesion and cell-cell adhesion during
cell phenotype changes.

B3. EphA/ephrin-A signaling regulates cell adhesion and migration machinery through
Rho GTPase-dependent and —independent pathways

Cytoskeleton reorganization is essential for cell shape change and movement. Regulation of
cytoskeleton by EphA/ephrin-A signaling has been well-documented. Accumulating
evidence shows that EphA /ephrin-A signaling is capable of regulating all three types of
cytoskeleton including actin microfilament, microtubule, and intermediate filament through
Rho GTPase-dependent and —independent pathways.

Through interacting and activating guanine exchange factors (GEFs), such as Ephexin and
Vav and GTPase activating proteins (GAPs) such as a2- and p2-chimaerin, EphA receptor
activation leads to activation of RhoA and/or inactivation of Rac1/Cdc42 in variety type of
cells (18,50-54). As a result, actin filaments are stabilized and cell migration is inhibited.
However there are exceptions. For example, ephrin-Al binding to EphA2 may activate Racl
through Tiam1, a Rac GEF, and stimulates neurite outgrowth from cortical neuron (55).

While activation of RhoA and inactivation of Rac/Cdc42 have been one of the common
downstream effects of EphA kinase activation upon ligand stimulation, opposite effects can
be achieved by EphA2 independent of ligand stimulation. It has been recently reported that
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Ephexin4, a GEF for RhoG, acts downstream from unligated EphA2. Activation of RhoG
triggers a signaling cascade leading to activation of Rac and stimulation of breast cancer cell
migration in the ephrin-A ligand-independent manner (56). This provides another possible
mechanism underlying EphA2 ligand-independent migration-promoting effect that will be
discussed in the next section. In addition, RhoG regulates cell proliferation and survival via
PI13K independently of its ability to activate Rac and cytoskeleton assembly. Indeed EphA2/
Ephexin4/RhoG signaling cascade has recently been implicated in mediating resistance to
anoikis (57).

While Eph and ephrin are widely expressed during embryonic development of nervous
system, they are often downregulated in most areas of adult CNS. Interestingly, reexpression
or upregulation of EphA receptors has been found after nerve injury. For example, EphA4 is
highly expressed on astrycyte at the sites of injury and is a major contributor to the
inhibition of neuronal regeneration following spinal cord injury (58,59). The injury leads to
cytoskeletal reorganization in astrocyte. Recently, EphA2/A4 receptor signaling by ephrin-
Ab5 stimulation has been reported to regulate both actin stress fiber and glial fibrillary acidic
protein (GFAP) intermediate filament formation in astrocytes in response to injury (60).

Mechanisms independent of Rho GTPases in EphA signaling regulation of cytoskeleton are
also suggested. Cheng et al. have found that stimulation of EphA receptor by ephrin-A5
induces Cdk5 activation via Tyr15 phosphorylation, followed by phosphorylation of its
substrate, tau, resulting in microtubule reorganization (61). More recently, Nie and
colleagues have reported that EphA activation by ephrin-A inhibits local translation of p-
actin and other mRNAS by inactivating mTOR pathway, which regulate actin cytoskeletal
dynamics in the growth cone (62).

C. EXTENDING EPHA/EPHRIN-A SIGNALING NETWORK VIA CORSSTALK
WITH OTHER RTKS AND PROTEIN TYROSINE PHOSPHATASES (PTPS)

C1l. Reciprocal regulation between EphA/ephrin-A and growth factor receptor signaling

Eph receptor tyrosine kinases differ from conventional receptor tyrosine kinases such as
growth factor receptors (GFR). Most GFP pathways have well-documented oncogenic
activities whereas Eph receptor signaling often functions as tumor suppressor function in
part by counteracting growth factor signaling (43,63-65). However, recent evidence has
revealed that Eph receptors may have both pro- and anti-oncogenic functions depending on
hardwiring of intracellular signaling networks and extracellular stimuli. Under normal
condition, EphA/ephrin-A signaling plays a critical role in maintaining tissue homeostasis
(13). In tumor cells particularly during malignant progression, EphA receptors can be co-
opted by growth factor signaling and promote tumor cell invasion and metastasis (66-69).

EphA2 crosstalk with Ras/ERK pathway—EphA receptor activation by ephrin-A
ligands leads to inactivation of Ras/extracellular signaling-regulated kinase 1/2 (ERK1/2)
pathway downstream from growth factor signaling in fibroblasts and epithelial cells (63).
Similar observations have made in most normal and many tumor cells (43,62,63,70-72).
Inhibition of Ras/ERK pathway is associated with cell growth inhibition in vitro and tumor
suppressor activities in vivo. Interestingly growth factor—stimulated ERK1/2 activation can
in turn upregulate EphA2 expression, completing a feedback loop (70). Under normal
condition, the negative regulatory function of EphA2 forward signaling is important for
maintaining epithelial tissue homeostasis. Because ligand-activated EphA2 receptor inhibits
Ras by recruiting activating RasGAP (63,73), tumor cells with constitutively active Ras can
bypass the inhibitory effects of the ligand-activated EphA kinases. During tumor

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miao and Wang

Page 6

development, the EphA2 forward signaling is often compromised due to hyperactivation of
growth factor pathway, activation of Ras or downregulation of ephrin-A ligands (Fig. 2).

Reciprocal regulation between Akt and EphA2—In addition to the mutual regulation
between EphA2 and Ras/ERK pathway, a novel regulatory loop has also been recently
discovered between Akt and EphA2 (68). It turns out that EphA2 has diametrically opposite
roles in regulating chemotactic cell migration and invasion depending on is ligand activation
status. In the presence of the ligand, the activated EphA2 inhibits chemotactic cell migration
and invasion, accompanied by strong suppression of Akt activities in variety of different
cells (68,72). In contrast, when the ligands are absent, the unligated EphA2 promotes
chemotactic cell migration and invasion instead. Interestingly the ligand-independent
stimulation of cell motility and invasion was correlated with phosphorylation of EphA2 on a
single serine residue (S897) by Akt (68). Therefore, in contrast to the role of EphA2/ephrin-
Al interaction in mediating repulsive response that prevents the invasion of tumor cells,
EphA2 receptor when not occupied by its cognate ligand can become an integral part of
growth factor receptor pathway and act as positive guidance molecule for migrating cells

(Fig. 2).

The mutual regulation with growth factor pathway is also found in other EphA receptors.
Activation of IGF-1R induces EphA3 expression in malignant T cells. On the other hand,
EphA3 activation by ephrin-A5 stimulation resulted in a reduced integrin-mediated cell
adhesion (69). The expression regulation goes both ways. EphA4 activation was found to
induce FGF as well as it receptors and promote posterior protrusion in xenopus embryos
(74). EphA4-FGFR1 heterodimer promotes FGFR1 signaling in glioma cell line. Ligand
stimulation of EphA4 stimulates FGFR1 phosphorylation and signaling (67,67). On the
other hand, Ephrin-A5 negatively regulates EGFR expression by promoting its
ubiquitination through both reverse signaling and forward signaling by binding to EphA
(75).

Ephrin-A ligands has also been reported to interact and function as integral components of
growth factor signaling. For example, ephrin-A5 and —A6 bind to activated p75T™<B
receptors to specifically enhance p75T™ B/BDNF signaling-induced P13K/Akt activation,
axon branching and synaptogenesis (76). Interestingly, the reverse signaling of ephrin-A5 by
EphA7 stimulation can in turn suppress these processes (76).

C2. Protein phosphatases take parts in both upstream and downstream of the EphA/
ephrin-A signaling network

Not only do EphA receptors have mutual regulatory relationship with other RTKs, they also
cross-talk with different types of protein phosphatases including receptor-like tyrosine
phosphatases such as LAR subfamily PTP-3 and Ptpro, non-receptor tyrosine phosphatase
such as SHP-2, PTP1B, and LMW-PTP, lipid phosphatase such as PTEN and SHIP2, as
well as yet unidentified serine/threonine protein phosphatases(25,72,77-83).

The only C. elegans Eph receptor Vab interacts genetically with PTP-3, a LAR subfamily
PTPs. ptp-3and Eph signaling mutations show specific synergistic effects on
morphogenesis. Ptpro determines the sensitivity of retinal axons to ephrin-A2 as a repellent
in vitro and that the retinotectal projection is modified by Ptpro along both axes through
control of the activity of EphA receptors (81).

Increasing evidence points to the tyrosine dephosphorylated EphA2 in oncogenic process.
One of the phosphatases, LMW-PTP, has been reported to interact with EphA2.
Overexpression of this PTP is sufficient to induce transformation of epithelial cells, which is
dependent on the dephosphorylation of EphA2 (79). EphA2 tyrosine phosphorylation level
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was dramatically decreased by overexpression of LMW-PTP, and increased by expression
of dnLMW-PTP, suggesting tyrosine-phosphorylated EphA2 is a substrate of LMW-PTP
(78). This observation is in keeping with previous reports that EphA2 is prominently
tyrosine phosphorylated in nontransformed cells and largely dephosphorylated in
transformed cells (41,84).

The phosphorylation of EphA3 is controlled by specific protein tyrosine phosphatases
(PTPs) in nonadherent leukemia cells and normal adherent cells. In typically nonadherent
pre-B ALL cells that express EphA3 receptors, ephrin-Ab5 stimulation can cause either
repulsion or adhesion. Interestingly, the molecular switch between this two diametrically
opposite responses relies on the PTPs activity. While tyrosine phosphorylation of EphA3
causes adhesion, PTPs attenuates the response (82). In normal adherent cells, PTP1B was
found to negatively regulate ephrin-A5-induced EphA3 phosphorylation. Upon contact with
ephrin-A5-expressing cells, EphA3 recruits PTP1B to the cell surface there PTP1B in turn
controls activity, trafficking, and function of EphA3 (80). In glioma and normal epithelial
cell co-culture, EphA-ephrin-A interaction causes cell segregation. Inhibition of PTP1B by
gene silencing or chemical inhibitor increases the segregation. In contrast, treatment with
EphA3 kinase inhibitor causes the intermingling and cell dispersion between the two cell
populations (80).

In addition to being regulated by protein phosphatases, EphA2 also utilizes protein
phosphatases to dephosphorylate its target molecules. For example, SHP2 has been found to
interact with EphA2 and mediate dephosphorylation of focal adhesion kinase (FAK) in PC-3
cells (25). An unidentified serine/threonine phosphatase function downstream EphA2 in
dephosphorylating Akt and suppressing Akt-mTOR pathway (72). In C. elegans, Eph
interacts with PTEN (phosphatase and tensin homolog) and inhibits its phosphatase activity
(77).

D. EVER EVOLVING ROLE OF EPHA/EPHRIN-A SIGNALING IN TUMOR

BIOLOGY

As we have already touched upon in previous sections, the complex signaling of EphA
receptor and ephrin-A ligand plays a pivotal role in tumor development and progression by
regulating many aspects of tumor biology from tumor initiation and growth to invasion and
metastases. New mechanistic insights on how the same Eph kinase can function either as an
oncogenic and tumor suppressive protein depending on the cellular context have reconciled
some of persistent inconsistencies in the field. Here we will discuss recent advances in the
intricate signaling networks by EphA/ephrin-A system in several different types of cancers
to highlight some of the emerging themes. For a comprehensive survey of literature on Eph/
ephrin bidirectional signaling in cancer the readers are referred to a recent review (21).

D1. Epithelial cancer

EphA1 was the first member of the Eph family to be identified (1) and is mainly expressed
in epithelial tissues (85). Downregulation of EphALl has been reported in malignant tumors
(14,86). The reduced expression of EphAL in breast carcinoma cells is associated with
invasive behavior of the cells. In colorectal cancer, while overexpression of EphAl is more
prevalent in stage Il CRCs, loss of EphALl, probably due to epigenetic silencing, is
significantly associated with advanced stage and poor survival (87). Therefore, majority
evidence suggests that EphAl as a tumor suppressor. The mechanisms underlying its tumor
suppressor function is largely understudied. Yamazaki and colleagues have demonstrated
that EphALl activation by ligand stimulation can inhibit ILK and suppress cell spreading and
migration of breast cancer cells (29). Both Akt and Rho GTPase are downstream effectors of
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ILK, which could be regulated by EphA1 forward signaling and provide one of the possible
mechanisms for tumor suppression.

Although most closely related with EphA1 compared to with other members of the family,
EphA2 seems to function differently in tumorigenesis and tumor progression. It is one of the
most affected members among Eph receptor family in human cancer, which should not be so
surprising given the reciprocal regulatory loops between EphA2 and Ras/ERK as well as
P13K/Akt signaling as discussed in the previous section. EphA2 is frequently overexpressed
in a variety of human epithelial cancer (88-90). The overexpression often associates with
aggressive phenotype of the cancer (84,91-94). At least in some epithelial cancers, the
overexpression is caused by activation of Ras/ERK signaling (70). It is worth noting that
Ras/ERK signaling differentially regulates EphA2 receptor and ephrin-Al ligand. While
EphA2 is upregulated, ephrin-Al is downregulated by Ras/ERK (70). An imbalance
between the receptor and ligand expression may compromise EphA2 ligand-dependent
tumor suppressive function and promote the ligand-independent pro-oncogenic function

(Fig. 2).

Of note, activation of EphA2 receptor by ephrin-Al ligand stimulation induces repulsive
response in multiple epithelial cancer cells, which can be variably interpreted as evidence of
either increased tumor cell dissemination or reduced tumor cell motility and invasion
(25,27,68,95). It may depend on where the interaction of EphA2 and ephrin-A takes place.
In the periphery or the immediate vicinity of tumor mass, homotypic interactions between
cancer cells through EphAs/ephrin-As could propel cell dispersal from the primary tumor
mass (27,96). Alternatively or in addition, ephrin-As presented by tumor stromal cells could
impede invading tumor cells. Further in vivo studies will be necessary to discern which
mechanism predominates in appropriate animal models.

EphA3 is the most frequently mutated EphA receptors in multiple malignant cancer
including lung, hepatocellular, breast, and pancreatic cancer (97-100). Although the
functional analysis is incomplete, our unpublished work suggested that at least some of the
mutations may result in altered cell behaviors including adhesion, migration, and growth in
3-D culture (Johnson and Wang, unpublished data).

New evidence points to abnormal expression of A type Eph receptors in additional
malignant cancers involving additional mechanisms. EphA4 overexpression correlates with
liver metastasis of colorectal cancer (101). Hypermethylation of EphA5 and EphA7 is
associated with high grade breast cancer and prostate cancer with high Gleason score,
respectively (102,103). These studies add to the extensive previous literature on Eph/ephrin
dysregulation in cancer. However, the pathological significance for many of these changes
remains unclear, but is likely to be dependent on cancer types and Eph receptors in question.

The involvement of A type ligands in tumor progression is relatively less well studied.
Complementary DNA microarray from human prostate cancer metastases to lymph nodes,
liver, and bone revealed a decreased expression of EFNAL (ephrin-Al) in bone metastases
when compared to liver and lymph node metastases (104). This result suggests bone could
be a perfect location for EphA receptors to exert ligand-independent effects. It should be
noted that the ephrin-Al has been identified as a target of tumor suppressor HIC1 in breast
cancer (105), and ephrin-Al signaling is also suggested to promote intestinal tumor invasive
progression (106). It is important to dissect the functions of reverse signaling initiated by
ephrin-A activation from that of forward signaling initiated by EphA receptor activation in
order to better understand the ultimate role of EphA/ephrin-A system in tumor development
and progression.
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D2. Tumors of nervous system

Glioblastoma is the most common brain tumor in adults with medium survival of only 14
months after diagnosis, even with maximal treatment including surgical resection,
radiotherapy, and concomitant chemotherapy. EphA2 and EphA4 are highly expressed in
human glioma and the expression level is correlated with the tumor malignancy (67,94).
Both EphA kinases have been shown to corporate with growth factor signaling in promoting
tumor progression. While EphA2 promote growth factor signaling by serving as the Akt
substrate in the absence of ephrin-A (68), EphA4 can do so by transphosphorylating growth
factor receptors (67). In contrast to the alteration in EphA2 and EphA4, the ligand ephrin-Al
and ephrin-A5 are downregulated in the glioblastoma, which is consistent with the ligand-
independent oncogenic role of EphA2 in glioblastoma where over 90% of which show
overexpression of EphA2 (75,94,107).

EphAS in plasma as dormancy-specific biomarker correlated with glioma stage (108). A
significant increase in EphAS5 level has been found in mice bearing microscopic dormant
glioblastoma. It is significantly decreased in plasma of mice bearing angiogenic fast-
growing glioblastoma. In human, high level of EphA5 was detected in normal brain tissue,
which was decreased in low-grade glioma and further reduced in high-grade glioma tumor
tissues. Therefore, EphAS5 expression is decreased as the tumor stage advances, suggesting
that EphA5 is tumor suppressor in glioma (108). This observation is consistent with
previous report that activation of EphA5 on glioma cell line decreased cell proliferation
instead of stimulating it (109).

D3. Hematological malignancies

Immune cell trafficking is an essential step of immune surveillance, during which a
leukocyte has to navigate through many checkpoints to cross tissue barriers. EphA/ephrin-A
system has emerged as an important regulator of immune trafficking either positively or
negatively depending on the subtype of the immune cells. In primary T cells, activation of
EphA receptors by ephrin-Al inhibit stromal cell-derived factor (SDF)-1a-induced
chemotaxis through activation of RhoA and simultaneously inactivation of Cdc42 (110). In
CD4™* T cells, activation of EphA receptor by ephrin-A1l stimulate transendothelial
migration of this subtype of T cells (111). Activation of EphA receptor by ephrin-A3 can
also regulate dendritic cell interstitial migration (112). Recent studies revealed that EphA
and ephrin-A are co-expressed on T cells and regulate integrin-mediated cell interaction in a
diametrically opposing fashion, ephrin-A1 activation stimulates while EphA activation
inhibits the interaction. Ephrin-A reverse signaling promotes T cell trafficking to lymph
nodes in vivo (36).

Abnormal expression of EphA and ephrin-A proteins has been linked to hematological
malignancies. For example, it has been reported that epigenetic silencing by
hypermethylation of genes encoding EphA2, -A4, -A5, -A6, -A7, Al10, ephrin-Al, -A3, -A5
contributes to acute lymphoblastic leukemia (ALL) (113). EphA3 was detected in T-cell
lymphomas (69). Ephrin-A4 is highly expressed by chronic lymphocytic leukemia (CLL)
cells and interacts with EphAZ2 that is expressed on endothelia cells. The reverse signaling of
ephrin-A4 into CLL cells leads to reduced cell adhesion and impaired transendothelial
migration (114).

D4. Other cancers

In addition to those extensively studied tumors discussed above, EphA receptors are also
involved in the development and progression of other type of tumors. The best example was
melanoma. Eph-ephrin signaling directs the migration of neural crest melanoblasts to the
skin during development and their expression is low or absent in normal tissue melanocytes.
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During the melanocyte-to melanoma transition, tumor cells reacquire the expression of
EphA2, EphA3, and ephrin-Al, which has been implicated in the invasive growth of tumor
cells (19). A recent study suggested that the prooncogenic effect of EphA2 in melanoma is
independent of ligand stimulation (115). Interestingly, the melanoma cells used in this study
are either deleted or mutated for PTEN and overexpression of EphA2 promoted
tumorigenesis(115), suggesting that Akt-EphA2 signaling axis discovered in glioma cells
(68) might also be operated in melanoma cells.

It is important to point out that many observations regarding the involvement of Eph or
ephrin in cancer are correlative not causative. For example, a particular expression pattern is
frequently correlated with disease stage or outcome. While informative, rigorous in vitro and
in vivo studies will be essential to draw a definitive conclusion.

E. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The signaling of EphA and ephrinA is very complex and the outcome is highly context- and
cell type-dependent. We believe that the complexity of bidirectional signaling mechanisms
provides a cell with flexible and versatile platform to orchestrate proper responses to its
environment. As we discuss here that the forward signaling initiated by EphA receptor
activation and reverse signaling initiated by ephrin-A activation often mediate opposite
effects, which demands a better model system to dissect the signaling output. It also
becomes increasingly clear that at least some of Eph kinases can function without ligand
engagement (68,116). Paradoxically, this ligand-independent function is often opposite to its
ligand-dependent function. The dual function is beginning to be recognized in tumor cells
but remained to be tested in normal cells in the context of developmental process. Another
issue yet to be addressed is if this ligand-independence is common to other Eph subfamily
members.

Eph/ephrin system is increasingly implicated in variety of disease processes. In malignant
diseases, the genetic and epigenetic instability as well as the cell-biological changes induced
by stromal microenvironment generate multiple distinct subpopulations of cancer cells
within a tumor. Currently, our knowledge is quite limited as to how the interactions between
many Eph kinases and ephrins among different cell types may impact tumor cell behavior.
Finally, given the critical role of A type Eph receptors and ephrin-A ligands in embryonic
development, it is possible that they may also play a role in establishing or maintaining
cancer stem-like cell properties as well. Studies in these areas can lead to not only new
insight on Eph/ephrin signaling and function, but also new points of therapeutic
intervention.
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EphA2 Ligand-Independent Promotion of EMT in
cooperation with RTK/PI3K/Akt Pathway
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Fig. 1.

EphA2 signaling in epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial
transition (MET). EphA2 receptor activation by ligand stimulation enhances cell-cell
adhesion and inhibits growth factor-mediated chemotaxis/scattering thereby promotes MET
or inhibits EMT. In the absence ligand stimulation, EphA2 can function as an effector of
oncogenic pathways and promote chemotaxis and EMT.
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A Normal Epithelium: EphA2/ephrin-A interactions maintain epithelial homeostasis
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Fig. 2.

EphA2 signaling in normal epithelial cells and tumor cells. A. Under normal conditions,
EphA2 and ephrin-A are properly expressed and engaged with each other. The signaling

downstream from EphA2 activation by ligand engagement counteracts growth factor
signaling by inhibiting activation of Ras/ERK and PI3K/Akt, which contributes to the
maintenance of epithelial homeostasis. B. In EphA2-null epithelial cells, the negative
regulator of growth factor signaling is disrupted, which renders epithelial cells more

susceptible to carcinogen insults leading to tumor development. C. With tumor progression,

EphA2 can be highly upregulated whereas ephrin-A is not or downregulated, which

resulting in excess of unligated EphA2. Unligated EphA2 can serve as a substrate of Akt
becoming an integral component of growth factor pathway to promote tumor cell migration
and invasion. At the same time, unligated EphAZ2 is incapable of suppressing Ras/ERK

pathway.
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