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Epithelial cells are tightly coupled together through
specialized intercellular junctions, including adherens junctions,
desmosomes, tight junctions, and gap junctions. A growing
body of evidence suggests epithelial cells also directly
exchange information at cell-cell contacts via the Eph family of
receptor tyrosine kinases and their membrane-associated
ephrin ligands. Ligand-dependent and -independent signaling
via Eph receptors as well as reverse signaling through ephrins
impact epithelial tissue homeostasis by organizing stem cell
compartments and regulating cell proliferation, migration,
adhesion, differentiation, and survival. This review focuses on
breast, gut, and skin epithelia as representative examples for
how Eph receptors and ephrins modulate diverse epithelial cell
responses in a context-dependent manner. Abnormal Eph
receptor and ephrin signaling is implicated in a variety of
epithelial diseases raising the intriguing possibility that this cell-
cell communication pathway can be therapeutically harnessed
to normalize epithelial function in pathological settings like
cancer or chronic inflammation.

Introduction

Erythropoietin-producing hepatocellular (Eph) receptor tyro-
sine kinases (RTKs) are activated upon binding to their mem-
brane-associated ephrin ligands. This large family of RTKs is
subdivided into 2 subclasses, EphA (1-8, 10) and EphB (1-4, 6)
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receptors based on amino acid sequence homology and relative
binding affinities to glycosylphosphatidylinositol (GPI)-linked
ephrin-A (1-5) or transmembrane ephrin-B (1-3) ligands. There
is extensive promiscuity for ligand binding within receptor sub-
classes and more limited interaction between receptors and
ligands in different subclasses.' While EphA and EphB recep-
tors generally share conserved extracellular and cytoplasmic sub-
domain structure, the ephrin-A and -B ligand subfamilies differ
substantially in the C-terminal region and mechanism of mem-
brane-anchorage (Fig. 1). These molecular and biochemical fea-
tures confer a considerable degree of complexity in the
organization and function of Eph receptor and ephrin signaling
complexes.

As both receptors and ligands are membrane-bound, the inter-
action of Eph receptors and ephrins is commonly thought to
occur at cell-cell contacts. However, this is not an absolute
requirement for Eph receptor signaling as ligand-independent
functions for these RTKs have been described and there is evi-
dence that EphA receptors can be activated by soluble ephrin-A
ligands present in the microenvironment.** Ligand binding to
Eph receptors at cell-cell contacts rapidly leads to the formation
of higher order signaling clusters required for robust kinase acti-
vation, effector molecule recruitment, and transmission of a vari-
ety of downstream signaling cascades.*” Contact-dependent
signaling is evident where there is complementary expression of
Eph receptor and ephrin in distinct cell types but there also
appears to be a major role for Eph receptor signaling complexes
in cell types where there is overlapping expression of receptor
and ligand, particularly in epithelial tissues.

The signaling cascades induced by Eph receptors and ephrins
are important for a wide range of cellular processes that govern
embryonic development and tissue patterning. Frequently, this
involves altered cell-cell adhesion resulting in either cell attraction
or repulsion that occurs in a context-dependent manner.® Argu-
ably, less is known about the precise Eph receptor-mediated
transmission of membrane signals from the cytoplasm into the
nucleus to impact gene expression compared to other RTKs.
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Figure 1. Basic molecular domain structure of Eph receptors and ephrin
ligands. Eph receptors have conserved structures and domains. The
N-terminal extracellular region consists of a ligand binding domain
(LBD), an epidermal growth factor-like motif within a cysteine-rich
domain (CRD) and two fibronectin-type Il repeats (FN IlI1 and FN II12).
The receptors pass through the membrane via a single transmembrane
domain (TM). The intracellular C-terminus starts with a juxtamembrane
region (JM), followed by a tyrosine kinase domain (TKD), sterile « motif
(SAM) and a PDZ (postsynaptic density protein 95, discs large 1, and zon-
ula occludens-1) binding motif. The ephrin ligands share a conserved
extracellular, N-terminal receptor binding domain (RBD). Ephrin-A
ligands are attached to the cell membrane with a glycosylphosphatidyli-
nositol (GPI) anchor. In contrast, ephrin-B ligands have a C-terminal tail
that extends into the cytoplasm of the ligand-bearing cell through a TM
domain. The C-termini of ephrin-B ligands contain a cytoplasmic tail with
a PDZ binding motif.

Another unique property of Eph receptor signaling is that it is bi-
directional in character, with ligand-mediated activation of Eph
receptor leading to forward signaling while reverse signaling is eli-
cited in ephrin-expressing cells. Eph receptor and ephrin signal-
ing has been shown to play a prominent role during
embryogenesis, but a growing body of evidence indicates that
adult epithelial tissues are another major site for Eph receptor
and ephrin ligand action.” '

Epithelial tissues line body surfaces and cavities. They are
composed of single (simple) or multiple (stratified) layers of epi-
thelial cells that are tightly anchored to the underlying basement
membrane and one another via specialized junctional complexes;
these include integrin-based adhesion complexes for cell-extracel-
lular matrix anchorage points while adherens junctions, desmo-
somes, tight junctions, and gap junctions are found at cell-cell
contacts.® Eph receptors are not simply activated at cell-cell con-
tact sites but also negatively or positively regulate these junctional
complexes in a manner that depends on the character of the
receptor involved, the relative abundance of ligand within the tis-
sue, and the cell type in question.'>'® As such, Eph receptor
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signaling can modulate epithelial tissue remodeling, integrity,
and barrier function.

Homeostasis maintains cellular stability and tissue function.
In actively regenerating epithelial tissues, homeostasis is main-
tained, in part, by the balance of cell proliferation and cell death.
This balance relies on the presence of epithelial stem cells, which
are found in distinct compartments within the tissue termed
niches. Eph receptor and ephrin signaling has emerged as a major
regulator of epithelial tissue homeostasis by regulating the organi-
zation of stem cell compartments as well as modulating the abil-
ity of progenitor cells to proliferate or differentiate."” "’
Moreover, aberrant expression or activation of Eph receptors and
ephrins is believed to contribute to malignant or pathologic states
in epithelial tissues.”"*'*?® This review focuses on the role of
Eph receptor and ephrin signaling in epithelial tissues that
undergo extensive regeneration and remodeling in adults, includ-
ing those present in the breast, gastrointestinal tract, and skin.

Organization of Eph Receptors and Ephrins in
Epithelial Cells

Activation of Eph receptor and ephrin signaling complexes

Eph receptor signaling is distinct from that of other RTKs as
receptor-ligand interactions rely on proximity between adjacent
cell membranes and ephrin binding induces bi-directional signal-
ing within the receptor-and ligand-bearing cell. The apposition
of plasma membranes between adjacent epithelial cells facilitates
Eph receptor and ephrin signaling but the precise molecular orga-
nization of these cell surface signaling complexes remains to be
clearly elucidated in most epithelial tissues, particularly when
receptor and ligand are co-expressed.

In the case of forward signaling, extracellular interactions
between ephrins and Eph receptors initiate a conformational
change in the receptor cytoplasmic domain that releases autoinhi-
bitory interactions, triggering kinase activity and recruitment of
Src homology 2 (SH2) domain- and phosphotyrosine binding
domain-containing proteins to the cell surface.”’” Eph recep-
tors also undergo clustering within the plasma membrane upon
ligand binding in a manner that is stabilized by additional inter-
actions with other ectodomain and cytodomain regions present
on the receptor.®**3° The size of the receptor signaling clusters
can vary depending on the mobility of ephrins on adjacent mem-
branes and the cell type in question.”’ Eph receptor can also
form hetero-oligomer clusters with members of a different recep-
tor subclass.>>*® Taken together, this allows for a considerable
degree of complexity in the molecular organization of Eph recep-
tor signaling complexes in epithelial tissues where multiple family
members are expressed.

Coincident with Eph receptor binding, reverse signaling is ini-
tiated in ephrin-expressing cells. In particular, ephrin-B ligands
can cluster in the plasma membrane and are phosphorylated by
Src family kinases in their cytoplasmic domain after binding Eph
receptors via their ectodomains.>*>® This phosphorylation of
tyrosine residues facilitates interaction with SH2 domain-con-
taining proteins but the ephrin-B cytoplasmic tail also interacts
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with effector proteins via serine phosphorylation-dependent
events and its PDZ (postsynaptic density protein 95, discs large
1, and zonula occludens-1) binding motif.”” 40 Although lacking
a cytoplasmic domain, GPI-linked ephrin-A ligands modulate
intercellular signaling, particularly in the Src family kinase path-
way, likely through clustering within lipid raft membrane
domains.*! As outlined below, there is evidence for forward and
reverse signaling via both subclasses of Eph receptors and ephrins
in epithelial tissues.

Attenuation of Eph receptor signaling complexes

Eph receptors are stabilized and become activated at cell-cell
contacts but the fate of these ligand-bound receptors is not fully
understood in epithelial cells. In general, attenuation of Eph
receptor signaling occurs through mechanisms common to many
RTKs including phosphatase-dependent dephosphorylation, pro-
teolytic cleavage, or endocytosis.

Eph receptors can be negatively regulated by multiple protein
tyrosine phosphatases (PTP) in epithelial cells. For example,
PTP1B limited EphA3 kinase activity leading to the attenuation
of ephrin-induced contraction of the actin cytoskeleton in human
kidney epithelial cells.*? Similarly, low molecular weight-PTP
negatively regulated EphA2 to prevent subsequent dampening of
mitogen-activated protein kinase (MAPK) signaling in prostate
epithelial carcinoma cells.”® Elevated PTP activity in epithelial
cells may also stabilize Eph receptors at the epithelial cell surface
via mechanisms that have yet to be resolved.

Upon ligand binding, Eph receptors can undergo a specialized
form of internalization termed transendocytosis; this involves col-
lective internalization of Eph receptor and ephrin complexes into
the same cell. A clathrin-dependent internalization mechanism
that relied on Rac signaling and Rho-guanine nucleotide
exchange factor (GEF) Tiam1 binding to the EphA receptor jux-
tamembrane domain has been described in pancreatic carcinoma
and kidney epithelial cells.***> Conversely, EphA2 was stabilized
at the cell surface in invasive breast cancer cells by SH2-contain-
ing 5’-inositol phosphatase 2 (SHIP2) through sterile o motif
domain interactions between the respective proteins.*® EphA2
stabilization was dependent on SHIP2-mediated dephosphoryla-
tion of PIP3 which inhibits Racl-GTPase-dependent endocyto-
sis. Thus, Eph receptor recruitment of signaling effectors that
differentially regulate Racl can determine receptor fate at the epi-
thelial cell surface.

While receptor endocytosis eliminates Eph signaling at cell-
cell contacts, internalized Eph receptor complexes continue to
signal inside the cell. For example, EphA2 in early endosomes
exhibited high tyrosine phosphorylation content and a fraction of
internalized EphA2 recycled back to the plasma membrane where
it presumably engaged new ligand.** Investigation into the regu-
lation of Eph receptor endosomal trafficking events will likely
reveal factors important for receptor recycling or degradation
pathways that influence signaling persistence in epithelial cells.

Eph receptor signaling complexes can also be internalized fol-
lowing protease-mediated cleavage of ephrins or the receptor. For
example, EphA3 bound by ephrin-A5 was internalized upon pro-
teolytic cleavage of the ligand by a disintegrin and metalloprotease
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10 (ADAM10) in kidney epithelial cells and EphA2 was cleaved
by membrane-type 1 matrix metalloproteinase (MT1-MMP) in
breast carcinoma cell lines.”””*® Ubiquitin-mediated degradation
provides another pathway to attenuate Eph receptor signaling in
epithelial cells. In particular, ligand-dependent degradation of
EphA receptors is mediated through interaction with ¢-Cbl result-
ing in receptor ubiquitination.***”*° While c-Cbl-mediated ubiq-
uitination led to EphA receptor degradation, this process can be
inhibited by binding to Odin, a member of the Anks family of
ankyrin-rich repeat proteins, resulting in prolonged receptor sig-
naling.”">* Another route of EphA2 degradation has been shown
to be dependent on the Src-like adaptor protein (SLAP). SLAP
negatively regulated EphA2 signaling through SH2-mediated
binding to a Src-phosphorylated tyrosine site in the EphA2 tail.>
The subsequent degradation of EphA2 was dependent on the
ubiquitination protein UBE4A. Overall, SLAP exerted tumor sup-
pressive properties in colorectal cancer cells by attenuating EphA2
signaling through receptor destabilization, ubiquitin-dependent
proteasomal degradation, and downstream attenuation of Akt sig-
naling.”® Collectively, these findings indicate multiple modes of
action converge to limit Eph receptor signaling events at epithelial
cell-cell contacts.

Eph Receptors and Ephrins in Breast Epithelium

Eph receptor and ephrin expression in the mammary gland

The simple, cuboidal epithelium lining the ducts of the mam-
mary gland undergoes repeated cycles of expansion and regres-
sion in response to changes in hormone levels. These epithelial
remodeling events rely on stem cells located throughout the epi-
thelial ductal tree giving rise to myoepithelial and luminal cell
lineages that populate the mammary gland.”* Multiple Eph
receptors and ephrins are expressed in various breast epithelial
cell compartments. For example, EphB4 and ephrin-B2 are
found in the myoepithelium and luminal epithelium, respec-
tively, while EphA2 is concentrated in terminal end buds (TEBs)
(Fig. 2).5557 The spatiotemporal expression pattern of Eph
receptors and ephrins is important for breast epithelial tissue
morphogenesis and function.

Eph receptor gene expression in breast epithelial cell compart-
ments is partially dependent on hormone levels. An inverse corre-
lation between estrogen receptor (ER) and EphA2 levels was
found in nontransformed and breast carcinoma cells with estro-
gen treatment leading to a reduction in EphA2.°%°° In contrast,
EphB4 expression was lost in ovariectomized mice and could be
restored by exogenous administration of estrogen. This is consis-
tent with the finding that EphB4 expression in myoepithelial cells
is tightly regulated during the estrous cycle of mice.””*° In turn,
EphB4 was shown to modulate ER expression and activity in
breast cancer cell lines, suggesting a feedback loop between Eph
receptor activity and hormonal signaling pathways.®" The hor-
mone-dependent action on Eph receptors is particularly relevant
for mammary epithelium remodeling but may also impact non-
reproductive tissues where gonadal steroid receptors are

expressed, including the skin and gut.®*%?
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organization by increasing progenitor cell
proliferation and altering differentia-
tion.® EphB4 is predominantly expressed
in the myoepithelial cells lining the out-
side of the ductal luminal epithelium.””
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Figure 2. Layout of major Eph receptors and ephrin regulators in epithelial compartments. (A) Mam-
mary gland. In the luminal epithelial cells lining the ducts, there is expression of ephrin-B2. Adjacent
myoepithelial cells express EphB4. EphA2 is expressed in the terminal end bud. (B) Gastrointestinal
tract. In the intestines, there is an inverse gradient of EphB and ephrin-B expression along the crypt-
villous axis. EphB2 and EphB3 are important for maintenance of stem, progenitor and Paneth cells
in the crypts. In the villi, ephrin-B1 and ephrin-B2 maintain the segregation of differentiated cells in
the upper regions from precursor cells in the lower regions. (C) Epidermis. Ephrin-A1 is expressed in
the progenitor layer, or stratum basale, of human epidermis while EphA1, EphA2 and EphA4 are
present throughout all layers and are especially concentrated in the more differentiated suprabasal

by increasing luminal and progenitor cell
populations.*” Collectively, these data
suggest that spatial regulation of Eph
receptor and ephrin expression is critical
for signaling events that control the orga-
nization of mammary gland epithelial tis-
sue compartments.

Eph receptor and ephrin signaling in

Eph receptor and ephrin function in mammary gland
development and homeostasis

Mammary gland expansion and regression are hormone-
dependent processes mediated by a variety of signaling factors,
including Eph receptors and ephrins. The most dynamic struc-
tures in the mammary gland are TEBs as they undergo branching
morphogenesis to form extensive ductal networks in response to
hormones in preparation for lactation. EphA2 expression is
enriched in TEBs compared to ducts.’>”® EphA2 was required
for proliferation and hepatocyte growth factor (HGF)-induced
branching morphogenesis as post-pubertal mice lacking this
receptor exhibited reduced ductal penetration into the fat pad,
which is a requirement for TEB formation. These studies suggest
that EphA2 is a positive regulator of branching morphogenesis in
mammary gland development. However, ligand-dependent
EphA2 signaling inhibited HGF-induced branching morphogen-
esis in a 3-dimensional 77 vitro model of kidney morphogenesis
suggesting EphA2 action in this epithelial remodeling process
may be tissue-specific.®*

EphB receptors and ephrin-B ligands also play a major role in
mammary epithelial tissue homeostasis. In particular, ephrin-B2
has been implicated in the maintenance of mammary epithelial
stem cell compartments through control of differentiation.®®
Conditional deletion of ephrin-B2 in the mammary epithelium
of lactating mice led to a loss of glandular architecture and tissue
integrity. Moreover, ephrin-B2-deficient alveolar epithelial cells
exhibited impaired cell-cell adhesion with reduced levels of E-

cadherin and increased B-catenin in the cytoplasm and nucleus.®®
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Given the key role of Eph receptor and ephrin signaling in
proper mammary gland morphogenesis, it is not surprising that
these proteins have been associated with malignant breast pheno-
types. For example, increased EphA2 expression has been found
in aggressive breast cancers and was significantly correlated with
decreased overall survival and invasive ductal carcinoma.®®
Although breast ductal carcinomas express EphA2 and ephrin-
Al, ligand expression is reduced in corresponding lymph node
metastases. Breast carcinoma cell line invasiveness also correlated
with a loss of ephrin-Al and mislocalization of EphA2 in the
cytoplasm.*®*7% Furthermore, ectopic expression of EphA2 was
sufficient to transform normal breast epithelial cells in a manner
that could be reverted by exogenous delivery of ephrin-A1.”"
Collectively, these data indicate that EphA2 functions in a
ligand-independent manner to promote breast cancer progression
and metastasis but this RTK can subsequently normalize breast
cancer phenotypes once re-engaged by ephrin-A ligand.

Perhaps underlying its association with aggressive breast can-
cers, EphA2 induced an estrogen-independent and tamoxifen-
resistant growth phenotype in breast cancer cell lines that main-
tain expression of ER.>”’? In addition, EphA2 conferred resis-
tance to therapy targeting oncogenic human epidermal growth
factor receptor 2 (HER2) in breast cancer cells and xenograft
tumors.”> Thus, EphA2 exhibits extensive cross-talk with other
receptor-mediated signaling pathways to impact breast epithelial
tumorigenesis.

The contribution of EphA2 in breast cancer may also be
related to its role in modulating cell-cell adhesion complexes. For
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example, EphA2 was concentrated in the cytoplasm of invasive
breast cancer cell lines in association with reduced E-cadherin lev-
els. Silencing of EphA2 normalized E-cadherin-mediated adhe-
sion in these breast cancer cells.*®”® Similarly, EphA2
overexpression was capable of disrupting adherens junctions
through a RhoA-mediated mechanism in breast epithelial cells
but, in this case, without altering adherens junction protein or
phosphorylation levels.”* Since a cytoplasmic truncation EphA2
mutant lacking the C-terminal tail region did not disrupt cell-
cell adhesion, this study suggested a direct role for EphA2 down-
stream  signaling events that lead to adherens junction
dissolution.

EphA2 can also regulate signaling pathways that alter the
organization of the actin cytoskeleton to impact cell motility. For
example, ephexin4 is a GEF that activated RhoG-induced che-
motaxis of breast cancer cells downstream of EphA2.”° Activated
RhoG recruited its effectors ELMO2 and Dock4 into a complex
with EphA2 at the leading edges of migrating breast cancer cells.
In a separate mechanism for promoting motility in breast cancer
cells, EphA2 internalization by MT1-MMP-dependent cleavage
enhanced RhoA signaling leading to collapse of cytoskeletal
architecture, cell rounding, and single-cell migration.*® This
migratory phenotype also depended on a serine 897 residue pres-
ent on the EphA2 cytoplasmic tail, a site directly phosphorylated
by Akt in the absence of ephrin binding.”*”” EphA2 and Ak sig-
naling may also intersect in normal mammary epithelial develop-
ment since loss of Aktl and Akt2 in mice disrupted expansion of
the epithelial mammary tree during pregnancy and lactation sim-
ilar to EphA2 loss.”>”%8°

The deregulation of EphB and ephrin-B signaling also con-
tributes to breast cancer phenotypes. Specifically, lack of ephrin-
B2 reverse signaling was associated with breast cancer progression
by interfering with proper development of the mammary gland.
Generation of transgenic mice expressing a C-terminal truncation
mutant of ephrin-B2 driven by the mouse mammary tumor
virus-long-terminal repeat (MMTV-LTR) promoter, which
induces expression of mutant ephrin-B2 specifically in the mam-
mary gland, disrupted development and correlated with increased
182 1

contrast, expression of full-length ephrin-B2 did not alter tumor

. . . . 8
primary tumor formation and lung or liver metastasis.

latency and only modestly induced lung metastasis. Similar to
the ephrin-B2-null phenotype, mice bearing ephrin-B2 cyto-
plasmic tail mutations showed marked reduction in the expres-
sion of E-cadherin and an increase in nuclear B-catenin in breast
epithelial-derived tumors. Furthermore, ectopic expression of
EphB4 disrupted proper mammary gland involution following
lactation and resulted in enhancement of breast cancer stem cells,
decreased tumor latency, and the presence of lung metastases in
MMTV-LTR-nexT/ephB4 double transgenic mice but not in
MMTV-LTR-ephB4 transgenic mice.*>™ These results indicate
that overexpression of EphB4 potentiates the action of oncogenes
such as HER2 (nen) during breast cancer progression. Addition-
ally, EphB4 was shown to be a key regulator of oncogenic pheno-
types in breast cancer cells since its loss or inhibition reduced
survival, anti-apoptotic proteins, migration, invasion, tumor size,
and vascularity.’*®> In the breast carcinoma cell lines tested,
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robust expression of EphB4 correlated with little to no detection
of its cognate ligand, ephrin-B2. When ligand-induced receptor
activation was restored with recombinant ephrin-B2, there was a
significant decrease in cell survival.*** Cumulatively, these
results suggest that gain of ligand independent EphB4 signaling
combined with loss of ephrin-B2 reverse signaling facilitates
breast cancer progression.

Additional Eph receptors have also been shown to be altered
in breast cancer, including EphA4, EphA7, EphB4 and EphB6,
which were significantly correlated with decreased overall survival
and invasive ductal carcinoma.®® Epigenetic repression of EphA35
was associated with predictors of poor prognoses including high
tumor grade, lymph node metastasis, and progesterone receptor
negative status indicative of resistance to endocrine therapy.*® A
genome-wide association study of more than 2,000 invasive
breast cancer samples and matched controls revealed changes in
EphB1, EphA3, and EphA7.*” This study proposed that Eph
receptors serve as “driver kinases” that are somatically mutated in
breast cancer.

Opverall, Eph receptor and ephrin signaling contributes to nor-
mal mammary gland development but deregulation of this sig-
naling axis can promote tumorigenesis in breast epithelial cells.
Specifically, ligand-independent Eph receptor signaling and
reverse signaling through ephrins appears to play a key role in
mediating aggressive breast cancer phenotypes with poor clinical
prognoses.

Eph Receptors and Ephrins in Gut Epithelium

Eph receptor and ephrin expression in the
gastrointestinal tract

The single-layered, mucosal epithelium lining the gut has a
high turnover rate that depends on the activity of stem cells
located within specific compartments of its crypt-villous struc-
ture. In particular, stem cells are present at the bottom of crypts
and divide asymmetrically to maintain self-renewal and produce
a population of rapidly proliferating progeny. These transient
amplifying cells ultimately give rise to differentiated cells along
the crypt-villous axis as well as terminally differentiated Paneth
cells in the base of the crypt. Interaction between intestinal epi-
thelial stem cells and their daughter cells are important for the
maintenance of this stem cell niche.*®%

Human intestinal epithelia contain mRNA transcripts for the
majority of Eph receptor and ephrin family members and a few
of these have been directly implicated in intestinal epithelial
homeostasis.”””" The general expression pattern of Eph receptors
and ephrins is relatively similar in the mucosal epithelium of the
small and large intestines.”” In particular, EphB2 and EphB3
expression is concentrated in the cells that populate the crypt
nadirs and decreases toward the top of the villi.”>* Ephrin-B1
and ephrin-B2 are expressed in an inverse manner along villi
with highest expression at the apices. This reciprocal gradient of
receptor and ligand expression reflects a functional transition
zone between proliferative and differentiated epithelial cell com-
partments within the intestine (Fig. 2). EphA receptors and
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ephrin-A ligands are also differentially expressed along the crypt-
villous axis. For example, EphA1l is found in crypts while EphA2
and ephrin-A1 are present at the top of villi.”' However, a role
for EphA and ephrin-A signaling in intestinal epithelial develop-
ment or architecture has yet to be reported.

Regulation of Eph receptor and ephrin expression in the gut is
dependent on several key signaling pathways. In particular, Wnt/
-catenin signaling is required for the maintenance of intestinal
epithelial stem cells in crypts and targets EphB receptor gene
expression by T-cell specific transcription factor (T'CF)/B-catenin
complexes.”>*>?® Accordingly, inhibition of TCF/B-catenin-
mediated transcription by a dominant-negative TCF factor
induced a loss of EphB2 and EphB3 mRNA transcripts while
ephrin-B1 mRNA was up-regulated in colorectal cancer cells.””
Kriippel-like factor 5 (KLF5) has also been implicated in the pos-
itive regulation of EphB3 expression in the intestinal epithe-
lium.”® Intestinal-specific loss of KLF5 led to reduction in
EphB3 and ephrin-B1 expression coincident with severely com-
promised intestinal crypt architecture and barrier function. This
intestinal epithelial defect may stem from aberrant 3-catenin sig-
naling as intestine-specific deletion of KLF5 further led to the
loss of B-catenin nuclear localization. Transforming growth fac-
tor 3 signaling plays a critical role in wound healing responses of
the intestinal mucosal epithelium in a manner that depends
somewhat on Smad3-mediated induction of EphB2 and
EphB3.””'° EphB expression in colonic crypts by Smad3 accel-
erated re-epithelialization by regulating proliferation of intestinal
epithelial cells. Hence, loss of EphB expression may account for
some of the wound healing defects reported in the intestinal epi-
thelium of Smad3 knockout mice.'”" While EphA receptors and
ephrin-A ligands are present in the gu, very little is known about
how they are regulated in this tissue.

Eph receptor and ephrin function in gut epithelial
homeostasis

EphB receptors and ephrin-B ligands have emerged as major
regulators of intestinal crypt architecture.”>'** In particular,
EphB and ephrin-B signaling is required for positioning and dif-
ferentiation of intestinal epithelial cells as they transit along the
crypt-villous axis. Ablation of EphB signaling in EphB2 and
EphB3 double knockout mice decreased progenitor cell prolifera-
tion by limiting cell cycle reentry in intestinal crypts. This modi-
fication of the progenitor proliferative zone led to altered
distribution of cells along intestinal crypts. These findings suggest
that differential expression of EphB receptors and ephrin-B
ligands provides a contextual cue that maintains the organization
of progenitor and differentiated cell compartments in intestinal
epithelium.”

Sorting of EphB and ephrin-B expressing cells in the intestinal
epithelium was shown to be driven by cell-cell repulsion events
through destabilization of E-cadherin.'®> EphB-expressing cells
in apposition with ephrin-B-expressing cells recruit ADAM10 to
cell-cell borders where it cleaves E-cadherin and disrupts adhe-
rens junctions. Destabilization of cell-cell adhesion complexes
limits intermingling of EphB- and ephrin-B-expressing cell pop-
ulations, providing a putative molecular mechanism for
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maintaining epithelial cell compartments in the intestine. In sup-
port of this model, loss of ADAM10 in Paneth cells resulted in
their improper positioning along the crypt axis.'® This pheno-
type was also seen following loss of EphB2.'"* Interestingly,
EphB2 appears to function in a kinase-dependent or -indepen-
dent manner with distinct biological outcomes in the gut.
Kinase-dependent signaling of EphB2 promoted cell cycle entry
and proliferation in intestinal crypt progenitor cells, at least in
part, through modulation of cyclin-D1 levels and Abl kinase
activity.'* In contrast, the ability of EphB2 to maintain stem
cell compartments was kinase-independent and reliant on phos-
phatidylinositol 3-kinase activity.'®* Thus, EphB receptors and
ephrin-B ligands help segregate progenitor and differentiated cell
populations within the intestinal epithelium via modulation of
adhesion complexes and downstream signaling pathways.

While EphA2 is not thought to be an essential regulator of
intestinal morphogenesis, this RTK subtype may play a role in
modulating barrier function in gut epithelium through destabili-
zation of tight junctions.'®® Activation of EphA2 with ephrin-A1
promoted interaction between the receptor and claudin-4, a tight
junction-associated protein, in several epithelial cell lines includ-
ing HT29 colon carcinoma cells.'® EphA2 led to claudin-4
phosphorylation and its mislocalization from cell-cell contacts
coincident with an increase in paracellular permeability. The neg-
ative regulation of tight junctions by EphA2 was contrasted by
the reinforcement of the tight junction barrier by ephrin-B1
which itself interacted with claudins-1 and -4 in HT29 cells.'®
Thus, different Eph receptor and ephrin subclasses appear to
have opposing effects on epithelial tight junction integrity and
function in the gut.

As in the intestine, EphB receptors are concentrated in the
crypt epithelium while ephrin-B ligands are prominenty
expressed in the upper villous regions of the stomach. Cells in the
isthmus, the region connecting the gastric pits and gastric glands,
proliferate and differentiate giving rise to distinct cell lineages
that populate the gastric mucosal epithelium. The exact role of
Eph receptors and ephrins in the upper regions of the human gas-
trointestinal tract remains largely unknown. However, EphB and
ephrin-B signaling may be important in the transition between
stratified squamous and simple columnar epithelium in the
murine stomach. In particular, EphB2 is restricted to the junc-
tional zone between these two epithelial compartments while
ephrin-B1 occupies the stratified epithelial layers in the stom-
ach.'%”'%® These findings support the notion that EphB and eph-
rin-B signaling provide cues in the cellular microenvironment
that help orchestrate the organization of structurally and func-
tionally distinct epithelial cell compartments within the gastroin-
testinal tract.

Eph receptor and ephrin signaling in gastrointestinal disease

As key regulators of intestinal homeostasis, abnormal EphB
and ephrin-B expression is linked to malignant and diseased
states in the gut.'””'"* In the intestinal epithelium of patients
with inflammatory bowel disease (IBD), there was a significant
up-regulation of ephrin-B2 in lesions with little change in EphB
expression.90 Treatment of rat intestinal epithelium cells with a
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recombinant EphB1 ectodomain to stimulate ephrin-B reverse
signaling enhanced scratch wound closure in vitro.”® These find-
ings suggest that ephrin-B2 responds to EphB receptors in order
to enhance intestinal epithelial repair and barrier function but it
is also possible that ephrin-B2 functions in the absence of EphB
receptor stimulation in the gut epithelium of IBD patients.

The complementary expression of EphB receptors and ephrin-
B ligands is also perturbed in colorectal cancers. EphB2 and
EphB3 are lost during colorectal cancer progression and the
extent of down-regulation correlates with higher tumor grade.] 1
EphB receptor activation was positively associated with E-cad-
herin-mediated adhesion of colorectal cancer cells, which con-
tributed to their segregation from cells expressing ephrin-B
ligand."'* Interestingly, ephrin-B1 loss disrupted the organiza-
tion of tumor cell compartments and accelerated growth of intes-
tinal tumors that spontaneously develop in Apc”””* mice, which
may be relevant to patients with hereditary human colorectal can-
cers with mutations in the adenomatous polyposis coli (APC)
tumor suppressor gene.'' ' This study provided additional
support for the idea that ephrins present within the tumor micro-
environment can create repulsive cues to prohibit Eph receptor-
expressing cancer cell growth and invasion.

EphA receptors are also deregulated in gastrointestinal malig-
nancies. Expression of EphA1 and EphA2 is associated with poor
prognosis in gastric cancer.'> ¢ Increased EphAl expression
significantly correlated with increased tumor grade and lymph
node metastasis and decreased cumulative survival in gastric car-
cinomas. Ephrin-Al mRNA transcripts independently predicted
poor prognosis in colorectal cancer patients and knockdown of
this ligand inhibited proliferation and migration of colon carci-
noma cell lines.""” As in the mammary gland, EphA expression
may synergize with oncogenic pathways to enhance cancer pro-
gression. Notably, EphA2 and ephrin-A1l differentially impact

in/+

tumor burden in Apc”™”™ mice: ephrin-Al promotes tumorigen-

esis while loss of EphA2 reduces tumor formation.''®'"? It is
therefore possible that an “Eph-switch” from B type to A type
receptors contributes to the malignant transformation of gut
epithelia.

Taken together, these data suggest an important role for Eph
receptor and ephrin signaling in organizing epithelial stem cell
compartments in the gastrointestinal tract through governance of
proliferation in crypts and differentiation in villi. Loss of Eph
receptor and ephrin signaling that disrupts intestinal epithelial
stem cell compartments appears to render the gut more vulnera-
ble to tumorigenic progression.

Eph Receptors and Ephrins in Skin

Eph receptor and ephrin expression in epidermis
and hair follicles

The epidermis is composed of a stratified squamous epithe-
lium that undergoes a specialized form of differentiation, termed
keratinization. This constantly renewing epithelial tissue depends
on progenitor cells in the basal layer to replace epidermal cells
lost by desquamation or through injury in the more superficial
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layers.'*” Keratinocytes are not only tightly anchored to their
neighbors via junctional complexes but also directly exchange
information with one another in a manner that controls their dif-
ferentiation state.'*' Recent studies indicate that Eph receptors
and ephrins mediate cell-cell communication in the epidermis to
regulate keratinocyte proliferation, migration, adhesion, differen-
tiation, and survival.

While Eph receptors from both subclasses are present in the
epidermis, the regulated expression EphA receptors in keratino-
cytes is somewhat more clear and varies with differentiation.'**
In particular, EphA2 is prominently expressed by primary kerati-
nocytes in culture but is markedly down-regulated upon differen-
tiation 77 vitro."*> In contrast, EphA1 and EphA4 are abundantly
expressed in cultured, differentiated keratinocytes and are also
found in the suprabasal layers of the epidermis. Interestingly,
ephrin-Al is concentrated in the progenitor cell-containing basal
layer of human epidermis (Fig. 2)."%123 This cellular localization
pattern suggests that EphA receptors and ephrin-A ligands may
play an important role as keratinocytes commit to a pathway of
differentiation at the transition between the basal and suprabasal
layers.

Several factors have been shown to regulate EphA and ephrin-
A gene expression in the epidermis. For example, p63 is a master
regulator of epidermal differentiation capable of increasing
EphAl and EphA4 mRNA levels via KLF4 induction, which
reflects the suprabasal expression pattern of these RTK subtypes
in vivo."**!?> In contrast, EphA2 levels are increased following
activation of epidermal growth factor receptor in multiple cell
types, including epidermal carcinoma cells; this might explain
why receptor levels are kept low under homeostatic conditions in
skin."?® Accordingly, inflammatory signals and environmental
stress impact epidermal EphA2 expression as this receptor is
upregulated in keratinocytes by several pro-inflammatory cyto-
kines and ultraviolet radiation.'*>'*”~'* Interestingly, a cluster
of ephrin-A genes (EFNAI, EFNA3, EFNA4) exists on the q arm
of chromosome 1 in an area proximal to the epidermal differenti-
ation complex harboring several genes coordinately regulated
during keratinization. While ephrin-Al is a known target of
tumor necrosis factor a (TNFa) signaling in many cell types,
including keratinocytes, very little is known about what regulates
expression of most other ephrins in the epidermis.'*’

The hair follicle is a skin appendage that is contiguous with
the epidermis and undergoes continuous cycling through the
stages of anagen (growth), catagen (death), and telogen (rest).
This regeneration process relies on hair follicle stem cells
located in the bulge region and the hair germ.'?'?% Bulge
stem cells also participate in the wound healing and repair of
the interfollicular epidermis.'>' EphA and EphB receptor sub-
types are found in the hair follicle with EphA4, EphB4, eph-
rin-A3, and ephrin-B1 concentrated in the bulge region.
Ephrin-A3 and ephrin-B2 are also found in the dermal papilla,
a fibroblast-enriched stromal region important for hair follicle
cycling events.'**™'?* Increased ephrin-A mRNA transcripts in
mouse skin correlated with the onset of anagen with ephrin-
A3 exhibiting the highest expression during this active growth
phase.'® The regulated expression of Eph receptors and
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ephrins in hair follicles and other skin appendages (i.e. seba-
ceous glands, sweat glands) may play a role in determining cell
fate and positioning during the hair cycle or epidermal wound
repair, but this remains to be rigorously investigated.

Eph receptor and ephrin function in epidermal homeostasis

To a certain degree, epidermal homeostasis reflects a balance
between cell proliferation in the basal layer and cell differentia-
tion and death in the upper layers. Eph receptor and ephrin sig-
naling is emerging as a major pathway that controls these aspects
of epidermal homeostasis. For example, the extracellular signal-
regulated kinase 1/2 (Erk1/2)-MAPK pathway supports keratino-
cyte proliferation and must be dampened to allow for cell cycle
exit and differentiation.'® EphA2 acts in a ligand-dependent
manner to attenuate Erk1/2 signaling in a variety of epithelial
cells, including keratinocytes.*'3”""* A role for Eph receptor
and ephrin signaling in epidermal growth control is further sup-
ported by the observation that injection of recombinant proteins
containing ectodomain fragments of Eph receptors or ephrin
ligands increased keratinocyte proliferation in the epidermis and
hair follicles."*® While Eph receptor and ephrin signaling likely
serve to limit keratinocyte proliferation, these RTKs may also
play a role in cell survival pathways to eliminate keratinocytes
damaged by environmental insults. In particular, EphA2 is up-
regulated in keratinocytes following UV radiation and was
required for apoptosis.'*

Ephrin-A ligands appear to be particularly important for elic-
iting differentiation in keratinocytes, at least in cell culture mod-
els. In particular, delivery of soluble ephrin-A ligand led to
keratinocyte stratification and differentiation.'*"  Specifically,
ephrin-Al-mediated activation of EphA2 induced the expression
of the desmosomal cadherin desmoglein 1, which was required
for strengthening of cell-cell adhesion and robust differentiation.
While desmoglein 1 induction represents a major signaling node
for efficient execution of a keratinocyte differentiation program,
ephrin action in the epidermis is likely to be more complex.'*?
Accordingly, the profiling of genes regulated by ephrin-A ligands
in epidermal keratinocytes revealed targets not only involved in
adhesion and differentiation but also proliferation, migration,
and proteolysis."*® These studies uncovered subsets of genes that
were similarly regulated by ephrin-A3, ephrin -4, and ephrin -5
while ephrin-Al and ephrin-A2 gene targets were somewhat dis-
tinct, highlighting non-redundant roles for the various ephrin
members in the epidermis.

Interestingly, reverse signaling via ephrin-B ligands in kerati-
nocytes can also induce differentiation and restrict migration.
Treatment of keratinocytes with EphB2-Fc fusion dimers to
stimulate ephrin-B ligands led to an upregulation of genes related
to differentiation and coincided with a loss of integrins and cell
cycle regulators.'** While ephrin-B2 appears to be dispensable in
the mouse epidermis, there is a role for dermal ephrin-B2 during
the perinatal period of mice through indirect control of keratino-
cyte proliferation in the basal layer.'*> Thus, Eph receptor and
ephrin signaling seem to generally provide information about the
that  supports  epidermal

cellular  microenvironment
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differentiation even though the specific signaling effectors are
likely to vary among receptor and ligand subclasses.

Eph receptor and ephrin signaling in skin disease

Eph/ephrin signaling has been associated with a variety of
human skin diseases, including nonmelanoma skin cancers and
psoriasis. For example, the epidermis of psoriatic lesions is char-
acterized by hyperplastic keratinocytes that poorly differentiate,
leading to the formation of thick, scaly plaques. These lesions
show a marked increase in EphA2 levels coincident with a reduc-
tion in ephrin-Al and ephrin-A3 expression.123 Similarly,
EphA2 was increased by a variety of growth factors and pro-
inflammatory cytokines, including epidermal growth factor,
interleukin-loe and TNFa, in a 3-dimensional organotypic cul-
ture model of human epidermis. Interestingly, targeting of
EphA2 for activation and subsequent downregulation with
recombinant ephrin-Al ligand was capable of normalizing kerati-
nocyte differentiation in this human skin culture model of
inflammation. Thus, ephrin-Al delivery may ultimately prove
effective in resolving lesions of patients with psoriasis when com-
bined with treatments that target inflammation.'*?

EphA receptors also serve as tumor suppressors in the skin. In
particular, deletion of EphA2 in mice led to significanty
enhanced susceptibility to 2-stage skin carcinogenesis resulting in
increased tumor size, number, and invasiveness.'>” The highly
related EphAL1 receptor has also been implicated as a tumor sup-
pressor in skin. Loss of EphAl expression is associated with
poorly differentiated basal and squamous cell carcinomas
although the specific role of this particular RTK in normal or
transformed keratinocytes remains largely unexplored.'** More-
over, the consequence of ephrin-A ligand loss for skin carcino-
genesis merits additional investigation. Defining specific roles for
Eph receptor and ephrin signaling complexes in skin will likely
reveal pathways that can normalize keratinocyte behavior in dis-
ease states such as cancer and psoriasis.

Conclusion

A growing body of work has revealed key roles for Eph recep-
tors and ephrins in the maintenance of epithelial tissue homeosta-
sis, particularly in the breast, gut, and skin. As mediators of a
diverse set of epithelial cell responses that impact proliferation,
migration, differentiation, survival, and the organization of stem
cell compartments, Eph receptors and ephrins must be tightly
regulated to prevent their possible contributions to epithelial-
derived diseases. Understanding the genetic and epigenetic regu-
lation of these receptors and ligands in epithelial tissues remains
an area to be more fully explored and an important hurdle to
clear as the expression of Eph receptors and ephrins appears to be
organ- and tissue-specific with extensive post-translational con-
trol of their cellular levels.

Eph receptors and ephrins represent a large family of sig-
naling proteins that can operate in concert or independent of
one another. Functional redundancy and combinatorial inter-
actions between receptor and ligand increases the complexity
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of their signaling potential; this can complicate interpretation
of studies aimed at defining specific roles for Eph receptors

and ephrins in epithelial tissue homeostasis. As Eph receptor
and ephrin-mediated cell-cell communication is altered in

most epithelial-derived cancers, it will be important to eluci-

date the context-specific signal transduction pathways elicited

by Eph receptors and ephrins in various epithelia. Ultimately,
Eph receptors and ephrins serve as attractive pharmacological
targets for disease as downstream signaling pathways impacted
by these surface receptor-ligand complexes help maintain epi-

thelial tissue homeostasis.
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