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Abstract

Neuropilins (NRPs) are transmembrane proteins involved in vascular and nervous system development by regulating angio-
genesis and axon guidance cues. Several published reports have established their role in tumorigenesis. NRPs are detect-
able in tumor cells of several cancer types and participate in cancer progression. NRP2 is also expressed in endothelial and
immune cells in the tumor microenvironment and promotes functions such as lymphangiogenesis and immune suppression
important for cancer progression. In this review, we have taken a comprehensive approach to discussing various aspects of
NRP2-signaling in cancer, including its regulation, functional significance in cancer progression, and how we could utilize

our current knowledge to advance the studies and target NRP2 to develop effective cancer therapies.
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1 Introduction

Neuropilins (NRPs) are non-kinase single-pass transmembrane
receptor proteins. The genetic sequences of neuropilins are con-
served in the vertebrates [1]. They are actively involved in the
neural crest migration during the development of vertebrates and
participate in the regulation of axon guidance cues. Neuropilins
are also involved in the development of blood and lymphatic
endothelial cells [1, 2]. There are two prominent family mem-
bers of NRPs, namely neuropilin-1 (NRP1) and neuropilin-2
(NRP2). Interestingly, the protein levels of NRP2, but not that of
NRP1, are maintained during metabolic stress, nutrient starva-
tion, and hypoxia that are typically associated with cancer pro-
gression and metastasis [3]. It therefore makes NRP2 a potential
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therapeutic target in cancer and presents opportunities for further
research. Throughout this review, we have discussed our current
knowledge of NRP2’s functions in the development and progres-
sion of cancer and how it can be therapeutically targeted. For the
detailed information regarding NRPs in general, the readers can
refer to some other review articles [4—6]. During cancer progres-
sion, NRP2 function is dependent on multiple ligand interaction
and difficult to distinguish any specific ligand-based function of
NRP2. For that reason, in the current review, we did not separate
the importance of NRP2 function based on the ligands.

1.1 Structure of NRP2

NRP1 and NRP2 share approximately 44% homology in
amino acid sequence. Each has a large N-terminal extracellular
domain (835 amino acid residues for NRP1 and 844 for NRP2),
a short transmembrane domain (23 amino acids for NRP1 and
25 for NRP2), and a small cytoplasmic tail (44 amino acids
for NRP1 and 42 for NRP2). The extracellular portion contains
two CUB (complement binding homology) domains named al
and a2 and two coagulation factor (V/VIII) homology domains
called bl and b2. In addition, a MAM (meprin, A-5 protein,
and receptor protein-tyrosine phosphatase mu) domain, termed
¢, separates the b2 and transmembrane domains [5]. The cyto-
plasmic tail contains a PDZ-domain-binding motif. This motif
is responsible for binding synectin (GIPC1), which bridges
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NRPs and a myosin 6-driven cell transport machinery for
endocytic trafficking and activates small GTPase-activat-
ing proteins. Particularly, the last three amino acids of the
c-terminal domain appear to be responsible for this interac-
tion with small GTPase-activating proteins [7, 8]. The two
NRPs differ in their specificity to ligands. Whereas NRP1
works as a receptor for semaphorin-3A, 3C, and 3F, NRP2
shows preferential binding to semaphorin-3B, 3C, 3D, and
3F [9-12]. In addition, NRP1 binds to vascular endothelial
growth factor-A (VEGF-A), whereas NRP2 binds to VEGF-
C and -D [13-16]. Due to the variety of structural domains
present, NRPs can interact with several binding partners and
initiate different signaling pathways. A schematic represen-
tation of the NRP2 structure is shown in Fig. 1. The protein
has been depicted in crouch conformation based on our in
silico observations after molecular modeling and simulation
studies (our unpublished data).

1.2 NRP2 Isoforms

NRP2 has several alternative splice variants. Among them,
NRP2A and NRP2B have been well studied. These two iso-
forms differ mainly in the linker region between the trans-
membrane and the cytoplasmic domains. There is 44% of
sequence homology between NRP1 and NRP2A, whereas
NRP2B resembles NRP1 by only 11% at the transmembrane
and cytoplasmic domains. NRP2A is further characterized
by an insertion of 17 or 22 amino acids following amino acid
809. They are known as NRP2A17 and NRP2A22, respec-
tively. On the other hand, after amino acid 808, NRP2B con-
tains O or 5 amino acid insertion, known as NRP2BO and
NRP2BS, respectively. In addition to NRP2A and NRP2B,
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a soluble isoform, known as sSONRP2, has also been identi-
fied [11, 17]. It is produced by the inclusion of an intron
containing an in-frame stop codon before the transmembrane
domain in the second coagulation factor domain (b2) and,
thus, secreted. Therefore, SONRP2 contains al, a2, bl, and a
portion of the b2 domain; however, it does not have MAM,
transmembrane, and cytoplasmic domains. Thus, sSONRP2
can sequester NRP2 ligands such as VEGF-C and often exerts
tumor inhibitory function [8, 18]. Increased secretion of solu-
ble NRP2 was thus detected by alveolar macrophages upon
lipopolysaccharide inhalation, which regulates the secretion
of various pro-inflammatory cytokines [19]. A schematic rep-
resentation of NRP2 isoforms is shown in Fig. 1.

1.3 NRP2 in normal physiology

NRP2 is primarily expressed on sympathetic neurons [20]
and in venous and lymphatic endothelial cell (EC) [4, 21].
NRP2 regulates axon guidance cues in neurons by binding
to the semaphorins (especially class III) through its al
and a2 domains. Semaphorin 3F (Sema 3F) by interact-
ing with the NRP2-expressing axons at the growing nerve
tips has been shown to induce the repulsion of neuronal
growth cones [2, 22-24]. NRP2 thus participates in the
migration of neural crest cells [25] and is also required to
properly develop several cranial and spinal nerves [22].
During postnatal development of cortical pyramidal and
hippocampal neurons, Sema3F once again interacts with
NRP2 and its co-receptor PlexA3 to regulate the apical
dendritic spine morphogenesis and mediates excitatory
synaptic transmission [24, 26]. NRP2 in endothelial
cells actively participates in the process of angiogenesis,
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Fig.1 Schematic representation of NRP2 structure and isoforms.
The extracellular (A1-A2-B1-B2-C), transmembrane, and cytosolic
domains are shown from top to bottom. From left to right: three
(03) isoforms of NRP2, viz., NRP2A, NRP2B, and soluble NRP2
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lymphangiogenesis, and vasculogenesis by interacting
through its bl and b2 domains with different VEGFs.
NRP2 mRNA levels are significantly higher in endothe-
lial tip cells than non-tip cells [27]. Multimeric tran-
scription complex of GATA-binding protein 2 (GATA?2)
and LIM domain only 2 (Lmo2) positively regulates the
NRP2 expression in endothelial cells by binding at GATA
[28]. Paxillin also regulates the NRP2 expression and
thus controls EC motility and invasion [29]. Moreover,
under stress conditions, such as ischemia, NRP2 levels
are upregulated in ECs [4, 30]. A reduction in the proper
initiation of vascular sprouting upon NRP2 knockdown
highlights its importance in VEGFA-mediated angiogen-
esis [31]. NRP2 thus promotes angiogenesis by increas-
ing the VEGFA binding to VEGFRs [14, 28, 32]. On the
other hand, transcription factor, Prox-1, while promot-
ing the differentiation of venous EC into lymphatic EC,
also increases the NRP2 levels [4, 33] in lymphatic ECs.
NRP2 promotes lymphatic development, when stimulated
by VEGF-C and VEGF-D and acts as a co-receptor for
VEGFR-3 [6, 13, 16, 28]. The lack of small lymphatic
vessels and capillaries is therefore observed in NRP2 null
mice [21]. Other than neuronal cells and ECs, NRP2 is
also expressed in the islet cells of the pancreas [4, 34],
bladder urothelium [35, 36], and keratinocytes [37],
the normal ovarian epithelium [6, 38]. In the gastro-
intestinal tract, it is expressed in the colonic epithelium
[39, 40], where it co-localizes with the enteroendocrine
cells expressing chromogranin-A (CgA) [31, 39]. NRP2
expression is also observed in cells of the monocyte-
macrophage family, including alveolar macrophages
[41]. NRP2 expression has been further detected in both
the osteoblasts and osteoclasts in bone and regulates the
homeostasis of bone architecture [42]. NRP2 expression
is regulated by several factors (Fig. 2a).

1.4 NRP2in cancer

The elevated levels of NRP2 are often associated with can-
cer progression and poor prognosis in many cancers such
as prostate cancer, osteocarcinoma, salivary adenoid cyctic
carcinoma, breast cancer, neuroblastoma, and non-small cell
lung cancer [43—48]. Several molecular mediators have been
reported to enhance NRP2 expression in cancer (Fig. 2a).
One of the key players in tumor-mediated NRP2 expression
is transforming growth factor—p (TGFp). In hepatocellular
carcinoma, the increased TGF-f/Smad signaling leads to
the NRP2 upregulation [49]. Mechanistically, TGF-p1 pro-
motes histone modifications at the NRP2 promoter and thus
induces expression [50]. A study in non-small cell lung can-
cer (NSCLC) cell lines further confirmed the role of TGF-f
signaling in increasing the levels of NRP2. Interestingly,
the study suggested that TGF-p induces the expression of

specific NRP2b isoform, which is required for TGF-p medi-
ated epithelial-mesenchymal transition in NSCLC [51].

Of late, studies have highlighted the role of microR-
NAs (miR) in regulating the levels of NRP2 under dis-
ease conditions. miR-331-3p is significantly downregu-
lated in triple-negative breast cancer (TNBC) [52] and
glioblastoma (GB) [53]. NRP2 gene presents a bind-
ing site of miR-331-3p in its 3’-untranslated region,
and overexpression of miR-331-3p decreased its levels
[52]. Thus, a decrease in miR-331-3p is essential for
increasing NRP2 in TNBC and GB. Similarly, in the
breast cancer cell line (MDA-MB-468), miR-146a-
NRP2 axis promotes tumor aggressiveness [54]. miR-
146a targets the 3'UTR of NRP2 at two binding sites
and reduces NRP2 expression. Furthermore, miR-146a
also inhibits the activity of NRP2 ligand, SEMA3C, by
repressing the SEMA3C-induced invasion and prolif-
eration [54]. miR-196a-3p also regulates NRP2 levels.
In breast cancer cells, miR-196a-3p is significantly
downregulated, which upregulates NRP2 expression
leading to tumor progression [55]. In colorectal car-
cinoma (CRC), miRs play a crucial role in regulating
the NRP2 expression. Overexpression of miR-486-5p
in CRC cells reduced the expression of NRP2 and thus
could inhibit tumor growth and lymphangiogenesis in
nude mice, suggesting miR-486-5p suppresses CRC via
NRP2 downregulation [56]. Since X-inactive specific
transcript (XIST), which is upregulated in CRC, nega-
tively controls the expression of miR-486-5p, it can
be assumed that the XIST/miR-486-5p-mediates the
NRP2 regulation, affecting the CRC progression [56,
57]. In gastric cancer, increased expression of NRP2 is
regulated by miR-224-5p that correlates with disease
progression. miR-224-5p expression is regulated by
circular RNA low-density lipoprotein receptor class A
domain containing 3 (circ-LDLRAD3). circ-LDLRAD3
levels are elevated in GC tissue samples, which sup-
presses miR-224-5p levels, thereby promoting NRP2
expression [58].

Several other factors are also involved in the NRP2 regu-
lation, such as distal-less homeobox 2 (DLX2), Wnt signal-
ing, and Pax8. DLX2 plays a critical role in cellular differ-
entiation, proliferation, migration, pattern formation, and
neurogenesis [59-62], and it gets downregulated in solid
and hematologic malignancies and lymphoblastic leuke-
mias [63—-65]. Repression of DLX?2 by p53-R273H causes
increased NRP2 expression in the NSCLC, human hepa-
tocellular carcinoma, and human TNBC cell lines [66]. In
osteosarcoma cell lines, Wnt antagonists negatively regulate
NRP2 expression. It is observed that secreted Wnt antago-
nists, such as Wnt-inhibitory factor-1 (WIF-1), secreted
Frizzled-related proteins (SFPs), and soluble low-density
lipoprotein receptor-related protein 5 (SLRP5), significantly
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Fig.2 Schematic representation of NRP2 expression regulation and
downstream signaling. a NRP2 expression regulation. The factors
regulating the NRP2 expression in physiological and pathological
conditions are depicted here. In physiological condition forskolin
suppresses, while Prox1, GATA2, and Paxillin upregulates its levels.
In cancer, TGFp upregulates, while Wnt antagonist, Pax8, miRNAs,
DLX2 decreases its expression. In ischemia, its levels are found to be
elevated where HIF could play a role. b Proposed schematic diagram
of NRP2 signaling pathway. NRP2 interacts with different ligand
molecules and mediates the downstream signaling cascade. They are
necessary for the semaphorin/plexin mediated signaling, while they
act as co-receptors for VEGFR, c-Met, PDGFR, FGFR, Integrins,

decrease the NRP2 mRNA and protein levels [67]. In thyroid
carcinoma tissues and cell lines, an inverse correlation exists
between the expression of PAX8 and NRP2. When Pax8 was
ectopically overexpressed, NRP2 was downregulated, result-
ing in reduced cell proliferation, migration, and invasion [68].

@ Springer

and TGFp to enhance their signaling. I It interacts with semaphorin
and Plexin to regulate axon guidance cues, synaptic transmission,
and inhibit tumor progression. II It interacts with the VEGF and pro-
motes angiogenesis, lymphangiogenesis, vasculogenesis and activates
ERK/PI3K/p38/Src to promote tumor progression. III It interacts
with c-Met/PDGFR/FGFR and promotes tumor progression via ERK/
PI3K/p38/Src mechanism. IV It interacts with integrin and via FAK-
Ras/MEK-GIlil pathway to promote tumor progression. V It interacts
with TGFp to promote EMT via SPP1/OPN/Osteopontin and pro-
motes tumor progression via activated Smad signaling. The orange
boxes indicate their physiological function and gray boxes indicate
their cancer-specific function

1.5 The tumor cell-specific function of NRP2

Several reports have indicated towards the direct association
between high NRP2 expression and the tumor progression
[43, 69—-71]. NRP2 often modulates cellular communication
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and migration of cancer cells by acting as co-receptor not
only for the Plexins (receptors for Sema) and VEGF recep-
tor families but also for transforming growth factor (TGF)
receptors, hepatocyte growth factor (HGF) receptor, and
platelet-derived growth factor (PDGF) receptor [72-74].
Interestingly, for many cancer types, VEGF and Sema family
ligands have opposite effects on the NRP2 axis in the devel-
opment and progression of tumors. Whereas VEGFs have
a tumor-promoting function, Semas confer inhibitory sig-
nals on tumorigenesis [75-78]. Sema, especially Sema-3B
and Sema-3F, interacts preferentially with NRP2 and confer
inhibitory signals to cancer cell migration and metastasis
[75-78]. Although multiple signaling pathways are involved
in Sema-mediated inhibition of NRP2-axis, the reduction
of Akt phosphorylation is commonly observed [79, 80].
Activation of NRP2 axis by HGF and fibroblast growth fac-
tor (FGF) potentiates the induction of cancer cell prolifera-
tion, survival, and invasion [81] — a function once again
inhibited by Sema. Mechanistically, it has been shown that
NRP2 can increase the phosphorylation and, thus, activate
the c-Met receptor (canonical receptor for HGF) either by
binding to HGF or by interacting directly with the recep-
tor [82]. Through c-Met, NRP2 activates different signal-
ing pathways, including ERK, PI3K, p38-MAPK, and Src,
and contributes to tumorigenesis [8§1-83]. Similarly, NRP2
phosphorylates the receptors of PDGF, both PDGFRa and
PDGFRS, to increase PDGF receptor-mediated cell prolif-
eration and migration [84]. NRP2 by associating with TGF-
receptor I and II (TGFRI and TGFRII) can phosphorylate
and thus activate Smad 2/3, which aids in tumor progression
[85]. There is an alternative way NRP2 can activate TGFRs.
It does by helping to release the TGFf1 (active form) from
its inhibitory complex with the latency-associated peptide
(LAP). NRP2’s b2 domain contains a motif of basic pep-
tides (RKFK). Closely related **RKPK peptide of TGFf1
binds to LAP to form the latent LAP-TGFf1 pro-protein
complex. Classically, this pro-protein latent complex needs
to be cleaved within the trans-golgi to yield mature TGFp1.
The basic RKFK peptide motif of NRP2 b2 domain com-
petes with the TGFp1 **RKPK peptide for binding to LAP.
Thus, NRP2 helps to increase the mature functional TGFp1
[86]. NRP2/TGFf1 axis has been shown to play an active
role in the epithelial to mesenchymal transition (EMT) of
cancer cells [87]. EMT can lead to cancer cell invasion,
migration, and metastasis [88]. Several epithelial markers
(such as keratin 20 and E-cadherin) are decreased along with
an increment in mesenchymal markers (for example, vimen-
tin) in cancer cells in the presence of elevated NRP2 [87].
Moreover, NRP2 was shown to regulate p-catenin signal to
drive EMT and has been linked to enhancing the expression
of metastatic and anti-apoptotic genes as well as the develop-
ment of therapy resistance to chemotherapeutic agents [89].
A detail discussion on tumor cell-specific role of NRP2 has

been discussed in the following section, where we have dis-
cussed the function of NRP2 axis in individual cancer type.

1.6 The EC-specific function of NRP2

VEGF/NRP2 axis in vascular and lymphatic ECs leads to
lymphangiogenesis/angiogenesis through interactions with
VEGFRs, especially VEGFR2 and VEGFR3 [14]. NRP2
increases the ligand-induced phosphorylation of VEGFRs.
This subsequently leads to the activation of ERK/PI3K path-
ways and contributes to angiogenesis and/or lymphangiogen-
esis, leading to metastasis of tumors [90, 91]. Furthermore,
the survival of human microvascular ECs is also increased
upon stimulation by VEGF-C or VEGF-A when NRP2 is
overexpressed. Therefore, elevated NRP2 levels in the EC
are responsible for increased responsiveness to VEGF and
a more aggressive cancer phenotype [92]. NRP2 also helps
VEGFRs to interact with integrins and promotes the migra-
tion of ECs over the extracellular matrix (ECM) [14, 93].
Mechanistically, NRP2 regulates the recycling of a5 integrin
(ITGAS, a fibronectin-binding integrin) in Rab11 dependent
manner and promotes the ITGAS5-mediated adhesion and
migration of ECs over fibronectin — a mechanism quite
distinct from NRP1 that depends on B3 integrin (ITGB3).
Interestingly, this mechanism of EC migration is independ-
ent of NRP2’s function as a co-receptor of VEGFRs [93].

1.7 Immune cell-specific function of NRP2

NRP2 in the tumor resident immune cells play a role in
active tumor progression. We observed that NRP2 is highly
expressed in tumor-associated macrophages (TAMs) dur-
ing macrophage differentiation [71]. NRP2 depletion was
found to affect phagosome maturation during phagocyto-
sis. NRP2-expressing macrophages in the tumor microen-
vironment thus regulate the phagocytosis of tumor cells, a
process known as efferocytosis. Enhanced efferocytosis in
the tumor microenvironment promotes immune suppression
and thus favors tumor growth. Depletion of NRP2 from the
TAMs thus inhibits efferocytosis and increases second-
ary necrosis within the tumors by hindering the process of
apoptotic tumor cell clearance. These results to an enhanced
infiltration of natural killer and CD8 + T cells and thus can
facilitate anti-tumor immune response [71]. Such the role
of NRP2 in immune regulatory processes opens a new hori-
zon of a novel immunomodulatory pathway stimulated by
the tumor cells to evade immune detection within the host
and underscores the importance of targeting NRP2 axis in
macrophages for enhancing anti-tumor immune response.
A detail discussion on NRP2’s role in immune cells was
discussed elsewhere [94].

All these results therefore suggested an active NRP2 axis
both in tumor cells and in the tumor microenvironment,
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which can promote tumor growth and metastatic progres-
sion. The functional activity of NRP2 is depicted in Fig. 2b.

1.8 NRP2 in different cancers

NRP2 expression is found to be upregulated in several can-
cer types and is associated with cancer progression, metas-
tasis, therapy resistance, and poor prognosis [43, 69, 95]. In
the following section, we have discussed the NRP2 expres-
sion status and its cancer promoting roles in each cancer

type:
1.9 Genitourinary cancers
1.9.1 Prostate cancer (PCa)

In a study conducted on tissue samples from primary PCa
patients, 68% were found to be positive for NRP2 staining.
Thirty-three percent of NRP2 positive were of high-risk
PCa, 34% with a GS > 8, and 31% exhibited locoregional
lymph node metastasis. Moreover, the overall survival
rate of patients positive for NRP2 is lower as compared to
patients negative for NRP2 [43]. In a separate study, NRP2
expression was evaluated in human primary PCa and bone
metastatic PCa tissues. While a heterogeneous expression of
NRP2 was detected in primary PCa, a strong homogenous
expression of NRP2 was detected in 85% of bone metastatic
tissues [96, 97]. Analysis of RNA-seq data of the stand-up-
to-cancer cohort also suggested a significantly higher level
of NRP2 in metastatic PCa, especially in bone [98]. Another
study indicated increased expression of NRP2 in high-grade
PCa (Gleason grade 5) and metastases when compared with
low-grade PCa (Gleason grade 3). All these studies thus
suggested functional involvement of NRP2 during the pro-
gression of PCa, especially during metastasis [95]. Direct
evidence of NRP2’s role in PCa came from animal models
of PCa. NRP2 inhibition in the xenograft model of PC3 cell
lines showed significant tumor growth inhibition [95]. In an
intratibial model of PCa, it was observed that NRP2 deple-
tion significantly enhanced the sensitivity of LNCaP C4-2B
cells to taxane-based chemotherapy [96]. Several in vitro
studies have also suggested the role of NRP2 in PCa cell pro-
liferation, EMT, and their survival during therapy [70, 99].

Mechanistic studies have been performed to explain the
tumor-promoting roles of NRP2 in PCa. During oxidative
stress, NRP2/VEGF-C axis was found to be necessary to
maintain mTOR complex 2 (mTORC?2) in a functional
state. AKT-1, the downstream mTORC?2, thus can retain
its activity and promote survival of NRP2-expressing PCa
cells [69]. VEGF-C/NRP-2 axis also facilitates autophagy
during nutrient deprivation or during therapeutic stress and
thus helps PCa cells to evade chemotherapeutic stress [99].
Additionally, endocytic transport of cell surface epidermal
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growth factor receptor (EGFR) was affected by NRP2 deple-
tion, resulting in cell death [70]. As an underlying mecha-
nism, accumulation of early endosomes marked by EEA1/
Rab5-positive expression was observed upon NRP2 deple-
tion leading to reduction of Rab7-positive late endosomes,
thereby affecting early-to-late endosome maturation. This
defect in early to late endosome maturation upon NRP2 inhi-
bition could thereby influence aberrant recycling of EGFR
through the endocytic pathway and hinder the maturation of
autophagosome to autolysosome [70]. It is important to note
that autophagosomes often share the cellular machinery with
late endosomes to fuse with the lysosome. A decrease in late
endosomes due to the absence of NRP2 can thus affect the
autophagy process. It was further observed that a protein
called WD-repeat and FYVE domain-containing protein 1
(WDFY1) acts downstream of the VEGF-C/NRP-2 axis to
regulate the endocytic pathway in PCa cells. VEGF-C/NRP2
negatively regulates the expression of WDFY1 by prevent-
ing the nuclear translocation of the transcription inhibitor,
Fetal ALZ50-reactive clone 1 (FAC1) in PCa cells [99, 100].
An increased level of WDFY 1 in the absence of NRP2 thus
affects the transition of early to late endosomes. Further stud-
ies have been performed to understand how NRP2 regulates
the expression of some specific genes. It was observed that
NRP2 can translocate to the nuclear membrane upon ligand
activation through a retrograde mechanism and can form
complex with nuclear pore proteins (NUPs). The complex
of NRP2 and NUPs can then recruit specific transcription
factors to the promoter region of genes, which are important
for tumor progression [101]. Androgen receptor is one of the
important transcription factors that can be recruited to the
promoter regions of many cancer-promoting genes through
this NRP2-Nup complex.

Apart from the association of NRP2 expression with pros-
tate cancer grade and clinical outcome, its high expression
also correlates with PTEN loss. PTEN-null prostate cancer
induces NRP2 upregulation, which in turn is responsible for
Bmi-1- (a polycomb group transcriptional repressor) medi-
ated repression of the insulin-like growth factor 1 recep-
tor (IGF-1R) [95]. NRP2 expression is also associated with
the therapy resistance against VEGF axis inhibitors. VEGF
signaling in tumor cells is an essential mediator of tumor
initiation and progression, and it is targeted by drugs such
as bevacizumab and sunitinib for cancer therapy. However,
NRP2 upregulation confers resistance to PCa cells against
these drugs by upregulating the P-Rex 1, which leads to the
activation of Racl/ERK signaling cascade [102].

Recently, NRP2 has been detected in therapy resistant
prostate cancer cells with neuroendocrine like characteris-
tics (t-NEPC) [103]. Interestingly, the secretion of several
cytokines and growth factors such as IL8, VEGF, and angi-
opoietin in tNEPC cells is under the control of NRP2 axis.
Many of these cytokines/growth factors act in both autocrine
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and paracrine manner to promote resistance to therapy not
only to the neuroendocrine-like prostate cancer cells but also
to the adjacent adenocarcinoma cells present in the same
cancer tissue.

1.9.2 Bladder cancer

NRP2 upregulation in bladder cancers (BLCa) is also
reported. High NRP2 expression is observed in BLCa and
is associated with a poor prognosis. It is closely associated
with the tumor size, stage, and grade. High NRP2 expres-
sion correlates with the overall survival (OS) of cancer
patients. Mean OS for high NRP2 expression was found
to be 47 months as compared to 94 months for low NRP2
expression. The study thus presents NRP2 expression as a
predictive marker for patient outcome, where it is responsi-
ble for a 3.85-fold increase in cancer-specific deaths [104].
NRP2 expression can thus be a valuable prognostic factor,
especially for muscle-invasive, and high-risk BLCa patients,
and therefore, it could be targeted along with radiochemo-
therapy to manage these patients. In another study, the
expression of NRP2 and its transcript variants correlate with
clinical outcome in BLCa, where NRP2 expression com-
bined with a high NRP1, PDGFC, or PDGFD expression is
associated with reduced OS. The study also proposed that
NRP2A, a specific splice variant, is an independent prog-
nostic marker for a shorter cancer-specific survival (CSS)
in BLCa patients [105]. A separate study further indicated
that NRP2’s expression in BLCa negatively correlates with
that of immune checkpoint gene, Sialic acid-binding Ig-like
lectin 15 (SIGLEC15), and is responsible for the depletion
of CD4 +T cell central memory [106]. It has been reported
that the expression of NRP2 in BLCa could be regulated by
TGFp1. Cell line data further suggested that NRP2 can pro-
mote EMT in BLCa cells by enhancing the levels of secreted
phosphoprotein 1 (SPP1/OPN/Osteopontin) [107].

1.9.3 Renal cancer

NRP2 is considered a risk factor in kidney renal papillary
cell carcinoma (KIRP) and kidney renal clear cell carcinoma
(KIRC). High NRP2 expression in KIRP is associated with
poor prognosis [106, 108]. NRP2 expression is negatively
correlated with the tumor mutational burden (TMB) and is
responsible for the depletion of T cell CD4 + central mem-
ory. NRP2 expression is also positively associated with
microsatellite instability (MSI) in KIRC [106]. In a retro-
spective study with advanced-stage renal cell carcinoma
(RCC), 49% showed high expression of NRP2 by tissue
immunostaining. Progression-free survival (PFS) for RCC
patients with high NRP2 expressing cancer was 4 months as
compared to 11 months for patients with low NRP2 express-
ing tumors. Similarly, median OS was longer for low NRP2

expression (26 months) as compared to high NRP2 expres-
sion (13 months) [109]. NRP2 expression was elevated
in metastatic carcinoma as compared to matched primary
tumors in RCC, suggesting its potential involvement in the
metastatic progression. In the mouse model of RCC, NRP2
is found to promote lung metastasis. An in vitro study with
RCC cell (786-0) and endothelial cell (HUVEC) proved that
NRP2 expression in tumor cells enhanced their adhesion
to ECs by interacting with o5 integrin present on ECs and
facilitating extravasation [108].

1.10 Gastrointestinal (Gl) cancers
1.10.1 Gastric cancer

Immunohistochemical staining of tissues of human gastric
cancer patients confirmed the NRP2 expression in gastric
cancer epithelium, while normal mucosal epithelium does
not have NRP2 expression [89, 92]. Knocking down NRP2
in GI cancer cells reduced f-catenin activity, leading to a
decreased metastatic gene expression and reduced migration
and invasion of the cells. Furthermore, NRP2 knockdown
made the cells vulnerable to chemotherapy [89]. High NRP2
levels in tumor cells also upregulate NRP2 expression in
surrounding ECs, which thus promotes enhanced angiogenic
phenotype of the gastric tumor by promoting VEGF-induced
proliferation and migration of ECs [92].

Studies on the small intestinal neuroendocrine tumors
(SI-NETSs) patients revealed a NRP2 upregulation in tissue
and plasma samples. In tissue, the presence of membranous
NRP2 expression correlates with invasion, metastatic abili-
ties, and neovascularization. Additionally, elevated serum
levels of NRP2 soluble isoform are observed in metastatic
patients. In-depth analysis in preclinical mouse models of
SI-NET suggested that knockdown of NRP2 imparted anti-
tumor effects by VEGFR2 downregulation. NRP-2 inhibition
led to decreased tumor cell viability and higher susceptibil-
ity towards therapeutic agents [110].

1.10.2 Liver cancer

NRP2 has also been observed to be upregulated in liver
malignancies. In a study conducted on hepatocellular car-
cinomas (HCC) patients, NRP2 expression was observed
to be increased in higher grades and correlates with poor
prognosis [49]. Moreover, NRP2 expression was high in
HCC patients with cirrhosis (61.1%) as compared to those
without (38.9%) [111]. Interestingly, NRP2 expression
coincides with that of TGF-f1 in patient samples and HCC
cell lines. The study further showed that NRP2 expression
is upregulated by TGF-p/Smad signaling, and inhibition
of TGF-f signaling or NRP2 knockdown reduced the cell
migration [49].
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NRP2 expression is also observed in hepatoblastoma
(HB) patients and HB cell lines. NRP2 silencing in HB cell
lines decreased their viability and their migration, indicating
its indispensable role in HB progression [112].

1.10.3 Pancreatic cancer

NRP2 expression was upregulated in human pancreatic
ductal adenocarcinoma (PDAC) tissue specimens, which
is associated with poor prognosis [91, 113, 114]. It is also
highly expressed in the pancreatic cancer cell lines, where
NRP2 knockdown decreased their migration and invasion
[91, 113]. Moreover, in the murine subcutaneous xenograft
model, knockdown for NRP2 had a lower proliferation rate,
produced tumors with low volume, and altered the vascula-
ture [91]. Further studies established that decreased expres-
sion of NRP2 in PDAC caused abnormal activation of ERK
and caused premature cell death. This process is usually
employed by pancreatic cancer cells to evade drug action
[70]. Wang et al. developed a mouse monoclonal antibody
against NRP2 (N2E4) that could efficiently bind to PDAC
cells. The study confirmed that N2E4 inhibited the PDAC
proliferation, migration, invasion, and metastasis, via block-
ing NRP2-integrinf1 interaction [114]. The study, therefore,
presented a background where NRP2 targeted therapy sup-
presses PDAC progression. Another study explored the role
of IL-8 in tumor progression and proliferation in PDAC.
IL-8 was found to be upregulated in the pancreatic cancer
cells that caused over-expression of VEGF-C and NRP2 in
cancer cells [115]. In a separate study, it was reported that
mucin 16 can promote liver metastasis of pancreatic ductal
adenocarcinoma by upregulating NRP2 [116]. The presence
of NRP2 is also observed in endocrine pancreatic tumors
[34]. The role of NRP2 in pancreatic cancer is also extended
in the tumor-associated macrophages (TAM). Tumor cells
induce NRP2 expression in macrophages while they dif-
ferentiate, which regulates their phagocytic function. This
NRP2 expression in TAM promoted tumor growth by pro-
moting efferocytosis, and NRP2 knockdown increased the
secondary necrosis within tumors. Overall, the results sug-
gest that targeting NRP2 in TAM initiates antitumor immune
responses by increased infiltration of CD8+ T and natural
killer cells [71].

1.10.4 Colorectal cancer

Evidenced by multiple studies, the NRP2 expression shows
upregulation in both human primary and metastatic colo-
rectal cancer. In a study, its expression was found in 83% of
adenocarcinomas tissue samples and in 71% of liver metas-
tases [90]. Another study also observed similar NRP2 pro-
tein expression in patient tissue samples, 38% in primary
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and 91% in metastatic cancer [117]. It is also found to be
expressed in the colorectal cancer cell lines [90]. Cell line
models have shown that NRP2 promotes a better survival
advantage for cancer cells under both anchorage-inde-
pendent and hypoxic conditions. The role of VEGFRI1 in
mediating cellular migration and invasion was more pro-
nounced in effect in the presence of NRP2 [90]. Substantial
studies have reported the critical involvement of NRP2 in
promoting invasive phenotype in colorectal cancers. NRP2
involvement has been shown to be associated with devel-
oping mesenchymal properties concurrent with vimentin
expression. The cross-talk between NRP2 and TGF betal
induces constitutive activation of Smad complexes, at the
same time reducing inhibitory Smad 7 signaling in colon
cancers. This molecular network shows a coordinated role of
NRP2 co-receptor through TGF beta-Smad signaling to initi-
ate the EMT transition, thereby implying a potential function
in tumor cell migration [87]. Thus, NRP2 plays concurrent
roles in promoting survival, invasion, and migration in colo-
rectal cancer progression.

1.11 Cancers of the central nervous system
1.11.1 Glioma

In the tissue samples from glioblastoma (GB) patients,
NRP2 expression is observable in both the cytoplasm and
membrane. NRP2, along with VEGF-C, is highly upregu-
lated in these patients and is associated with poor prognosis,
making NRP2 an important prognostic predictor in glio-
blastoma. Interestingly, patients with a low level of NRP2
responded to therapy much better than those with a higher
level. It, therefore, suggests that the VEGF-C/NRP2 axis
can be a potential drug target in glioblastoma [118]. NRP2
expression is also high in GB cell lines [118], and NRP2
levels regulate the proliferation, clonogenic growth, and
migration of tumor cells [53]. Abnormal expression of miR-
331-3p has been found to play an inhibitory role in the initia-
tion and advancement of high-grade glioma. Interestingly, it
exerts its effect by downregulating NRP2 corroborating the
oncogenic role of NRP2 in high-grade gliomas [53].

In vivo studies further demonstrated that the downregula-
tion of NRP2 by miR-15b and miR-152 significantly reduced
the invasion potential of glioma tumors via deactivation of
the MEK/ERK pathway [119]. In a study conducted by Nas-
sare et al., it was observed that the chemorepulsive effect
of Sema3A can be modulated by NRP2, which can convert
a chemorepulsive effect into a chemoattractive response
[120], thus providing a mechanism of how NRP2 promotes
migration and invasion of glioma cells through a chemot-
actic gradient.
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1.11.2 Neuroblastoma

NRP2 was detected in tumor biopsies of neuroblastoma
(NB) patients and correlated with the tumor stages. How-
ever, the immunohistological analysis revealed that ECs and
not the neuroblastoma cells were expressing high NRP2 lev-
els. In the early stages, its expression was limited to the cap-
illaries and in postcapillary venules. In contrast, in advanced
stages, it is found to be expressed in mid-sized and larger
vessels [48]. However, detailed studies are needed to fully
understand the role of NRP2 in NB progression.

1.12 Breast cancer

NRP2 expression is elevated in human invasive breast can-
cer (BrCa) [121], including triple-negative breast cancer
(TNBC) [122]. VEGF/NRP2 signaling pathway is essential
for the sustained proliferation and survival of the breast can-
cer stem cells (CSCs), promoting tumor progression [123].
In BrCa tissues, NRP2 expression significantly correlates
with the expression of cytoplasmic CXC chemokine recep-
tor-4 (CXCR4), VEGF-C, and lymph node metastasis. Anal-
ysis of human BrCa patients revealed that the higher NRP2
expression was associated with poor overall survival. It was
identified as a significant independent predictor for the long-
term survival of BrCa patients. Moreover, in vitro experi-
ments using human BrCa cell lines demonstrated that cyto-
plasmic CXCR4 expression and CXCR4-mediated migration
of human BrCa cells was inhibited following NRP2 silencing
with neutralizing antibody [47]. NRP2 is highly expressed
in several BrCa cell lines, and blocking NRP2 affected
their proliferation and migration [121]. Increased NRP2 is
required for adherence of the BrCa cells to laminin matrices.
NRP2 helps in the process by forming more focal adhesions
on laminin by regulating a6p1 integrin and promoting a6f1
integrin-driven activation of the FAK/Src signaling pathway.
NRP2 is also necessary for the association of a6p1 integ-
rin with the cytoskeleton and for cancer cell migration and
metastasis [124]. Moreover, a6f1 integrin and FAK-driven
propagation of Ras/MEK signaling cascade consequently
upregulates the expression of Hedgehog signaling effector,
Glil, and activates an important stem cell factor, BMI-1.
This again enhances the NRP2 production and its interaction
with a6f1 integrin, establishing an autocrine loop. In addi-
tion, NRP2 depletion delays the initiation of TNBC, as dem-
onstrated in in vivo model [122]. In a separate study, it was
shown that VEGF/NRP?2 axis protects the TNBC cells from
DNA-damaging chemotherapeutic agents (platinum-based
chemotherapies) by promoting homologous recombination
(HR) to achieve an efficient DNA double-strand break repair.
NRP2 does so by upregulating the expression and function
of the central enzyme in the HR pathway, Rad51, in a YAP/
TAZ-dependent manner [125].

1.13 Melanoma

NRP2 is expressed in melanoma. Immunohistology data
from melanoma patients revealed 86% samples of primary
tumor and 90% samples of metastatic tumor were positive
for NRP2 expression (>20% staining) [126]. Moreover,
NRP2 transcript levels were also observed to be high for
melanoma patients, where the expression was increased
from primary to metastatic melanoma [127]. NRP2 expres-
sion was also detectable in the Spitzoid malignant melanoma
(SMM), but the small sample size of the study calls for fur-
ther studies to establish the NRP2 association with SMM
[128]. Rapid EMT occurs during the early stages of metas-
tasis of melanomas that is attributed to the NRP2, which
facilitates efficient cross-talk between melanoma and ECs
in the tumor microenvironment [129]. NRP2 silencing in
metastatic melanomas suppressed the tumor cell growth and,
in the mouse model, inhibited the tumor formation and its
metastasis, while its upregulation promoted tumor formation
[18, 127, 129, 130].

1.14 Other cancers

1.14.1 Hematological cancers

NRP2 is found to be highly expressed in different types
of myeloid leukemias, including acute myeloid leukemia
(AML), chronic myeloid leukemia (CML), chronic eosino-
philic leukemia (CEL), chronic myelomonocytic leukemia
(CMML), or mast cell leukemia (MCL) [131]. T-cell acute
lymphoblastic leukemia cells also express NRP2, which
modulates the migration of malignant cells [132].

1.14.2 Thyroid cancer

Thyroid papillary carcinoma tissue samples express high
levels of NRP2 [133, 134]. Transcription factor PAX8 activ-
ity has been reported to be important for high NRP2 expres-
sion in thyroid cancer [68, 135]. A study on cancer tissue
samples found high NRP2 expression in 54.2% of the patient
samples that correlated with high lymph node metastasis
[133]. NRP2 knockdown suppresses the migration, invasion,
and EMT in this cancer type [68, 133, 136].

1.14.3 Lung cancer

NRP2 is expressed in the lung cancer tissue samples includ-
ing, non-small cell lung carcinoma (NSCLC) [137]. In a
study on NSCLC specimens, 64.7% were positive for NRP2
that correlated with poor prognosis [45]. Lung cancer cell
lines also express high NRP2 levels [138, 139]. NRP2
expression is driven by the TGFp1-mediated EMT, and

@ Springer



780

Cancer and Metastasis Reviews (2022) 41:771-787

suppressing NRP2 inhibits EMT, migration/invasion, ERK
activation, and growth [139].

1.14.4 Bone cancer

NRP2 levels are high in osteosarcoma, a type of malignant
bone tumor. NRP2 expression is regulated by Wnt signaling
in this cancer [67]. High NRP2 expression enhances bone
vascularity and is associated with a poorer prognosis [44].
Knockdown of NRP2 expression by short-hairpin (Sh) RNA
resulted in reduced tumor growth, metastasis, and blood ves-
sel formation of osteosarcoma. NRP2 suppression reduces
the growth and proliferation of cancer cells.

1.14.5 Ovarian cancer

NRP2 expression is observed in the ovarian cancer tissue
samples where its levels are significantly high in carcinomas
compared to benign tumors [46]. Elevated levels of NRP2
are associated with tumor progression and poor prognosis
[140].

2 Summary and future directions

NRP2 was initially discovered as a mediator in vascular
and central nervous system development. However, it has
been established to have important roles in tumor progres-
sion, metastasis, and therapy resistance over the years. As
we have discussed throughout this review that high NRP2
expression is frequently observed in metastatic tumor tis-
sues for several cancers and correlates with poor cancer-
specific and overall survival of cancer patients. One com-
mon theme that is observed in several cancers is the ability
of NRP2 axis to protect cancer cells from therapies. It pro-
tects the cancer cells by regulating the vesicular trafficking
process in the cell and also by regulating the functions of
several cell surface receptors such as VEGFRs, TGFRs,
c-Met, integrins, and cytokine receptors and their down-
stream signaling axes such as Racl/ERK, Glil/BMI-1,
and Fac. NRP2 axis also controls homologous DNA repair
mechanisms and thus promotes therapy resistance. Studies
have further indicated that NRP2 axis can promote metas-
tasis by enhancing the ability of cancer cells to migrate or
invade. Activation of B-catenin, CXCR4, and TGF-f signal-
ing or upregulation of EMT program or facilitating integrin-
mediated attachment of cells to extracellular matrix is some
of the known mechanisms by which NRP2 axis regulates
this migratory or invading potential of cancer cells. We have
also highlighted in this review that NRP2 axis is active in
several stromal cells and thus promotes tumor metastasis.
Several studies have indicated that NRP2 axis in myeloid
cells and lymphocytes promote immune suppression in
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tumor microenvironment. It is also well understood that
NRP2 axis in endothelial cells is required for angiogen-
esis and helps the cancer cells to extravasate. These studies
therefore highlighted the importance of NRP2 axis in tumor
and stromal cells, which result in metastatic and therapy-
resistant cancers. However, further studies need to be per-
formed to understand whether the intracellular signaling
regulation by NRP2 can influence the ensembles in the
TME, and if so, what the detailed molecular mechanism
is. As previously discussed, the NRP2 helps the advanced
cancer cells to attain secretory phenotype by regulating
vesicular transport and exocytosis. Thus, the cancer cells
communicate with each other by secreting pro-tumorigenic
growth factors and cytokines. Such paracrine communica-
tions create an environment in the tumor milieu to resist
therapeutic pressure. To have a preliminary understanding,
we have performed a network analysis of NRP2 using inge-
nuity pathway analysis (IPA) tool [141]. Interestingly, along
with the canonical signaling network described above in
this review, we observed NRP2’s association with players
responsible for cellular adhesion, communication, vesicular
secretion, and synaptic signaling regulation (Fig. 3). For
example, on the cell surface, NRP2 interacts with neuronal
cell adhesion molecule LICAM that has important func-
tions in neural development, synaptic plasticity, and signal
transduction [142]. LICAM is also involved in cancer pro-
gression, metastasis, and poor prognosis [143]. It can bind
with integrin, neuropilins, FGFR, and other binding part-
ners both in cis and in trans to establish a concerted intra-
and inter-cellular communication and signal transduction
to drive cancer cell motility, proliferation, and angiogenesis
[143]. Similarly, NRP2 was found to interact with another
neuronal cell adhesion molecule NRCAM, having canonical
role in nervous system development, axon guidance, and
synapse formation [144]. NRCAM is implicated in growth,
proliferation, and progression of different cancers including
neuroblastoma, thyroid, and prostate cancer [145—-147]. On
the other hand, NRP2 is associated with synuclein alpha
(SNCA), extended synaptotagmin 1 (ESYT1), and focal
adhesion kinase in the cellular cytoplasmic compartment
(Fig. 3). These molecules control vesicular trafficking,
secretion of cargo, and signal transmission in the extracel-
lular space [148—150]. This observation from IPA-based
interacting partner analysis warrants the investigation of
NRP2’s comparatively unexplored role in regulating vesic-
ular secretion, exocytosis, and signaling molecule release
into the extracellular milieu. By doing above, it is possible
that NRP2 helps to establish autocrine and paracrine com-
munication among the cells present in the microenviron-
ment, requiring further studies. In the context of cancer,
direct cellular contact via the adhesion molecules as well as
paracrine communication among the cells within the TME
can lead to tumor proliferation, metastasis, and therapy
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