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Abstract

Neuropilins (NRPs) are highly conserved transmembrane
glycoproteins that possess pleiotropic functions.
Neuropilin-1 (NRP1) and its homologue neuropilin-2
interact as coreceptors with both class 3 semaphorins
and vascular endothelial growth factor and are involved
in neuronal guidance and angiogenesis, respectively.
The contribution of NRPs to tumor angiogenesis
has been highlighted in previous studies, leading to
the development of NRP antagonists as novel anti-
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angiogenesis therapies. However, more recent studies
have demonstrated that NRPs have a much broader
spectrum of activity in the integration of different
pathways in physiological and pathological conditions.
A few studies investigated the role of NRPs in both
malignant and non-neoplastic liver diseases. In normal
liver, NRP1 is expressed in hepatic stellate cells and
liver sinusoidal endothelial cells. NRP1 expression
in hepatocytes has been associated with malignant
transformation and may play an important role in
tumor behavior. A contribution of NRPs in sinusoidal
remodeling during liver regeneration has been also
noted. Studies in chronic liver diseases have indicated
that, besides its influence on angiogenesis, NRP1 might
contribute to the progression of liver fibrosis owing to its
effects on other growth factors, including transforming
growth factor B1. As a result, NRP1 has been identified
as a promising therapeutic target for future antifibrotic
therapies based on the simultaneous blockade of
multiple growth factor signaling pathways. In this
review, the structure of NRPs and their interactions with
various ligands and associated cell surface receptors
are described briefly. The current understanding of the
roles of the NRPs in liver diseases including tumors,
regeneration and fibrogenesis, are also summarized.
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Core tip: The contribution of neuropilins (NRPs) to
tumor angiogenesis has been identified in previous
research, which has led to the development of NRP-
targeted therapies. Although the number of relevant
studies is too small to ascertain the precise role of
NRPs in liver, the evidence implies an association with
tumor behavior, liver regeneration and the progression
of fibrosis. The interplay between NRPs and vascular
endothelial growth factor, platelet-derived growth
factor and transforming growth factor-B support NRPs
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as potential targets in the prevention of fibrogenesis
in chronic liver diseases. However, further studies are
needed to clarify whether NRPs may fill the large gaps
in our understanding and ability to treat liver diseases.
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INTRODUCTION

Neuropilins (NRPs) are highly conserved single-spanning
transmembrane glycoproteins that are involved
in a wide range of physiological and pathological
processes™, To date, two NRP homologues have been
identified in vertebrates: NRP1 and NRP2!"?. NRP1
was discovered by Takagi et al” in 1987 as an antigen
to a monoclonal antibody (A5) that binds neuronal
cell-surface proteins in the Xenopus nervous system.
A decade later, NRP2 was identified as an alternative
neuronal receptor™*. NRPs were initially characterized
as regulators of nervous system development because
of their ability to act as coreceptors with plexins for
specific secreted members of the semaphorin family
(SEMAs), which possess neuronal guidance functions™*.
The role of NRPs in the development of the nervous
system during embryogenesis is noteworthy. Recent
studies have shown that NRPs are multifunctional
coreceptors with the ability to bind different protein
families, including vascular endothelial growth factor
(VEGF), transforming growth factor-1 (TGF-f1) and
other growth factors™®**. This has led to new areas
of research into NRPs in diverse biological functions,
such as angiogenesis, immune system regulation, and
tumor growth and progression™?%!, Many studies of
NRPs and their ligands have increased awareness of
their pathological roles and their potential as therapeutic
targets!***®2°221 This paper briefly presents our
current knowledge of NRP structure, NRPs’ interactions
with their various ligands and associated cell surface
receptors, and their role in liver diseases.

GENERAL INFORMATION ABOUT
NEUROPILINS

NRP structure

NRP1 and NRP2 are 120-140 kDa multifunctional
transmembrane glycoproteins composed of 923 and
926 amino acids, respectively™?*. NRP1 and NRP2
genes are located in two different chromosomes (NPR1
in chromosome 10p12 and NRP2 in chromosome 2q34),
but they share approximately 44% sequence homology
at the amino acid levelt****71920.23:241 ' NRPs comprise
a large N-terminal extracellular domain, a very short
transmembrane domain and a small cytoplasmic tail
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(Figure 1). The extracellular domain is further divided
into three subdomains: (1) the al-a2 subdomains,
which are homologous to the C1r, and Cls complement
components [complement binding motifs (CUBs)]***;
(2) the B subdomain, possessing two b-domain repeats
(b1 and b2) that are homologous to coagulation
factors V and VI'*®; and (3) the C domain, which
contains an MAM (meprin, A5/NRP, protein tyrosine
phosphatase u) domain that is likely involved in NRP
oligomerization with the transmembrane domain, which
in turn possesses a conserved GXXXG repeat™ ., The
intracellular cytoplasmic domain interacts and binds with
several proteins and PDZ-motif-containing proteins (e.g.,
GIPC, synectin)®®**). The latter proteins play important
roles in signaling complexes and in maintaining the
structural integrity of transmembrane proteins.

NRP2 also has two splice variants, NRP2A and
NRP2B, that exhibit varying levels of sequence
homology with NRP1%**!, Several soluble isoforms of
NRPs (sNRPs) that lack transmembrane or cytoplasmic
domains also exist™.

Neuropilin ligands and coreceptors

NRPs bind several ligand families, including class 3
semaphorins (SEMA3s) and heparin-binding members of
the VEGF family™*****1, Although NRPs lack a signaling
role, they are thought to mediate functional responses by
forming complexes with other transmembrane receptors
to generate holoreceptors“]. NRPs may act as receptors
for other growth factors as well”®., Figure 2 presents a
short description of NRP interactions with ligands and
coreceptors and their signaling pathways.

SEMA3s and plexins

SEMA3s are members of the large family of SEMAs that
were first identified as axon-guidance molecules®”.
However, accumulated evidence indicates that SEMAs
are involved in cell apoptosis, cell migration, tumor
behavior, angiogenesis and immune dysregulation®®334,
In contrast to other SEMAs, SEMA3s bind NRPs as cell
surface receptors®?, The transduction of the SEMA3
signal necessitates the interaction with plexins, which
form complexes with NRPs®***, There are seven
SEMA3s (A to G), and most of these subtypes, with the
exception of SEMA3E, bind NRP1, NRP2 or bothP%3*34,
NRP1 is a receptor for SEMA3A (collapsin-1), 3C and
3F, and NRP2 preferentially binds SEMA3B, 3C, 3D
and 3F**°*? SEMA3s exert considerable effects in
endothelial cells™****%, By blocking the VEGF-NRP
interaction (see below), SEMA3A and SEMA3F inhibit
VEGF-related cell proliferation and migration**>",
SEMA3A and SEMA3F influence vascular remodeling
by inhibiting the adhesion of endothelial cells (ECs)
to the extracellular matrix (ECM) via integrins and
contribute to vascular development by inducing EC
apoptosis®**1, Therefore, these peculiarities of NRPs
with SEMA3s make them potential targets for anti-
angiogenic therapies.
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Figure 1 Structure of neuropilin-1 and neuropilin-2. These proteins contain
five extracellular domains, a single-pass TMD domain, and a short cytosolic tail
that lacks tyrosine kinase activity. SEMA3s bind to the a1/a2/b1 segment, and
Vascular endothelial growth factors (VEGFs) bind to b1/b2. The binding sites
of other growth factors are not well characterized, but HGF, B-FGF, TGF-B1
were recently reported to bind both NRPs. The ¢ domain contributes to receptor
dimerization with the transmembrane domain.

VEGF and VEGF receptors

The VEGF family and their tyrosine kinase receptors
[VEGF-receptor-1 (VEGFR-1), VEGFR-2 and VEGFR-3]
play pivotal roles in physiological and pathological
angiogenesis®® !, There are numerous isoforms of
VEGF, and VEGF165 is the most active and studied®**?.
In particular, NRP1 is a high-affinity coreceptor for
VEGF165%°*, NRP1 also binds VEGFR2, and their
coexpression enhances VEGF165-mediated angiogenesis
and vascular development™*”, VEGF165 also contributes to
VEGFR2-NRP1 complex formation through its own binding
activity™**!,

NRP2 is a coreceptor for VEGFR-3 as a result of
stimulation by VEGF-C and VEGF-D"“**%, In experi-
mental models, VEGF-C and VEGF-D have induced
lymphovascular development and stimulated lymph
node metastasis via VEGFR-3*"1, Taken together, these
findings delineate the role of NRP2 in lymphangiogenesis.

Given their role in promoting angiogenesis, NRPs,
particularly NRP1, has been identified as potential
targets for anti-angiogenic therapy!>*%**%* Blockade
of NRP1-VEGF coupling, by enhancing the efficacy of
anti-VEGF therapy, has been demonstrated to be an
effective therapeutic approach in cancert*®202%3!,

Other ligands and coreceptors

NRPs may also interact with other heparin-binding
proteins, such as the fibroblast growth factor family
(FGF-1, FGF-2, FGF-4), galectin-1, hepatocyte growth
factor (HGF), TGF-B1, epidermal growth factor (EGF)
and platelet-derived growth factor (PDGF).
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FGF-2 binds NRP1 and stimulates the growth of ECs
in human umbilical veins®**. Galectin-1 selectively binds
NRP1, and Gal-NRP1 interactions mediate EC migration
and adhesion and enhance VEGFR-2 phosphorylation**,

HGF may regulate EC functions!***®, NRP1
and NRP2 are functional coreceptors for HGF!*’l,
Phosphorylation of c-Met, a tyrosine kinase receptor
that binds HGF, is also enhanced by NRPs because they
can activate the c-Met receptor and consequently play
important roles in the regeneration of certain organs
and the regulation of proliferation, migration and
survival of ECs! ],

NRPs may also interact with other cellular receptors.
Experimental studies demonstrated that NRP1 forms a
complex with B1 integrin in cancer cell lines*>".,

The coreceptor function of NRP1 in TGF-B signaling
was recently identified. NRP1 activates both the latent
(LAP-TGF-B) and active forms of TGF-g***%, and it
improves the affinity of TGF-B for its receptors, TGF-BR
I/I/I. NRP2, like NRP1, is also a coreceptor for active
TGF-p1®**¥, Important roles for NRPs in the regulation
of the immune system, epithelial mesenchymal transition
(EMT) and fibrosis have been proposed because of the
close association of NRPs with growth factors; these roles
are supported by previous observations!*>**>>%,

The roles of EGF and its high-affinity receptor EGFR
in cellular differentiation and proliferation are well
described. Dysregulation of NRP1 has been observed
to inhibit EGFR signaling activity and consequently
impair its function™,

Like EGF, PDGF plays important roles in cellular
proliferation™. PDGFR-a/p promotes angiogenesis and
vascular smooth muscle cell (VSMC) mobilization®”’.
NPR-1 acts a coreceptor to enhance the affinity of
PDGFR to PDGF™**?, It has been demonstrated that
PDGF from tumor cells interacts with NRP1 to promote
motility in VSMCs>¢,

The hedgehog (Hh) signaling system is recognized
for its fundamental role in cellular differentiation,
proliferation, and tissue polarity during embryonic
development and the maintenance of a stem cell
phenotypel?®*!, Previous studies have indicated that
an aberrant activation of this pathway in adult life is
associated with cancer progression, aggressive tumor
behavior and metastasis'***'**, The regulatory roles
of NRPs in the Hh signaling system were observed in
recent studies®™®*®, In an elegant study, Hillman et
al®*® demonstrated that NRP1 and NRP2 are positive
regulators of Hh signal transduction. They observed
coexpression of NRPs and Hh at similar times and
locations during development. A positive feedback
circuit has also been suggested, based on the induction
of NRPs by Hh signaling and an increase in Hh target
gene activation due to overexpression of NRPs. Cao
et al® observed that NRP1 knockdown in a renal
carcinoma model resulted in a more differentiated
phenotype and the inhibition of sonic Hh, leading to
the conclusion that NRPs promote an undifferentiated
phenotype in cancer cells.
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Figure 2 Schematic presentation of neuropilin interactions with ligands and receptors. Neuropilins (NRPs) bind soluble mediators and their signaling receptors,
including the VEGF family, HGF, PDGF, and TGF-B1. NRPs are not absolutely required for receptor signaling, but they enhance the ligand response. NRPs interact
with VEGFRs to enhance proliferation, survival and migration. They enhance migration through modulation of PDGF- or TGFf3- and HGF-mediated pathways. NRP:
Neuropilin; PDGF: Platelet-derived growth factor; PDGFR: PDGF receptor: TGF-B: Transforming growth factor-8; TGF-BR: TGF-BR receptor; VEGF: Vascular
endothelial growth factor; VEGFR: VEGF receptor; cMet: Hepatocyte growth factor receptor; HGF: Hepatocyte growth factor; p130Cas: Crk-associated substrat;
SOS-1: Son of sevenless guanine nucleotide exchange factor 1; SMAD: Contraction of Sma and Mad (Mothers against decapentaplegic); ERK: Extracellular-signal-

regulated kinase; AKT: Protein kinase B; p38MAPK: p38 mitogen-activated protein kinase.

More recently, Hh pathway involvement has
been studied in the pathogenesis of non-neoplastic
diseases, including liver diseases, and the involvement
of Hh signaling in liver regeneration and fibrogenesis
has been documented™ "), Accumulated evidence
indicates that the Hh signaling system contributes
to many processes, including transformation of
quiescent HSCs into a more fibroblastic phenotype,
angiogenesis, EMT, accumulation of inflammatory
cells and multipotent progenitor cells’®>*”), However,
the relationship between NRPs and the Hh signaling
pathway has not been studied in non-neoplastic liver
diseases.

NRPS AND LIVER

NRPs and liver tumors

The additive effect of blockade of NRP1-VEGF coupling
in anti-angiogenic therapy has been documented, but
nebulous data exist regarding the expression of NRPs in
many cancer types and their association with tumor-related
angiogenesis and tumor progression!!®!¢:19:20-22:31,38,43]
Neutralizing antibodies to NRP1 are currently under
investigation in phase I trials”*”®.. Despite the significant
improvements in diagnosis and treatment, the outcome
of patients with liver cancer remains dismal, and novel
strategies are necessary. However, the role of NRPs in
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liver tumors has been investigated in a limited nhumber
of studies, and experimental models exceed the number
of clinicopathological studies.

The first finding related to the role of NRPs in
liver cancer was obtained in an experimental study
that investigated the role of SOX4 in cell migration of
intrahepatic metastasis of hepatocellular carcinoma
(HCC)Y"\. High levels of two SOX4 target genes,
NRP1 and SEMA3C, correlated with an increase in
cell migration, which was reduced by the silencing
of NRP1 and SEMA3C"”. Subsequent experimental
studies in tumor cell lines of the role of NRPs in tumor
angiogenesis revealed that inhibition of NRP1 using
RNA-interference (RNAIi) has an angiostatic potential
that might be promising in the treatment of HCC"®
Administration of small interfering RNAs (siRNAs)
specific for NRP1 inhibited tumor angiogenesis and
vascular remodeling in a mouse model of HCC/*%%,
An increase of NRP1 expression in both vascular and
tumor compartments parallel to disease progression
has been observed in transgenic mice developing
HCC?. Blockade of NRP1 function with peptide N (an
NRP1-binding recombinant protein and competitive
inhibitor of VEGF-A165/NRP1 interaction) leads to the
inhibition of vascular remodeling and growth, which
supports NRP1 as a new target for increasing the
effectiveness of anti-angiogenic therapies in HCC?®Y,
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More recently, it was demonstrated in experimental
models that NRPs not only affect angiogenesis in
tumor growth and progression but also contribute
to matrix stiffness via regulation of tumor matrix
maturation in experimental models®. However, the
significance of this finding in liver cancer requires
further investigation.

A few studies have investigated the role of NRPs
in patients with liver cancer’®®®1 NRP1 expression
has been observed in hepatic ECs in both human
biopsies and in HCC samples but not in normal
hepatocytes®®. One study found that the increased
NRP1 expression in hepatocytes was significantly
associated with HCC, supporting its role in tumor
progression®'!, From the pathological point of view,
it would be interesting to investigate whether the
presence of NRP1 expression in hepatocytes might
be useful for the discrimination of HCC from other
neoplastic lesions, including borderline dysplastic
nodules, especially in needle biopsies from patients
with suspicious liver lesions.

A more recent study in 638 HCC patients highlighted
that VEGFR-2 and peritumoral NRP1 expression
were associated with prolonged recurrence time and
extended overall survival'™!. It is speculated that,
after curative hepatectomy, peritumoral hepatocytes
expressing abundant of NRP1 or VEGFR-2 may exert
a decoy effect and compete for VEGFA binding with
ECs, providing a hostile peritumoral environment for
recurrence and metastasis®”. Up-regulation of NRP1
in cholangiocarcinomas was also noted, with higher
NRP1 expression in invasive tumors than in dysplastic
lesions™®.

The findings of these studies are not sufficiently
conclusive to define the exact role of NRP1 in tumor
progression and behavior. Therefore, further studies in
patients with liver cancer are warranted.

NRP in liver regeneration

As noted above, NRPs serve pleiotropic functions by
integrating distinct critical pathways that are principal
to physiological and pathological function. NRP1 and
NRP2 expression has not been detected in normal
hepatocytes'®, but NRP1 has been detected in
hepatic stellate cells (HSCs) and liver sinusoidal ECs
(LSECs)[ #3881 One study investigated the role
of hemodynamic forces in morphology and gene
expression of LSECs during early phases of liver
regeneration (LR) and found that stress imposed
on LSECs was associated with the translocation of
VEGFR-2 and NRP1 from the perinuclear to the plasma
membrane and with cytoskeletal localization™. These
results suggested that a VEGFR-2/NRP1 complex plays
a role in the early signal that leads to LR™®. More
recently, another experimental model of LR investigated
the expression of NRP1 and SEMA3A during sinusoidal
remodeling and found that NRP1 and SEMA3A were
constitutively expressed in hepatocytes and LSECs,
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respectively®. NRP1 expression transiently increased
after partial hepatectomy and returned to the basal level
at the termination of LR, in contrast to SEMA3AP®I,
These data suggest that NRP1 contributes to sinusoidal
remodeling during LR, but further studies are needed
to better understand the interplay of NRP1 and other
coreceptors in LSECs and other parenchymal cells.

NRPs and liver fibrogenesis

Numerous interactions between the ECM, HSCs, ECs
and immune cells occur during liver fibrogenesis in
chronic liver diseases (CLDs)®*®"., In these interplays, a
central role has been attributed to HSC activation, which
is a complex event that provides multiple potential
targets for therapeutic intervention. A vast number
of signaling pathways contribute to the activation
of HSCs, including Toll-like receptor 4, hedgehog,
adiponectin, TGF-p1, and PDGF**°Y), Because NRP1
has been reported to bind and activate the latent
form of TGF-B1, it is hypothesized that it might also
serve as a TGF-B1 coreceptor that regulates TGF-p1
signaling during the transition from a quiescent to an
activated stage in fibroblasts, including HSCs!**,
Indeed, an experimental study demonstrated that
NRP1 can control two aspects of TGF-B signaling during
fibroblast activation™, In cell cultures, NRP1 was
observed to down-regulate Smad1/5 signaling, which
inhibits fibrosis progression by maintaining collagen-
producing cells in a quiescent in state, and it up-
regulated Smad2/3 signaling, which promotes fibrosis
by activating fibroblasts®*. In the same study, NRP1
mRNA levels gradually increased during the activation
of HSC cultures. The mechanism of NRP1 control of the
Smad1l/5 and Smad2/3 counterbalance has not been
completely delineated, but these findings suggest that
NRP1 plays an important role in the activation of HSCs
during the evolution of liver fibrosis®™®*,

Angiogenesis has a key role in the wound-healing
response to chronic liver injury, and HSCs have
emerged as the main ECM-producing fibrogenic cell type
in this process. HSCs may also act as proangiogenic
cells during the evolution of liver fibrosis®®?, Indeed,
activated HSCs may respond to hypoxia using an
HIF-1la-related pathway through increases in VEGF
and Ang-1 and their receptors VEGFR-2 and Tie-2,
respectively®®?*?3% VEGF and Tie-2 may also
activate HSCs®°"!, VEGF induces HSC migration and
proliferation as well®*®*?*%1, HSCs may also modulate
angiogenesis independently of hypoxia by responding
to several mediators, including PDGF*, In an elegant
study, Cao et al® investigated PDGF-dependent HSC
recruitment and the accompanying sinusoidal vascular
remodeling during liver fibrosis in both experimental
models and humans. They demonstrated that NRP1
was up-regulated in activated HSCs and colocalized
with PDGF-receptor B (PDGFRB) in the injury models
as well as in human and rat HSC cell lines. In human
HSCs, inhibition of NRP1 using siRNA reduced PDGF-
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induced motility independently of VEGF receptor and
SEMA3. By contrast, NRP1 overexpression increased
cell motility and TGF-B-dependent collagen production.
Similarly, HSCs from mice lacking NRP1 exhibited
reduced migration in response to PDGF treatment. More
importantly, an NRP1-neutralizing antibody improved
recruitment of HSCs and inhibited liver fibrosis in a
rat model, and it also diminished VEGF responses in
cultured liver ECs. In addition, this antibody decreased
VEGF-induced angiogenesis, which implicates NRP1
as a regulatory target of angiogenesis. Notably, the
influence of the NRP1-neutralizing antibody was more
prominent in CCL4-induced liver injury than in bile duct-
ligated liver damage, warranting further studies of the
transcriptional regulation of NRP1 in different models of
liver fibrosis. NRP1 overexpression was also observed
in liver specimens from patients with cirrhosis related
to hepatitis C and steatohepatitis. All of these findings
indicate that NRP1 contributes to the progression of
liver fibrosis through either its influence on angiogenesis
or its effects on PDGF and TGF-p signaling pathways.

Anti-angiogenic therapy may be promising in CLDs,
but large gaps remain in our understanding and ability
to treat angiogenesis during the progression of liver
fibrosis®******¥_ Similar efforts have been directed
toward the development of new therapies, particularly
the growth factor pathways involved in the activation
of HSCs, especially the PDGF and TGF-p pathways,
in the prevention of fibrosis in CLDs®**“**, However,
the targeting of these molecules on an individual basis
has only limited therapeutic effect, necessitating the
identification of new molecules that can simultaneously
target multiple growth factor signaling pathways®®*%.
Thus, NRP1, with its considerable synergistic effects
on PDGF, TGF-B and VEGF in liver fibrosis, appears to
be a promising therapeutic target for future antifibrotic
therapies.

In conclusion, NRPs are transmembrane glycoproteins
that utilize several general mechanisms to exert
pleiotropic functions in the integration of different
critical pathways under physiological and pathological
conditions. In addition to the central roles of NRPs in
angiogenesis and axonal guidance, their contribution
to the regulation of the immune system and fibrosis
renders them attractive therapeutic targets for many
non-neoplastic diseases and cancers.

The number of studies in liver is too small to
determine the precise role of NRPs, but evidence
supports an association with tumor behavior, LR and the
progression of fibrosis in CLDs. Increased knowledge
of the role of NRPs and their signaling pathways in
primary liver tumors could promote the development
of new therapeutic treatment strategies. Moreover, the
expression of NRPs in HCC might constitute a useful
tool in the histopathological differential diagnosis of this
disease as well as a valuable prognostic parameter in
disease monitoring. Therefore, further experimental
and clinical studies in a large number of patients are
necessary to clarify whether NRPs, especially NRP1,
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may help to address the overwhelming challenges
in current therapy for primary liver tumors, such as
resistance and metastasis.

Current findings regarding the interplay between
NRPs and VEGF and between PDGF and TGF-B
support NRPs as potential targets in the prevention of
fibrogenesis in CLDs. Because NRPs act as coreceptors
for many growth factors in liver, blockade of NRPs
might make it possible to simultaneously inhibit
multiple growth factors, such as VEGF, PDGF, and
TGF-B. Therefore, the association of NRPs with growth
factor signaling pathways in the liver requires further
investigation to provide useful information for the
targeting of NRPs in the prevention of fibrosis in CLDs.

In conclusion although limited data exist about the
role of NRPs in liver diseases, our current understandings
suggest that they might contribute to sinusoidal
remodeling during LR, warranting further studies to
better clarify the interplay of NRP1 and other coreceptors
in LSECs and other parenchymal cells. The finding about
the association of NRPs with malignant transformation
and aggressive behavior of liver tumors should be
supported by large scaled studies. Finally, besides
its role in angiogenesis, especially NRP1 with its
considerable synergistic effects on PDGF, TGF-B and
VEGF appears to be a promising therapeutic target for
future antifibrotic therapies in CLDs. However more
studies are needed to conclude if blocking of NRPs
will present a new approach to target multiple growth
factor pathways in the prevention of liver fibrosis.
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