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Abstract

Ephrins are ligands of Eph receptors (Ephs); both of which are sorted into two classes, A and B.
There are five types of ephrin-As (ephrin-A1-5) and three types of ephrin-Bs (ephrin-B1-3). Also,
there are 10 types of EphAs (EphA1-10) and six types of EphBs (EphB1-6). Binding of ephrins to
the Eph receptors activates signaling cascades that regulate several biological processes such as
cellular proliferation, differentiation, migration, angiogenesis, and vascular remodeling. Clarifica-
tion of their roles in the female reproductive system is crucial to understanding the physiology and
pathology of this system. Such knowledge will also create awareness regarding the importance of
these molecules in diagnostic, prognostic, and therapeutic medicine. Hence, we have discussed the
involvement of these molecules in the physiological and pathological events that occur within the
female reproductive system. The evidence so far suggests that the ephrins and the Eph receptors
modulate folliculogenesis, ovulation, embryo transport, implantation, and placentation. Abnormal
expression of some of these molecules is associated with polycystic ovarian syndrome, ovarian
cancer, tubal pregnancy, endometrial cancer, uterine leiomyoma (fibroids), cervical cancer, and
preeclampsia, suggesting the need to utilize these molecules in the clinical setting. To enhance
a quick development of this gradually emerging field in female reproductive medicine, we have
highlighted some “gaps in knowledge” that need prospective investigation.

Summary sentence

The ephrin and Eph receptors are expressed throughout the female reproductive system, regulate
the functioning of this system and associate with a number of obstetric and gynecologic disorders.

© The Author(s) 2020. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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Introduction

Eph family receptor-interacting proteins (ephrins) are ligands of Eph
(erythropoietin-producing human hepatocellular carcinoma cell)
receptors. These receptors constitute the largest known subfamily
of receptor protein-tyrosine kinases [1]. Based on their structure
and linkage to the cell membrane, ephrins are categorized into
ephrin-As and ephrin-Bs (Figure 1). There are five types of ephrin-As
(ephrin-A1-5) and three types of ephrin-Bs (ephrin-B1-3). The Eph
receptors (Ephs) are also categorized into EphAs and EphBs, based
on their interactions with either ephrin-As or ephrin-Bs. EphAs are
subdivided into 10 classes (EphA 1-10) and EphBs are subdivided
into six classes (EphB1-6). EphA9 and EphBS5 are not present in
the human genome. Ephrin-As bind to EphAs and ephrin-Bs bind to
EphBs (Table 1) [2, 3]. However, there are some exceptions. Ephrin-
AS can bind to EphB2 whereas ephrin-B2 and ephrin-B3 can bind
to EphA4 (Table 1) [4]. Since both ephrins and Ephs are membrane-
bound proteins (Figure 1), their binding and intracellular signaling
activation occur via direct cell—cell interactions. Ephrins and Ephs
undergo cis- and trans-interactions to mediate cellular processes
such as proliferation, differentiation, migration, angiogenesis, and
vascular remodeling (Figure 2) [3, 5, 6] via forward and reverse
signaling which are jointly termed, bidirectional signaling. Forward
signaling occurs in Eph receptor-expressing cells whereas reverse
signaling occurs in ephrin-expressing cells (Figure. 2) [6].

The success of reproduction is partly dependent on the
normal formation and functioning of the ovaries, fallopian tubes,
endometrium, and the placenta. These processes are regulated by
the interplay of several signaling molecules such as hormones,
cytokines, and growth factors. Impairment in these signaling
pathways often result in several female-specific disorders such

Table 1. The ephrins and the corresponding Eph receptors
they bind.

Ephrin Eph receptors

Ephrin-A1l EphA1, EphA2, EphA3, EphA4, EphAS, EphA6,
EphA7, EphA8, EphA10

Ephrin-A2 EphA1, EphA2, EphA3, EphA4, EphAS, EphA6,
EphA7, EphAS8, EphA10

Ephrin-A3 EphA1l, EphA2, EphA3, EphA4, EphAS, EphAe6,
EphA7, EphA8, EphA10

Ephrin-A4 EphA1, EphA2, EphA3, EphA4, EphAS, EphA6,
EphA7, EphA8, EphA10

Ephrin-AS EphA1, EphA2, EphA3, EphA4, EphAS, EphA6,
EphA7, EphA8, EphA10, EphB2

Ephrin-B1 EphB1, EphB2, EphB3, EphB4, EphB6

Ephrin-B2 EphA4, EphB1, EphB2, EphB3, EphB4, EphB6

Ephrin-B3 EphA4, EphB1, EphB2, EphB3, EphB4, EphB6

as polycystic ovarian syndrome (PCOS), ovarian cancer, tubal
pregnancy, endometrial cancer, uterine leilomyoma (fibroids), cervical
cancer, and preeclampsia [7-12]. In this review, we have discussed
the involvement of ephrin and Eph receptor signaling in the
physiological and pathological events that are associated with the
ovary, fallopian tube, endometrium, cervix, and the placenta.

Ephrins and Eph receptors in ovarian biology

Oogenesis, folliculogenesis, and ovulation are the major morpho-
physiological events in ovarian biology. The oogonia proliferate
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Figure 1. The general structure of the ephrins and the Eph receptors. Ephrin-As and ephrin-Bs have different structures. Ephrin-As are GPl-anchored to the
plasma membrane whereas ephrin-Bs are transmembrane, and are connected to an intracellular PDZ-binding motif. On the other hand, EphAs and EphBs are
similar in structure. They consist of an extracellular portion and an intracellular portion. The extracellular portion is composed of an ephrin-binding domain
connected to two fibronectin type-lll repeats by a cysteine-rich EGF-like motif. The intracellular portion consists of a juxtamembrane region that connects the
extracellular portion of the receptor to a kinase domain which is linked to a SAM domain and a PDZ-binding motif in the cytoplasm. Ephs bind to ephrins
through an extracellular Eph binding domain. Abbreviations: GP1, glycosylphosphatidyl inositol; PDZ, post synaptic density protein, Drosophila disc large

tumor suppressor and zonula occludens-1 protein; SAM, sterile alpha motif.

and differentiate into primordial follicles. Activated primordial
follicles - having a single layer of flattened granulosa cells (GCs)
surrounding the primordial oocytes - sequentially differentiate into
primary, secondary, and eventually antral (Graafian) follicles. A
lot of the follicles undergo atresia whereas a few of them, under
the stimulation of cyclic gonadotropins following puberty, reach
the preovulatory stage. Under the influence of the preovulatory
gonadotropin surge during each reproductive cycle, the dominant
antral follicle releases the mature oocyte into the fimbriae of
the fallopian tube whereas the remaining theca cells and GCs
differentiate into the progesterone-secreting corpus luteum. These
processes are precisely regulated in an orchestrated manner by many
regulatory molecules (Figure 3) [13], including the ephrins and the
Ephs (Figure 3).

Ephrin-A4, ephrin-AS5, ephrin-B1, ephrin-B2, EphA3, EphA4,
EphA45, EphA7, and EphA8 are expressed in the GCs [14-16].
EphA3, EphAS, and EphA8 expression in the GCs is regulated by
follicle-stimulating hormone (FSH) via the protein kinase A (PKA)
pathway [15]. This indicates that the GCs proliferation, differenti-
ation, and steroidogenesis modulated by FSH may be mediated by
ephrin and Eph receptor signaling. Investigation of this hypothe-
sis is, thus, recommended. Human chorionic gonadotropin (hCG)
also enhances the activities of the GCs by greatly influencing the

expression of several genes in the GCs [17, 18]. Nonetheless, hCG
is not a major determinant of ephrin/Eph receptor expression in the
GCs [16]. Thus, the ephrin and Eph receptor system may regulate
GCs morphophysiology, and this may largely occur via FSH signaling
than hCG signaling. This hypothesis also merits investigation.
Decreased expression of ephrin-AS leads to the downregulation
of genes-such as progesterone receptor (PR), prostaglandin-
endoperoxide synthase-2 (PTGS2), TNF-induced protein-6
(TNFAIP6), epiregulin (EREG), a disintegrin-like and metallopep-
tidase (reprolysin type) with thrombospondin type 1 motif-4
(ADAMTS4), and betacellulin (BTC) - involved in follicular growth
and ovulation [19]. It also leads to subfertility associated with
ovarian disorders [19]. Ephrin-AS expression is elevated in large
atretic follicles [14], indicating its involvement in follicular atresia.
In a study, knockdown of ephrin-AS promoted GCs proliferation via
increased expression of proliferating cell nuclear antigen (PCNA)
and the activation of the p-Akt and p-ERK1/2 pathways [20].
Also, it decreased GCs apoptosis by suppressing the expression
of caspase-3, caspase-8, and BCL2-associated X protein (BAX).
This resulted in increased release of estradiol without altering
progesterone levels. The knockdown also inhibited the expression of
tumor necrosis factor alpha (TNFa) [20], suggesting that ephrin-AS
induces GCs apoptosis by activating cell death receptors. Moreover,
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Figure 2. Mechanism of ephrin-Eph receptor bidirectional signaling. Binding of an ephrin to an Eph receptor causes a sequential clustering of several ephrins
and Ephs, triggering autophosphorylation of the juxtamembrane region, the kinase domain and the SAM domain. This then elicits forward signaling in the
Eph receptor-expressing cells and reverse signaling in the ephrin-expressing cells. Each signaling then activates several downstream molecules that mediate
cellular functions. Abbreviations: SAM, sterile alpha motif; PDZ, post synaptic density protein, Drosophila disc large tumor suppressor and zonula occludens-1

protein.

it led to the respective upregulation and downregulation of bone
morphogenetic protein-15 (BMP15) and growth differentiation
factor-9 (GDF9) [20], two molecules which synergistically promote
GCs proliferation via the ERK1/2 signaling pathway [21]. All these
indicate that ephrin-A5 may regulate folliculogenesis (via GCs
proliferation and steroidogenesis), follicular atresia and ovulation
(Figure 3). Its ability to induce follicular atresia can help to maintain
a healthy reproductive system, since a failed follicular atresia is
associated with hormone-related cancers and chemoresistance.
Nonetheless, confirmation of these roles of ephrin-AS in vivo is
highly recommended.

EphA7 promotes ovulation through the increased expression
of CCAAT enhancer binding protein beta (C/EBPS), Kruppel-like
factor-4 (KLF4), and ADAMTS1 and increased secretion of luteiniz-
ing hormone and progesterone. Its expression is decreased in the
GCs of PCOS patients [22]. This occurrence may account for the
ovulatory impairment associated with this disease. Hence, its further
investigation is recommended.

Ephrin-B1 is moderately expressed in theca cells and at a low
level in GCs of the antral follicles. After ovulation, there is a rapid
increase in ephrin-B1 expression in luteinizing GCs, but a decrease in
its expression in luteinizing theca cells. Also, ephrin-B1, ephrin-B2,
EphB1, EphB2, and EphB4 are expressed in the corpus luteum during
the early luteal phase [23]. Since intense angiogenesis takes place in
the corpus luteum to enable the hormone-producing cells to access

the nutrients, oxygen, and the hormone precursors that are vital to
the synthesis and the release of high quantities of progesterone to
help establish and maintain early pregnancy [24, 25]; and the ephrins
and Ephs have been found to enhance angiogenesis in other parts of
the body [26, 27], it is possible that ephrin-B1, ephrin-B2, EphB1,
EphB2, and EphB4 enhance angiogenesis in the corpus luteum. We
recommend prospective studies to investigate this hypothesis as well
as any other physiological significance of the expression patterns of
these molecules in the corpus luteum.

Ephrins and Eph receptors in ovarian cancer

Ovarian cancer is the second most common malignancy after breast
cancer in women above 40 years of age, and the fifth leading cause
of cancer-related deaths in women. Despite the awareness that has
been created about ovarian cancer, its curative and survival trends
have not changed significantly as the early diagnosis of this disease
remains a challenge [28]. Perhaps, the ephrin and EPh receptor
system can be helpful in understanding the pathogenesis of this
disease, and contribute to its early diagnosis.

Ephrin-A1, ephrin-AS, EphA1l, and EphA2 are upregulated in
ovarian cancer cells. Increased expression of ephrin-A1l and ephrin-
AS correlates with a shorter patient survival, but increased expres-
sion of EphA1 does not correlate significantly with patient survival
[29]. Upregulation of EphA2 is also significantly associated with
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Figure 3. Mechanistic involvement of ephrins and Eph receptors in folliculogenesis and ovulation. Downregulation of ephrin-A5 promotes GCs proliferation
via the upregulation of BMP15 and PCNA. BMP15 enhances GCs proliferation by activating the Akt/ERK1/2 signaling pathway. Also, downregulation of ephrin-
A5 reduces the rate of GCs apoptosis by decreasing the expression of caspase-3, caspase-8, BAX, and TNFa. Moreover, it promotes estradiol production
through an unknown mechanism. Interestingly, the downregulation of the molecule also inhibits ovulation via the downregulation of PR, PTGS2, TNFA1P6,
EREG, ADAMTS4, and BTC. Hence, lower levels of ephrin-A5 may facilitate folliculogenesis but inhibit ovulation and vice versa. It is very possible that primary
and secondary follicles express low levels of ephrin-A5 to enhance their development whereas antral follicles express higher levels of ephrin-A5 to enhance
ovulation. This reflects a major involvement of ephrin-A5 in female fertility. On the other hand, upregulation of EphA7 promotes ovulation via the increased
expression of C/EBPS, KLF4, and ADAMTS1 and increased secretion of LH and progesterone. Abbreviations: GCs, granulosa cells; PCNA, proliferating cell nuclear
antigen; BMP15, bone morphogenetic protein-15; BAX, BCL2-associated X protein; TNF«, tumor necrosis factor alpha; PR, progesterone receptor; PTGS2,
prostaglandin-endoperoxide synthase-2; TNFAIP6, TNF-induced protein-6; EREG, epiregulin, ADAMTS4, a disintegrin-like and metallopeptidase (reprolysin
type) with thrombospondin type 1 motif-1; BTC, betacellulin; C/EBPB, CCAAT enhancer binding protein beta; KLF4, Kruppel-like factor-4 (KLF4); LH, luteinizing

hormone.

a shorter patient survival, and it is a good prognostic marker of
ovarian carcinomas. The expression of ephrin-A1 or EphA2 has no
association with the age of the patient, histological type, and stage
of the cancer [30].

The expression of EphAS is gradually reduced from normal
tissues to the more malignant forms of tumor. That is; EphAS
expression is sequentially and significantly decreased from normal
fallopian tubes, benign ovarian serous tumors, ovarian serous bor-
derline tumors to ovarian serous carcinomas [31]. This decreased
expression is more often found in high-grade and advanced stage
ovarian serous carcinomas. Regardless of this, there is no significant
relationship between the expression of EphA5 and age at diagnosis,
diameter, and metastasis of the disease [31]. It is very imperative to
find out whether or not EphAS expression is associated with patient
survival.

EphA8 mRNA level is significantly higher in ovarian cancer
tissues than in normal ovarian tissues or normal fallopian tube tissues
[32]. Similarly, EphA8 protein level is significantly higher in ovarian
cancer tissues than in normal ovarian tissues, benign ovarian tumors,
and borderline tumors [32]. High EphAS8 protein level is associated
with higher age at diagnosis, higher stages, presence of metastasis,
positive ascetic fluid, and higher serum levels of cancer antigen-125
(CA125); and can be an independent prognostic marker of poor
overall survival in ovarian cancer patients [32].

Low expression of EphB1 is observed in ovarian serous carci-
nomas, and it is associated with high-tumor grade, metastasis, and
a high proliferation rate, but not with the stage, age at diagnosis,

and diameter of the carcinoma. The downregulation of EphB1 is
associated with metastasis and poorer survival of the patients [33].
Ephrin-B1, ephrin-B2, EphB2, EphB3, and EphB4 are upregulated
in ovarian cancers [29, 34]|. The expressions of Ephrin-B2 and
EphB4 are directly proportional to the stage of the cancer [34].
EphB6 expression is decreased in benign epithelial ovarian tumors, is
decreased in ovarian serous borderline tumors and highly decreased
in ovarian serous carcinomas. This decreased expression associates
significantly with grade and stage of the cancer but inversely related
to the proliferation rate of the cancerous cells. Patients with negative
or weak expression of EphB6 have a poorer outcome than those with
positive expression [35].

These reports indicate that the ephrins, except those not yet
studied in ovarian cancers, are upregulated in the disease. Concern-
ing the Ephs, while some are upregulated others are downregulated
in ovarian cancers. In as much as this expression pattern helps to
understand the pathogenesis of the disease, investigations of the
mechanisms underlying this differential expression pattern will also
enhance a detailed understanding of ovarian carcinogenesis.

Ephrins and Eph receptors in fallopian tube
biology

The fallopian tube is the site for fertilization and preimplantation
development of the embryo. It serves as a conduit for the trans-
portation of sperms, secondary oocytes, and embryos. It consists
of four main parts: fimbriae, infundibulum, ampulla, and isthmus.
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The mucosa of the fallopian tube is lined with ciliated columnar
epithelial cells. The swaying movement of the cilia and the rhythmic
muscular contractions, termed peristaltic waves, facilitate the trans-
port functions of the fallopian tube. These processes are controlled
by molecules such as cytokines and hormones [36]. Impairment in
these functions can cause tubal pregnancy and infertility [37, 38].

Ephrin and Eph receptor signaling is an important regulator of
cell-to-cell interactions, and plays crucial roles in cell migration and
adhesion during embryonic development [39]. EphA2 is expressed
in both the ciliated and secretory cells of the fallopian tube epithelia
in temporospatial-independent manner. The morphophysiology of
the fallopian tube epithelium, including that of the ciliated and
secretory cells, is modulated by the fluctuating sex hormones during
the menstrual cycle [40]. Nevertheless, the levels of EphA2 in the
fallopian tube epithelia remain constant throughout the menstrual
cycle, regardless of the menstrual phase or the fallopian tube region
[41]. This shows that EphA2 expression in the fallopian tube is
not affected by the sex hormones. EphA2 can be activated by
ephrin-Al in human fallopian tubal epithelial cells, leading to its
phosphorylation (Pho-EphA2) which can attenuate the adhesiveness
of the fallopian tube [42]. Since tubal pregnancy is a consequence of
molecular derangements in cell adhesion mediators and altered cilia
activity within the tubal microenvironment [43, 44], disruption in
ephrin and Eph receptor signaling in the fallopian tube can trigger
certain pathological events such as tubal pregnancy. Intriguingly,
elevated EphA2 expression and a decreased Pho-EphA2 are observed
in the epithelia of the fallopian tube during tubal pregnancy [41].

The above reports indicate that EphA2 regulates the tubal motil-
ity of the embryo but this effect is independent on the sex hormones.
Increased phosphorylation of EphA2 decreases the adhesiveness of
the fallopian tube to facilitate embryonic transport (Figure 4). Hence,
decreased Pho-EphA2 increases tubal adhesiveness to cause tubal
pregnancy. The mechanisms responsible for the decreased rate of
EphA2 phosphorylation during tubal pregnancy merits investigation.
Also, the expression and roles of the ephrins and the other Ephs in
the fallopian tube should be studied.

Ephrins and Eph receptors in uterine biology

The uterus is anatomically divided into four regions: the fundus
(which is the uppermost rounded portion of the uterus), the body
(corpus), the cervix, and the cervical canal. The uterus has three lay-
ers: endometrium, myometrium, and perimetrium. The endometrium
is made up of the stratum basalis and the stratum functionalis.
The stratum functionalis, in response to estrogen and progesterone,
undergoes numerous morphological changes during the menstrual
cycle; and it is discharged when no implantation occurs. Some
of these changes are the appearance of pinopodes in the epithe-
lium, decidualization of the stromal cells, and angiogenesis. These
processes are regulated by growth factors, chemokines, cytokines,
hormones, and cell adhesion molecules [45, 46] including the ephrins
and the Ephs.

Ephrins and Eph receptors in endometrial changes

EphA3 is expressed in the mesenchymal stromal cells and perivascu-
lar spiral arterioles of the stratum basalis and the stratum function-
alis, and enhances endometrial angiogenesis. This expression varies
across the menstrual cycle, as EphA3 is less expressed in the prolifer-
ative phase but markedly expressed in the secretory phase [47]. In
spite of this, the role of the ephrins and the Ephs in endometrial
changes during the menstrual cycle has not been explored. It is

already established that hypoxia promotes endometrial repair after
menstruation [48, 49]. Interestingly, the expression of EphA3 in the
stromal cells is facilitated by hypoxia via hypoxia inducible factor-1
alpha signaling [47]. Hypoxia similarly enhances the expression of
ephrin-A1l and ephrin-A3 in the stromal cells. However, it attenuates
the expression of ephrin-A4, ephrin-AS, ephrin-B2, EphA2, EphB2,
EphB3, and EphB4 [47]. Thus, the expressions of the ephrins and the
Ephs mediate the hypoxia-induced endometrial repair that follows
menstruation. Investigation of the exact roles of the ephrins and
the Ephs in endometrial repair is highly recommended. The strong
and positive relationship between ephrin-Al/ephrin-A3 and EphA3,
during hypoxia of the endometrial cells [47], somehow suggests that
ephrin-Al and ephrin-A3 preferentially signal through EphA3 in
endometrial cells, and so should be investigated.

Ephrins and Eph receptors in embryo implantation
Embryo implantation in the uterus is a crucial step to a success-
ful pregnancy. This process is partly dependent on sufficient uter-
ine receptivity, during when adhesion-promoting molecules increase
whereas adhesion-inhibitory molecules decrease. The embryo may
utilize repulsive forces generated by the ephrin and Eph receptor
system for its timely attachment to and subsequent invasion through
the decidua basalis [50].

Ephrin-A1, ephrin-A2, ephrin-A3, and ephrin-A4 are expressed
on blastocysts; and EphA1, EphA2, and EphA4 are expressed in the
decidua [51]. The expression of ephrin-A1, ephrin-A2, ephrin-A3,
and ephrin-A4 on the blastocyst transiently decreases around the
implantation period. Also, the expression of EphA1l in the decidua
and the expression of ephrin-A1 and ephrin-A3 on the blastocyst
decrease at the implantation sites [51]. In assessing the role of this
decreased expression in implantation, recombinant Eph-A1 was
made to bind to the surface of ephrin-A-bearing trophectoderm
cells. Interestingly, the binding resulted in the inhibition of
blastocyst attachment. This points to a crucial role of the ephrin-
A and EphA receptor system in regulating the initial blastocyst-
maternal contact during the cross-talk period that precedes
implantation [51].

In a follow-up study, these researchers investigated the physio-
logical effects of blastocysts on EphA-bearing endometrial epithelial
cells by using the permeability assay to examine the effects of ephrin
A1 on cell-to-cell dissociation of Ishikawa cells. They observed that
recombinant ephrin Al-conjugated beads were able to bind to the
Ishikawa cells, indicating that EphA receptors expressed on the
Ishikawa cells had the ability to interact with ephrin A1. In that study,
ephrin A1 stimulation induced EphA2 phosphorylation and reduced
the cell-to-cell barriers in a monolayer culture of the Ishikawa
cells [52].

The expression of the ephrin-As on the blastocyst and the expres-
sion of EphA1 in the decidua prior to implantation mean that they
play certain roles which are not yet known; and their downregula-
tion, a requirement for a successful embryo implantation, suggests
that these molecules facilitate the adhesion of the blastocyst to the
decidua in a concentration-dependent manner (Figure 4). Failure
of these molecules to be downregulated to favorable levels can,
therefore, trigger tubal pregnancy or miscarriage.

Ephrins and Eph receptors in endometrial cancers

Endometrial cancers are the most common cancers of the uterus.
There are type I endometrial cancers and type Il endometrial cancers.
Type I endometrial cancers account for 70-85% of the cases, and
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epithelia express EphA2 which becomes phosphorylated (Pho-EphA2) to decrease the adhesiveness of the embryo to the fallopian tube so as to enhance its
motility. Within the fallopian tube, the embryo expresses high levels of ephrin A1, ephrin-A2, ephrin-A3, and ephrin-A4. However, when the embryo reaches the
uterus, the expression of these ephrins decreases to make embryo implantation possible. In the decidua parietalis, there is a high expression of EphA1, EphA2
and EphA3. The expression of EphA1 decreases at the implantation sites (decidual basalis) to enhance embryo implantation.

comprise low-grade endometroid carcinomas which express estrogen
receptor (ER) and/or PR. In contrast, type II endometrial cancers
represent about 10-20% of the cases, and comprise nonendometroid
carcinomas which are associated with higher risk of recurrence
and poor survival, due to their high-grade and their ability to
deeply invade the myometrium and spread to neighboring tissues
[53, 54].

EphA2 is upregulated in endometrial cancers, and associates
positively with proliferation rate, myometrial invasion, disease stage,
and tumor grade but inversely with ER and PR expression [55].
Patients whose endometrial cancers express higher levels of PR and
ER have a good survival outcome [56], indicating that the expression
of these receptors can be a mechanism that counteracts the disease.
Ephrin-B2 and EphB4 are expressed in endometrial cancers but
they are only upregulated in those cancers that express ER and
PR [57]. Hence, they are upregulated in only type I endometrial
cancers. This means that the expression of ephrin-B2 and EphB4 in
endometrial cancers is partly dependent on ER and PR expression.
Thus, while EphA2 expression may promote endometrial carcino-
genesis, ephrin-B2 and EphB4 expression may inhibit endometrial
carcinogenesis. Investigation of the molecular relationship between
ephrin-B2/EphB4 and ER/PR is crucial to clarifying whether ephrin-
B2 and EphB4 are potential therapeutic targets against endometrial
cancers.

Ephrins and Eph receptors in uterine leiomyoma
(fibroid or myoma)

Uterine leiomyomas (myomas or fibroids) are common benign
tumors of the uterus. Their growth is determined by the rate of
cell proliferation, cell differentiation, cell apoptosis, angiogenesis,
and extracellular matrix deposition [58-60]. Ephrin-A4, ephrin-B2,
ephrin-B3, EphA1-6, EphA8, EphB2, and EphB4 are upregulated
in uterine leiomyomas [61]. Studies about the expression of EphA7
in this disease have yielded conflicting reports. Although in a study
it was observed that EphA7 was downregulated in fibroids [61],
in another study it was observed that EphA7 was upregulated
in fibroids [62]. Apart from these conflicting reports, the roles
of the ephrin and Eph receptor system in fibroids have not
been reported. Nonetheless, the dysregulated expression of these
molecules indicates their possible involvement in the pathogenesis
of uterine leiomyomas, and so should be investigated.

Ephrins and Eph receptors in cervical cancer

The fourth most common female malignancy is cervical cancer
[63]. EphB2 is upregulated in cervical cancers and promotes the
invasiveness of the cancerous cells via the R-Ras signaling pathway
[64]. This means that the pathogenesis of cervical cancer involves
the upregulation of EphB2. Since human papillomavirus (HPV) is a
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causative agent of cervical cancer [65], the upregulation of EphB2
may be associated with HPV infection or any other viral infection
that causes cervical cancer. This hypothesis merits investigation.

Ephrins and Eph receptors in placentation

Placentation involves the formation of the cytotrophoblasts (CTBs)
from the trophectoderm of the blastocyst, and its subsequent
proliferation and differentiation into the syncytiotrophoblast (STB)
and extravillous trophoblasts (EVTs). CTBs that differentiate into
the STB undergo syncytialization whereas those that form the
EVT lineages undergo epithelial to mesenchymal transition (EMT).
During the process of EMT, the CTBs first differentiate to form
noninvasive proximal column trophoblasts (PCTs), which further
proliferate and differentiate into the nonproliferative but invasive
distal column trophoblasts (DCTs). These trophoblasts then break
through the overlying STB and anchor the embryo to the decidua.
Interstitial EVTs (iEVTs) eventually develop from the anchoring
villi and diffusively invade the decidua and the inner third of the
myometrium to enhance the establishment of the histiotrophic
nutrition and the uteroplacental circulation. Excessive invasion of
the myometrium is prevented by the aggregation and fusion of the
iEVTs to form giant cells. Derangement in each of these processes
triggers abnormal placentation and its associated pregnancy
complications such as preeclampsia and miscarriage (Figure 5)
[7,9-11, 66].

Ephrin-A1, ephrin-A4, and ephrin-A5, as well as EphA1, EphA2,
and EphA4 are expressed in the human choriocarcinoma trophoblas-
tic cells, called JEG3 cells. Both recombinant ephrin-A4 and recom-
binant EphA1 promote the invasiveness of JEG3 cells, via the upreg-
ulation of integrin «5, but do not affect the rate of proliferation of
these cells [67]. EphA2 is also expressed in decidual endothelial cells,
and enhances the proliferation and invasiveness of TEV1 cells by
regulating ephrin-A1[68].

In the first two trimesters, EphA2 is expressed in the CTBs,
PCTs, DCTs, Hofbauer cells, iEVTs and in decidual glands [69] but
its role has not been reported. Also, ephrin-A1l is localized in the
anchoring villi. However, during the third trimester, it is expressed
in only the trophoblasts that have invaded the decidua [69]. This
shows that ephrin-A1 is expressed in the placenta at each trimester
of pregnancy in an extravillous cell lineage-specific manner, and
may enhance the invasiveness of the EVTs. In placenta accreta, the
expression of ephrin-A1l is normal and so may not have a role in the
pathogenesis of this disease [69]. In preeclampsia, the integrity of
ephrin-A1l expression is not known, but it is likely to be abnormal.
The reason for this hypothesis is that matrix metalloproteinase-
9 (MMP9), which coexpresses with and regulates ephrin-Al, is
defective in the placentae of preeclamptic pregnancies [70, 71].

In early and midgestation, ephrin-B2 is expressed by the CTBs,
STB, and EVTs and in the endothelial cells of the villous capillar-
ies. At term, ephrin-B2 expression is generally diminished, as it is
confined to the vascular endothelium, with irregular staining in the
CTBs, STB, and EVTs [72]. Inhibition of ephrin-B2 suppresses the
invasiveness of HTR8/SVneo cells through the downregulation of
MMP2 and MMPY9; and impairs the remodeling of spiral arteries
through a decreased expression of placental growth factor [73]. In
the placenta of pregnancies complicated by preeclampsia, ephrin-
B2 is downregulated [74]. This suggests that ephrin-B2 facilitates
placentation, and that its decreased placental expression is involved
in the pathogenesis of preeclampsia.

In early gestation, EphB4 is expressed in the CTBs, STB, EVTs,
giant cells, and mesenchymal cells of the villi, as well as in the subset
of nucleated erythroid precursors, but not in the endothelial cells of
the decidua [72]. At the 12th week of gestation, EphB4 is expressed
at the apical side of the villi, as well as in the villous capillaries and
the EVTs but these expressions are less as compared to those in early
gestation [72]. At term, EphB4 expression is significantly reduced,
with some still present at the apical side of the STB and in a subset
of capillaries inside the villi, but neither in the CTBs, the EVTs, nor
the giant cells [72]. Its expression in the EVTs is less as compared to
that in the villous trophoblasts. It reduces the rate of proliferation but
increases the rate of apoptosis of HTR8/SVneo cells by increasing the
activity of caspase-3. It also inhibits the migration and invasiveness
of these cells by decreasing MMP2 and MMP9 expression and
suppressing the phosphatidyl inositol 3-kinase (PI3K) signaling path-
way. Additionally, EphB4 is expressed in the decidual endothelial
cells, and impairs spiral artery remodeling and endothelial integrity
via a decreased expression of vascular endothelial growth factor-A
(VEGF-A) [75]. Inhibition of EphB4 by microRNA-454 promotes
the proliferation, migration, and invasion of trophoblast cells [76].
These observations suggest that EphB4 expression decreases when
the CTBs proliferate and differentiate into the EVTs to quicken the
rate at which the EVTs invade the decidua and remodel the spiral
arteries, and failure of EphB4 to be downregulated can lead to
abnormal placentation and its associated pregnancy complications
(Figure 5B). This is confirmed by the observed upregulation of
EphB4 in the placentae of preeclamptic women [75].

The ephrins and Ephs participate in the chemokine-induced
migration of EVT cells. There is a transient switch in the expression
of Ephs in the PCT and DCT cells. These cells upregulate ephrin-
B1 and ephrin-B2 but downregulate EphB4 [77]. In the decidua, the
invading iEVTs are guided toward the cells that express the arterial
marker, ephrin-B2, and away from the cells that express the venous
marker, EphB4/ephrin-B1. This results in the preferential remodeling
of the arterioles, but not the veins [77]; and this is a hallmark of
human placentation.

Both ephrin-B2 and EphB4 are expressed in the intravillous
mesenchyme, either in the mesenchymal cells or in the newly formed
capillaries. The expression of EphB4 is restricted to a subset of
capillaries, and this probably indicates the venous fate of these vessels
[72]. On the other hand, the expression of ephrin-B2 is evident
in all capillaries during the first trimester. However, at term, the
expression is restricted to a subset of the capillaries, probably the
arterial capillaries. The period when positive EphB4 and negative
ephrin-B2 capillaries are observed is nearly after the 10th week of
gestation [72], indicating that arterial-venous endothelial differenti-
ation may be promoted by an increased rate of blood flow at this
period of gestation. This is further supported by the observed higher
expression of ephrin-B2 in larger decidual arteries than in the smaller
arteries [78].

Hypoxia regulates the expression of ephrin-B2 and EphB4. Dur-
ing hypoxia, there is a significant, constant, and time-dependent
increase in the expression of ephrin-B2 whereas there is a moderate
but transient increase in the expression of EphB4 [72]. Nonetheless,
downregulation of ephrin-B2 and upregulation of EphB4 are evident
in the placenta during preeclampsia [74]. Ephrin-B2 and EphB4 are
direct targets of the upregulated micro-RNA-20b in these placentae,
and their differential expression suggests that they are regulated by
other molecules, such as micro-RNA-17 and microRNA-20a [74].
This indicates that hypoxia can trigger preeclampsia via the upreg-
ulation of EphB4 (Figure 5B). Nevertheless, the upregulatory effects
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FIG 5A. NORMAL PLACENTA
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Figure 5. (B) Mechanistic involvement of EphB4 in abnormal placentation and preeclampsia. Upregulation of EphB4 inhibits trophoblast proliferation via
unknown mediators and signaling pathways. It increases the rate of trophoblast apoptosis via the upregulation of caspase-3. Also, it inhibits trophoblast
invasion through a decreased expression of MMP2, MMP9, and PI3K. All these lead to shallow spiral artery remodeling, such that uteroplacental circulation
becomes defective to trigger preeclampsia. Abbreviations: EphB4, erythropoietin-producing human hepatocellular carcinoma cell B receptor-4; MMP2, matrix
metalloproteinase-2; MMP9, matrix metalloproteinase-9; PI3K, phosphatidylinositol-3-kinase; NK, natural killer; SC, stromal cell.

of hypoxia on ephrin-B2 and the downregulation of ephrin-B2 in the The expression and role of ephrin-A3 in placentation have not
placenta during preeclampsia challenge the proposition that hypoxia been reported. However, microRNA-210, which is upregulated in
triggers preeclampsia. It is very needful to determine the relationship the placenta during preeclampsia, inhibits trophoblast migration

between these two molecules and hypoxia inducible factors. and invasion by repressing ephrin-A3 to cause preeclampsia [71].
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This indicates that ephrin-A3 may be involved in placental forma-
tion and malplacentation-mediated pathologies, and so needs to be
investigated.

Conclusion

The ephrin and Eph receptor system is an emerging field in female
reproductive biology. The few studies available have shown that
coexpression of the ephrins and the Ephs is a significant occurrence
that regulates the physiology and pathology of the female reproduc-
tive system.

Decreased expression of ephrin-AS5 in the GCs can enhance
folliculogenesis but inhibit ovulation whereas increased expression
of EphA7 promotes ovulation (Figure 3). Downregulation of EphA7
in the GCs is associated with PCOS and hence a potential thera-
peutic target in treating the disease. During ovarian carcinogenesis,
ephrin-Al, ephrin-AS, ephrin-B1, ephrin-B2, EphA2, EphA8, EphB2,
EphB3, and EphB4 are upregulated whereas EphAS, EphB1, and
EphB6 are downregulated. Ephrin-B2 and EphB4 are upregulated
in only type I endometrial cancers whereas EphA2 is upregulated
in both type I and type II endometrial cancers. In fibroids, Ephrin-
A4, ephrin-B2, ephrin-B3, EphA1-6, EphA8, EphB2, and EphB4 are
upregulated; and in cervical cancers, EphB2 is upregulated. Thus,
these molecules can serve as high-grade and low-grade diagnostic
biomarkers, distinguishing biomarkers and prognostic biomarkers
of these diseases as well as therapeutic targets in treating each
of them. Nevertheless, the transcription factors and the signaling
pathways activated by these molecules to mechanistically influence
the proliferation, migration, invasion, and angiogenesis of these
pathologies need further investigation.

Phosphorylation of EphA2 promotes the tubal transport
of the embryo by decreasing the adhesiveness of the fallopian
tube to the embryo. Decreased rate of EphA2 phosphorylation
is involved in the pathogenesis of tubal pregnancy. When the
blastocyst arrives in the uterus, ephrin-Al, ephrin-A2, ephrin-A3,
and ephrin-A4 expression on the blastocyst and EphA1 expression
in the decidua basalis transiently decrease to make implantation
possible (Figure 4). The expression of these molecules in the uterine
epithelia and in the decidua indicates their possible involvement
in decidualization. Hence, it is very necessary to investigate this
hypothesis.

As the placenta forms, ephrin-A1 and EphA2 promote tro-
phoblast proliferation, whereas ephrin-A4, EphA1, and EphA2 pro-
mote trophoblast invasion yet their expression status in abnormal
placentation is not known. Downregulation of ephrin-B2 and upreg-
ulation EphB4 in the placenta lead to abnormal placentation and
preeclampsia (Figure 5B). There are other female-specific reproduc-
tive disorders - such as endometriosis, miscarriage, and placenta acc-
reta - in which the involvement of the ephrin and Eph receptor system
is not known. It is very imperative to investigate the involvement
of this system in the pathogenesis of each of these diseases. Since
DNA methylation is a major event in the dysregulation of genes,
prospective studies should investigate the role of DNA methylation
in the expression pattern of the ephrin and Eph receptor system
in the physiological and pathological processes that occur in the
female reproductive system. These studies should also identify the
specific ephrin-Eph receptor binding that occurs in each process.
Such findings will greatly enhance our understanding about female
reproductive physiology and pathology, and assist in the designing
of novel and proactive therapeutic interventions against the various
gynecologic and obstetric disorders.
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