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Abstract

The protein encoded by the ephrin type-A receptor 2 (EphA2) gene is a member of the ephrin receptor subfamily of the
receptor tyrosine kinase family (RTKSs). Eph receptors play a significant role in various biological processes, particularly
cancer progression, development, and pathogenesis. They have been observed to regulate cancer cell growth, migration,
invasion, tumor development, invasiveness, angiogenesis, and metastasis. To target EphA2 activity, various molecular,
genetic, biochemical, and pharmacological strategies have been extensively tested in laboratory cultures and animal mod-
els. Notably, drugs, such as dasatinib, initially designed to target the kinase family, have demonstrated an additional capa-
bility to target EphA2 activity. Additionally, a novel monoclonal antibody named EAS5 has emerged as a promising option
to counteract the effects of EphA2 overexpression and restore tamoxifen sensitivity in EphA2-transfected MCF-7 cells
during in vitro experiments. This antibody mimicked the binding of Ephrin A to EphA2. These methods offer potential
avenues for inhibiting EphA2 activity, which could significantly decelerate breast cancer progression and restore sensitiv-
ity to certain drugs. This review article comprehensively covers EphA2’s involvement in multiple malignancies, including
ovarian, colorectal, breast, lung, glioma, and melanoma. Furthermore, we discuss the structure of EphA2, the Eph-Ephrin
signaling pathway, various EphA2 inhibitors, and the mechanisms of EphA2 degradation. This article provides an exten-
sive overview of EphA2’s vital role in different types of cancers and outlines potential therapeutic approaches to target
EphA2, shedding light on the underlying molecular mechanisms that make it an attractive target for cancer treatment.
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Introduction

Cancer, the deadliest disease impacting millions world-
wide each year, is becoming more prevalent in developing
nations due to the widespread adoption of unhealthy West-
ern diets and sedentary lifestyles. The Eph-Ephrin system
has been extensively studied in cancer, although its exact
role remains unclear. Ephrin-receptors (Eph) are members
of the receptor tyrosine kinase (RTKs) family, essential
cell surface molecules involved in oncogenesis, embry-
onic development, and the growth of various malignancies

< Mohammad Kalim Ahmad Khan
mkakhan@iul.ac.in

Department of Biosciences, Integral University, Lucknow,
Uttar Pradesh 226026, India

Department of Bioengineering, Integral University, Lucknow,
Uttar Pradesh 226026, India

Published online: 23 February 2024

[1]. Tumour suppressors and oncogenes, which govern the
growth and division of normal cells, were first identified in
the 1970 and 1980 s, respectively [2, 3]. The discovery of
EphAl in liver cancer cells during RTK screening in 1987
marked the first Eph receptor finding [4]. Eph-receptors
are single transmembrane proteins categorized into EphA
(EphA1-A8 and EphAl10) and EphB (EphB1-B4 and
EphB6) based on their extracellular (N-terminal) domain,
responsible for ligand binding affinity. Human systems
have nine EphA receptors and five EphB receptors [5]. Eph
ligands, EphrinA (EphrinA1-AS5) and EphrinB (EphrinB1-
B3) activate EphA and EphB receptors, respectively. The
ligands differ by the presence of a GPI anchor (EphrinA)
and a transmembrane segment (EphrinB) [6]. Eph-receptors
have dual roles in promoting and repressing tumor growth
in various cancers, such as breast, lung, colorectal, prostate,
and brain [1-6]. The presence of these molecules on the sur-
faces of two interacting cells of the same or different types
is necessary for the spatial arrangements of Eph receptors
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and ephrin ligands. These molecules act as bridges between
cells, facilitating their recognition and interaction with each
other. These receptor-ligand combinations exhibit contact-
mediated physiological roles in various aspects, such as
axon guidance, neuronal development, vascular patterning,
migration, and metastasis in many tumors. Forward signal-
ing, which suppresses tumorigenicity, is a result of ligand
binding and receptor clustering in cells that express the sig-
nal. This, in turn, prevents the phosphorylation of FAK, Akt,
and ERK, thereby regulating cell survival and motility [7].
Current biochemical and mutational studies suggest that the
juxtamembrane region of vertebrate RTKs may control Eph
receptor activation [8]. Effective kinase activity is achieved
by trans-phosphorylating clustered Eph receptors in the jux-
tamembrane domain [9], which leads to the suppression of
cell proliferation and migration. However, Eph and Eph-
rin reverse signaling promotes direct cell-cell interactions,
resulting in cell repulsion in ligand-expressing cells. Ephrin
can concurrently reduce the amplitude of Eph receptor for-
ward signaling in the same cell [10].

The primary source of EphA2 is the adult human epi-
thelial cells, which are mostly active during development.
Although the exact role of EphA2 in normal cells remains
unclear, recent research indicates that it is involved in
angiogenesis, cell proliferation, migration, and survival
[11]. Elevated levels of EphA2 are commonly observed
in cancer cells, and its overexpression has been associated
with various types of cancer, including colon, lung, prostate,
and breast cancers [12]. This suggests that EphA2 plays a
significant role in the initiation, progression, and metasta-
sis of cancer cells. Specifically, EphA2 in cancerous cells
lacks tyrosine phosphorylation but retains enzyme activity
[13]. Increased levels of unphosphorylated EphA2 promote
tumor growth, invasion, and survival, acting as oncopro-
teins in malignant cells [14]. Moreover, EphA2 regulates
the expression of other proteins and enzymes involved in
apoptosis, angiogenesis, and metastasis, making it a crucial
player in cancer development. EphA2 thus loses its ability
to inhibit cell development and instead redistributes along
the cell surface, where it associates with processes that
promote tumor cell proliferation, invasion, and survival in
a positive manner [15]. For instance, EphA2 regulates the
expression of matrix metalloproteinases-9 (MMP-9), an
enzyme involved in tumor growth and metastasis.

EphrinA1 and its receptors are essential for the develop-
ment of ECs and the formation of vascular structures. Our
primary focus has been on Eph/ephrin molecules and their
function in human malignancies. Elevated levels of EphA2
have been observed in the early stages of cancer and are
associated with poor patient prognosis. We are particularly
interested in the EphA2 structure, signaling, and function of
Eph/ephrin molecules in relation to gastric cancers, ovarian
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cancer, colorectal cancer, and breast cancers, as well as glio-
blastoma and medulloblastoma.

Structure of EphA2

EphA2 is a transmembrane glycoprotein activated upon
binding with an Ephrin ligand. Initially identified as epi-
thelial cell kinase (eck) during screening against a HeLa
cell DNA library in the 1990s, EphA2 is primarily found in
proliferating epithelial cells in adults [14—17]. However, its
exact significance and functions in these cells still need to
be better understood.

With a molecular weight of about 130 kDa and 976
amino acids, the EphA2-receptor is encoded by the EphA2
gene located on chromosome 1p36 in humans [17]. While
EphA2 receptors can bind with any of the Ephrin-A ligands,
they most frequently interact with EphA1 ligands [18]. The
EphrinA1l gene, on the other hand, has a molecular weight
of approximately 22 kDa and consists of approximately 205
amino acids. It is situated on chromosome 1p21-p22 [6].

The native structure of Ephrin comprises a ligand-bind-
ing domain, a cysteine-rich region, two fibronectin type III
repeats, and a transmembrane segment, forming the extra-
cellular domain of the receptor. In contrast, the intracellular
domain contains a kinase domain (protein tyrosine kinase),
a sterile alpha motif (SAM) protein-protein interaction
domain, and a C-terminal PDZ binding motif (Fig. 1) [14—
16]. The ligand of choice must bind to the ligand-binding
domain of the Eph receptor, which is linked to the plasma
membrane through a connecting segment.

EphA2-Ephrin signaling: a crucial pathway in cancer
progression

EphA2 binds to the Ephrin ligand in a healthy state, leading
to Eph-Ephrin signaling when cells come into contact [19].
This interaction increases forward signaling (trans-interac-
tion between the Eph-receptor and Eph-ligand) and reverses
signaling. However, Ephrin cis-interaction can suppress
trans-interaction signaling [5]. Upon EphA2 oligomer-
ization and phosphorylation, forward signaling promotes
enhanced kinase activity, leading to cell repulsion. Phos-
phorylated EphA2 reduces cell-extracellular matrix (ECM)
attachment, and the association of Ephrin with EphA2
inhibits various kinase activities, including focal adhesion
kinase (FAK), extracellular regulated protein kinase (ERK),
and AKT phosphorylation, all of which play critical roles in
regulating motility, viability, and proliferation in different
types of cancer (Fig. 2) [20, 21].

Reverse signaling, in contrast, lacks enzyme activity
and is referred to as kinase-independent signaling [20].
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Fig. 1 Overview of EphA2 struc-
ture featuring Ephrin-binding,
extracellular fibronectin type-III
repeats with EGF-like motif, jux-
tamembrane, intracellular kinase,
SAM, and PDZ-binding domains
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However, the mechanism of reverse signaling by EphrinAl
needs to be better understood. EphA2 is overexpressed in
various cancers, such as breast, lung, prostate, colorectal,
ovarian, and brain cancer, and its signaling with EphrinA1l
regulates multiple cellular processes, including adhesion,
survival, migration, proliferation, and cell-to-cell repul-
sion [22]. The Eph-receptor mediates the forward signaling
process involving trans-activation between the Eph-recep-
tor and Ephrin-ligand. In contrast, the reverse signaling is
mediated by the Ephrin-ligand respectively [25].

EphA2 in breast cancer: implications and
therapeutic opportunities

The involvement of EphA2 in breast cancer has revealed
its significant role within the Eph kinase family, which has
been extensively researched. Breast cancer, which is the
second leading cause of cancer-related deaths in women
globally and ranks following lung cancer, frequently exhib-
its overexpression of EphA2 in tumors, with 40% of cases
showing this occurrence. This overexpression is often asso-
ciated with unfavorable prognosis, as demonstrated in stud-
ies [23-25]. This receptor exhibits both pro-oncogenic and
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anti-oncogenic properties, governing cancer initiation and
metastasis through various signaling pathways. Phosphory-
lation of EphA2 via PI3K activation and AKT phosphory-
lation, independent of Ephrin, triggers an oncogenic signal
that enhances EphA2-dependent cell migration and invasion
[26]. EphA2 is a critical component in cellular processes,
as it interacts with the Ras/ERK pathway and exerts both
positive and negative modulation on ERK. Furthermore, its
involvement extends to various proteins associated with cell
migration, such as Src, FAK, GTPase, and AKT, thereby
influencing cancer progression [27]. Additionally, EphA2
engages in molecular networks within cells, including the
EGFR, FAK, and VEGF pathways, underscoring its signifi-
cant role in angiogenesis, invasion, and metastasis. Notably,
EphA2’s impact on angiogenesis is essential for tumor sur-
vival and growth because it intricately regulates the PI3K
signaling pathway. Recent studies have highlighted the
association between elevated EphA2 levels and enhanced
angiogenesis, leading to an increase in microvessel counts
in breast cancer [27, 28]. Prolonged trastuzumab treatment
leads to EphA2 phosphorylation by Src kinase in vivo,
activating the PI3K/AKT and MAPK pathways (Table 1)
and causing trastuzumab resistance [28]. Interestingly,
knockdowns of EphA2 in human breast cancer cells have
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Fig.2 EphA2 signaling in cancer:
EphA2-Ephrin interaction initi-
ates signaling, promoting cell

GPI -anchor —

repulsion and reducing cell-ECM Ephrin-A

attachment. Phosphorylated L d bindi d .
EphA2 inhibits FAK, ERK, and Igand binding domain
AKT phosphorylation, impacting "\ < Cysteine rich region
cancer motility and viability Eph A

Extracellular

B

——
e

Intracellular

>Fibronectin type lll repeats

e,

—
——

<€ Juxtamembrane region

A ——=

“—Kinase domain

) l <«—SAM domain
== «—PDZ domain

) N ——

| STAT3 | | FAK |

\/

Adhesion and
Cell Migration

been observed to reduce tumorigenicity [29]. Furthermore,
the low-molecular-weight phosphotyrosine phosphatase
(LMW-PTP) can dephosphorylate EphA2 forward signal-
ing, transforming mammary epithelial cells into cancerous
breast cancer cells [20]. At the cellular level, the phospho-
protein Anksl promotes tumorigenesis by facilitating the
trafficking of EphA2/Erbb2 complexes into COPIIL.

EphA2 in lung cancer: significance and therapeutic
implications

Lung cancer, compared to breast, colorectal, and prostate
cancer, stands as one of the most lethal malignancies glob-
ally. Non-small cell lung cancer (NSCLC), an aggressive
and highly invasive carcinoma, exhibits a dismal 5-year sur-
vival rate of less than 15% [30], making up about 80% of all
lung cancer cases. Eph receptors, discovered in the 1990s,
have gained increasing recognition for their involvement in
normal development and disease. Among the approximately
14 known Eph-receptor members in humans, EphA2 is nota-
bly more prevalent in lung cancer. According to genomic
analyses, it is overexpressed in lung cancer and is linked to
poor patient survival, smoking history, brain metastases, and
disease relapse [30—-32]. High EphA2 expression has been
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associated with developing brain metastases and advanced
stages of NSCLC [33]. Notably, the EphA2 G391R muta-
tion has been associated with the phosphorylation of a ser-
ine residue in mTOR, suggesting its potential role in EphA2
invasion. In lung cancer cells, EphA2 has been shown to
regulate tumor cell motility and proliferation through the
JNK-c-JUN pathway (Table 1) [33]. However, the exact
signaling mechanism that activates JNK in lung cancer cells
is not fully understood.

EphA2 is involved in various intracellular signaling
pathways in cancer cells, and EphA2 ligand activation can
suppress ERK and AKT phosphorylation, tumor cell pro-
liferation, and motility in malignant glioma, prostate can-
cer, and lung cancer. In NSCLC, EphA?2 is overexpressed
in adherent cells, dependent on endothelial growth fac-
tor (EGFR) activation. Enhanced cell adhesion via EGFR
leads to increased transcription of EphA2 mRNA through
downstream activation of the MP1 and SRC signaling path-
ways. Additionally, EphA2 significantly inhibits hedgehog
signaling-mediated cell proliferation and metastasis in lung
adenocarcinoma [1].
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The role of EphA2 in prostate cancer: implications
for pathogenesis and therapeutics

Like breast cancer, prostate cancer (PCa) exhibits an overex-
pression of EphA2, making it the third most common cancer
among men. PSA levels in the blood serve as a biomarker
for PCa screening and clinical management [34]. Early
studies have shown that PCa cell lines with high metastatic
potential also display elevated levels of the EphA2-receptor
protein. Distinguishing aggressive from non-aggressive
tumors in PCa poses a challenge. The upregulation of
EphA2 expression in prostate epithelial cells is associated
with a more aggressive nature [35].

Similarly, EphA3 is also overexpressed in the more
invasive PCa cell lines [36]. In PCa cells, tyrosine phos-
phorylation of EphA2 plays a crucial role in cell motil-
ity, adhesion, and invasion. Recent research indicates that
EphA2 activation or expression in PC3 cell lines does not
significantly affect cell proliferation regulation. However,
EphA2 activation in PC3 prostate cancer cells triggers cell
motility by activating the SRC/FAK complex (Table 1) [37].
According to recent research, transfection of cancer cells
with EphA2 mutants, designed to inhibit EphA2 dimeriza-
tion and activation, enhances their pro-migratory capabili-
ties. To investigate the possibility of efficiently reversing
EphA2 pro-migratory qualities in cell culture and metas-
tasis in vivo, we used EphA2 dimerizing drugs, such as
ephrinA1-Fc or 135H12. Over time, they observed that both
drugs resulted in a sustained receptor decrease; however,
both drugs considerably reduced the ability of PC-3 pros-
tate cancer cells to migrate, with ephrinA1-Fc having a mar-
ginally higher effect. In contrast to ephrinA1-Fc (1 pg/mL,
or approximately 22 nM of the dimeric macromolecule),
135H12 requires a comparatively high dosage (10 pM) to
produce a considerable reduction in migration [38]. These
findings suggest that agonistic drugs targeting EphA2 in
prostate cancer have substantial therapeutic potential.

Additionally, EphA2 activation inhibits integrin-medi-
ated cell attachment and spreads into the extracellular matrix
(ECM) [39]. The phosphorylation of the EphA2 receptor in
tumor cells is controlled by cell density, and mutants with
faulty phosphorylation can inhibit EphA2 kinase in PCa. As
discussed earlier, phosphorylated EphA2 plays a pivotal role
in prostate cancer cells, affecting various clinical functions,
including inhibiting cytoskeleton spreading, retraction fiber
formation, and control of cell rounding [40].

EphA2 in brain cancer: implications in glioblastoma
and medulloblastoma pathogenesis

EphA2 is known to be overexpressed in two of the most
aggressive brain cancers: glioblastoma multiform (GBM)

and medulloblastoma [41]. In GBM, EphA2 overexpres-
sion has been associated with a poor prognosis, as it is
not observed in healthy brain tissue [41]. Upon binding of
epidermal growth factor (EGF), EphA2 undergoes serine
phosphorylation, which plays a crucial role in promoting
tumor activities through the MEK/ERK and PI3K/AKT
pathways, leading to enhanced cell migration and invasion
[21, 41]. EphA2’s molecular actions in GBM also involve
decreased ERK phosphorylation, altered Akt interaction,
and modified stem cell invasiveness. It suggests that EphA2
regulates stemness and contributes to the glioma phenotype,
with these effects being suppressed upon siRNA-mediated
knockdown of EphA2. Upon binding with its ligand, EphA2
internalizes, leading to alterations in GBM cell morphology,
migration, and adhesion [42].

Medulloblastoma, a subtype of glioma and a pediatric
brain tumor, is also influenced by Eph receptors. EphA2
expression in medulloblastoma is associated with vascu-
logenic mimicry (VM), invasion, migration, and signaling
pathways through metalloproteinase-2 (MMP-2) and PI3K
(Table 1) [7]. On the other hand, EphA3 overexpression has
been linked to glioblastoma, where it prevents the activation
of the MAKP pathway, maintaining tumor cells in a dedif-
ferentiated tumorigenicity state [1].

EphA2 in colorectal cancer: emerging insights and
therapeutic implications

Colorectal cancer (CRC) is the most commonly diagnosed
disease in both men and women, ranking as the fourth lead-
ing cause of cancer-related death worldwide. Approximately
30% of CRC cases contribute significantly to CRC-related
mortality [43]. Over the past few decades, numerous stud-
ies have investigated the role of the Eph-Ephrin system in
CRC, but its complete functionality remains unclear. Among
the Eph receptors studied in CRC, EphAl and EphA2 have
been the focus of research. Recent studies have associ-
ated EphA2 overexpression with poor patient survival,
particularly in the early stages of the disease. It suggests
a pro-angiogenic effect, as the elevated EphA2 expression
also correlates with increased microvessel formation [44].
Carcino Embryonic Antigen Cell Adhesion Molecule-1
(CEACAML1), a cell adhesion molecule, has been linked to
the growth and spread of CRC tumors [45]. As a member of
the multifunctional CEA family, CEACAM functions as a
negative regulator of various signaling pathways. The sig-
naling role of EphA2 in CRC can be either anti-oncogenic
or pro-oncogenic, depending on the presence of ligands
[46]. In a ligand-dependent manner, EphA2 can suppress
ERK/MAPK and PI3K/AKT/mTOR signaling pathways
activation through autophosphorylation, displaying an anti-
oncogenic function.
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Conversely, serine residue phosphorylation can activate
these pathways, leading to cell migration and metastasis,
representing a pro-oncogenic function. CEACAM’s role in
tumor growth is contradictory, and its downregulation has
been associated with the early stages of CRC tumor devel-
opment (Table 1) [45, 47]. As a co-receptor, CEACAM is
believed to modulate EphA2 signaling, and the inhibition
of EphA2 has been shown to significantly reduce levels of
phosphorylated CEACAM [47].

EphA2 expression in ovarian cancer: clinical
significance and prognostic implications

Ovarian cancer is a relatively uncommon but hazardous
form of cancer, often referred to as the “silent killer” due to
its difficulty in early detection. In recent research, the recep-
tor tyrosine kinase (RTK) receptor EphA2 has emerged as
a significant player in the development and progression of
ovarian and uterine cancer tumors. Studies have shown that
approximately 75% of invasive tumors express EphA2,
while non-invasive tumors do not exhibit this expression.
It suggests that EphA2 expression may be associated with
the aggressiveness of ovarian carcinoma, indicating its
potential as a prognostic marker [48]. Moreover, investiga-
tions have revealed that EphA2 overexpression contributes
to various cancer-promoting activities. It has been found
that elevated EphA2 levels enhance cellular invasiveness,
meaning cancer cells become more adept at penetrating sur-
rounding tissues and spreading to distant sites. Additionally,
in experimental settings, ovarian cancer cells with higher
levels of EphA2 exhibit increased tumor growth, both in
laboratory cultures and in vivo, when tested in animal mod-
els. These findings indicate that EphA2 is crucial in fos-
tering tumor progression and metastasis in ovarian cancer
[49]. The growing understanding of EphA2’s involvement
in ovarian cancer presents new opportunities for targeted
therapeutic strategies. By targeting EphA2, researchers aim
to develop novel treatments that could specifically inhibit

the cancer-promoting activities of this receptor, potentially
leading to improved outcomes for patients with ovarian can-
cer. However, further research is required to fully elucidate
the molecular mechanisms underlying EphA2’s actions in
ovarian cancer and to develop effective and safe therapeutic
interventions.

EphA2 expression in gastric cancer: clinical
relevance and prognostic significance

Gastric cancer is the third leading cause of cancer-related
deaths worldwide and the fifth most common malignant
tumor. Various receptor tyrosine kinases (RTKs) such as
EGFR, HER2, and MET have been implicated in gastric
cancer progression due to alterations in their activity [50—
52]. Among the RTK family, Eph-receptors, including EphA
and EphB receptors, are frequently overexpressed in human
cancers.

EphA2, a member of the Eph-receptor family, has been
identified to play a significant role in facilitating the epithe-
lial-mesenchymal transition (EMT) in gastric cancer cells.
Blocking EphA2 has been shown to inhibit the proliferation
and invasion of gastric cancer cells [53]. However, the exact
mechanisms regulating EphA2 expression remain uncer-
tain. Recent research has identified EphA2 overexpression
as a prognostic marker in gastric cancer. Studies have also
demonstrated that inhibiting EphA2 in gastric cancer cell
lines can significantly impact various biological processes,
including cell cycle progression, proliferation, and invasive-
ness [53]. Another noteworthy finding is that the microRNA
(miR-125a-5p) targets EphA2 to downregulate its expres-
sion and prevent gastric cancer growth. When combined
with trastuzumab, miR-125a-5p inhibits the AKT down-
stream signaling of ERBB2, effectively curbing gastric can-
cer cell growth.

Furthermore, the knockdown of EphA2 using siRNA has
shown promise in reducing gastric cancer cells’ invasive-
ness and metastatic potential in vitro [53]. These insights

Table 1 Role and mechanisms of EphA?2 receptor in different malignancies

Type of Cancer Aberrant Function ~ Role of Mechanism Refer-
Receptor ences
Breast Cancer Overexpressed Tumor EphrinA1 activity with ligands inhibits migration, while activation with-  [20,
promoting out ligands stimulates migration. 21]
Trastuzumab exposure leads to the phosphorylation of EphA2 by Src
kinase and the activation of PI3K/Akt and MAPK.
Lung Cancer Increase expression  Tumor Enhanced protein permeability via INK-MAPK and Erk1/Erk2 [26]
in the advanced promoting Constitutive MTOR activation via pSer2448 and pSer2481
stage phosphorylation
Prostate Cancer Overexpressed Tumor EphA2 simulation with ligand dependence inhibits PC3 migration by [30]
promoting activating the SRC/FAK complex.
Medulloblastoma  Overexpressed Tumour MMP is activated by PI3K signaling. [36]
promoting PI3K-mediated vasculogenic mimicry and overexpression of EphA2
Colorectal Cancer 1 In early stage Tumor Overexpression is associated with poor stage II/I1 survival. [39]
lin later stage suppressor Downregulation prevented invasion and migration.
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into EphA2’s involvement in gastric cancer provide poten-
tial avenues for targeted therapies. By focusing on EphA2
and its regulatory mechanisms, researchers aim to develop
novel strategies to inhibit the growth and spread of gastric
cancer, offering new hope for improved treatment options
for patients with this devastating disease.

EphA2 expression in melanoma: implications for
tumor progression and prognosis

Melanoma, the most dangerous form of skin cancer, origi-
nates from melanocyte cells responsible for producing
melanin, the pigment that gives skin its color. In India,
approximately 10 cases of melanoma are reported each year.
Emerging research has unveiled the significance of EphA2
in melanoma progression, as it is overexpressed in mela-
noma cells.

EphA2 overexpression has been implicated in promot-
ing several critical aspects of melanoma malignancy. It is
crucial in encouraging migration, colony formation, and
proliferation, ultimately leading to a malignant phenotype
[77]. Furthermore, EphA2 is notably upregulated in aggres-
sive melanoma tumor cells, a finding consistently observed
by different researchers. This heightened expression has
been correlated with increased invasion, proliferation, and
vasculogenic mimicry (VM), all hallmarks of a metastatic
tumor cell phenotype [78]. Interestingly, experimental stud-
ies have demonstrated that down-regulation of EphA2 sig-
nificantly impacts melanoma behavior. Inhibition of EphA2
expression leads to diminished tumorigenic potential in in
vivo models and a concomitant decrease in invasion, pro-
liferation, and colony formation in vitro [78]. These find-
ings underscore the critical role EphA2 plays in driving
melanoma growth and metastasis. Despite these significant
observations, the precise molecular mechanisms EphA2
influences melanoma proliferation are yet to be fully elu-
cidated. Unraveling the intricate signaling pathways and
molecular interactions involving EphA2 in melanoma could
open new avenues for targeted therapeutic interventions.
Developing strategies to inhibit EphA2’s pro-oncogenic
activities may hold promise in curbing melanoma’s aggres-
sive behavior, offering hope for more effective treatments
for this deadly disease. Continued research in this area is
vital to advance our understanding and improve clinical out-
comes for patients battling melanoma.

Pharmaceutical approaches to combating and
safeguarding against cancer

There are two strategies for suppressing the carcino-
genic effects of EphA2: Eph-Ephrin interaction disrup-
tion and inhibition of EpA2 kinase activity. Activating the

constitutive RAF-MAPK or MEK1 pathway may prevent
AKT activation and cellular arrest. Table 2 displays a com-
pilation of inhibitors acknowledged for their effectiveness
in blocking EphA2.

Dasatinib

Dasatinib is recognized as an inhibitor of both the Brc/Abl
and Src kinase families, and recent studies have revealed its
ability to inhibit EphA2, a member of the receptor tyrosine
kinase family [54]. This kinase inhibitor, Dasatinib, effec-
tively hinders the phosphorylation of EphA2, as depicted
in Fig. 3, and its regulatory function has been observed in
cases of pancreatic and melanoma cancer. According to
existing literature, the application of Dasatinib to EphA2
has been linked to the suppression of cellular proliferation,
migration, and invasion [55, 56]. Furthermore, Dasatinib
has been associated with promoting EphA2 internalization
and degradation. Recent research on glioblastoma cells has
demonstrated that the novel EphA2 inhibitor 4a, derived
from Dasatinib, retains its inhibitory actions against EphA2
[79].

ALW-11-41-27

ALW-11-41-27 has been identified as an effective inhibi-
tor of EphA2 kinase activities in non-small cell lung and
lung cancer. Notably, this compound exhibits structural
similarities to Dasatinib. Recent research has unveiled that
ALW-11-41-27 successfully hampers the phosphorylation
of Tyr-588 on EphA2. Many studies have consistently dem-
onstrated that ALW-11-41-27 can impede tumor growth in
vivo by effectively restraining cell survival, proliferation,
and migration [57].

Moreover, it has come to light that the EphA2 inhibi-
tor ALW-11-41-27 exerts a regulatory influence on PI-IBS
(post-inflammatory irritable bowel syndrome), both in
experimental models and in laboratory settings. It suggests
its potential as a therapeutic agent for treating and prevent-
ing PI-IBS.

Cholanic acid, GW4064, 76D10 and Uni-PR1331

In the context of prostate cancer, specific compounds have
exhibited the ability to inhibit EphA2 phosphorylation and
induce cell retraction, as evidenced by studies [58—60].
Notably, Cholanic acid, GW4064, and 76D10 have all
shown efficacy. Additionally, Uni-PR1331 has demonstrated
its capacity to hinder EphA phosphorylation and deactivate
the process by impairing angiogenesis [01].

GW4064, classified as a stilbene carboxylic acid, dis-
rupts the EphA2-Ephrin A1 complex in a dose-dependent
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manner. This disruption leads to the phosphorylation of
Ephrin A1 and simultaneously blocks EphA2 activation. On
the other hand, 76D10, a derivative of salicylic acid with
a furanyl structure, acts by inhibiting Eph-Ephrin interac-
tions and, consequently, EphA2-mediated cell retraction
(Table 2) [60].

Doxazosin

A noteworthy small-molecule antagonist targeting EphA2
is Doxazosin. Interestingly, Doxazosin induces the cata-
lytic activation of EphA2, which occurs independently of
its antagonistic effects on alpha-1 adrenoreceptors. Further-
more, Doxazosin facilitates the internalization of EphA2
receptors and effectively inhibits ERK/AKT kinase activity,
mirroring the cellular responses seen with Ephrin-Al-in-
duced cell rounding.

In in vivo experiments, the impact of Doxazosin is quite
remarkable. It significantly reduces prostate cancer cell
migration and suppresses the occurrence of distant metasta-
ses, as summarized in Table 2 [62, 63].

GLPG1790

There is a promising orally administered small drug capable
of inhibiting Eph-receptor activities. Both in vitro and in
vivo investigations have demonstrated the significant poten-
tial of GLPG790 in curbing the progression of tumor cells.
It achieves this by promoting a state of dormancy in HCT15
cells and reducing the phosphorylation and activation of
EphA2. Moreover, GLPG1790 has been shown to induce

Table 2 Pharmaceutical approaches targeting the EphA2 receptor

GI1/S cell cycle growth arrest, specifically in colorectal
cancer [64].

In studies involving tumors originating from HCT15 or
HCT116, GLPG1790 has exhibited robust inhibitory effects
on EphA2 phosphorylation [65].

SWL dimer

Among the EphA2 antagonists under consideration, the
SWL dimer stands out as a fascinating therapeutic candi-
date. It possesses the unique quality of inducing EphA2
tyrosine phosphorylation in in vitro studies [66]. This dis-
tinctive characteristic sets it apart. SWL is a 12-mer peptide
that interacts with the LBD epitope of EphA2.

MGCD516 (sitravatinib)

Sitravinib is an innovative multi-targeted kinase inhibitor
designed to address a range of sarcoma-related kinases. Its
targets include PDFGR, VEGER, and several Eph-receptors
like EphA2, EphA3, EphA4, and EphB2 receptors. Notably,
Sitravinib exhibits a favorable safety profile, with most gas-
trointestinal side effects, such as nausea and diarrhea.

MGCD16, a compound related to Sitravinib, has dem-
onstrated a significant reduction in cell proliferation [67].
Moreover, in vivo studies have suggested that MSCD516,
another derivative, outperforms crizotinib and imatinib in
inhibiting tumor growth more effectively [67].

Drug Drug types Binding domain In vitro effect Type of cancer  References
Dasatinib Kinase inhibitor Kinase domain Inhibit cell growth Melanoma, Pan- [55, 56]
creatic cancer
ALW-11-41-27  Kinase inhibitor Kinase domain Inhibit cell survival Lung cancer [57]
Cholanic acid Small molecule  The ligand-binding pocket of the receptor  Inhibit cell retraction Prostate cancer  [58—-60]
GW4064 Small molecule  The ligand-binding pocket of the receptor  Inhibit cell retraction Prostate cancer  [58—60]
76D10 Small molecule  The binding pocket of the receptor Inhibit cell retraction Prostate cancer  [60]
UniPR1331 Small molecule  The ligand-binding pocket of the receptor ~ Disrupt angiogenesis Prostate cancer  [61]
Doxazosin Small molecule  The ligand-binding pocket of the receptor  Inhibit migration and Prostate cancer  [62, 63]
metastasis
GLPG1790 Small molecule  Kinase domain Arrest cell cycle Colorectal [65]
cancer
SWL Peptide Ligand ligand-binding pocket of the Inhibit pro-oncogenic Lung cancer [66]
receptor signaling
SWL Dimer Peptide The binding pocket of the receptor Inhibit pro-oncogenic Lung cancer [66]
signaling
MGCD516 Kinase inhibitor ~Kinase domain Inhibit proliferation Advanced [67]
cancer
Lithocholic acid Small molecule  The ligand-binding pocket of the receptor  Inhibit cell rounding and Prostate cancer  [68]
retraction
WW437 Kinase inhibitor ~Kinase domain Inhibit growth and metastasis Breast cancer [69]
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Lithocholic acid

Lithocholic acid (LCA), identified as an EphA2 antago-
nist, is generated through the prokaryotic transformation
of chenodeoxycholic acid. As reported, LCA competitively
and reversibly hinders the interaction between EphA2 and
EphrinA1 while leaving EphA2 kinase activity unaffected.
Additionally, when LCA is coupled with an amino acid, it
interferes with the binding between EphrinAl and Eph2,
suppressing Eph2 phosphorylation [4, 68].

Ww437

WW437 exhibits potent anticancer properties, effectively
impeding tumorigenesis, invasion, proliferation, and vari-
ous hallmark cancer characteristics, such as the epithe-
lial-to-mesenchymal transition. In breast cancer, WW437
significantly suppresses EphA2 signaling and disrupts the
HDAC2/4-EphA2 axis. Furthermore, it has been observed
to substantially reduce both tumor growth and metastasis in
breast cancer cell models [69].

Sorafenib

Sorafenib is an antineoplastic medication employed in treat-
ing advanced liver cancer and other malignancies that are
not amenable to surgical intervention. This oral multiki-
nase inhibitor is proficient at triggering cancer cell apopto-
sis while concurrently curbing tumor cell proliferation and
angiogenesis. Critical pathways like EGFR and VEGFR
are pivotal in driving the progression of various epithelial
cancers, including non-small cell lung cancer (NSCLC)
and colorectal cancer (CRC). Sorafenib, however, exerts
its effects by targeting numerous receptor tyrosine kinases
(RTKs) implicated in the formation of new blood vessels,
including VEGFR-2 and VEGFR-3 (as illustrated in Fig. 3)
[81].

Additionally, the PI3K/AKT pathway, which governs
cell apoptosis, is of paramount importance. Recent research
has demonstrated that sorafenib can inhibit AKT by imped-
ing the JAK/STAT pathway (Fig. 3) [79, 80].

Lapatinib

Lapatinib is another notable kinase inhibitor employed in
cancer treatment, functioning to halt or decelerate the spread
of cancer cells by obstructing the aberrant protein signals
that drive cancer cell multiplication. Among the inhibitors
mentioned earlier, Lapatinib is the sole small molecule
HER2-targeting tyrosine kinase inhibitor (TKI) approved
for breast cancer treatment. This dual-action inhibitor

competes with ATP binding and effectively targets the tyro-
sine kinase domains of both EGFR and HER?2 (Fig. 3) [82].

Through interaction with these receptors, Lapatinib cur-
tails phosphorylation, interrupting their ability to transmit
signals via the PI3K/Akt and MAPK pathways (Fig. 3).
Consequently, cell proliferation is suppressed, and apopto-
sis is initiated [83].

EphA2 degradation

Synthetic ligands or antibodies can inhibit EphA2 signaling
by facilitating the internalization or degradation of EphA2.

Ephrin-A1-Fc and Ephrin-A1-Soluble

Depending on the nature of cell-cell interactions, Ephrin
Al is typically found at deficient levels within cells and
possesses tumor-suppressive attributes. Notably, the deg-
radation of Ephrin A2 can be significantly expedited using
soluble Ephrin A1, achieved through artificial dimerization
and antibody targeting of the ECD epitope [70].

Utilizing recombinant Ephrin A1 human IgG-Fc for clus-
tering, soluble Ephrin A1 and Ephrin A1-Fc are generated,
conferring an Ephrin-like property. This process enhances
EphA2 phosphorylation and reduces EphA2 protein produc-
tion, collectively restraining gastric cancer progression [71].

Antibodies

Monoclonal antibodies (mAbs) designed to act as agonists
against EphA2 exhibit the ability to counteract its internal-
ization and degradation, thereby thwarting the suppression
of EphA2’s oncogenic characteristics. One such mAb, EAS,
effectively impedes EphA2 receptor actions independent of
ligands, thus preventing receptor degradation. EAS mAb
treatment has been demonstrated to halt the growth of spe-
cific tumor cell lines [72]. Additionally, research reveals
that mAb EAS5 therapy reduces EphA2 expression in ovar-
ian cancer by more than 90% in the cases studied [73].

Furthermore, another monoclonal antibody called EA2,
developed through immunizing mice with the EphA2 pro-
tein, demonstrates the ability to induce cell-cell adhesion
and exhibits selective binding properties [74]. In a related
vein, B233, another recently discovered anti-EphA2 mAb,
prompts the phosphorylation and degradation of EphA2 (as
outlined in Table 3) [74].

Collectively, these scientific studies underscore the
potential of monoclonal antibodies with agonistic proper-
ties against the EphA2 receptor to mitigate its internaliza-
tion, degradation, and dampening of its proliferative activity
[72]. Notably, mAb EAS5 is a potent therapeutic candidate
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Fig. 3 Cancer treatment agents,
including Dasatinib, ALW,
GLPG1790, Lithocholic acid,
and MGCD 516, target distinct
cancer-related pathways
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Table 3 Potential therapeutic monoclonal antibodies (mAbs) and their
functions in various human cancer cell lines

Antibody Binding Epitope  Function Refer-
ences
EAS LBD Agonist [73]
EA2 ECD (non-LBD) Agonist/BiTE [74]
B233 ECD (non-LBD) Agonist/ADCC [74]
DS-8895a cFN3 Agonist/ADCC [75]
SHM16 ECD Agonist [76]
1gG25 ECD Agonist [74]
1gG28 ECD Antagonist [73]

for curbing EphA2 expression in ovarian cancer tumors [73,
74].

Conclusion

Our current understanding of EphA2’s intricate workings
reveals a dependency on a complex interplay between the
receptor, its ligands, various signaling pathways, adaptor
proteins, and potential drug targets. Notably, the expression
of EphA2 receptors has been detected at different stages of
multiple diseases, with the type of malignancy influencing
the distinct patterns of receptor expression. Furthermore,
Eph receptors and their ligands have emerged as influential
factors in angiogenesis, tumorigenesis, and tumor angiogen-
esis processes.

@ Springer

Prospects for the future: unleashing the therapeutic
potential of eph receptors and Ephrin ligands

In the past decade, exploring Eph receptors and Ephrin
ligands has led to remarkable advancements in antitumor
and antiangiogenic therapies. These breakthroughs have
cast Eph receptors, also called Ephrins, into the limelight of
numerous therapeutic approaches. As we delve deeper into
understanding EphA2’s role in cancer and angiogenesis, we
can envision a promising future where targeted therapies uti-
lizing these molecular components will play a pivotal role
in improving the effectiveness of cancer treatments. This
journey can potentially open new horizons for personalized
medicine and enhance the outcomes for patients grappling
with various types of cancer.
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