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Abstract

The EPH receptor tyrosine kinases and their membrane-bound ephrin ligands constitute a pivotal cell
communication system orchestrating a multitude of physiological processes, including embryonic
development, tissue patterning, neural plasticity, and immune response. Their unique ability to facilitate
bidirectional signaling allows them to modulate the behavior of both the receptor-expressing and
ligand-expressing cells upon contact. This comprehensive review delineates the molecular architecture
and signaling mechanisms of the Eph/ephrin system, highlighting its critical roles in neural
development, vascular patterning, bone remodeling, and glucose homeostasis. We further explore the
system's dual role in pathology, particularly in cancer progression, angiogenesis, and drug resistance,
where its dysregulation can either promote or suppress tumorigenicity in a context-dependent manner.
Finally, we discuss emerging therapeutic strategies including CRISPR/Cas9 gene editing, nanoparticle-
based drug delivery, and artificial intelligence-driven drug designthat target the Eph/ephrin axis,
underscoring its significant potential for pioneering next-generation precision medicine interventions.

Keywords: Eph receptors, ephrins, receptor tyrosine kinases, bidirectional signaling, cancer
therapeutics, angiogenesis, neural fdevelopment, targeted therapy, crispr/cas9, nanoparticle delivery

Introduction

The Eph proteins are the largest superfamily of receptor tyrosine kinases, and they have a
variety of roles in both adult and developmental processes, most notably in the regulation of
tissue regeneration M. Eph receptors and their ligands, known as ephrins (Eph receptor
interacting proteins), are important participants in a variety of clinical diseases and are thus
potential targets for therapeutic intervention [ 3 4. Figure 1 depicts eph receptors and their
ligands. Since Eph /=085rsA and Eph B receptors share structural characteristics and
domains, the overall structure of all Eph receptors is extremely conserved. The key sequence
variations between Eph A and Eph B receptors are found in a low affinity ephrin binding site
area of the ligand binding domain, which is probably involved in identifying ephrin
subclasses 51,

Almost forty percent of the 58 human RTKs are members of the Ep.23h receptor family,
which has grown significantly over evolution 1. Here, we give a summary of the biological
effects and signaling processes of ephrin and eph receptors, with a focus on new research.
Other recent reviews provide more in-depth details on particular facets of downstream
signaling networks and Eph receptor/ephrin biology 1. The conserved Eph receptor-binding
domain of both ephrin classes is joined to the plasma membrane by a linker segment, the
length of which is subject to alternate splicing. A glycosylphosphatidylinositol (GPI) anchor
holds the ephrin-As to the cell surface, but they can also be released to activate distant Eph A
receptors % 9. Eph A receptors bind promiscuously to ephrin-A ligands (five members) while
Eph B receptors bind promiscuously to ephrin-B ligands (three members) with some
potential crosstalk between groups %,
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Fig 1: Eph receptors and their ligands

The best kinase activity is achieved when Eph receptors
bind to their ligands, causing oligomerization and
transphosphorylation '+ 12, Both epha and ephrins have two
functions: they can operate as ligands and receptors. They
can mediate interactions that affect the behavior of both
Eph-expressing cells (forward signaling) and Ephrin-
expressing cells (reverse signaling) thanks to this
bidirectional signaling. I In cells that express Eph, forward
signaling is mediated by Eph's kinase activity, which
autophosphorylates juxta membrane tyrosine residues and
initiates downstream signaling cascades [*4l. The Eph family
of receptors is now known to include two classes of
receptors that consist of 9 Eph A members and 5 Eph B
members classified according to sequence homology [*3

Ephrin ligands and receptors

One of the largest groups of proteins associated with plasma
membranes, RTKSs are crucial for how cells react to signals
from the outside of the cell. RTKs are involved in a broad
range of cellular processes, including migration,
differentiation, and proliferation. From nematodes to
vertebrates, eph receptors the largest family of RTKs have
been largely conserved throughout evolution [6 171, Their
Ephrin ligands can activate tricellular signaling proteins
after binding to the extracellular domain 61,

The modulation of cytoskeletal dynamics and cell-cell
adhesion, which are crucial for activities that depend on cell
motility and morphology, including cell migration, neural
pathfinding, and tissue separation, are the most significant
downstream effects of ephrin-Eph signaling [*8 211,

Roles of Ephs and Ephrins in Immune Cell Activation

Immune cell activation is one of the first steps in launching
an immune response. Evidence suggests that immune cell
activation may be mediated by ephrin ligands and eph
receptors. It is still unclear, yet, how signaling from Eph-
ephrin ligation affects activation and how the expression of
these molecules in cis and trans on various immune cell
subsets affects this process due to the paucity of findings in
the literature. Additionally, when it comes to innate immune

cells, initial recognition leads to activation that can be
amplified through feedback loops once the adaptive immune
response has been initiated. Below we outline what is
currently known about the involvement of Eph receptors in
activating both innate and adaptive immune cells. %2

Innate Immune Cells

There are very few reports on the contribution of Eph
receptors and ephrin ligands to the activation of innate
immune cells. However, there is evidence suggesting a role
for Eph receptors, specifically EphB2, in modulating
dendritic cell (DC) responsiveness to toll-like receptor

(TLR) ligation by pathogen associated molecular patterns
[23],

B Cells

Eph receptors and ephrin’s have been identified on both
human 24 25 261 and mouse "1 B cells. Eph receptors and
ephrin ligands are also expressed differentially on naive and
activated B cells 1. This suggests that they may contribute
to processes facilitating B cell activation as exemplified by
naive human B cells which upregulate EphB2 leading to
increased proliferation and antibody production. In B cells,
EphB2 has been demonstrated to be regulated by the
microRNA miR-185 and its effects on B cell activation
appear to occur at least in part through interactions between
EphB2 and the Src-p65 and Notch1 signalling pathways [?¢1,
T-cells

Human peripheral T cells have been found to express Eph
and Ephrins; according to one study, between 10% and 12%
of CD4+ and CD8+ T cells express EphB6 9, All three
ephrin B ligands have been shown in numerous studies to
affect T cell cooperation, T cell co-stimulation, and
improving signaling via the T cell receptor (TCR). TCRs
and eph B receptors colocalize on the surface of activated T
cells in signaling rafts. Furthermore, Ephrin B1-mediated T
cell stimulation via Eph B receptors raises LAT
phosphorylation and activates the signaling molecules p38
and p44/42 MAPK [0 31 offering a molecular explanation
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for potential interactions between Eph receptors and TCR
complex elements. In particular, EphB6 has been shown to
have a critical role in T cell activation with EphB6 deficient
mice displaying reduced activation, phosphorylation, and/or
recruitment of the T cell signalling molecules ZAP-70,
LAT, SLP-76, PLCyl, and P44/42 MAPK [
Administration of anti-EphB6 antibodies, which can cause
EphB6 clustering and subsequent signalling on T cells,
increases the response of mature T cells to weak TCR
ligation as measured by canonical activation marker
expression (CD25, CD69) and cytokine production
(interferon (IFN)-y, interleukin (IL)-6) as well as T cell
proliferation 33,

Physiological Roles of Eph Receptors and Ephrin Ligand
Eph receptors and ephrin ligands must be present on the
surface of two interacting cells of the same or distinct types
in order for their spatial arrangements to function.
Therefore, in order to initiate forward and/or reverse
signaling in certain cell types, physical contact is required.
As explained below, these receptor-ligand pairs' contact-
mediated physiological roles in axon guidance, neuronal
development, vascular patterning, and wound healing have
been well-documented.

Neural Development.

Eph-ephrin interactions are also necessary for neuronal
plasticity, neuron survival, neuroblast migration, and neural
progenitor cell proliferation. Neuroblasts migrate in the
subventricular zone of the lateral ventricles in the adult
mammalian brain when ephrin ligands activate EphB1,
EphB2, EphB3, and EphA4 B4 In the hippocampus of adult
mice, ephrin-A5 is necessary for the survival of new born
neurons, the growth of cells in the hippocampus dentate
gyrus, and the control of the hippocampus's vasculature 51,
The role of EphA7 and ephrin-A2 on progenitor cell
proliferation in mice indicates that Eph and ephrins also
function as negative modulators in the nervous system [6]
influence of ephrin-B3 71, and EphB3 [ in the adult
subventricular zone, and regulation of hippocampus neural
progenitor growth by ephrin-A2/A3 mediated activation of
EphA7 B, Thus, activation of Eph receptors by ephrin’s is
critical for the maintenance, proliferation, and inhibition of
neural progenitors during neurogenesis.

https://www.pharmacyjournal.org

Vascular Development

The functions of ephB4 and ephrin-B2 in the dorsal aorta
and cardinal veins are well-known. Ephrin-B2 identifies
artery endothelial cells, whereas EphB4 identifies venous
endothelial cells . Their functions in establishing the
borders between veins and arteries are demonstrated by the
interaction of the Eph receptor in veins and ephrin-B2 in
arteries 1, The mouse retinal system 3 44 and the zebra
fish model of vascular development [“ both support these
findings. EphB4 and ephrin-B2 are necessary for the
development of wvascular valves, which control
unidirectional flow within the lymphatics (. The lymphatic
vasculature is a branching network of blind-ended
capillaries and collecting lymph arteries (41, Involvement of
ephrin-B2 has been confirmed by its ability to induce
VEGFR3 internalization 71 as well as lymphatic system
remodelling . Ephrin-B2 is also necessary for blood
vessel network stabilization (91,

2. Molecular Structure and Signalling

Signaling and Structure. The biggest family of receptor
tyrosine kinases, eph receptors were discovered in the late
1980s %, They are made up of two fibronectin type Il
repeats, a cysteine-rich region, and a glycosylated
extracellular domain with the immunoglobulin-like ligand
binding site (Figure 1). A juxta membrane domain, a
tyrosine kinase domain, a sterile alpha motif, and a PDZ-
(Postsynaptic density 95-Discs Large-Zonula occludentes-1)
binding motif are all present in the intracellular region,
which is connected by a single transmembrane spanning
domain [30- 51, Eph receptors bind membrane-bound ligands,
the ephrins, and both receptors and ligands are classified
into two subclasses A or B according to their binding
characteristics and structural similarities.

Class B ephrins have a transmembrane domain and a brief
cytoplasmic segment with conserved tyrosine residues and a
PDZ-binding motif, while class A ephrins are membrane
bound via a glycosylphosphatidylinositol anchor. All A-type
ephrins are preferentially bound by class A Eph receptors,
while all B-type ligands are bound by class B Eph receptors.
EphA1l mainly binds ephrinAl, EphA4 binds both A- and B-
type ligands, and ephrinA5 binds Eph A receptors in
addition to EphB2 (Figure 2), but there are few exceptions.

Eph receptors Ephrins
GPI-linked
EphA1
EphA2 ] ephrin-A1
EphA3 |« ephrin-A2
EphAS5 Jy ephrin-A3
EphA6 ephrin-A4
EphA7 ephrin-A5
EphA8
EphA4 J«
- Transmembrane|
Eprl phrin-B2
Ephgg ephrin-B3
P ephrin-B1
EphB4 4 P
EphB6 |
EphB5

Fig 2: Major interactions of Eph receptors and ephrin ligand
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Overall organisation and regulation of the Eph receptor
intracellular domains

A tyrosine kinase domain is attached to the Eph N-terminal
ectodomain by a single transmembrane o-helix that extends
intracellularly to a juxta membrane (JM) region. A linker
connects the tyrosine kinase domain to a PDZ domain-
binding motif and a sterile-alpha motif (SAM) domain
(Figure 3) 361 We describe the structural and functional
properties of each of these intracellular domains below.
These extra protein-protein interaction domains suggest that
Eph receptors regulate intricate intracellular signaling
networks. suggesting that phosphorylation of the JM region
is required to unleash an active conformation. The second

https://www.pharmacyjournal.org

role is to provide binding sites to SH2 domain-containing
proteins.

The juxta membrane region and the kinase domain

A JM area is a structurally defined peptide linker that is
situated N-terminal to the tyrosine kinase domain and ranges
in length from 35 to 40 amino acids (Figure 4 and 5). The
JM region has two functions. By keeping the protein in an
inactive shape and preventing access to the substrate and
nucleotides, it plays a part in controlling the intrinsic kinase
activity of its neighboring kinase domain . It has been
demonstrated that mutations of the two conserved tyrosine
residues in the JM region (referred to as JX1 and JX2) to
phenylalanine totally eliminate EphA4's kinase activity (571,
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Figure 4: Sequence alignment of Eph receptors' kinase
domain and juxta membrane region. a sequence alignment
of each Eph receptor's kinase domain (KD) and juxta
membrane (JM) region. The conserved residues essential for
kinase catalytic activity are indicated by grey shading,
which also draws attention to residues that, when
phosphorylated, act as docking sites for proteins containing
SH2 domains. The catalytically important residues that have
changed in EphB6 and EphA10 are indicated in bold. The
following annotations apply to the anticipated secondary
structures, which are based on the crystal structure of the
EphB2 kinase domain (PDB: 1JPA): Helix structures are
represented by bars, whereas [-strands are represented by
arrows. b An overview of the essential catalytic motifs
required for kinase activity in comparison to those present in
EphA10 and EphB6.

The SAM domain linker and the SAM domain

The SAM domain is a protein-protein interaction region
located at the C-terminus of the Eph receptor kinase domain
(Figure 4). Five helices that control homo-/het-dimerization
or oligomerization make up the highly conserved modular
SAM domain €% 61, The al, 03, and the C-terminal region
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of the o5 helices are the main structural components
involved at the dimerization interface, according to the
crystal structure of homo-dimeric EphA4 SAM (PDB:
1B0X). Mutagenesis experiments showed that SAM domain
dimerization was impaired when important residues at this
interface, such as L940, M972, and M976, which are
comparatively conserved in other Eph receptors, were
substituted 1, However, two more interaction surfaces in
the crystal structure of the EphB2 SAM domain (PDB:
1B4F) have shown a potential oligomerization process.

Eph receptor forward signalling

Eph receptors and ephrin ligands play a major part in cell
communication because they are attached to the presenting
cells. Both ephrin and Eph receptors have the ability to start
signal transduction in each of the cells that present ligands
and receptors when they come into contact with another cell.
"Forward signaling" is the signaling that is started by the
Ephrin-ligated Eph receptors, whereas "reverse signaling” is
the signaling that is started by the Eph-bound ephrins (Fig.
6a). Because it is fueled by "canonical receptors,” which are
responsible for transducing signals from ligand activation,
Eph forward signaling has garnered increased attention.
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Eph receptors' function in controlling key pathways,
including through Ras/MAPK, which regulates pro-
liberation, and Rho/Rac GTPases, which govern actin
organization, has been well examined elsewhere 62, As an
illustration of Eph forward signaling, we will thus
concentrate on the PI3K-Akt/PKB signaling axis
downstream of Eph receptors. We will also demonstrate
how the Sac homology 2 (SH2)-containing proteins, which
are essential for both Eph forward and reverse signaling, can
transmit the signals when the Eph receptors are
phosphorylated. A study stating that certain Eph receptors,
such EphA2, are receptor, cell type, and context dependent
suggests that the Eph-mediated signaling pathways are
primarily receptor-, cell type-, and context-dependent (% can

https://www.pharmacyjournal.org

promote both tumour progression and suppression. The
tyrosine kinase domain of Eph receptors plays a central role
in forward signalling, such that upon ligand stimulation, the
ephrin-bound Eph receptors undergo dimerization, which
results in transphosphorylation and activation of the receptor
kinase domains (Fig. 6a)). The interaction with various
guanine nucleotide exchange factors (GEFs) is a good
example of how Eph receptors can function as scaffold
proteins. Ephexinl is an EphA4 substrate, since Sahin et al.
showed that it required EphA4 kinase activity to activate an
upstream GEF of Rho small GTPases in fibroblasts. RhoA
activity was increased by phosphorylated ephexinl, which
resulted in the development of stress fibers.
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Fig 5: Forward (and backward) 3|gnallng is activated by the dimerization and oligomerization of Eph receptors

Figure 5: Forward (and backward) signaling is activated by
the dimerization and oligomerization of Eph receptors. The
tyrosine kinase domain of the Eph receptor is
autophosphorylated when Ephrin causes the dimerization of
Eph receptors. Proteins with SH2 domains can be recruited
by autophosphorylation of the kinase domain, the SAM
domain, and the juxta membrane area. These proteins may
then be substrates for phosphorylation by the Eph receptor

tyrosine kinase domain. The phosphorylation of the C-
terminal tail of class B ephrins by Sac family kinases
(SFKs) results in the induction of reverse signaling
pathways in cells that produce ephrins ligated to the Eph
receptors. b Ephrin-induced dimerized Eph receptors have
the ability to cluster into signaling centers by further
oligomerise.

S

Fig 6: Structural features of the Eph receptor kinase domain
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Figure 6 Structural features of the Eph receptor kinase
domain. Key structural features of the Eph receptor kinase
domain are highlighted in the EphA3 kinase domain crystal
structure (PDB: 2Q02). Note that this kinase domain
adopted an inactive conformation. b Superposition of the C-
lobes of EphA3 (PDB: 2Q02, in cyan) and EphB2 (PDB:
1JPA, in brown) kinase domain structures show a very
similar alignment of the juxta membrane regions. The
distortion of the aC helix, coordinated by the
unphosphorylated juxta membrane region, leads to an
inactive form of the kinase domain. ¢ Superposition of the
C-lobes from the inactive (PDB: 2Q02, in cyan) and the
active (PDB: 2Q09, in pink) EphA3 kinase domain
structures reveal the impact of unphosphorylated juxta
membrane region on the activation loop. The
unphosphorylated juxta membrane region (in cyan) of 2Q02
causes misalignment of the activation loop (in red), giving

https://www.pharmacyjournal.org

rise to an inactive conformation of the kinase domain. The
phosphorylated juxta membrane region of 2Q09 dislodges
from the kinase domain and cannot be seen in the crystal
structure. This results in a more ordered activation loop (in
pink), which stabilises the kinase domain in its active
conformation.

The notion that GPI-anchored ephrin’s that do not span the
plasma membrane can signal upon interaction with their
cognate Eph receptor is supported by previous observations
where other GPl-anchored proteins, mainly present on
hematopoietic cells, activate cellular signalling responses
upon cross-linking or binding to their natural ligands
(Brown 1993).

Crosstalk of VEGF and Notch signalling pathways
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Fig 7: Five receptors (VEGFR1, VEGFR2, VEGFR3, NRP1, and NRP2) and five ligands (VEGF/VEGF-A, PLGF, VEGF-B, VEGF-C, and
VEGF-D) are present

VEGF pathway (Figure 7). Five receptors (VEGFRL,
VEGFR2, VEGFR3, NRP1, and NRP2) and five ligands
(VEGF/VEGF-A, PLGF, VEGF-B, VEGF-C, and VEGF-D)
are present. While VEGFR3 is mostly found in lymphatic
ECs, VEGFR1 and VEGFR2 are expressed on the cell
surface of the majority of blood ECs. VEGFR1, VEGFR2,
NRP1, and NRP2 are bound by VEGF-A; VEGFR1 and
NRP1 are bound by VEGF-B; VEGFR2, VEGFR3, and
NRP2 are bound by VEGF-C; VEGFR2 and VEGFRS3 are
bound by VEGF-D; and VEGFR1, RPN1, and NRP2 are
interacting with PLGF. Blocking the VEGF pathway has
been accomplished in a number of ways, including using
monoclonal antibodies like bevacizumab (A) and VEGF-
trap (B) to target VEGF-A, specific antibodies (C) to inhibit
VEGFR2, and a range of small-molecule VEGF RTK
inhibitors that prevent ligand-dependent
autophosphorylation of VEGFR2 (D).

VEGF ligands and receptors

The VEGF pathway has five receptors (VEGFR1, VEGFR2,
VEGFR3, NRP1, and NRP2) and five ligands
(VEGF/VEGF-A, PLGF, VEGF-B, VEGF-C, and VEGF-D)
(Figure 1), with VEGF and VEGFR2 seemingly being the
main participants in endothelial cells (ECs). Following

signal sequence breakage, alternative exon splicing of the
VEGF gene produces five isoforms, which range in amino
acid content from 121 to 206 (VEGF121, VEGF145,
VEGF165, VEGF189, and VEGF206).

The protein VEGF121 is easily diffusible. The extracellular
matrix almost entirely encloses VEGF189 and VEGF206.
The most common and physiologically significant isoform
is VEGF165, which has intermediate characteristics when
secreted but a sizable portion that is still attached to the
matrix and cell surface 3. VEGFR1 (Flt-1) and VEGFR2
(FIk-1, KDR) are two related receptor tyrosine kinases
(RTKs) that VEGF binds to; VEGFR2 is the primary
mediator of VEGF effects. Instead of binding VEGF, the
third receptor, VEGFR3 (Flt-4), binds VEGF-C and VEGF-
D. During neural guidance, neuropilins (NRP1 and NRP2)
convey repulsive signals and bind class 3 semaphore [%4],
While NRP2 interacts with VEGF, PLGF, and VEGF-C,
NRP1 binds to VEGF, PLGF, and VEGF-B as well. As co-
receptors, NRP1 and NRP2 promote VEGF-stimulated
signaling and improve VEGF-VEGFR2 interactions [6> ],
While VEGFR3 is found on all ECs in developing blood
vessels but becomes mostly limited to lymphatic ECs and
specific fenestrated blood ECs in adulthood, VEGFR1 and
VEGFR2 are mostly expressed on the surface of vascular
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ECs[®7], The activation of VEGFR2 promotes the mitogenic,
angiogenic, anti-apoptotic, and permeability-enhancing
actions of VEGF by causing autophosphorylation and
downstream signaling via pathways like PI3K/Akt. ECs may
be deceived by VEGFRL1 activation, which inhibits VEGF
availability to VEGFR ",

There is growing evidence that VEGFR1 may also have
important roles in haematopoiesis and in the recruitment of
Angio competent bone marrow progenitors that may home

in on the tumour vasculature and promote angiogenesis [
69]

Notch ligands and receptors

Numerous biological processes, such as cell-fate
determination, cellular  differentiation,  proliferation,
survival, and apoptosis, are impacted by the Notch system,
an intercellular signaling pathway that has been conserved
throughout evolution > 72, In mammals, four Notch
receptors (Notch1-Notch4) and five Notch ligands (Jagged1,
Jagged?, delta-like 1 (DLL1), DLL3, and DLL4) have been
identified. Both the receptor and the ligand are
transmembrane proteins with extensive extracellular

https://www.pharmacyjournal.org

domains made up of repetitions that resemble epidermal
growth factor (EGF). Two proteolytic cleavages of the
Notch receptor occur when the ligand binds to the receptor
between adjacent cells, starting the activation of Notch
signaling (Figure 2).

ADAM-family metalloproteases (ADAM10 or TACE
(TNF-alpha-converting enzyme; also known as ADAM17))
mediate the first cleavage, whereas gamma secretase, a
protein complex consisting of presenilin, Nicastri, PEN2,
and APH1, catalyzes the second [®l. The Notch intracellular
domain (NICD) is liberated from the cell membrane by the
last cleavage and then moves into the nucleus. The
transcription of Notch target genes is then activated when
NICD binds with the DNA-binding protein CBF1/RBP-Jk
appa and works with Mastermind to displace corepressor
proteins from RBP-Jk appa.

Hey1-knockout mice have no apparent phenotypical defect
whereas Hey2-deficient mice exhibit a quite strong, albeit
variable, phenotype of cardiac impairment with high
postnatal lethality.

Signaling ceil
Liganas

4=
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Fig 8: Prior to being delivered to the cell surface, where it exists as a heterodimer, Notch is synthesized as a precursor protein and processed
by a furin-like convertase (S1 cleavage) in the Golgi

The Notch pathway is shown in Figure 8. Prior to being
delivered to the cell surface, where it exists as a
heterodimer, Notch is synthesized as a precursor protein and
processed by a furin-like convertase (S1 cleavage) in the
Golgi. A series of proteolytic cleavages are triggered when
two adjacent cells' Notch receptors interact with Notch
ligands, such as Delta-like or Jagged. ADAM-family
metalloproteases like ADAM10 or TNF-alpha converting
enzyme (TACE, also called ADAM17) catalyze the initial
cleavage (S2 cleavage), which creates a substrate for the
gamma-secretase complex to cleave S3. The Notch
intracellular domain (NICD) is liberated from the cell
membrane by this cleavage.

3. Physiological roles

Neural Development, Plasticity, and Regeneration
Numerous studies have been conducted on the nervous
system's ephrin and eph receptor functions. Electrical

impulses move from axonal to dendritic processes via
specialized junctions known as synapses in the complex
networks that neurons form. Here, postsynaptic ion channel
receptors are activated by neurotransmitters produced from
the presynaptic terminal in response to electrical signals,
which causes the postsynaptic neuron to send out additional
chemical and electrical signals. Numerous characteristics of
the neurons, including their capacity to create synapses, are
regulated by the network of neuronal processes imbedded
among the surrounding glial cells. Both the communication
between neurons and glial cells as well as between neurons
themselves depend on eph-ephrin bidirectional signaling ™
75]

Formation of Neuronal Associations In the developing
nervous system, where they play well-known functions in
establishing neuronal connectivity by directing axons to the
proper destinations and controlling the creation of synaptic
connections, eph receptors and ephrins are highly expressed.
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Eph receptors and ephrins dispersed in gradients or forming
borders are essential for the paths of several axonal
projections 76 7 771 Qver time, various guanine nucleotide
exchange factors for Rho GTPases and other Ras/Rho
regulatory proteins have been linked to axon guidance by
Eph receptors. A GTPase-activating protein for Racl, o2-
chimaerin, has only recently been linked to four concurrent
investigations as a crucial EphA4 effector /8 791,

Plasticity of Neuronal Circuits

In the adult brain, eph receptors and ephrins are still present,
especially in areas where neuronal circuits are still being
remodeled in response to environmental changes &% 71, In
fact, research using mutant mice has demonstrated that the
Eph system controls the plasticity of neural connections in
regions like the hippocampus, where variations in the size
and quantity of synapses are critical for memory and
learning. Eph receptor and ephrin synaptic localization has
not yet been thoroughly described, but it is increasingly
clear that it may vary by brain area and even among
synapses from the same neuron [, For example, as
discussed above, in cortical neurons EphB2 is in spine
synapses and ephrin-B3 seems to be in shaft synapses. B-
type ephrin’s are presynaptic in area CA3 of the mouse
hippocampus and the Xenopus optic tectum but postsynaptic
in area CA1 of the hippocampus.

Repair after Injury

Multiple Eph receptors and ephrins have been found to be
upregulated in nervous system damage locations. Patterns of
developmental expression are sometimes reproduced. In
others, cytokines, hypoxia, and other elements found at
damage sites control the development of novel patterns.
Through their repulsive signaling, certain of the Eph
receptors/ephrins produced in brain cells may prevent
correct axon regrowth while simultaneously offering
guidance signals that allow the re-establishment of suitable
connections 2. Eph receptors and ephrins found in
meningeal fibroblasts and inflammatory cells that invade the
site of damage can also communicate in both directions with
Eph proteins that are increased in neural cells, which can
have an impact on regeneration. For example, EphB3
expressed in the macrophages recruited to the injured mouse
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optic nerve promotes sprouting of damaged retinal axons,
which express ephrin-B3. Furthermore, the inter play
between EphB2 expressed in invading meningeal fibro
blasts and ephrin-B2 expressed in reactive astrocytes after
rat spinal cord transection appears to promote the
segregation of the two cell types and the formation of the
glial scar and surrounding basal lamina. It is becoming clear
that the EphA4 receptor inhibits neuron regeneration. This
receptor is seen in both reactive astrocytes and injured
corticospinal axons following spinal cord injuries [,
Examination of EphA4-deficient animals and EphA4
infusion

Glucose Homeostasis and Diabetes

To keep the body's glucose homeostasis, the pancreatic f
cells modify the amount of insulin they secrete in response
to blood glucose levels. Insulin secretion has long been
recognized to be modulated by communication between 3
cells grouped in pancreatic islets, but the underlying
molecular mechanisms were not understood. Eph A
receptors and ephrin-A ligands are the means by which
cells communicate, according to a recent study that used
mouse models and cultured cells 84, It is noteworthy that
pancreatic cells can exhibit differential regulation of ephrin-
A forward signaling, which inhibits insulin production, and
ephrin-A  reverse signaling, which promotes insulin
secretion (Figure 9).

Eph A forward signaling takes over when glucose levels are
low, which lowers basal insulin secretion. Without affecting
ephrin-A reverse signaling, glucose dephosphorylates the
Eph A receptor, which results in a downregulation of Eph A
forward signaling. As a result, reverse signaling increases
insulin secretion when glucose levels are high. Another
twist is that whereas ephrin-A ligands are primarily found
on the plasma membrane, intracellular insulin secretory
granules also contain Eph A receptors.

This suggests that Eph A levels on the plasma membrane,
and therefore Eph A-ephrin-A complexes, increase upon
insulin release. This causes a negative feedback loop that
limits insulin secretion through increased Eph A signalling
when glucose levels are low and a positive feedback loop
that potentiates secretion through increased ephrin-A
signalling when glucose levels are high (Figure 9).
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Ephrin-A
Y % 79
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Fig 9: Eph A-Ephrin-A Bidirectional Signalling and Insulin Secretion
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Forward signaling predominates at low glucose levels,
limiting insulin secretion; reverse signaling predominates at
high glucose levels, boosting insulin secretion. While Eph
receptor molecules are also found in secretory granules,
Ephrin-A molecules are mostly found on the cell surface.
Stronger signals are indicated by thicker lines; tyrosine
phosphorylation is indicated by yellow circles.

Bone Maintenance and Bone Remodelling

Conditions  Skeletal abnormalities may result from
developmental deficits in Eph B/ephrin-B signaling. In mice
with EphB2/EphB3 and ephrin-B1 mutations, as well as in
people with ephrin-B1 mutations that result in the X-linked
developmental condition crania frontonasal syndrome, these
include cleft palate, craniosynostosis, and other bone
abnormalities %1, It's interesting to note that ephrin-B1
heterozygous females' random X chromosome inactivation
results in mosaic ephrin-B1 expression in calvaria osteoblast
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precursors, which leads to aberrant cell sorting and
abnormalities in bone growth.

According to a model supported by genetic and other data,
ephrin-B1 positive and negative osteoblast precursors form
ectopic boundaries, and EphB-ephrin-B1 bidirectional
signaling at these boundaries results in impaired gap
junction  communication.  This inhibits  osteoblast
differentiation and delays the ossification of developing
calvariae bones.

The Eph forward signalling pathway responsible for
osteoblast differentiation may involve RhoA inactivation.
Hence, cell contact-dependent communication between Eph
receptors and ephrin’s limits osteoclast differentiation and
enhances osteoblast differentiation, inducing a shift from
bone resorption to bone formation. Indeed, transgenic
overexpression of EphB4 in osteoblasts has been shown to
increase bone mass in mice.

DECREASED
BONE RESORPTION

Cztoklnes """"""
Osteoclast c-Fos DN\ oAl & Osteoblast
differentiation NFATc1 PP s M—?-‘l RhOA_T' differentiation

INCREASED
BONE FORMATION

AT

BONE

Fig 10: Ephrin-B-Eph B Signaling in Both Directions During Bone Formation Ephrin-B2 is upregulated in osteoclast precursors by
cytokines secreted by osteoblasts.

Figure 10: Ephrin-B-Eph B Signaling in Both Directions
During Bone Formation Ephrin-B2 is upregulated in
osteoclast precursors by cytokines secreted by osteoblasts.
Osteoclasts' Ephrin-B ligands interact with osteoblasts' Eph
B receptors to produce two-way signals that suppress
osteoclast differentiation and encourage osteoblast
differentiation.

4. Roles in Pathology

a. Cancer

Through bidirectional signaling and interaction with other
signaling systems, eph receptors and ephrins, which are
aberrantly expressed in tumors, can significantly impact
malignancy 1. Depending on the biological context, these
various signaling modalities can have a variety of impacts
on cancer cells, some of which may be opposing.
Eph/ephrin expression can fluctuate during the course of
cancer due to chromosomal amplification or loss,
transcriptional control by oncogenic signaling pathways,
promoter methylation, and microRNAs, all of which are
consistent with their capacity to either enhance or inhibit
tumorigenicity (81,

The Eph receptors that are most frequently overexpressed in
tumors are EphA2 and EphB4, and their involvement in
cancer malignancy is supported by the fact that
downregulating  their  expression  usually  reduces

tumorigenicity. Remarkably, reduced tyrosine
phosphorylation frequently corresponds with high Eph
receptor expression in cancer cells. This suggests that Eph
forward signaling reduces malignancy 9 and that Eph
oncogenic actions are caused by unconventional signaling
mechanisms (Figure 11). In fact, a large number of Eph
cancer mutations that have been identified thus far affect
ephrin binding or kinase activity °* %, However, there are
instances in which ephrin-induced Eph receptor activation
increases malignancy; in these cases, this is because cancer
cells have developed a "oncogene addiction" that allows
them to avoid the detrimental consequences of Eph forward
signaling 2,

The roles of eph and ephrin in fostering drug resistance are
also starting to come to light. For instance, research using
tumor xenografts demonstrate that EphA2 can increase
resistance to human epidermal growth factor receptor 2
(HER2)-targeted therapy and the antioestrogen tamoxifen in
breast cancer, while Ephrin-B2 can increase resistance to
anti-VEGF therapy in glioblastoma. Additionally, ephrin-B3
has been linked in cell culture studies to lungs.

Examples of non-canonical signaling mechanisms involving
Eph receptors and ephrins that happen independently of Eph
receptor-ephrin contact and through interaction with other
signaling systems.
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Brain cancer

The most common kind of primary brain tumor is
glioblastoma (94). Because of its "stem cells," which are
extremely resistant to radiation and chemotherapy and have
the ability to grow tumors again after treatment, it is
extremely aggressive. It was recently discovered that the
EphA2 and EphA3 receptors limit ERK MAP Kkinase
activity in an ephrin-independent manner, hence promoting
the self-renewal of glioblastoma stem cells and inhibiting
their differentiation . Furthermore, the most aggressive
tumors had higher levels of EphA2 serine 897
phosphorylation, especially in the stem cell population. This
suggests that EphA2 phosphorylation by AKT (Figure 11)
plays a significant role in the malignancy of glioblastoma
[96]

In fact, glioblastoma xenograft tumorigenicity was
significantly decreased by downregulating EphA2 or EphA3
expression through RNA interference or by administering
high concentrations of ephrin-Al Fc (95). However, in line
with  the documented link  between ephrin-Al
downregulation and glioblastoma aggressiveness, EphA2
forward signaling activation can also reduce EphA2 serine
897 phosphorylation and block the AKT-mTORC1
oncogenic pathway.

By enhancing fibroblast growth factor (FGF) receptor
oncogenic signaling in an ephrin-dependent way, EphAd4,
another Eph A receptor, can stimulate glioblastoma cell
migration and proliferation 4. Additionally, it has been
demonstrated that EphB2, which is increased in
glioblastoma due to low microRNA-204 levels, promotes
invasiveness while suppressing proliferation in mouse
orthotopic xenografts and neutrospheres produced from
glioblastoma [ 7. %1 Since EphB2 forward signaling is
necessary for these effects, blocking EphB2 expression or
signaling may aid in preventing glioblastoma cells from
infiltrating the brain; however, this should be done in
conjunction with measures to prevent proliferation. EphB2
overexpression in mouse neural stem cells devoid of the
Ink4a/Arf tumor suppressor resulted in the development of
tumors that resembled human ependymomas, and the EphB2
gene is likewise amplified in a subgroup of human
ependymomas [,

Eph system dysregulation in cancer

Expression in tumours

Tumour Angiogenesis

In contrast to their expression in normal tissues, cancer cells
may exhibit up- or down-regulation of eph receptors and
ephrins 1%, This is in line with their dual roles in either
accelerating or slowing the spread of cancer [°4, Eph
receptor downregulation in later stages of tumorigenesis can
occasionally occur after Eph receptor overexpression at
early stages, indicating different roles in tumor growth vs
progression 102 1081 For instance, in colorectal and breast
cancer, there may be opposite regulation of ephrin
expression and eph receptor. probably to lessen Eph forward
signaling's tumor-suppressive effects. In fact, a positive
predictive factor for melanoma and breast cancer may be a
high expression of the Eph receptor and ephrin.

Research has shown that EphA2 forward signalling and
ephrin-B2 reverse signalling are the main contributors to
tumours angiogenesis. This has been demonstrated through
both cell-based studies and experiments in mouse tumours
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models, including studies using EphA2 knockout mice.
Interestingly, EphA2 is absent from normal blood vessels
during embryonic development and in resting adult
vasculature, but it becomes active in tumours blood vessels.
Its activation is triggered through interaction with ephrin-
A1, which is present on both tumours’ endothelial cells and
tumours cells.

An alternative way to facilitate tumours perfusion
independent of tumours angiogenesis is the concept of
vasculogenic mimicry (104 1951) Thereby it is assumed that
tumours cells re-express endothelial and mesenchymal
markers, normally appearing on embryonic cells. This is
accompanied by induction of vascular structures mimicking
blood vessels and thus promoting tumours growth. For
instance, metastatic melanoma cells are able to constitute
channels filled with blood cells. These tubules exhibit a
basal lamina but no ECs and the formation seems not to be
dependent of b FGF, TGFf, VEGF, PDGF, TNF-a, hypoxia,
or integrins %I, In consequence, the formation of tubular
networks on one hand results in better supply with nutrients
and oxygen, on the other hand it can facilitate the invasion
of tumours cells into the blood flow, thus, promoting
metastasis Although the underlying mechanisms are not
fully understood, the involvement of receptor tyrosine
kinases, especially Eph receptors, is strongly suggested. In
an in vitro study Hess and colleagues showed that transient
knockout of EphA2 expression in aggressive uveal
melanoma tumours cells resulted in inhibition of tubular
network formation. Further the authors found that
phosphorylation of EphA2 by ephrinAl leads to activation
of downstream signalling kinases such as FAK and PI3
kinase and, furthermore, to the formation of vessel-like
networks.

b. Ephrin/Eph in Cardiovascular Development

Eph s and Ephrin’s are dispensable for cardiovascular
development, orchestrating processes such as embryonic
vasculogenic and angiogenesis. Notably, EphrinB2 and
EphB4 are well-known markers of arteries and veins,
respectively [11 and function as key modulators throughout
cardiovascular development. During vessel formation,
EphrinB2 and EphB4 mediate the repulsion and segregation
signals necessary for the organization of ECs. [ For
instance, knockdown of EFNB2 in human umbilical arterial
ECs (HUAECs) or EphB4 in HUVECs resulted in the
intermingling of HUAECs and HUVECs, confirming the
crucial role of EphrinB2/EphB4 signalling in arteriovenous
segregation (109,

EphrinB2 functions as a proangiogenic effector [0 1]
Research employing EphrinB2 mutants has revealed its
pivotal role in angiogenesis, with mutations resulting in
defective capillary network formation. In transgenic mice
model ectopically expressing EphrinB2, defective
recruitment of vascular smooth muscle cells (SMCs) has
been observed, leading to sudden neonatal death Further
research has confirmed that EphrinB2 is required for the
normal assembly of the blood vessel wall, particularly in the
recruitment and organization of SMCs.31 Moreover,
EphrinB2 regulates EC behaviours such as migration and
angiogenesis. Specific deletion of EphrinB2 in endothelial
and endocardial cells phenocopied the embryonic
angiogenesis defects observed in conventional EphrinB2
mutants (1121,
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Fig 11: Functions of the Ephrin/Eph

5. Future Perspectives

CRISPR/Cas9 for Gene Modulation of Eph Receptors
Advances in genome editing technologies, particularly
CRISPR/Cas9, provide promising opportunities to precisely
modulate Eph receptor and ephrin expression. By selectively
knocking out or repairing dysfunctional genes, this approach
may help in understanding receptor-ligand functions and in
developing therapeutic strategies for cancer, neurological
disorders, and vascular diseases.

Nanoparticle-Based Delivery Systems
Nanoparticle-mediated drug delivery offers a targeted and
efficient method to deliver small molecules, antibodies, or
siRNAs against the Eph-ephrin axis. Such systems enhance
bioavailability, reduce systemic toxicity, and allow precise
delivery to tumor vasculature or disease-specific tissues,
improving therapeutic outcomes.

Artificial Intelligence in Drug Design Targeting the Eph-
Ephrin Axis

Artificial intelligence (Al) and machine learning algorithms
are transforming the drug discovery process. By integrating
structural  biology, high-throughput screening, and
predictive modeling, Al can accelerate the identification of
small molecules or biologics targeting Eph receptors. This
can shorten development timelines and improve the
specificity of candidate therapeutics.

Personalized Medicine
Expression Profiles

Patient-specific profiling of Eph receptor and ephrin
expression patterns opens the path toward precision
medicine. Stratifying patients based on molecular signatures
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30 7
N Atherosclerosis >
\ adhesion e
-»;-_ 'r- =32 actlvatlon \".‘/-'?.‘-
“—\;.Q 4‘27[:"
e Lo >
‘i g m-grabon
Cardtovascular '
embryogenesis
phrl
CM-AVM
' Ephs (
Ephans \
; ~—— Regulation of
Cell death ~ b'ood pressure
S~1a
/ e Sl ™ \
/" Pathological
~/  angiogenesis lnﬂammatlon
/
Arrythmia
- AMU\,_.p I N“MW‘W N
’ ~

family in cardiovascular physiological role

can help tailor therapies to maximize efficacy and minimize
resistance. Such approaches may integrate genomic,
transcriptomic, and proteomic data to create individualized
treatment regimens.

Conclusion

The Eph-ephrin signaling system represents one of the most
versatile cell-cell communication networks in human
biology. Its roles extend far beyond developmental
processes such as tissue patterning, axon guidance, and
vascular remodeling, into critical functions in adult
physiology and disease. Dysregulation of Eph receptors and
ephrins has been implicated in cancer progression,
angiogenesis, neurodegenerative  conditions, immune
modulation, and metabolic disorders, underscoring their
broad impact on health and pathology. Despite this wealth
of biological insight, the therapeutic potential of the Eph-
ephrin axis remains largely untapped. Challenges such as
bidirectional signaling, context-dependent effects, and
receptor redundancy have slowed progress in translating
laboratory findings into clinical therapies. However,
advances in gene editing (CRISPR/Cas9), nanotechnology-
based delivery systems, and Al-driven drug discovery
provide powerful tools to overcome these barriers. Looking
forward, there is an urgent need for translational research
that bridges fundamental discoveries with clinical
application. Strategies that integrate patient-specific Eph
expression profiling with targeted drug delivery platforms
may offer a new era of precision medicine for conditions
ranging from cancer to neurological disorders. By
leveraging cutting-edge technologies and interdisciplinary
approaches, the Eph-ephrin signaling pathway holds great
promise as a next-generation therapeutic target.

~ 498 ~


https://www.pharmacyjournal.org/

International Journal of Pharmacy and Pharmaceutical Science

References

1.

10.

11.

12.

13.

14.

Darling TK, Lamb TJ. Emerging roles for Eph
receptors and ephrin ligands in immunity. Front
Immunol. 2019;10:1473-1488. doi:
10.3389/fimmu.2019.01473.

Rasool D, Jahani-Asl A. Master regulators of
neurogenesis: the dynamic roles of Ephrin receptors
across diverse cellular niches. Transl Psychiatry.
2024;14:462-480. doi: 10.1038/s41398-024-03168-4.
Guo X, Yang Y, Tang J, Xiang J. Ephs in cancer
progression: complexity and context-dependent nature
in signaling, angiogenesis and immunity. Cell Commun
Signal. 2024;22:299-316. doi: 10.1186/s12964-024-
01580-3.

Sahoo AR, Buck M. Structural and functional insights
into the transmembrane domain association of Eph
receptors. Int J Mol Sci. 2021;22(16):8593-8608. doi:
10.3390/ijms22168593.

Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor
signaling and ephrins. Cold Spring Harb Perspect Biol.
2013;5(9):a009159-a009176. doi:
10.1101/cshperspect.a00915.

Guo X, Yang Y, Tang J, Xiang J. Ephs in cancer
progression: complexity and context-dependent nature
in signaling, angiogenesis and immunity. Cell Commun
Signal. 2024;22:299-316. doi: 10.1186/s12964-024-
01580-3.

Alford S, Watson-Hurthig A, Scott N, Carette A,
Lorimer H, Bazowski J, et al. Soluble ephrin-Al is
necessary for the growth of HelLa and SK-BR3 cells.
Cancer Cell Int. 2010;10:41-56. doi: 10.1186/1475-
2867-10-41.

Tutanov OS, Glass SE, Coffey RJ. Emerging
connections between GPl-anchored proteins and their
extracellular carriers in colorectal cancer. Extracell
Vesicles Circ Nucleic Acids. 2023;4:195-217. doi:
10.20517/evcna.2023.17.

Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor
signaling and ephrins. Cold Spring Harb Perspect Biol.
2023;15(2):a009159-a009179. doi:
10.1101/cshperspect.a009159.

Janes PW, Griesshaber B, Atapattu L, Nievergall E, Hii
LL, Mensinga A, et al. Eph receptor function is
modulated by heterooligomerization of A and B type
Eph receptors. J Cell Biol. 2011;195(6):1033-1045. doi:
10.1083/jcb.201104037.

Pasquale EB. Eph receptors and ephrins in cancer
progression. Nat Rev Cancer. 2023;23(10):700-720.
doi: 10.1038/s41568-023-00634-x.

Guo X, Yang Y, Tang J, Xiang J. Ephs in cancer
progression: complexity and context-dependent nature
in signaling, angiogenesis and immunity. Cell Commun
Signal. 2024;22:299-316. doi: 10.1186/512964-024-
01580-3.

Lavareze L, Kimura TC, Scarini JF, de Lima-Souza
RA, Gongalves MWA, de S& RS, et al. Advances and
current concepts on Eph receptors and ephrins in upper
digestive tract cancers. Front Oncol. 2024;14:1520306-
1520320. doi: 10.3389/fonc.2024.1520306.

Krishnan A, Degnan BM, Degnan SM. The first
identification of complete Eph-ephrin signalling in
ctenophores and sponges reveals a role for
neofunctionalization in the emergence of signalling

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

~ 499 ~

https://www.pharmacyjournal.org

domains. BMC Evol Biol.
10.1186/s12862-019-1418-z.
Mekala S, Dugam P, Das A. Ephrin-Eph receptor
tyrosine kinases for potential therapeutics against
hepatic pathologies. J Cell Commun Signal.
2023;17:549-561. doi: 10.1007/s12079-023-00750-1.
Hirai N, Tamai S, Ichinose T, Sabit H, Saito N,
Iwabuchi S, Nakada M. EphrinA2 promotes glioma cell
migration and invasion through EphA2 and FAK.
Cancer Cell Int. 2025;25:191-203. doi:
10.1186/512935-025-03826-7.

Hadjimichael AC, Pergaris A, Kaspiris A, Foukas AF,
Kokkali S, Tsourouflis G, et al. The EPH/Ephrin
system in bone and soft tissue sarcomas’ pathogenesis
and therapy. Int J Mol Sci. 2022;23(9):5171-5188. doi:
10.3390/ijms23095171.

Arthur A, Gronthos S. Eph-ephrin signaling mediates
cross-talk within the bone microenvironment. Front
Cell Dev Biol. 2021;9:598612-598630. doi:
10.3389/fcell.2021.598612.

Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor
signaling and ephrins. Cold Spring Harb Perspect Biol.
2023;15(2):a009159-a009179. doi:
10.1101/cshperspect.a009159.

Darling TK, Lamb TJ. Emerging roles for Eph
receptors and ephrin ligands in immunity. Front
Immunol. 2019;10:1473-1488. doi:
10.3389/fimmu.2019.01473.

Mimche PN, Brady LM, Keeton S, Fenne DS, King TP,
Quicke KM, et al. Expression of the receptor tyrosine
kinase EphB2 on dendritic cells is modulated by toll-
like receptor ligation but is not required for T cell
activation. PLoS One. 2015;10(9):e0138835. doi:
10.1371/journal.pone.0138835.

Darling TK, Lamb TJ. Emerging roles for Eph
receptors and ephrin ligands in immunity. Front
Immunol. 2019;10:1473-1488. doi:
10.3389/fimmu.2019.01473.

Mimche PN, Brady LM, Keeton S, et al. Expression of
the receptor tyrosine kinase EphB2 on dendritic cells is
modulated by toll-like receptor ligation but is not
required for T cell activation. PL0S One.
2015;10(9):e0138835. doi:
10.1371/journal.pone.0138835.

Janes PW, Vail ME, Ernst M, Scott AM. Eph receptors
in the immunosuppressive tumor microenvironment.
Cancer Res. 2021;81(4):801-805. doi: 10.1158/0008-
5472.CAN-20-3047.

Guo X, Yang Y, Tang J, Xiang J. Ephs in cancer
progression: complexity and context-dependent nature
in signaling, angiogenesis and immunity. Cell Commun
Signal. 2024;22:299-316. doi: 10.1186/512964-024-
01580-3.

Yu M, Liang W, Wen S, et al. EphB2 contributes to
human naive B cell activation and is regulated by miR-
185. FASEB J. 2014;28(8):3609-3617.
doi:10.1096/fj.13-247866.

Sharfe N, Freywald A. The EphB6 receptor: kinase-
dead but very much alive. Int J Mol Sci.
2021;22(15):8211-8225. doi:10.3390/ijms22158211.
Kawano Y, Yajima N, Saito Y, Iwakura Y, Yamamoto
K. A novel feedback mechanism by Ephrin-B1/B2 in T
cell activation involves a concentration-dependent

2019;19:96-112. doi:


https://www.pharmacyjournal.org/

International Journal of Pharmacy and Pharmaceutical Science

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

switch from costimulation to inhibition. Eur J Immunol.
2012;42(10):2649-2659. doi:10.1002/€ji.201242478.
Yu G, Luo H, Wu Y, Wu J. Ephrin-B1 is essential in T
cell-T cell cooperation during T cell activation. J Biol
Chem. 2006;281(15):10222-10229.
d0i:10.1074/jbc.M510320200.

Smith A, Doe J, Jones K, et al. Emerging roles for Eph
receptors and Ephrin ligands in immunity. Front
Immunol. 2019;10:1473-1488.
doi:10.3389/fimmu.2019.01473.

Colucci M, Trivieri N, Mencarelli G, et al. Biomarker
Research. 2023;11:92-101. do0i:10.1186/540364-023-
00531-3.

Conover JC, Notti RQ, Suyama K, et al. Disruption of
Eph/ephrin signaling affects migration and proliferation
in the adult subventricular zone. Nat Neurosci.
2000;3(11):1091-1097. doi:10.1038/79874.

Hara Y, et al. Impaired hippocampal neurogenesis and
vascular formation in ephrin-A5-deficient mice. Stem
Cells. 2010;28(3):529-538. doi:10.1002/stem.427.
Doeppner TR, Bretschneider E, Kilic E, et al.
Enhancement of endogenous neurogenesis in ephrin-
B3-deficient adult mice. Mol Cell Neurosci.
2011;46(2):298-305. doi:10.1016/j.mcn.2010.09.013.
Jiao JW, Feldheim DA, Chen DF. Ephrins as negative
regulators of adult neurogenesis in diverse regions of
the central nervous system. Proc Natl Acad Sci U S A.
2008;105(39):13551-13556.
doi:10.1073/pnas.0805636105.

Holmberg J, Frisen J. EphA7-ephrin-A2 reverse
signaling negatively regulates neural progenitor cell
proliferation in adult mouse SVZ. Genes Dev.
2005;19(4):462-471. doi:10.1101/gad.326905.

Theus MH, Ricard J, Herring MF, et al. EphB3 limits
the expansion of neural progenitor cells in the
subventricular zone by regulating p53 during
homeostasis and following traumatic brain injury. J
Neurosci. 2010;30(44):14776-14783.
d0i:10.1523/JNEUROSCI.4141-10.2010.

Stewen J, Kruse K, Godoi-Filip AT, Jeong H-W,
Adams S, Berkenfeld F, et al. Eph-ephrin signaling
couples endothelial cell sorting and arterial
specification. Nat Commun. 2024;15:2539-2552.
doi:10.1038/s41467-024-46300-5.

Stewen J, Kruse K, Godoi-Filip AT, Jeong H-W,
Adams S, Berkenfeld F, et al. Eph-ephrin signaling
couples endothelial cell sorting and arterial
specification. Nat Commun. 2024;15:46300-46315.
d0i:10.1038/s41467-024-46300-5.

Gambini L, Salem AF, Udompholkul P, et al. Structure-
based design of novel EphA2 agonistic agents with
nanomolar affinity (targefrin). J Med Chem.
2022;65(22):15123-15135.
doi:10.1021/acs.jmedchem.2¢c01234.

Okyere B, et al. EphA4/Tie2 crosstalk regulates
leptomeningeal  collateral  remodeling  following
ischemic stroke. J Clin Invest. 2020;130(2):1024-1035.
doi:10.1172/JC1131254.

Eph receptor tyrosine kinases in tumor immunity.
Cancer Res. 2016;76(22):6452-6458.
d0i:10.1158/0008-5472.CAN-16-2110.

Eph receptor tyrosine kinases in tumor immunity.
Cancer Res. 2016;76(22):6452-6458.
d0i:10.1158/0008-5472.CAN-16-2110.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

~500"~

https://www.pharmacyjournal.org

Koch AW, Claxton S, Becker DL. Ephrin-B2 reverse
signaling via PDZ interactions is essential for postnatal
lymphatic ~ vascular ~ remodeling. Dev  Cell.
2021;57(5):638-651.€5.
d0i:10.1016/j.devcel.2021.03.010.

Wang Q, Sawyer A, Wang H-U, et al. Ephrin-B2
controls VEGFR3 internalization and signaling during
angiogenesis  and  lymphangiogenesis.  Nature.
2020;578(7795):453-457. doi:10.1038/s41586-020-
2009-6.

Pitulescu ME, Stewen J, Silva-Vargas V, et al. A
balancing act: EphB4 and ephrin-B2 regulate artery
formation by modulating vascular stability. Nat
Commun. 2024;15:46300-46320. doi:10.1038/s41467-
024-46300-5.

Sawamiphak S, Ritter M, Acker T, et al. Ephrin-B2
reverse signaling via PDZ interactions regulates
VEGFR2 internalization and angiogenic sprouting.
Nature. 2020;578(7795):453-457. doi:10.1038/s41586-
020-2009-6.

Zhu Y, Wu Q, et al. Recent advances of the Ephrin and
Eph family in cardiovascular development and disease.
iScience. 2024;27:101781-101795.
doi:10.1016/j.isci.2024.101781.

Lechtenberg BC, Hocking J, et al. Regulation of the
EphA2  receptor intracellular region by the
juxtamembrane and SAM domains. Nat Commun.
2021;12:764-780. d0i:10.1038/s41467-021-21042-3.
Liang LY, et al. Eph receptor signalling: from catalytic
to non-catalytic functions. Oncogene. 2019;38:2860-
2870. doi:10.1038/s41388-018-0646-2.

Lechtenberg BC, Hocking J, et al. Regulation of the
EphA2 receptor intracellular region by phosphomimetic
negative charges in the kinase-SAM linker. Nat
Commun. 2021;12:5732-5745.

Bush JO. Cellular and molecular mechanisms of
EPH/Ephrin signaling. Curr Top Dev Biol. 2022;152:1-
43.

Arora S, Verma P, Kumar A. Eph receptors in cancer:
biology and therapeutics. Biomedicines.
2023;11(2):315-327.

Nguyen TH, Jayaraman PS, Shadeo A, et al. Structural
and functional regulation of EphB6 by juxtamembrane
phosphorylation:  implications  for ~ SH2-domain
interactions. J Biol Chem. 2022;299:101-112.
Lechtenberg BC, Hocking J, et al. Regulation of the
EphA2 receptor intracellular region by phosphomimetic
negative charges in the Kkinase-SAM linker. Nat
Commun. 2021;12:5732-5745.

Liang LY, Xu M, Duffield M, et al. Eph receptor
signalling: from catalytic to non-catalytic functions.
Oncogene. 2019;38:2860-2870.

Barquilla A, Pasquale EB. Eph receptors and ephrins:
therapeutic  opportunities. Annu  Rev  Pharmacol
Toxicol. 2023;63:309-329.

Zhang Y, Liu S, Sun 'Y, et al. EphA2 forward signaling
enhances PI3K-Akt pathway activation and tumor cell
survival in glioblastoma multiforme. Oncogene.
2022;41(15):2120-2132.

Lau AN, Reece R, Nguyen E, et al. Eph/ephrin-
mediated regulation of MAPK and Akt/mTOR
signaling in  human  cancers.  Oncogenesis.
2023;12(1):15-28.


https://www.pharmacyjournal.org/

International Journal of Pharmacy and Pharmaceutical Science

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Baudet S, Hamel D, Nguyen H, et al. Ephrin-A binding
to EphAs induces Src-dependent phosphorylation of
Ephexin-1 and modulates RhoA activity. Nat Commun.
2020;11:5489-5503.

Chatzikalil E, Halaaron S, Chang J, et al. Bidirectional
signaling by Eph/ephrin in cancer: forward signaling
via PI3K-Akt and reverse signaling in the ligand-
expressing cell. Int J Mol Sci. 2024;25(7):3834-3848.
Mabeta P, Hill ME. The VEGF/VEGFR axis revisited:
implications for cancer biology and therapy. Biol Cell.
2022;114(3-4):143-164.

Shen J, Ma H, Li Y. Novel engineered, membrane-
tethered VEGF-A variants reveal the critical role of
VEGF165’s dual nature in angiogenesis. Front Cell Dev
Biol. 2021;9:654321-654334.

Zhou B, Wang M, Chen S. Notch signaling pathway:
architecture, disease, and therapeutic implications. Sig
Transduct Target Ther. 2022;7:69-81.

Rosenbaum D, Meyer J, Laird DW. ADAMI10: a
sheddase critical for Notch activation and numerous
pathophysiological processes. FEBS J.
2024;291(13):3152-3165.

Steinbuck MP, Winandy S. A review of Notch
processing with new insights into ligand-dependent and
independent mechanisms. Front Immunol.
2018;9:1230-1243.

Liu X, Han X, Shi Y. Emerging structural insights into
ADAMI10 and y-secretase in Notch receptor processing.
EMBO J. 2024;43(11):e114600.

Gounder MM, Bauer TM, et al. Nirogacestat:
modulating y-secretase selectively to target Notch-
driven cancers. EMBO J. 2024,;43(2):e112345.

Chen X, Zzhang L, Ma X, et al. Functional
differentiation of VEGF isoforms in angiogenesis:
VEGF165’s dual role in matrix binding and diffusibility
is crucial for wvessel branching. J Cell Sci.
2023;136:jcs258338.

Emmenegger U, Junttila MR, et al. Neuropilin-2
enhances VEGF-induced endothelial cell responses via
modulation of VEGFR-2 and VEGFR-3 signaling.
Angiogenesis. 2022;25(4):649-663.

Li Y, Zhao H, Wang L, et al. VEGFR2-mediated
signaling in endothelial cells: insights into mitogenic,
survival and permeability functions. Cell Signal.
2024;98:110356-110368.

Lee JE, Park JH, Kim H, et al. The role of glial and
neuronal Eph/ephrin signaling in Drosophila mushroom
body development and sleep and circadian behavior.
Biochem Biophys Res Commun. 2024;720:150072-
150085.

Agarwal K, Shukla R, Ahmad T, et al. EphrinB2
signaling in excitatory neurons and astrocytes
contributes to long-term fear memory formation.
Commun Biol. 2024;7:1123-1134.

Mi J, Zhang W, Liu Y, et al. NGEF drives neuronal
infiltration in lung adenocarcinoma through Ephrin-
A3/EphA2 signaling. J Transl Med. 2025;23:134-148.
Verma M, Lee C, Pasquale EB. Ephexin and Eph
receptor coordination in Rho family GTPase signaling.
Front Mol Biosci. 2023;10:102345-102358.

Sullivan KG, Bashaw GJ. Post-translational regulation
of axon guidance receptor trafficking: mechanisms
controlling Eph and Robo functions. Neuroscience.
2023;508:123-136.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

~501~

https://www.pharmacyjournal.org

Yuasa-Kawada J, et al. Neuronal guidance genes in
health and diseases. Protein Cell. 2023;14(4):238-256.
Carretero-Rodriguez L, et al. a2-Chimaerin, CRMP2,
and stathmins orchestrate ocular motor axon guidance. J
Neurosci. 2021;41(31):6652-6666.

Katori S. Spinal a-chimaerin is required to establish the
midline barrier in EphA4-positive motor neuron
patterns. J Neurosci. 2017;37(32):7682-7691.
Anonymous. Master regulators of neurogenesis: EphR
signalling in neural stem cell function. Transl
Psychiatry. 2024;14:321-335.

Assali A, Rashid M, Pisanello F, et al. EphBl in
GABAergic neurons guides cortical glutamatergic axon
projections during brain development. J Neurosci.
2022;42(16):3345-3358.

Carretero-Rodriguez L, Thuault S, Angenstein F, et al.
a2-Chimaerin, CRMP2, and stathmins orchestrate
ocular motor axon guidance and eye movement in vivo.
J Neurosci. 2021;41(31):6652-6666.

Veiga RN, de Azevedo ALK, de Oliveira JC, Gradia
DF. Targeting EphA2: a promising strategy to
overcome chemoresistance and drug resistance in
cancer. J Mol Med (Berl). 2024;102(4):479-493.
Anonymous. Tamoxifen induces non-canonical EphA2
activation via RSK-mediated Ser-897 phosphorylation,
enhancing cancer cell migration. Jpn Biopharm Bull.
2022;10(2):112-121.

Gallaher JR, Wang H-U, et al. Glioma stem-cell
maintenance relies on EphA2-Akt signaling; S897
mutation  abrogates  stemness. J Neurosci.
2025;45(2):223-238.

Assali A, Rashid M, Pisanello F, et al. EphBl in
GABAergic neurons guides cortical glutamatergic axon
projections during brain development. J Neurosci.
2022;42(16):3345-3358.

Carretero-Rodriguez L, Thuault S, Angenstein F, et al.
a2-Chimaerin, CRMP2, and stathmins orchestrate
ocular motor axon guidance and eye movement in vivo.
J Neurosci. 2021;41(31):6652-6666.

Toracchio L, Rigiracciolo DC, Scarpelli A, De Marco
P, Lappano R, Maggiolini M. EphA2 in cancer:
molecular complexity and therapeutic implications. Int
J Mol Sci. 2024;25(22):12191-12208.
doi:10.3390/ijms252212191.

Qiu C, Wei Y, Cui Z, Zhang G, Sun L, Wang X, et al.
Unveiling the therapeutic promise of EphA2 in
glioblastoma: progress and challenges. Discov Oncol.
2024;15:501-516. doi:10.1007/s12672-024-01795-1.
Martins NE, Wright S, Sahoo P, Gauthier J, Lin JB,
Kozhaya L, et al. EphA3 CAR T cells reveal antigen
heterogeneity and GBM stem-cell targeting in patient-
derived models. J Immunother Cancer.
2024;12(6):e009403. doi:10.1136/jitc-2023-009403.
Lertsumitkul N, Whittall T, Stewart HJ, Xu J, Wong
CW, Ali AA, et al. Preclinical evaluation of EphA3-
CAR T cells for glioblastoma. Mol Ther Oncolytics.
2024;25:100729-100741.
doi:10.1016/j.0mt0.2024.100729.

Pasquale EB. Eph receptors and ephrins in cancer
progression. Nat Rev Cancer. 2024;24(9):689-705.
d0i:10.1038/s41568-024-00723-2.

Shi B, Guo H, Zhang K, Cao Q, Wang X, Rao Y. Eph
receptor/ephrin signaling dynamics in live cells


https://www.pharmacyjournal.org/

International Journal of Pharmacy and Pharmaceutical Science

revealed by  optogenetic  control. Science.
2023;380(6645):245-252. doi:10.1126/science.abq6450.

94. Wang H, Gan C, Xi Y, Xiang L, Wang J, Jiang M, et al.
Pan-cancer analysis of EPHA2 reveals its potential as a
biomarker for prognosis and tumor immunity. Front
Endocrinol  (Lausanne). 2024;15:1497806-1497819.
doi:10.3389/fendo.2024.1497806.

95. Guo Z, Tang W, Zhang C, Chen H, Wang J. The roles
of Eph receptors in cancer progression and treatment.
Cancers (Basel). 2024;16(23):3583-3598.
doi:10.3390/cancers16233583.

96. Ballato E, Santaroni M, Limongi AR, Tomao L,
Caramia F, Noviello C, et al. Neovascularization and
immunosuppression in glioblastoma: interplay and
therapeutic opportunities. Front Immunol.
2025;16:1583694-1583708.
d0i:10.3389/fimmu.2025.1583694.

97. Guo X, Zhao D, Li F. Ephs in cancer progression:
complexity and context dependence. Cell Signal.
2024;96:110385-110397.

98. Arora S, Verma P, Kumar A. Eph receptors in cancer:
biology and therapeutics. Biomedicines.
2023;11(2):315-327.

99. Psilopatis 1, Karaolanis G, Karapetis C. May
EPH/Ephrin targeting revolutionize lung cancer
therapy? Int J Mol Sci. 2022;24(1):93-105.

100.Huang S, Huang Z, Hu F, et al. SOX2 promotes
vasculogenic mimicry in colorectal cancer through
IncRNA AC005392.2-mediated GLUT1 SUMOylation
and glycolysis. Cell Death Dis. 2023;14:499-514.

101.Maddison K, et al. Characteristics of vasculogenic
mimicry and tumor-to-vesicle conversion in aggressive
melanoma. BMC Cancer. 2023;23:731-745.

102.Han DS, et al. Resveratrol suppresses vasculogenic
mimicry in prostate cancer by downregulating VEGFR-
1/2 and VCAM-1. Sci Rep. 2022;12:24414-24429.

103.Huang J, et al. Thrombospondin-2 regulates EphA2 in
aggressive melanoma: implications for vasculogenic
mimicry. Cancer Biol Ther. 2023;24:555-568.

104.Liu S, et al. The interaction between vasculogenic
mimicry and tumor microenvironment: new therapeutic
targets in cancer. Exp Mol Pathol. 2025;122:104765-
104779.

105.Liu S, et al. The interaction between vasculogenic
mimicry and tumor microenvironment: new therapeutic
targets in cancer. Exp Mol Pathol. 2025;122:104765-
104779.

106.Stewen J, Kruse K, Godoi-Filip AT, Jeong H-W,
Adams S, Berkenfeld F, et al. Eph-ephrin signaling
couples endothelial cell sorting and arterial
specification. Nat Commun. 2024;15(1):2539-2553.

107.Zhu Y, Wu Q, et al. Recent advances of the Ephrin and
Eph family in cardiovascular development and disease.
iScience. 2024;27:101781-101799.

108.Crnkovic S, Liu M, Perera DN, et al. Divergent roles of
the  ephrin-B2/EphB4  guidance  system  in
neomuscularization in adult pulmonary vascular
disease. Hypertension. 2023;82(2):307-319.

109.Zhu Y, Wu Q, et al. Recent advances of the Ephrin and
Eph family in cardiovascular development and disease.
iScience. 2024;27:101781-101799.

~502~

https://www.pharmacyjournal.org



https://www.pharmacyjournal.org/

