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Eph and ephrins in epithelial stem cell niches
and cancer
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The family of Eph tyrosine kinase receptors is an important
part of signaling pathways involved in development, tissue
homeostasis and tumorigenesis. Binding and activation of the
receptors by their ligands, the ephrins, result in bidirectional
signaling into both receptor and ligand expressing cells. Adult
stem cell niches and tumors frequently express receptors and
ligands, although their function is only beginning to be
understood. Thus, Eph receptors and ephrins have become
important molecules for understanding basic biological pro-
cesses as well as tumorigenesis, and are promising targets for
potential therapeutic intervention in human disease.

Introduction

The Eph receptors constitute the largest family of tyrosine kinase
receptors with 14 members found in mammals. EphAl was the
first receptor of this family to be cloned in 1987 from an
erythropoietin-producing hepatocellular carinoma cell line,' but it
would take several years before the Eph receptor-interacting
proteins, the ephrins, were identified as Eph ligands.>* Ever since,
there has been an exponential increase in the number of Eph/
ephrin related scientific reports published each year, reflecting the
growing interest and knowledge in Eph receptor biology. This
review will provide an overview of Eph and ephrin function
in normal tissue homeostasis, particularly focusing on their
regulation of adult epithelial tissue stem cells, as well as discussing
the different ways Ephs and ephrins modulate tissues and cells in
tumor development and progression.

Eph Signaling Biology

The Eph/ephrin system is traditionally seen as a chemotactic/
chemorepulsive guidance system, steering moving cells or axons
to a specific position or maintaining cellular organization by
preventing cell intermingling. Eph signaling can result in either
repulsion or attraction and adhesion depending on the cellular
context or developmental stage,”® outcomes most of which can
be explained by Eph mediated rearrangement of the cellular
cytoskeleton. There are however also findings pointing in the
direction of Eph regulated cellular functions that are not explained
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by the regulation of the cytoskeleton, such as synapse formation,
cell survival and proliferation.”

Ephrins are divided into the glycosylphosphatidylinositol
(GPI)-anchored type A ephrins and the transmembrane type B
ephrins, whereas receptors are grouped based on structural
features in their ligand binding domain and their ephrin-binding
preferences so that EphA receptors bind ephrin-A ligands and
EphB receptors bind ephrin-Bs. It is now becoming increasingly
clear that this distinction may be over simplified, as several Ephs
are able to be activated by both ephrin-A and ephrin-Bs albeit
at higher concentrations then their preferred ligand.®” Examples
include EphA4 binding to ephrin-B2 and ephrin-B3,'®'" and
EphB2 binding to ephrin-A5.*

Ephrins bind Eph receptors with high affinity at sites of direct
cell-to-cell contact, forming heterodimers which creates comple-
mentary interaction surfaces that result in the joining of dimer
pairs into tetrameric complexes. The formation of high order
complexes is necessary for proper activation and signaling to
occur. Engagement of ligand to the receptor also induces a
conformational change in the cytoplasmic portion of the Eph
receptor'” by phosphorylation of tyrosine residues in the juxta-
membrane domain, relieving the structural inhibition imposed by
the juxtamembrane domain on the kinase domain, and allowing
for activation of the kinase domain. Similarly, ephrin-B ligands
also become phosphorylated at a conserved tyrosine residue in the
cytoplasmic portion, resulting in a conformational change and
activation of signaling.'*'> Ephrin-A ligands lack the cytoplasmic
part present in the B class, and presumably convey intracellular
signals through a co-receptor'® (Fig. 1A and B). The notion that
signals cannot only be conveyed into the receptor-expressing cell
(forward signaling) but also by the ligand-expressing cell (reverse
signaling) adds an extra layer of complexity to the possible
biological outcomes upon ligand-receptor binding.

Ephs and Ephrins in Adult Epithelial Stem Cell Niches

It is becoming more and more clear that Ephs and ephrins are not
only crucial regulators of developmental processes, but also pivotal
in controlling the physiology of adult organs and tumor initiation
and progression. There have been an increasing number of studies
focusing on the role of Ephs and ephrins in regulating adult stem
cell function in various organs. Eph receptors and ephrins are
commonly expressed in adult stem cell niches although their effect
on the stem cells usually varies depending on the cellular context.
EphB receptor forward signaling have been shown to regulate
proliferation and migration of intestinal stem and progenitor
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SPECIAL FOCUS REVIEW: EPH/EPHRIN IN CANCER
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Figure 1. Schematic representation of the structure of Eph receptors and ephrins. (A) Eph receptors are divided into two subclasses based on their
sequence homology of the extracellular ephrin-binding globular domain. Eph receptors also have an extracellular cystein rich region followed by two
fibronectin-type Ill repeats. The juxtamembrane domain contains tyrosines that can undergo autophosphrylation, and is followed by a tyrosine kinase
domain. The SAM and PDZ binding domains serves as docking sites for interacting proteins and mediators of downstream signaling. (B) Ephrins are
subdivided based on how they are linked to the membrane; ephrin-As are linked through a glycosylphosphatidyl anchor, whereas ephrin-Bs contain
a transmembrane domain as well as a cytoplasmic tail involved in signaling processes.

cells' whereas ephrin-A2 ligand reverse signaling negatively
determines the rate of progenitor amplification in the adult
subventricular zone in the later wall of the lateral brain."® Hence,
forward and reverse signaling have been shown to have direct and
opposing roles on stem cell function. Similarly, Eph receptors and
ephrins are present in most cancer cells. However, both increased
and decreased expression has been linked to tumor progression,
underlining the complexity of Eph/ephrin biology.

Intestine. Perhaps the most well characterized adult epithelial
stem cell system in terms of Eph function is the intestine. Stem
cells reside at the bottom of crypts in the monolayered intestinal
epithelium, where they divide and give rise to progenitor cells,
which continue to divide as they migrate up the crypt axis. As
cells leave the crypt, they also leave the cell cycle and start to
differentiate. Canonical Wnt signaling is a pivotal mitogenic
regulator for intestinal stem cells and it also transcriptionally
regulates the expression of EphB receptors.'”*® EphB receptors
and their ephrin-B ligands are expressed in counter gradients in
the intestinal epithelium, where EphB2 and EphB3 are present
at high levels in the intestinal stem cells (Fig.2A). Progenitor
cells express decreasing levels of EphB2 and EphB3 as they
migrate away from the crypt bottom. Conversely, ephrin-B1 and
ephrin-B2 is negatively regulated by Wnt signaling and is
predominantly expressed by the differentiated cells outside the
crypt with decreasing expression in cells closer to the crypt
bottom. Genetic removal of EphB2 and EphB3 results in
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decreased stem/progenitor cell proliferation'” and independently
to a misregulation of cell migration.'” Ephrin-B1 null mice
also displays misplaced cells, however without any effect on cell
proliferation.?'

The intestine is one example where EphB receptors have been
clearly demonstrated to have dual roles, acting both as tumor
promoters and suppressors in the same organ, although at
different stages of tumor progression. Gain-of-function mutations
in the canonical Wnt pathway leads to the formation of intestinal
adenomas characterized by high EphB expression leading to
tumor cell proliferation. Cells forming the adenoma are
surrounded and repelled by untransformed ephrin-B expressing
cells keeping the adenoma in situ. As tumors progress toward
carcinomas, EphB expression is downregulated® and the ligand-
imposed repulsion is lost allowing cells to invade the surrounding
tissues (Fig. 2B and C). When the APCmin mouse model of
intestinal tumorigenesis is crossed to mice lacking either EphB3,
ephrin-B1 or mice expressing a dominant negative EphB2
receptor they develop predominantly more aggressive tumors,
clearly suggesting that EphB receptors have tumor suppressor
functions during tumor progression.”*** Loss of EphB correlates
not only to carcinoma transition in mice but also to shorter
survival in patients.?>**

Mammary gland. Estrogen-dependent regulation of EphB4
and its preferred ligand ephrin-B2 have been suggested to regulate

epithelial cell proliferation and mammary gland branching”
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Figure 2. EphB expression in intestinal crypts and adenomas. (A) EphB receptors are expressed in a decreasing gradient as cells move up the crypt,
whereas differentiating cells upregulate ephrin-B. Ligand and receptor expression form a counter gradient guiding the migrating progenitor cells
and at the same time promoting their proliferation. Paneth cells (blue) are positioned at the bottom of the crypt, where they are in close contact
with intestinal stem cells. (B) Highly proliferative adenoma cells incorporate BrdU and are compartmentalized by untransformed villi cells. (C) Intestinal
tumor cells express high levels of EphB2, promoting their proliferating as well as suppressing tumor progression.

during the estrous cycle in mouse mammary epithelium.
EphB4, as well as EphB2, have also been detected in epithelial
cells from human breast tissue.””*® Members of the A class family,
EphA2 and its ligand ephrin-Al are reported to be expressed by
the mouse mammary epithelial cells,”” where genetic removal of
EphA2 leads to reduced epithelial proliferation and branching.
Interestingly, both EphA2 and EphB4 are commonly expressed
in human breast cancer cell lines,’>?' and transfection of
normal human breast epithelial cells with EphA2 is sufficient to
induce transformation. When EphA2 is genetically removed,
or EphB4 overexpressed, in a Neu overexpressing mouse model
(MMTV-Neu), EphA2 deficiency impairs and EphB4 over-
expression promotes tumor initiation and metastatic progres-
sion*>** corroborating a role of Eph receptors as tumor promoters.
In line with these findings are reports stating that in humans,
hich EphA2 and EphB2 expression correlate to poor disease
prognosis®**** although there are also indications that the
tumors overexpressing Eph receptors might be the less malignant
ones (similar to the epithelial tumors of the intestine, prostate
and skin).?®

Skin. In skin, Eph and ephrins are so far known to be expressed
by two distinct epithelial stem cell populations. Adult hair
follicle bulge stem cells express high levels of EphA4, EphB4 and
ephrin-B1%> whereas EphA2 and ephrin-Al are detected in a
complimentary pattern in the epidermis, allowing for signaling to
occur only in the proliferative stem cell-harboring basal layer.*®
Proliferation in both epithelial adult stem cell compartments is
negatively regulated by Ephs and ephrins’ and hence genetic
removal of ephrin-B2 results in increased epidermal prolifera-
tion.”® Similarly, human epidermis ubiquitously expresses several
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Eph receptors and ligands from both classes, and only EphA7
has been shown to be exclusively localized to the cells in the
basal layer.”

In contrast to the mammary epithelium, genetic ablation of
EphA2 in the skin epithelium leads to increased tumor cell
proliferation and progression to invasive squamous cell carcino-
mas in a DMBA/TPA carcinogenesis assay’® suggesting that
EphA2 acts as a tumor suppressor in the skin.

Prostate. In human prostate cancer, EphA2 and EphB4 are
found to be upregulated when compared with untransformed
tissue®"' whereas mutations leading to the inactivation of
EphB2 have been found in about 8% of prostate tumors.*
Reintroduction of EphB2 suppresses clonogenic growth of
metastatic tumor cells, suggesting that EphB2 might be important
in the progression and metastasis of prostate cancer. Furthermore,
silencing of EphA7 through promoter methylation has been
reported and shown to correlate to tumor progression® suggesting
that different members of Eph receptors act discretely to influence
cell growth and tumor progression.

Eph Signaling in Cancer Cells

Cancer cells seem to have different mechanisms to minimize the
tumor suppressor functions of Eph forward signaling. Taking into
account the relatively high levels of EphB4 and EphA2 in breast
cancer cells, the level of receptor tyrosine phosphorylation is lower
in cancer cells than in untransformed breast epithelial cell lines***'
although endogenous ligands are present at low levels. Stimulation
of the receptors using soluble ligands could however enhance
receptor tyrosine phosphorylation and inhibit receptor-mediated
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transformation and tumorigenesis. These data suggest that
silencing of kinase dependent functions of Eph receptors in
breast cancer cells is mediated through downregulation of the
ephrin ligand. Loss of ephrin-B2 has been reported in mammary
tumor models as well as in colorectal cancer cells,”*** suggesting
that cancer cells downregulate ephrins in order to avoid the tumor
suppressor functions of Eph receptors. Alternatively, as seen in
developing colon cancers, Eph expressing tumor cells are
compartmentalized by the ligand expressing cells, allowing for
lictle contact and hence receptor forward signaling between
transformed and non-transformed cells.

However, kinase-dependent as well as -independent functions
have been demonstrated in both colorectal and prostate cancer

cells*+4¢

suggesting that Eph receptors are able to convey signals
even in the apparent lack of ligand activation. Furthermore,
Eph receptors have been shown to be able to bind the p100y
PI 3-kinase subunit in a kinase-independent manner"” and
PI 3-kinase signaling has been shown to influence the in vivo cell
sorting of intestinal progenitor cells in an EphB kinase dead
mouse model.*® Tt is possible that in contrast to oncogenic
mechanisms proposed for other receptor tyrosine kinases, Eph
receptors may exert parts of their tumor promotor functions

independently of receptor phosphorylation or that Eph receptor
clustering due to high level of expression lead to somewhat
increased kinase activity even in the absence of ligand.

Perspectives

Our understanding of the complex roles of Eph and ephrins in
stem cell and tumor biology is still evolving, and more research is
needed to resolve contradictory and confusing issues. The range of
activities, interaction partners and molecular mechanisms under-
lying Eph and ephrin function has steadily increased, resulting in
a continuous revision of established models. Characterization of
Eph signaling complexes and pathways are necessary to fully
understand the outcome of Eph/ephrin signaling on a cell, and to
fully exploit the possible avenues in designing Eph and ephrin
targeting drugs in order to specifically be able to inhibit growth
and progression of tumors.
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