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Neuropilins as potential biomarkers in hepatocel-
lular carcinoma: a systematic review of basic and
clinical implications

Paula Fernandez-Palanca'?, Tania Payo-Serafin"’, Carolina Méndez-Blanco"’, Beatriz San-Miguel'?,
Maria J. Tuién"?, Javier Gonzilez-Gallego'?, and José L. Mauriz"’

'Institute of Biomedicine (IBIOMED), Universidad de Ledn, Ledn; “Centro de Investigacion Biomédica en Red de Enfermedades
Hepaticas y Digestivas (CIBERehd), Instituto de Salud Carlos Ill, Madrid, Spain

Hepatocellular carcinoma (HCC) is one of the most common and deadly cancers worldwide and is characterized by
complex molecular carcinogenesis. Neuropilins (NRPs) NRP1 and NRP2 are the receptors of multiple proteins involved in
key signaling pathways associated with tumor progression. We aimed to systematically review all the available findings
on their role in HCC. We searched the Scopus, Web of Science (WOS), PubMed, Cochrane and Embase databases for
articles evaluating NRPs in preclinical or clinical HCC models. This study was registered in PROSPERO (CRD42022349774)
and include 49 studies. Multiple cellular and molecular processes have been associated with one or both NRPs, indicating
that they are potential diagnostic and prognostic biomarkers in HCC patients. Mainly NRP1 has been shown to promote
tumor cell survival and progression by modulating several signaling pathways. NRPs mainly regulate angiogenesis,
invasion and migration and have shown to induce invasion and metastasis. They also regulate the immune response
and tumor microenvironment, showing a crucial interplay with the hypoxia response and microRNAs in HCC. Altogether,
NRP1 and NRP2 are potential biomarkers and therapeutic targets, providing novel insight into the clinical landscape of
HCC patients. (Clin Mol Hepatol 2023;29:293-319)
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INTRODUCTION

Liver tumors are common and deadly cancer, with increas-
ing incidence and mortality rates.' Hepatocellular carcinoma
(HCQ) is the main primary liver tumor type, accounting for
approximately 90% of all cases.” HCC is a heterogeneous can-
cer mainly diagnosed at advanced stages. Its survival rate re-
mains very low despite the available systematic therapies
that only increase the survival probability of patients 1-2

years.”’ It is characterized by unique molecular carcinogene-
sis involving multiple modulators, signaling pathways, and
mechanisms.”** All of these factors contribute to the difficul-
ty in understanding HCC development and progression.
Therefore, further studies are required to provide clearer in-
sights into its molecular mediators to develop effective tar-
geted therapies and improve the outcomes of HCC pa-
tients.”

The molecular pathogenesis of HCC is generally complex,
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with increasing numbers of molecules reported to partici-
pate in the development, progression, and drug sensitivity of
HCC cells.*® Neuropilins (NRPs) have recently been the focus
of several studies due to their involvement in numerous cel-
lular processes in cancer, such as cell proliferation, migration,
invasion, and angiogenesis.”* NRPs are 130140 kDa type-1
membrane glycoproteins’ with extracellular, transmembrane,
and cytoplasmic domains. They act as co-receptors for pro-
teins such as vascular endothelial growth factor (VEGF), fibro-
blast growth factor (FGF), hepatocyte growth factor (HGF),
and transforming growth factor B (TGF-B).”’ There are two
NRPs (NRP1 and NRP2) encoded by different genes on inde-
pendent chromosomes but with a common domain struc-
ture.*” While both NRPs share some characteristics and li-
gands, they differ in their tissue distribution and modulated
signaling pathways.*"° Moreover, while NRP1 has been wide-
ly studied and characterized, fewer studies have focused on
NRP2.” Nevertheless, the role played by both NRPs in cancer,
including HCC, has recently become of interest due to their
strong correlation with key cellular and molecular mecha-
nisms involved in tumor progression.*’

Interestingly, despite increasing studies evaluating the role
of NRP1 and NRP2 in human HCC, no attempt has been made
to compile the main findings of their potential roles in the
HCC tumor landscape. Therefore, we aimed to summarize
through a systematic literature review the findings of pub-
lished studies using preclinical and/or clinical HCC models
and evaluating one or both NRPs.

MATERIALS AND METHODS
Protocol and registration

This systematic review was conducted according to the
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) guidelines" (Supplementary Tables 1 and
2) and was registered in the International Prospective Regis-

ter of Systematic Reviews (PROSPERO) database (CRD4
2022349774).

Literature search strategy

A comprehensive literature search was performed in the
Web of Science, Scopus, PubMed, Embase and Cochrane Li-
brary databases of articles published up to August 31, 2022,
identifying 293 articles (Fig. 1). This search strategy combined
the search terms “NRP”, “NRP1”, “NRP2”, and “HCC”, in the
search queries used for each database (Supplementary Table
3).

Inclusion and exclusion criteria

Studies that met the following eligibility criteria were in-
cluded in this systematic review: (1) they involved human pa-
tients diagnosed with HCC, animal HCC models, or in vitro
primary or genetically-modified HCC cell line models; (2) they
determined NRPs expression or derived effects from modify-
ing NRPs; (3) they evaluated tumor-associated processes or
characteristics. Studies that met the following exclusion cri-
teria were removed during the study selection process: (1)
they involved human patients without an HCC diagnosis, or
unsuitable or poorly-described HCC models; (2) they were re-
views or similar articles; (3) they did not evaluate or report
NRPs expression or derived effects from modifying NRPs; (4)
their full-text was not available in English.

Study selection

Two authors independently performed the study selection
process, and discrepancies were resolved by a third author
based on a consensus.

Duplicates among the original articles identified in the ini-
tial search of all databases were removed. Next, the articles
were subjected to an initial screening by title and abstract
based on exclusion criteria. Then, the remaining articles’ full

Abbreviations:

a-SMA, a smooth muscle actin; Alb, albumin; CAFs, cancer-associated fibroblasts; CD36, cluster of differentiation 36; CRC, colorectal cancer; CSCs, cancer stem cells;
EMT, epithelial-to-mesenchymal transition; FasL, Fas ligand; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HIF-1a, hypoxia-inducible factor 1-alpha; HSCs,
hepatic stellate cells; IFN-y, interferon gamma; IGFBP3, insulin-like growth factor binding protein-3; IL1R2, interleukin 1 receptor 2; IL-10, interleukin-10; KLRB1, killer cell
lectin-like receptor B1; miR-148b, microRNA-148b; mRNA, messenger RNAs; NRP, neuropilin; OS, overall survival; PDGF-BB, platelet-derived growth factor-BB; PRISMA,
Preferred Reporting Items for Systematic Reviews and Meta-analyses: PROSPERO, International Prospective Register of Systematic Reviews; RFS, recurrence-free survival;
SERPINAT12, serpin family A member 12; TFAP4, transcription factor activating enhancer binding protein 4; TGF-B, transforming growth factor beta; TNF-a, tumor necrosis
factor-a; VEGFA, vascular endothelial growth factor A; VEGFR3, VEGF receptor 3
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Identification of studies via databases and registers

Records identified from
5 databases (n=293):
g WOS (n=67) Records removed before screening:
£ Scopus (n=49) Duplicate records removed (n=118)
E PubMed (n=42) P -
= Embase (n=132)
Cochrane (n=3)
A Records excluded (n=74):
Reviews (n=52)
Records screened (n=175) > Book chapters (n=2)
Conference papers (n=15)
Note, editorial or similar (n=5)
\
o Reports sought for retrieval (n=101) —— | Reports not retrieved (n=0)
£
o
A
\
- Reports excluded (n=52):
Reports assessed for eligibility (n=101) —> No HCC (n=20)
No NRP (n=30)
Other language than English (n=1)
Retracted (n=1)
\
Studies included in the qualitative
5 analysis (n=49)
E NRP1 (n=40)
2 NRP2 (n=4)
Both (n=5)

Figure 1. PRISMA flowchart of the study selection process. HCC, hepatocellular carcinoma; NRP, neuropilin; PRISMA, Preferred Reporting ltems

for Systematic Reviews and Meta-analyses; WOS, Web of Science.

texts were screened against the eligibility criteria, and those
meeting the inclusion criteria were identified and included in
the qualitative analysis.

Data collection and analysis

Three authors independently extracted data from the in-
cluded studies, compiling the information in separate tables

http://www.e-cmh.org

for preclinical and human studies.

The following information was included from preclinical
studies: the first author’s name, publication year, model used,
sample type, NRP subtype, measurement method, NRP alter-
ation, associated cellular process, and alterations observed.

The following information was included from human stud-
ies: the first author’s name, publication year, case and control
number, related etiology, mean age, sample type, NRP sub-
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type, determination sample type, tumor tissue expression,
and clinical involvement.

RESULTS
Study selection and characteristics

The complete literature search and study selection process
was conducted as described in Figure 1. The comprehensive
search identified 293 unique articles after removing 118 du-
plicates between the five databases. Both inclusion and ex-
clusion criteria were used to select studies that fit this study’s
scope, identifying 49 eligible articles for inclusion in the sys-
tematic review.

The number of published articles assessing the NRPs’ role
in different HCC models has increased in recent years, with
most studies conducted since 2010 (Supplementary Fig. 1A).
Curiously, in vitro studies have been replaced by in vivo stud-
ies using animal models or human samples. Moreover, when
separately considering published studies on HCC patients
(Supplementary Fig. 1B) and animals (Supplementary Fig.
1C), we observed an appreciable increase in published stud-
ies involving human patients in the last three years, along
with increases in the number of patients used (Supplementa-
ry Fig. 1B). However, while in vivo models have been con-
stantly used over time, their sample sizes have increased in
recent years (Supplementary Fig. 1C). The main characteris-
tics of all included articles are summarized separately for
studies involving preclinical models (Table 1A) and human
HCC samples (Table 1B).

All 49 of the included studies evaluated the role of NRP1
and/or NRP2 in HCC, of which 11 used only in vitro models
(22.45%), four only animal models (8.16%), seven both in vitro
and in vivo models (14.29%), 19 only human HCC patient
samples (38.78%) and eight preclinical and clinical samples
(16.33%). There was a notable difference in the number of
studies examining each NRP subtype. Only four of the 49 in-
cluded studies examined NRP2 (8.16%), compared to 40 that
examined NRP1 (81.63%), five examined both NRPs (10.20%).
Most (22/27 [81.48%]) clinical articles on human patients
evaluated NRP protein expression directly in tumor tissue.
While detecting potential tumor markers in serum samples is
an important tool for improving HCC diagnosis, only five
studies analyzed serum NRP1 levels in human patients.

296 https://doi.org/10.3350/cmh.2022.0425

NRP measurements in preclinical models used different ap-
proaches. The most common was the real-time reverse tran-
scription polymerase chain reaction (qRT-PCR; 33.33%), fol-
lowed by western blot (16.67%), qRT-PCR and Western blot
(20.00%), immunofluorescence microscopy (6.67%), and all
three techniques (10.00%). In addition, some individual stud-
ies used different methodologies including qRT-PCR and im-
munofluorescence microscopy (3.33%), western blot and im-
munofluorescence microscopy (3.33%), and mass
spectrometry (3.33%). One of the 30 preclinical studies did
not assess NRP expression (3.33%).

In addition, most included studies targeted one NRP to as-
sess the derived effects. However, their targeting strategies
varied widely, from genetic silencing to using inhibitors or
antibodies (Table 2). Given the many articles evaluating the
NRPs’ role in various cellular and molecular processes in HCC,
their main findings have been organized and described in
the following sections.

NRPs as diagnostic tissue or serum biomarkers

While NRPs were initially identified in the nervous system
as axon guidance regulators,” recent studies have reported
multiple molecular functions.”' Late diagnosis is one of the
leading causes of HCC patients’ high mortality rate due to the
absence of highly sensitive and specific biomarkers.” There-
fore, an increasing number of studies have focused on the
potential use of NRPs as tissue or serum biomarkers evaluat-
ing their expression levels in tumor and healthy liver samples
from HCC patients to improve the current diagnostic tools for
HCC diagnosis.”

Studies have determined NRP protein levels in tumor tissue
from HCC patients, finding NRP1 to be overexpressed com-
pared to healthy liver tissue™'*'*****?® and in high-risk HCC
patients.”” In contrast, Kitagawa et al.” did not find a differ-
ence, while lower NRP1 levels in tumor compared to peritu-
moral tissue have also been reported.” Similarly, NRP1 levels
were increased in three HCC cell lines compared to the nor-
mal liver L02,”® and Hep3B and HepG2.” Contrariwise, NRP2
expression in HCC tissue has been analyzed to a lesser extent.
Lower NRP2 expression was found in the HCC nodules versus
the healthy liver tissue.” However, contradictory results have
been reported for NRP2. While its urinary levels were de-
creased in a rat HCC model,” an in vitro study found it was
overexpressed in three human HCC cell lines.”® These find-

http://www.e-cmh.org
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ings highlight the necessity of further studies to clarify
NRP2's exact role in HCC.

Early HCC diagnosis is one of the main objectives of current
clinical studies, where identifying useful biomarkers is an ex-
citing area.” While all tissue and serum biomarkers are valu-
able tools for diagnosis at any tumor stage, non-invasive
methods are usually preferred.’ Only two studies have ana-
lyzed the potential use of either NRP1 or NRP2 as serum bio-
markers, reporting that NRP1 could be a useful protein for
HCC diagnosis based on its elevated levels in serum samples
from patients with advanced HCC."**

NRPs as prognostic biomarkers

Consistent with previous evidence, numerous studies have
evaluated the prognostic role of NRPT and NRP2 in HCC pa-
tients.>'***?**> NRP1 overexpression was significantly cor-
related with shorter overall (05)'***?** and recurrence-free
survival (RFS)'* survival in patients, while NRP2 overexpres-
sion correlated with their lower OS and disease-free surviv-
al.”* Moreover, NRP1 expression was correlated with RAD51
in hepatic stellate cells (HSCs), a valuable prognostic bio-
marker,** and with an increased recurrence rate.*** Peritu-
moral NRP1 levels have also been evaluated in HCC human
samples. Patients with higher peritumoral NRP1 expression
had higher OS, higher time to recurrence, and lower early re-
currence incidence.” Intriguingly, a serum signature of nine
circulating cytokines and angiogenic factors (NRP1, VEGF re-
ceptor 3 [VEGFR3], FGF23, Fas ligand [FasL], HGF, VEGFD, in-
terleukin 1 receptor 2 [IL1R2], platelet-derived growth factor-
BB [PDGF-BB], and Met tyrosine-protein kinase [c-MET]),
correlated significantly with OS, progression-free survival,
and early progression disease in advanced HCC.”

In addition, associations between NRP overexpression and
other clinical characteristics related to tumor aggressiveness
have been reported. Both NRPs correlated strongly with ad-
vanced HCC stages. However, the staging method used dif-
fered,®* with NRP1 correlating with Edmondson grade and
TNM dlassification,'® and NRP2 correlating with higher tumor
grading.” Curiously, several studies found no association be-
tween both NRPs and age, sex, tumor size, and hepatitis B vi-
rus (HBV) infection.®**** Nevertheless, NRP1 overexpression
was positively correlated with alpha-fetoprotein and other
liver function markers and negatively correlated with albu-
min (Alb) and pre-Alb.” Moreover, increased serum NRP1 lev-
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els correlated with advanced Barcelona Clinic Liver Cancer
stages (B and C), a tumor number >3, and a tumor size >
5cm,” highlighting the potential roles of NRPs in prognosis
and different tumor-associated characteristics in human pa-
tients with HCC.

NRP effects on tumor progression and
associated signaling pathways

NRPs have been described as relevant oncology proteins
due to their modulation of axon guidance and cell survival,
migration, angiogenesis, and invasion." This designation is
directly associated with numerous articles evaluating their
role on different cellular processes and molecular signaling
pathways involved in HCC progression (Fig. 2).>">"2%*4

Both NRPs promote tumor progression by modulating cell
proliferation, viability and apoptosis, with NRP1 being the
most characterized. Numerous preclinical investigations
showed that NRP1 downregulation decreased the growth
and viability of HepG2,”*** SK-HEP-1,” PLC/PRF/5,**° HC-
CLM6,” Huh-7,%* Bel-7402, SMMC-7721" and HCCLM3™ cells.
However, no effects were observed in mouse Hepa129 cells.”
Similar effects have been described in animal models, where
a marked tumor growth inhibition was observed after NRP1
knockdown.****"***44 A five-gene signature that included
NRP1 was identified as an independent risk factor for a faster
tumor growth rate in HCC patients.”’ Furthermore, an inter-
action between NRP1 and VEGFA promoted HCC tumorigen-
esis by dysregulating cell-to-cell interactions in patients with
HCC.”

Similarly, apoptosis was altered when NRP1 expression was
abolished in both in vitro and in vivo models, leading to an in-
crease in cleaved caspase-3 levels and TUNEL-positive cells.”
However, a previous study did not report cell death changes
after NRP1 silencing in two HCC cell lines.”® Peritumoral NRP1
expression was decreased and correlated with increased tu-
mor size and other associated characteristics,” highlighting
NRP1’s crucial role in HCC tumor progression. In addition,
NRP1 correlated positively with the immune marker cluster
of differentiation 36 (CD36), a potential prognostic and im-
munologic marker in different cancers, including HCC.* In-
triguingly, a recent study treated HepG2 cells with the super-
natant from NRP1-downregulated HSCs, causing a decrease
in lipid droplet content and insulin-like growth factor binding
protein-3 (IGFBP3) expression, and an increase in serpin fami-
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Figure 2. Main cellular and molecular mechanisms modulated by NRP1 and NRP2. NRPs are expressed in tumor cells and other tumor-associ-
ated populations that constitute the tumor microenvironment and participate in the immune response. Both NRP1 and NRP2 are expressed in
a broad number of cell types and are involved in different cellular and molecular mechanisms responsible for HCC development and progres-
sion, modulating several cellular processes. EMT, epithelial-to-mesenchymal transition; IFN-B, interferon beta; IFN-y, interferon gamma; IL-10,
interleukin-10; NRP, neuropilin; TGF-, transforming growth factor 3; TNF-a, tumoral necrosis factor-a.
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ly A member 12 (SERPINA12) levels.”

Only one study has analyzed the processes modulated by
NRP2.* Specifically, it was directly modulated by TGF- sig-
naling and correlated with a mesenchymal-like phenotype in
vitro. Curiously, while TGF-3 overexpression increased NRP2
levels, NRP2 silencing did not exhibit significantly altered
TGF-B expression.”

Role of NRP in migration and invasion-related
processes

Invasion and migration processes are well-described events
that characterizes the aggressiveness of solid tumors and are
highly associated with tumor progression and recurrence.”

The NRPs' main effects in human pathologies are generally
related to the modulation of signaling pathways that drive
angiogenesis and cancer cell migration.”” Numerous studies
evaluated the NRPs’ role in these cellular processes in pre-
12,26,35-37,39,40,42,43,51-54 and human patients (F|g
2).”** NRP2 downregulation significantly decreased the mi-
gration of two different HCC cell lines.*> However, most stud-

clinical models

ies have described similar results after NRP1 knockdown,
finding lower cell migration ability in different cellular mod-
els, including the HCCLM3,”*** Huh-7,%*"** HepG2,"* Mahla-
vu, SK-Hep1, and HEK293T human lines*” and mouse Hepa129
cell line.”

NRP1 was also overexpressed in the highly metastatic Bel-
7402 cell line, but was underexpressed in the less metastatic
HepG2 and SMMC-7721 cell lines.”® A recent study evaluated
NRP1 function in metastasis, generating an HCC mouse mod-
el using NRP1-silenced and non-silenced HCCLM3 cells.”® Cu-
riously, they found that NRP1 downregulation greatly dimin-
ished the number of grafted mice with lung metastasis (1 of
5), compared to control mice (5 of 5).% Similar findings have
been reported in studies on HCC patients, where those with
elevated NRP1 levels had a higher probability of venous inva-
sion and metastasis.***’

At the molecular level, the NRPs’ role in angiogenesis-relat-
ed signaling has been analyzed by two studies.”** After
VEGF silencing in the mouse Hepa129 HCC cell line, both
NRP1 and NRP2 levels were markedly downregulated,” sup-
porting their interplay with the VEGF family ligands de-
scribed in other tumor types.° Moreover, a recent study
found that NRPT modulated the epithelial-to-mesenchymal
transition (EMT) pathway in two HCC cell lines, with de-
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creased N-cadherin and vimentin expression and increased
E-cadherin levels observed after NRP1 silencing.”

Other relevant clinical aspects associated with tumor inva-
sion and metastasis have been evaluated and associated
with NRPs (Fig. 2)."***"***° Two independent studies per-
formed by the same research group successfully inhibited
NRP1 activity through genetic silencing or inhibitor treat-
ment, significantly reducing tumor vascular remodeling.”*
Moreover, an in vitro matrigel assay analysis of capillary-like
structures showed that NRP1 inhibition with peptide N de-
creased the formation of capillary-like structures and other
tumor-associated characteristics.” In this line, while the tube-
forming ability of mouse Hepa129 cells decreased after NRP1
silencing,”” NRP1 overexpression via microRNA (miRNA)-148b
(miR-148b) silencing raised the tube-forming ability of hu-
man PLC/PRF/5 HCC cells.*® Moreover, lower neovasculariza-
tion was observed in an in vivo HCC mouse model after NRP1
silencing.”

Studies on human HCC patients have described similar re-
sults. NRP1 overexpression was significantly correlated with
intrahepatic metastasis'® and vascular invasion'®” in two in-
dependent HCC cohorts, supporting the potential roles for
NRP1 and NRP2 in the mechanisms underlying HCC progres-
sion.

NRPs and the immune response

HCC is a complex and heterogeneous tumor in which ma-
lignant hepatocytes and other tumor-associated cells affect
the development, progression, and drug responsiveness of
tumor cells.”*° Both innate and adaptive immune cells have
been strongly associated with the modulation of cellular re-
sponses to chronic inflammation, fibrosis, or cirrhosis contrib-
uting to hepatocarcinogenesis and HCC progression.* Several
investigations have focused on the tumor immunological mi-
croenvironment as a key mechanism in HCC (Fig. 2).***%*%"%!

A preclinical study exploring NRP1 and NRP2 in Mdr2 defi-
cient HCC mice, found their expression higher in macro-
phages than in hepatocytes.” Additionally, thymocytes iso-
lated from mice bearing a transplantable hepatoma 22a had
higher NRP1 levels than control animals.”® Among liver im-
mune cells, dendritic cells expressed NRP1, correlating with
RAD51** and transcription factor activating enhancer binding
protein 4 (TFAP4),” valuable prognosis and immune re-

sponse markers, respectively, in patients with HCC.***

https://doi.org/10.3350/cmh.2022.0425 3N



Clinical and Molecular Hepatology
Volume_29 Number_2 April 2023

Otherwise, several studies have described significant corre-
lations between NRP1 and different immune response medi-
ators in the HCC tumor microenvironment. One study found
NRP1 was inversely correlated with interleukin-10 (IL-10) in
patients with HCC.*® However, another study found no signif-
icant correlation between NRP1 and killer cell lectin-like re-
ceptor B1 (KLRB1).” Similarly, NRP1 downregulation via siRNA
silencing increased interferon gamma (IFN-y)** and IFN-B lev-
els,” and decreased tumor necrosis factor-a (TNF-a) levels”
in two independent studies employing in vivo HCC mod-
els.***¥ Therefore, while the exact mechanisms remain un-
clear, NRPs might exert an interesting function in the tumor-
associated immune response in HCC.

NRPs and miRNAs

MiRNAs are highly conserved small noncoding RNAs that
modulate gene transcription by binding to target messenger
RNAs (mRNAs).**® They are differentially expressed among
tissues and cancer stages, and are frequently dysregulated
during oncogenesis.” The role of miRNAs in cancer develop-
ment and progression gained attention given their broad
underlying modulating processes.”** In HCC, several miRNAs
have been associated with tumor progression through their
control of cell proliferation, invasion, migration and HCC de-
velopment acting either as tumor suppressors or promot-
ers.”*® Moreover, various miRNAs have shown to directly
modulate target genes involved in critical tumor-associated
processes.”

Several studies have evaluated the interplay between miR-
NAs and NRP1, and the underlying mechanisms (Fig.
2)./%°¥%*% NRP1 has shown to be a target of miR-148b**"" and
miR-340-5p/miR-452-5p,% in both in vitro and in vivo HCC
models. In addition, miR-124 or circular RNA (circRNA) circ-
ABCB10 overexpression increased NRP1 levels in the HepG2**
and Hep3B® HCC cell lines, respectively. Interestingly,
miR-148b-induced NRP1 downregulation strongly decrease
cell migration in vitro,”" and tube formation and cell division
in an HCC mouse model.*” However, despite these novel find-
ings, further studies should be performed to clarify the inter-
play between miRNAs and their associated effects in HCC.
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Association between NRPs and the tumor
microenvironment

The tumor microenvironment is a key factor in cancer de-
velopment and progression that undergoes dynamic chang-
es involving various components.” Cancer stem cells (CSCs),
HSCs, cancer-associated fibroblasts (CAFs), cytokines and
growth factors are tumor microenvironment components
strongly associated with HCC progression.®®*® Numerous
studies have assessed the modulatory effects of the tumor
microenvironment on NRP expression and activity, recently
reporting some exciting findings (Fig. 2).>*¢2%*40%3

CSCs are a small population of tumor cells that control dif-
ferentiation, tumorigenicity, metastasis, and therapeutic re-
sistance in HCC,” with NRP1 appearing to play a key role.”**
Specifically, NRP1 downregulation in an in vitro HCC model
significantly decreased the liver CSC population.” In contrast,
NRP1 was overexpressed in the CSC population of two HCC
cell lines* and expressed explicitly in CAFs and tumor-associ-
ated endothelial cells in HCC patients.” Among the cell types
influencing the tumor microenvironment, HSCs have been
broadly associated with HCC progression.” However, only
one study evaluated NRP1 expression in HSCs, finding in-
creased HepG2 cell proliferation in matrix conditioned with
HSCs overexpressing NRP1.”

Low oxygen conditions, hypoxia, are crucial in HCC devel-
opment, progression and chemoresistance.*”* A hypoxic mi-
croenvironment modulated both NRPs in vitro, decreasing
NRP1 levels but increasing NRP2 levels (Fig. 2). Intriguingly,
this study found that hypoxia decreased NRP expression
when VEGF was silenced.” Similarly, cobalt chloride-induced
hypoxia decreased NRP1 expression in the liver L02 cells.”
Moreover, hypoxia directly modulated NRP1 in an in vivo HCC
model, with NRP1 levels decreased in peritumoral tissue and
negatively correlated with hypoxia-inducible factor 1-alpha
(HIF-1a) levels.” Overall, both NRPs appear to contribute to
tumor microenvironment modulation, showing key interac-
tions with different tumor-associated cell types and the oxy-
gen conditions in HCC.

DISCUSSION

While NRPs were described as key proteins in the nervous
system through axon guidance modulation, recent findings
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also indicate an intriguing role in HCC and other cancer
types.”®
Numerous studies have indicated a potential role for NRP1

C,\>14182023:2426 \yhile fewer and

13,21,28

as a tumor biomarker in HC
contradictory results have been reported for NRP2.
Studies have found both NRPs overexpressed in tumor sam-
ples from different cancer types, including cholangiocarcino-
ma,"®”"” supporting mainly NRP1, but also NRP2, as potential
biomarkers in HCC. However, further studies are needed to
clarify their exact role and improve the diagnostic tools avail-
able for human HCC. Moreover, both NRPs are strongly asso-
ciated with worse prognoses and different tumor-associated
parameters in HCC patients.”'***?*%23% Similar findings
were found with different solid tumors, where NRPs nega-
tively correlated with prognosis and higher invasion and me-
tastasis risk,*”"”*”* highlighting their potential role as diag-
nostic tools for HCC patient prognosis.

Most studies evaluating NRP function in HCC have used
preclinical models, where mainly NRP1, but also NRP2, exhib-
ited an interesting modulatory roles by promoting cell sur-
vival, tumor progression, invasion and migration, and inhibit-
ing apoptosis.”>">"***> %334 Gimlar findings were reported
for other tumor types, describing TGF-3 and other signaling
pathways as potential targets of NRP regulation.””” Addition-
ally, invasion, migration and metastasis were also found to be
strongly modulated by both NRPs in different solid tumor
model 5,24,80,81
nisms underlying tumor progression and spread. Neverthe-
less, while these findings highlight interesting function for
NRPs in HCC tumor progression and invasion abilities, further
studies are needed to identify the exact mechanisms and
signaling pathways modulated by NRP1 and NRP2.

Based on solid tumor heterogeneity and multiple process-
es involved in tumor cell adaptation and progression, numer-
ous studies have described key functions for NRP1, and to a
lesser extent NRP2, in modulating the immune response
against tumor hepatocytes,******"¢'
the potential interplay between NRPs, miRNAs, and
152629334053 Other studies have
also reported a correlation between NRP1*** and NRP2*° ex-
pression in different immune cells and immune response
suppression in other cancers.”* Specifically, NRPs had a cru-
cial role in modulating the immune response,®* where NRP1
appeared to be associated with immune response suppres-
sion in cancer.” Regulatory T cells with depleted NRP1 exhib-

supporting roles for NRP1 and NRP2 in mecha-

that are associated with
40,51,64,65

the tumor microenvironment.
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ited decreased function, restoring the antitumor immunity
and TNF-a production.”’ Moreover, NRP1 expression in mac-
rophages, dendritic cells and other associated cell popula-
tions was associated with a restrained inflammatory re-
sponse.**®
macrophages promoted tumor growth by regulating macro-
phage phagocytosis.”® Therefore, based on these findings in
different HCC models, both NRPs potentially play a key role in
modulating the tumor-associated immune response, making
them potential biomarkers in the HCC tumor landscape.
Consistent with growing evidence reinforcing the key role

NRP2 expression in tumor-associated

of miRNAs in cancer, these non-codifying RNAs modulate
NRP1 in HCC, increasing tumor hepatocyte proliferation and
migration.***"**** Different miRNAs (e.g., miR-376a) or cir-
cRNAs (e.g., circ-LDLRAD3) regulated tumor progression in
other cancer models.”*”® While few studies have provided
clearer results on the mechanisms underlying the potential
interplay between miRNAs and NRPs, these findings suggest
that miRNAs could be potential modulators of NRPs expres-
sion and activity, but mainly of NRP1, controlling key pro-
cesses involved in HCC progression and invasion.

Several investigations have described that NRPs, primarily
NRP1, are highly influenced by the tumor microenvironment,
with tumor-associated cell populations playing a crucial
role.””* Among them, CAFs and CSCs could be modulated by
NRP1 or NRP2 in different cancer types.”* Indeed, NRP1 ap-
pears to have an interesting role in the response of different
cell types in the tumor microenvironment, acting as a poten-
tial modulator of tumor adaptation and progression. More-
over, the interplay between hypoxia and NRPs has recently
been explored in other cancers.”*> However, these results
showed an opposite hypoxia effect to HCC, with increased
NRP1”" but decreased NRP2 expression under hypoxic condi-
tions.” Together with the studies on HCC, these results indi-
cate that further investigations are needed to obtain a clearer
understanding of the exact mechanism through which hy-
poxia and NRPs might contribute to tumor development.

Limitations

This review aimed to provide a clear and complete under-
standing of the main mechanisms modulated by NRPs in HCC
development and progression. Nevertheless, some limita-
tions exist that are mostly associated to the high heterogene-
ity among studies. The main limitation was that most articles
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examined only one NRP, with 40 articles focused on NRP1
but only four on NRP2; five examined both NRPs. This limita-
tion led to greater discordance in the results obtained, mainly
for NRP2, increasing the uncertainty of the conclusions
drawn. Moreover, as shown in Table 1A, the methods em-
ployed for determining NRP1 or NRP2 levels were inconsis-
tent, with most articles focusing on one NRP, using different
targeting strategies. Discrepancies between studies could be
explained by the different methods used to measure NRPs
and the chosen targeting strategy.

Additionally, while multiple cellular and molecular process-
es had been evaluated, the number of studies analyzing each
mechanism was highly heterogeneous. The diagnostic and
prognostic values of NRP1 and NPR2, and their crucial role in
invasion and migration, were the main processes studied,

with few articles focusing on their interplay with miRNAs or
the tumor microenvironment. While these interactions are
key mechanisms in cancer development and progression,
only five and six studies have explored them in HCC, respec-
tively.

Finally, although increasing numbers of human studies
have been published, they have not always described the
main characteristics of HCC patients, with etiology, age, or
country missing in some articles. Moreover, public databases
hindered data extraction by not stating the number of pa-
tients included in the analysis. In summary, some important
limitations should be considered when understanding and
interpreting the main conclusions of this systematic review.

STEMNESS TUMOR EXPRESSION PROGNOSIS IMMUNE SYSTEM
NRP1
A L0S 10s )/ #NRP1;
T NRP1 1 NRP2 thymocyte TNRPZ
HYPOXIA HCC stem cell — L DFS macrophage
1 IFN-y and IFN-B
@ tCsC 1 NRP1 L RFS TTINF-a APOFTOSIS
LNRPT population ’ P TFAP_4 s TUNEL oL
LPFS «Rad>1 staining x ¢
TNRP2 dendritic cell
1 cleaved 1 caspase-3 and 7 activity
T metastasis A caspase-3
T cell migration Tvascular remodeling ) 1 Ki67 T colony “cbss
/ * TGF- formation T cell
1 capillary-like structure T tube formation B
+ cell viability i
*VEGF miR-124 To-SMA Suy
TNRP] +— proliferation
T VEGF cir-ABCB10
Tneovascularization T tumor 4 nodule « TGF-B
. growth size
miR-148
—l
% * cell miR-340-5p/miR-452-5p i LE
o 1 spheres L S
migration : u
INVASION AND : formation CELL
ANGIOGENESIS ARG PROLIFERATION

| T NRP1-derived increase ¢ NRP1-derived decrease T NRP2-derived increase ! NRP2-derived decrease < NRP1 correlation < NRP2 correlation |

Figure 3. Main findings from the studies included in this systematic review describing modulatory effects associated to NRP1 and NRP2 in
HCC. Specific modulatory effects exerted by both NRPs are graphically shown, together with correlations observed in different cellular pro-
cesses and molecular mechanisms. a-SMA, a smooth muscle actin; CSC, cancer stem cell; DFS, disease-free survival; IFN-B, interferon beta;
IFN-y, interferon gamma; OS, overall survival; PFS, progression-free survival; RFS, recurrence-free survival; TFAP4, transcription factor activating
enhancer binding protein 4; TGF-B, transforming growth factor beta; TNF-a, tumoral necrosis factor-a; VEGF, vascular endothelial growth fac-

tor.
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CONCLUSIONS AND FUTURE PERSPECTIVES

To the best of our knowledge, this article is the first system-
atic review focusing on the role of NRPs in HCC, summarizing
all the results obtained from preclinical and clinical studies
(Fig. 3). Increasing evidence suggests vital roles for these re-
ceptors (NRP1 and NRP2) in tumor-associated processes. The
results summarized here suggest that NRP1 could act as a
potential diagnostic biomarker and, with NRP2, an interest-
ing prognostic biomarker in HCC patients. The NRPs have
modulatory effects on different signaling pathways that pro-
mote tumor progression and are crucial mediators of the HCC
cell invasion and migration abilities. The tumor-associated
immune response is also strongly associated with NRPs,
mainly NRP1, and the tumor microenvironment, in which dif-
ferent tumor cell populations have higher NRP1 levels. The
interplay between miRNAs and NRPs has gained interest
since several miRNAs directly modulate NPR1, restraining tu-
mor cell proliferation. In summary, NRPs appear to have criti-
cal roles in various processes involved in tumor development
and progression, suggesting the potential of both, but main-
ly NRP1, as tumor biomarkers and potential targets for im-
proving the HCC patient outcomes.
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