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Abstract

Hepatocellular carcinoma (HCC), the main type of primary liver cancer,
constitutes the sixth most common and third most deadly cancer worldwide, respectively.
Due to the late diagnosis and the molecular heterogeneity of this tumor, the clinical onset
of HCC patients remains complex, with a high rate of therapeutic failure and recurrence.
Although novel findings have been accomplished in recent years, the precise mechanisms
underlying the processes of tumor development, progression and drug responsiveness
remain unclear. In this line, autophagy, responsible for the maintenance of cell
homeostasis, acts as a double-edged process in cancer, displaying a key function in the
progression and cellular response to targeted drugs. Furthermore, increasing evidence
highlights the crucial role of the hypoxic microenvironment in the chemoresistance
development in solid tumors, and mainly in HCC, where the hypoxia-inducible factor 1a

(HIF-1a) acts as the main mediator of the cellular response to hypoxia.

The interplay between these mechanisms is closely associated to the therapeutic
use of tyrosine kinase inhibitors (TKIs), such as lenvatinib, that primarily act by
disrupting tumor angiogenesis through inhibition of tyrosine kinase receptors (RTKS)
activity. The transmembrane glycoprotein neuropilin-1 (NRP1) has exhibited an
interesting function in the modulation of tumor-associated signaling pathways and
processes by interacting with key RTKSs, such as vascular endothelial growth factor
receptor (VEGFR) or platelet-derived growth factor receptors (PDGFR) among others,
and their corresponding ligands. Despite the interesting role that NRP1 seems to have in
cancer cell survival and drug efficacy, fewer studies have evaluated the potential value of

NRP1 as a tumor biomarker or therapeutic target in HCC.

For this reason, we aimed at assessing the clinical significance of the receptor
NRP1 in the prognosis, diagnosis and other tumor-associated features in HCC patients,
as well as to determine the role of NRP1 in the underlying mechanisms of lenvatinib

efficacy with potential implication in the loss of cellular sensitivity to lenvatinib.

To accomplish these purposes, we conducted a systematic review with meta-
analysis including all the articles that evaluate the clinical correlation of NRP1
overexpression with tumor prognosis, development and/or other clinicopathological
features in patients diagnosed with HCC. On the other hand, we confirmed these results
using datasets of human HCC samples from publicly available databases, and we also
assessed the potential role of NRP1 in the lenvatinib efficacy employing three HCC cell

lines, HepG2, Hep3B and Huh-7 as the in vitro model for the experimental study.
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Initially, a total of 1305 patients from seven articles were included in the
quantitative analysis, where approximately 53.81% of patients exhibited NRP1
overexpression. After meta-analysis, increased levels of NRP1 showed to be significantly
correlated with poor prognosis, represented by shorter overall survival (OS), as well as
with tumor pathogenesis by observing higher NRP1 expression in tumor tissue samples
from 692 HCC patients. In addition, a significant association was found between NRP1
overexpression and patient’s age, younger than 50 years old, and increased risk of venous
invasion, highlighting the potential of NRP1 as a tumor biomarker in HCC.

Meanwhile, results from the experimental study showed higher NRP1 levels in
HCC samples from public databases compared to normal liver tissue, and a strong
correlation with advanced tumor stages and nodal metastasis status. When analyzed in an
in vitro model of HCC, NRP1 was overexpressed in the Hep3B and Huh-7 cell lines in
comparison to the HepG2 HCC line, also showing a higher susceptibility to lenvatinib the
Hep3B and Huh-7 cells. Analysis of cell proliferation and migration revealed that NRP1
downregulation derived from lenvatinib treatment was involved in the antitumor effects
of this drug. To deeply evaluate the potential role of NRP1 in the underlying mechanisms
of the lenvatinib effectiveness, we further analyzed the modulation exerted by lenvatinib
in NRP1 expression. The double-edged process of autophagy was revealed as the main
mechanism responsible for the lenvatinib-derived downregulation of NRP1 in the Hep3B
and Huh-7 cell lines, where autophagy blockade restrained the lenvatinib efficacy, being
prevented by specific NRP1 targeting. Furthermore, after hypoxia induction, protein
levels of NRP1 were significantly diminished through a hypoxia-related autophagy
increase. Interestingly, NRP1 expression was also modulated by HIF-1a, showing lower
levels of NRP1 after HIF-1a silencing. Even though autophagy blockade increased cell
survival even after hypoxia induction and lenvatinib treatment, gene silencing of HIF-1a,
achieved to prevent this loss of lenvatinib effectiveness and the recovery of protein NRP1
expression in Hep3B and Huh-7 cell lines.

Altogether, results from this study suggest that NRP1 might constitute a valuable
biomarker for prognosis, diagnosis and risk of invasion in patients with HCC, together
with the potential role that NRP1 seems to play in the underlying mechanisms of the
lenvatinib efficacy in HCC cells, where both the double-edged autophagy and the HIF-
lo-related hypoxia response are involved. Therefore, NRP1 could be a novel tumor

biomarker and therapeutic target for improving the clinical landscape of advanced HCC.










Introduction

Liver cancer is a highly common and deadly disease worldwide, where
hepatocellular carcinoma (HCC) represents 75%-85% cases. HCC is characterized by a
complex molecular heterogeneity associated to the broad diversity of etiologic agents that
accounts for hepatocarcinogenesis. Furthermore, most HCC cases are diagnosed in
advanced stages, due to the absence of symptoms at initial stages and the cirrhotic
background. Although patients with early HCC can be subjected to curative treatments,
such as hepatic resection or liver transplant, most of them are late diagnosed and, in
consequence, not eligible for curative but for palliative therapies. Systemic therapy
remains the only available option against advanced HCC, where current therapies,
represented by tyrosine kinase inhibitors (TKIs) and monoclonal antibodies, have
ameliorated the therapeutic landscape. Unfortunately, survival is increased only for up to
two years, which highlights the necessity of further investigations to improve the patient’s

outcomes in these stages.

TKIs constitute the backbone of the systematic treatment of this type of cancer,
where sorafenib remained the only molecular targeted drug available for the treatment of
advanced HCC for over a decade. Only lenvatinib proved to be as effective as sorafenib
in the first-line treatment, leading to its approval in 2018 and establishing a key starting
point in the therapeutic landscape of HCC. Nonetheless, as previously observed with
sorafenib, tumor cells are able to develop an adaptive response that abolish drug
effectiveness and trigger resistance acquisition. Although several studies have focused on
the identification of the cellular and molecular processes involved in the loss of drug

sensitivity, the exact mechanisms are still unknown.

Neuropilin-1 (NRP1) is a transmembrane glycoprotein from the neuropilins
(NRPs) family located in the cell membrane of different cell types, such as hepatocytes.
NRP1 acts as a coreceptor of key proteins involved in signaling pathways that drives
survival and progression of cancer cells, including several growth factors and their
corresponding receptors. For this reason, recent investigations have evaluated the likely
role of NRP1 in the different steps of hepatocarcinogenesis, HCC progression, as well as
drug responsiveness. Even though angiogenesis and migration ability of tumor cells seem
to be the main processes directly modulated by NRP1 in HCC, recent findings have
revealed a broader number of processes modulated by this protein, highlighting the
potential of NRPL1 in the research field of HCC.
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Multiple cellular processes interact and participate in the tumor development and
progression. Among them, autophagy has exhibited a double-edged role by acting either
as a tumor suppressor or promoter mechanism depending on the HCC stage. Autophagy
is a self-degradative process that, under physiological conditions, maintains cellular
homeostasis by removing damaged proteins and organelles. However, under pathological
conditions, autophagy is differentially modulated as part of the cellular response to stress
signals, promoting or disrupting tumor progression in HCC. Moreover, drug
responsiveness is also influenced by autophagy, which has shown to endorse loss of drug
efficacy in HCC cells. Nevertheless, the precise role played by autophagy in HCC is still

uncertain.

Tumor microenvironment is essential for tumor progression. Solid tumors, such
as HCC, are characterized by a hypoxic microenvironment caused by the excessive cell
proliferation and oxygen demand compared to the oxygen supply. Under hypoxia
conditions, the hypoxia-inducible factors (HIFs) mediate the cellular response, in which
HIF-1a represents the main transcription factor involved in tumor hypoxia. Induction of
a HIF-1a-related hypoxia response has been strongly associated to an increased cell
survival, proliferation, angiogenesis, invasion and migration abilities, among others, that
promote tumor aggressiveness. Additionally, this transcription factor has exhibited to
prompt an adaptive cell response after sustained treatment with molecular targeted drugs,
e.g. sorafenib, which conduct to the development of drug resistance and, therefore,

therapeutic failure.

Overall, human HCC remains a global challenge, where multiple processes are
involved in the development, progression and drug resistance acquisition. Despite novel
findings, further studies need to be conducted to clarify the precise mechanisms
underlying HCC, in order to identify useful biomarkers and potential targets that improve

the clinical landscape of patients with advanced HCC.










Literature review Hepatocellular carcinoma

3.1 HEPATOCELLULAR CARCINOMA

Primary liver cancer constitutes an important health problem due to the high
incidence and mortality rates, which are also expected to increase in the futurel. This
cancer type is characterized by a complex molecular heterogeneity? and is constituted by
different malignant tumors®. The major primary liver tumor is hepatocellular carcinoma
(HCC), which accounts for 75%-85% of cases, followed by intrahepatic
cholangiocarcinoma (iCCA), 10%-15% of cases, and other less common malignancies,

such as hepatoblastoma, angiosarcoma or hepatocellular adenoma®3#.

3.1.1 Epidemiology

Among all tumor types, liver cancer remains a leading cause of cancer-related
death, standing as the sixth most common and the third most deadly cancer worldwide,

after lung and colorectal tumors!® (Figure 1A).
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Figure 1. Estimated number of cases and deaths for the top 10 most common cancers in
2020 for (A) both sexes, (B) men and women, with data from GLOBOCAN 2020. Available
online and modified from ©.

In terms of incidence, more than 900,000 cases were diagnosed in 2020, with a
2.3-fold higher rate in men, placing liver cancer as the fifth and the seventh most
commonly diagnosed tumor in men and women, respectively** (Figure 1B). Marked
differences are also observed in the mortality rates by sex, being the second and the sixth

cause of cancer-related death in men and women, respectively; liver cancer accounted for
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approximately 830,000 deaths in 2020, which highlights the elevated mortality rate of
this tumor type! (Figure 1B).

The worldwide incidence is highly heterogeneous because of the diverse
prevalence of the risk factors?®. Approximately 80-85% of liver cancer cases occur in low
or middle-resource countries, mainly in sub-Saharan Africa and Eastern Asia, where
chronic hepatitis B infection and aflatoxin B1 (AFB1) stand as the main risk factors®’. In
other countries, such as Japan, Italy and Egypt, hepatitis C virus (HCV) infection is the
predominant cause of liver cancer development, while in Mongolia co-infections of
hepatitis B virus (HBV) and HCV mainly contribute to the high burdent?. Although these
countries are high-risk areas of liver cancer, the incidence and mortality rates have
decreased in the last years due to the vaccination campaigns against HBV and a lower
exposure to AFB1L. On the other hand, low-risk countries, which include those across
Europe, Northern America, Australia, and South America, have experienced an increase
in the incidence and mortality possibly caused by a higher prevalence of obesity and
diabetes among population, as well as alcohol consumption®>’.

3.1.2 Etiology

Pathogenesis of HCC is complex and involves multiple molecular alterations,
being mostly developed in the setting of chronic liver disease*®. Viral infections by HBV
and HCV are the main risk factors, accounting for 80% of HCC cases’, followed by
alcohol, diabetes, obesity-related non-alcoholic steatohepatitis (NASH) and non-

alcoholic fatty liver disease (NAFLD), among other>® (Figure 2).
Viral infections

Chronic hepatitis caused by HBV and HCV is a crucial risk factor for HCC, in
which HBV infection is associated to 50-60% of HCC cases*®. However, prevalence of

both HBV and HCV shows differences based on the geographic localization*,

HBV is a double-stranded DNA virus able to integrate into the host genome*®
strongly associated to HCC development in regions of Africa and East Asia®>’. Most cases
of HBV-derived HCC are detected by measuring Hepatitis B Surface Antigen (HBsAQ),
which is used for definition of chronic infection when HBsAg persists for more than six
months®. In addition, although cirrhosis is present in 80%-90% of HCC cases, HBV is
able to promote HCC even in the absence of cirrhosis, increasing the risk of HCC*’8
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(Figure 2). For this reason, HBV immunization should be further implemented in more
regions, since HBV vaccination is estimated to markedly reduce HCC incidence
particularly in Asia and sub-Saharan Africa®®.

Additionally, risk derived from HBV infection could be potentiated by a hepatitis
D virus (HDV)/HBV co-infection®. HDV is an RNA virus able to replicate only in
presence of HBV surface antigens, which has been related to increase severity of liver
disease progression. Several studies suggest that there is a higher HCC risk by co-
infection of HBV/HDV than HBV infection alone®.
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Figure 2. Main etiologic agents of HCC. Representation of the main risk factors for HCC
development with the major genetic alterations associated to each one and the probability of a
cirrhosis-mediated induction of HCC. CTNNBI, catenin beta-1; TERT, telomerase reverse
transcriptase. Created with BioRender.com.

On the other hand, HCV is a single-stranded RNA virus that encodes structural
and nonstructural viral proteins, and, unlike HBV, this virus does not integrate into the
host genome*8. HCV infection remains the most common cause of HCC development in
Europe, North America and Japan”® (Figure 2) and, although there are not vaccine

available, antiviral therapies are able to decrease HCC incidence®. Risk of HCC caused

13



PhD Thesis Paula Fernandez Palanca

by HCV infection is mainly associated to the presence of cirrhosis as well as a sustained

virologic response (SVR), being recommended a close surveillance of patients®®,
NASH and NAFLD-derived HCC

Among population of developed countries, prevalence of diabetes and obesity is
very high and predicted to increase, which places NASH and NAFLD as major risk
factors of HCC in these regions®’. Despite the incidence of viral-induced cirrhosis is
higher than NASH-derived cirrhosis, growing evidence prove that both NASH and
NAFLD strongly contribute to HCC development®>® (Figure 2). Moreover, NASH is
considered a precursor step of HCC in patients diagnosed with diabetes or obesity and is
one of the main causes of cirrhosis®. Whereas NAFLD shows a lower risk of HCC than
NASH, the increasing number of individuals diagnosed with NAFLD places it as one of
the main risk factors, with a 2.6-fold increased risk of HCC in NAFLD patients®”.

These metabolic disorders are closely associated to the high levels of sedentary
behavior in recent years, which has aroused for a new term of metabolic dysfunction-
associated fatty liver disease (MAFLD) to replace the previous term NAFLD?®. This liver
disease is originated by a systemic metabolic dysfunction and has a complex and
heterogeneous pathophysiology mainly modulating liver metabolism®. Together with
NASH, MAFLD represents a key risk factor of HCC in developed countries®®.

Alcohol

Chronic alcohol consumption also represents a risk factor of HCC development,
which is proportional to the alcohol intake®. In particular, alcoholic cirrhosis is the second
most common risk factor in countries of Europe and USA’. Excessive alcohol
consumption leads to a chronic liver damage characterized by a steatotic liver, which is
followed by cirrhosis and HCC, and, along with NASH, alcohol abuse accounts for most

cirrhosis-derived HCC cases*® (Figure 2).

Several studies have also described that alcohol intake increases the risk of HCC
from other etiologies, such as HBV-derived hepatitis, since some of these etiologic agents

share pathophysiological features during hepatocarcinogenesis®.
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Aflatoxins

Aflatoxins are toxic compounds with strong hepatocarcinogenic properties
produced by different fungal species, mainly by Aspergillus flavus*’. These mycotoxins
are usually found as contaminants of staple cereals and oilseeds in areas of Africa and
Asia®>’ and, although there have been described more than 20 different aflatoxins, AFB1
is distinguished as the most hepatocarcinogenic toxin* (Figure 2). Derived effects from
aflatoxin exposure in the liver are strongly associated to mutations on the codon 249 of
TP53 gene as the main driver of hepatocarcinogenesis in patients from regions with a

high aflatoxin-associated risk of HCC®”.

Dietary intake of AFBL1 is a relevant co-factor for HCC development due to the
high increment of HCC risk that AFB1 has in HBV-infected patients*°. Both etiologic
agents are able to increase up to 70% the risk of developing HCC*. The strong interaction
observed between them is due to the ability of HBV for inducing the AFB1
metabolization through cytochrome P450, generating the mutagenic metabolite AFB1-
8,9-epoxide, which in turn induces DNA damage in the hepatocytes*’.

Other factors

There are several factors that also contribute to HCC development, not as

independent factors but strongly increasing the HCC risk*8,

Different sociodemographic characteristics are directly associated to a higher risk
of HCC, including age, sex and ethnicity, among others®. Particularly, individuals older
than 70 years have an increased probability of developing this liver tumor, existing also
a male predominance in HCC cases and Hispanic people®. Daily habits such as smoking,
and diet have also been described as risk factors for HCC, although the precise role is still

unclears.

In addition to environmental agents, genetic factors are markedly related to an
increased risk of HCC development®. Among them, there are different genetic conditions
that are predisposing, but interaction with another etiologic agent is crucial for developing
HCC*. This group of agents is constituted by a broad variety of chronic liver diseases,
from hereditary to metabolic pathologies, which includes alpha 1-antitrypsin deficiency,
autoimmune hepatitis, hereditary hemochromatosis, porphyria, tyrosinemia type 1 and

glycogen storage diseases*’ (Figure 2).
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Interestingly, aside from risk agents, protective factors that reduce the risk of
developing HCC have also been identified”®. Coffee, aspirin, metformin or statins have
proved to protect from HCC development in several observational studies, being coffee
consumption recommended by the European Association for the Study of the Liver
(EASL) clinical guidelines for HCC'.

The broad diversity of etiologic agents that may be involved in the development
of this liver cancer is also associated to the complex heterogeneity found in the

hepatocarcinogenic process described below.
3.1.3 Hepatocarcinogenesis

Hepatocarcinogenesis is a complex multistep process that represents the
molecular heterogeneity of HCC and usually takes place in the context of liver
cirrhosis’1%!!, Different genetic, molecular and cellular alterations are involved in the

development of HCC, with an interesting role of the microenvironment382,
Molecular drivers

Recent advances using high throughput analysis have yielded relevant progresses
in the genomic field of HCC, identifying cancer driver genes with oncogenic or tumor
suppressor roles®!2, Both genetic and epigenetic alteration mechanisms are responsible
for the malignant transformation of dysplastic liver nodules®. Most genetic alterations
observed during HCC development are telomerase reverse transcriptase (TERT) promoter
mutations leading to telomerase activation, chromosome translocations, viral insertions

or gene amplifications, which have been identified in approximately 80% of HCC cases®.

Specific mutations in the TERT promoter or in genes such as catenin beta-1
(CTNNB1) (encoding B-catenin), and TP53 (a key regulator of cell cycle), are the most
common genetic alterations observed in carcinogenesis’. Telomere shortening is a very
frequent event during hepatocarcinogenesis and is accentuated in chronic liver injury*?.
Somatic mutations in TERT promoter are observed in 44%-65% of HCC patients,
although TERT promoter amplifications, translocations and viral insertions have also
been identified in 20% of cases’'#!3, Less common genetic alterations are also present
during HCC development, in which 11%-37% of patients presents mutations in CTNNB1
and AXIN1 genes, triggering the activation of the Wnt/B-catenin pathway''2. Likewise,
TP53 pathway mutations are identified in 18%-50% of HCC patients, being considered a
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driver mutation, where the codified protein p53 acts as a tumor suppressor and its loss
prompts HCC progression®!2, Even though these represents the main genetic alterations
that occur during hepatocarcinogenesis, several investigations have also identified
numerous gene mutations with a key role, such as AT-rich interaction domain 1A
(ARID1A), AT-rich interaction domain 2 (ARID2), cyclin dependent kinase inhibitor 2A
(CDKN2A), Janus kinase 1 (JAK1), interleukin 6 receptor (IL6R), Kelch-like ECH-

associated protein 1 (KEAP1) genes, among otherst12,

Epigenetic has become an interesting field, due to its relevance in several human
pathologies, mainly in different cancers including HCC*. DNA hypermethylation,
including abnormal promoter methylation, histone modifications via methylation or
acetylation, or chromosome remodeling are very frequent events in the complex process

of hepatocarcinogenesis®*?,

Specific HCC etiologies are correlated with some of these molecular alterations’.
The most common molecular drivers, TERT promoter and TP53 mutations, are widely
observed in HBV-derived HCC cases, whereas mutations in the CTNNB1 gene are
associated with an alcohol-derived etiology”®* (Figure 2). Likewise, NASH or NAFLD-
associated HCC development have been related to alterations in interleukin (IL)-6-JAK-
signal transducer and activator of transcription (STAT) signaling pathways without
CTNNBL1 or TP53 mutations’4, and AFB1 exposure leads to a specific TP53 mutation
hotspot in HCC patients'®!! (Figure 2).

Cellular origin

The cellular origin of HCC is still uncertain considering the high heterogeneity
found in this liver tumor, in which cell plasticity has emerged as a key concept®*?,
Although initial studies focused on the role of stem cells as the cellular source of HCC,
increasing evidence accounts for mature hepatocytes as the main source®. Mature
hepatocytes are long-lived cells with proliferative potential and plasticity, that could
transform and express progenitor cell markers®?. Interestingly, two different hypotheses
have been established as possible ways of mature hepatocytes to generate liver tumor
cells, by directly transforming into cancer cells which experience sequential genetic and
molecular alterations, or by dedifferentiating into precursor cells that could lately

transform into HCC cells®?,
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Role of the microenvironment

The development of HCC is a multistep process in which the molecular and
cellular components play a key role’®!, Hepatic injury and inflammation accounts for
the majority of HCC cases, more than 90%, and are derived from the viral infection with
HBV or HCV, AFB1 exposure, excessive alcohol consumption, and NAFLD or
NASH3!, Chronic damage in the liver leads to the recruitment of macrophages,
lymphocytes, hepatic stellate cells (HSCs), that interact with hepatocytes'®!!, Although
the exact mechanisms responsible for inducing the first steps of HCC carcinogenesis are
still unclear, there are some key mediators that have been described, which include the
nuclear factor-xB (NF-xB) and JAK/STAT pathways®<°.

A chronic injured and inflammatory microenvironment promotes the activation of
HSCs, responsible for secreting cytokines, such as IL-6 and tumor necrosis factor o (TNF-
a), producing extracellular matrix (ECM) components, increasing tissue stiffness and
promoting immunosuppression®1%, An excessive production of ECM components,
mainly collagen, together with cytokines, growth factors, prostaglandins and pro-
angiogenic factors endorse the establishment of a pro-tumorigenic stroma®°. Not only
HSCs, but also other cell populations including hepatic fibroblasts, macrophages and
endothelial cells modulate the response to the chronic liver damage, contributing to the
loss of hepatic architecture, and hepatic fibrosis development!'2. The interplay between
all the genetic, molecular and cellular components leads to the survival of damaged
hepatocytes that avoid cell death and immune-mediated suppression, leading to

cirrhosis®® (Figure 3).

The pathway to carcinogenesis is complex and the etiology has a key role, being
described different molecular and cellular patterns in the development of NAFLD-derived
HCC from other etiologies***®. Insulin resistance, hyperinsulinemia or an increased
angiogenesis are some of the main mechanisms involved in the process of HCC
pathophysiology from a liver steatosis!*'®. However, this process shares some
characteristics with viral or alcohol-induced HCC, since cell populations of the immune
system also participate and several cytokines, IL-6, TNF-a, leptin, resistin, are released

and promote carcinogenesis'* (Figure 3).
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Regardless of etiology, cirrhosis precedes HCC in 80%-90% of cases®*2. Initially,
an established cirrhotic state of the liver is constituted by nodules of abnormal and
immature hepatocytes that compose pre-malignant lesions known as dysplastic foci (<1
cm) and dysplastic nodules (=1 cm)''? (Figure 3). Hepatocytes from these pre-
neoplastic lesions accumulate more genetic and epigenetic mutations, progressing to
early-stage HCC and, in turn, to advanced HCC®**! (Figure 3). A minority of HCC cases
develop in absence of cirrhosis, approximately 20% of cases, in which chronic HBV
infection or NAFLD seem to act as a pro-tumorigenic background that leads to HCC

development!?,
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Figure 3. Successive stages of hepatocarcinogenesis in a cirrhotic liver. Several etiology
agents are responsible for inducing a chronic liver damage characterized by a pro-inflammatory
microenvironment. Hepatocytes experience cycles of necrosis-regeneration and accumulate
genetic and epigenetic alterations. Different cell types, such as HSCs, macrophages or fibroblasts,
are recruited and secrete cytokines and growth factors that promote fibrosis and, in turn, cirrhosis.
Steatosis-associated injury in the liver triggers the development of NAFLD that could advance to
NASH establishment. Regardless of etiology, 80% of cases progress to a cirrhotic state of the
liver, in which pre-neoplastic lesions could emerge as a consequence of mutations accumulation
in hepatocytes, to ultimately turn into HCC. Created with BioRender.com.
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3.1.4 Patient surveillance and HCC diagnosis

Given that most HCC cases develop in the context of a chronic hepatitis, patients
could benefice from clinical surveillance to detect HCC in an early stage®!!. Surveillance
programs aim at reducing the disease-related mortality by including patients with
cirrhosis or chronic hepatitis'*®. Criteria for the inclusion of patients in these surveillance
programs is based on the potential risk for developing HCC as well as on cost-effective
analysis®1®. Patients with chronic HCV infection and fibrosis are eligible, while those
diagnosed with NAFLD without a cirrhotic background will not be enrolled*!. A chronic
hepatitis caused by HBV has different risk depending on several characteristics of the
patient, such as age, liver fibrosis, genotype C, among others®!!. Even though numerous
investigations demonstrated the survival benefits of HCC surveillance, current
information is still limited to validate HCC risk and perform a proper enroliment*-1¢, The
recommended techniques for screening during HCC surveillance are the ultrasonography
with or without alpha fetoprotein (AFP), since AFP has lower effectiveness in early-stage
HCC81,

At initial stages, HCC is asymptomatic and, in consequence, diagnosis is hindered
and frequently delayed to advanced stages when curative options are not available®’.
Nonetheless, management of HCC has improved in the last decade, in which novel
diagnostic tools have emerged as potential methods, such as liquid biopsy®!. Nowadays,
there are different options available for HCC detection including from imaging

techniques to analytical determinations®®.

The preferred test for HCC diagnosis is ultrasonography, because of the high
accessibility and tolerability of patients?. Sensitivity of this method ranges from 60% to
80% with a specificity higher than 90%2>!, although both parameters depend on the tumor
size, with the highest detection for a diameter of 3-5 cm!’. During HCC screening in
patients, ultrasonography should be performed every six months to get beneficial

results?s.

Together with ultrasonography, the serum marker AFP is commonly used for
diagnosis; however, its sensitivity is approximately 60% with a lower effectiveness in
small HCCs in early stages'™!. In the clinical practice, the use of ultrasonography
detection is usually accompanied by determination of AFP serum levels, increasing

sensitivity from 45% to 63%728. On the other hand, some HCC cases have shown to be
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AFP negative, hindering the early detection of this liver tumor®. In this line, some
molecules have proved an interesting potential as HCC biomarkers, such as protein
induced by vitamin K deficiency or antagonist-1l (PIVKA-II), AFP-L3 or some
microRNAs (miRNAS); nevertheless, further efforts are necessary to establish them in

the clinical setting®®.

Among imaging techniques, computed tomography (CT) and magnetic resonance
imaging (MRI) are also employed for HCC detection for lesions higher than 1 cm, after
identification by ultrasonography®¢. Diagnostic by CT and MRI is based on the different
brightness of the tumor tissue compared to the surrounding tissue, due to the blood supply
that the malignant lesions received from the hepatic artery, while benign nodules are
supplied by the portal system®!!, In this case, CT and MRI have an 89% sensitivity and
96% specificity?®.

Recent efforts have been focused on the rise of sensitivity of these diagnostic
techniques, for example by using extracellular agents instead of hepatobiliary contrast on
the MRI, and on the search of novel serum and tumor biomarkers that could be used in
combination with the conventional marker AFP28, Nonetheless, when imaging tools fail
to display a clear result, a biopsy should be requested to perform a suitable analysis®*®.
This technique provides useful molecular information and has a sensitivity of 70%?.
Moreover, the use of liquid biopsy as a source of potential serum biomarkers have
increased the interest by providing specific and individualized information from the
patient!?. In this field, great advances have been accomplished in the last years that

improved the precision and quality of the diagnostic tools?®.
3.1.5 Staging and management of HCC

After establishing the diagnosis of HCC, patients should be classified into
prognostic groups based on several clinical parameters that would help clinicians to
provide the best treatment option'®. In the last decade the management of HCC has
improved substantially and, despite there are more than 11 different staging systems, the
Barcelona Clinic Liver Cancer (BCLC) classification is the most applied algorithm?®2°,
The BCLC staging system links HCC prognosis with the most suitable treatment option
based on relevant clinical parameters that provide a strong clinical evidence'® (Figure 4).
The classification by BCLC establishes five groups (0, A-D) to identify HCC patients
based on the tumor burden, the performance status (PS) and the liver function®2°,
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Assessment of tumor burden includes determination of the tumor size and number,
and the presence or absence of invasion or extrahepatic metastasis'*?°. The PS analysis
usually includes the tumor-associated symptoms, regardless of the previous baseline
symptoms of the patient, and patient PS is classified according to the Eastern Cooperative
Oncology Group (ECOG) scale!®?. Finally, the patient liver function is assessed by the
Child-Pugh score, however, this classification has a limited predictive power!'2,
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Figure 4. BCLC staging system and strategy in 2022. Classification of HCC patients based on
tumor burden, PS and liver function to establish an association between cancer prognosis and
clinical decision-making according to the BCLC system. The expected survival is expressed as
median survival of each tumor stage and the liver function should be assessed with the Child-
Pugh score. Figure adapted from 2. BSC, best supportive care; TACE, transarterial
chemoembolization. Created with BioRender.com.
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As described in Figure 4, patients included in the very early stage (0) or early
stage (A) are eligible for curative treatment options and have an overall survival (OS) rate
of 50%-75% at 5 years'®. In these groups, a single HCC nodule should be identified
irrespective of the size, or either less than 3 nodules smaller than 3 cm!®2°, Symptoms are

not present in these stages, and liver function is preserved'®%,

In the BCLC B group, intermediate stages, patients also lack symptoms and
preserve liver function; nonetheless, multiple HCC nodules are identified without tumor
spread or vascular invasion*®1®, Most patients of this group require locoregional therapy,
such as transarterial chemoembolization (TACE), which could provide up to four years
of 0S¥ Some patients classified in an intermediate stage could reach the criteria for
performing liver transplant (LT) if HCC nodules are well-defined, experiencing an
improvement in the prognostic?®. Nonetheless, a subgroup of patients could be also
considered for systemic treatment when TACE therapy is not beneficial if HCC tumor is

diffuse and infiltrative?® (Figure 4).

For HCC tumors in which either vascular invasion or extrahepatic metastasis have
occurred, patients are classified in an advanced stage (BCLC C), where curative treatment
options are not further available®?°. Systemic therapy is the standard of care for this
group, with a recent complex scheme lately discussed, that provides a median survival of
approximately one year and up to two years'®?° (Figure 4).

Patients with major tumor-related symptoms and impaired liver function are
considered in the terminal stage (BCLC D), in which best supportive care (BSC) is

selected to treat symptoms and there is a short survival expectancy'®%° (Figure 4).
3.1.6 Treatment approaches

The objective of the treatment is to simultaneously increase patient survival and
maintain a high quality of life?. The selection of the therapeutic strategy for each patient
is based on the tumor stage according to the clinical parameters previously described by
BCLC8. Among therapeutic approaches, surgical resection, liver transplantation and
radiofrequency ablation (RFA), constitute the main curative treatment options; while
TACE is selected for intermediate stages, and systemic treatment for advanced stages

when no curative options are available®?*.
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Surgical therapy

Surgical treatment includes both hepatic resection and liver transplantation and
yields the best patient outcomes, with a 5-year survival of 70%-80%?8. Hepatic resection
remains the treatment of choice in absence of cirrhosis to prevent life-threatening
complications, whereas patients with cirrhosis are usually eligible for liver
transplantation®2!, Nevertheless, the decision between both surgical options is more
complex, since liver function, presence of portal hypertension, PS and other tumor
characteristics should be considered®?'. Tumor recurrence is the main complication
associated to hepatic resection, with a 70% of recurrence rate at 5 years, which can be

differentiated between early (<2 years) or late (>2 years) recurrence®®,
Interventional radiologic and locoregional therapy

The characteristic arterial hypervascularity of HCC offers an interesting
opportunity for the therapeutic landscape??. Firstly, methods such as ligation of the
hepatic artery to interrupt tumor blood supply or hepatic artery infusion led to the
development of the current transarterial embolization and TACE methods, which have
demonstrated survival benefits in patients>?2. TACE has been established as the treatment
of choice in intermediate-stage HCC, combining the blockade of the arterial blood supply
with the injection of chemotherapy into the tumor?8, However, potential efficacy of tumor
radioembolization (TARE) has placed this procedure as an eligible option also for patients
with intermediate-stage HCC?. TARE involves the delivery of glass or resin microspheres
embedded with yttrium into the hepatic arteria and have shown a tumor response between

40% and 90% together with a survival increase??®,

Percutaneous ablation together with radiotherapy are the two major locoregional
therapies employed for HCC?. In patients diagnosed with early HCC, image-guided
tumor ablation is a broadly accepted treatment option, which aims at inducing tumor
necrosis by temperature alteration or chemical administration and provides a better
disease control?®. Although percutaneous injection of ethanol is still recommended in
some cases, RFA and microwave ablation (MWA) are the procedures established for
HCC treatment by ablation®?3. Both RFA and MWA has demonstrated benefits in terms

of treatment efficacy and patient response, being chosen mainly for early-stage HCC?.
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Molecular-targeted therapy

Patients with advanced HCC are eligible for systemic therapy®. The benchmark in
the treatment landscape of advanced HCC was the Sorafenib Hepatocellular Carcinoma
Assessment Randomized Protocol (SHARP) trial which triggered the approval in 2007
by the Food and Drug Administration (FDA) of sorafenib as the first drug available for
advanced-stage HCC®!!, Sorafenib is an oral tyrosine kinase inhibitor (TKI) with multiple
molecular targets that showed survival advantages>!!. TKIs are able to inhibit tumor
progression through disruption of different signaling pathways associated to tyrosine
kinase receptors (RTKSs), such as vascular endothelial growth factor receptor (VEGFR),
platelet-derived growth factor receptor (PDGFR), among others®!l, However, despite
benefits observed with targeted therapy, for over a decade sorafenib remained as the only
first-line drug approved for advanced HCC, until the approval of lenvatinib in 2017 by
the FDA®?* (Figure 5). Since sorafenib approval, several advances have been
accomplished in the systemic therapy, with regorafenib and cabozantinib as current
available drugs for the treatment of HCC that developed resistance against sorafenib®
(Figure 5). These systemic therapeutic options have achieved to increase patient survival
for approximately 1-2 years?.
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Figure 5. Timeline approval of the targeted drugs currently available for the treatment of
advanced HCC. Graphical representation of the drugs and the trial that triggered their approval,
as first-line treatment (red) or second-line treatment (green), for both monoclonal antibodies (top
side) and TKIs (bottom side). Created with BioRender.com.
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Immunotherapy

Immune-based treatments have been included in the therapeutic setting of HCC
due to the effectiveness showed in several studies'®?. Immune checkpoint inhibitors are
able to disrupt an immune-associated mechanism employed by cancer cells to avoid the
immune response, thus promoting an effective patient response®%°. Trials with immune
checkpoint inhibitors, between 2013 and 2017, showed positive results in advanced HCC
which led to the approval of several monoclonal antibodies as first-line and second-line
treatments since 2017+ (Figure 5). In this regard, nivolumab was the first monoclonal
antibody that demonstrated to increase patient survival as second-line option, followed
by pembrolizumab, ramucirumab, and combined nivolumab and ipilimumab as second-
line treatments, while in the first-line setting only the combination of atezolizumab with
bevacizumab, and tremelimumab with durvalumab have been approved by the FDA3?4
(Figure 5).

3.2 LENVATINIB

Lenvatinib is an oral multikinase drug classified as a TKI that has showed benefits
in several tumor types, being approved against thyroid carcinoma, renal cell cancer, HCC

and endometrial cancer®®?’,
3.2.1 Clinical landscape of lenvatinib in HCC

For over a decade, sorafenib has remained as the only available drug as the
standard of care for HCC patients in advanced stages?®. Despite the high number of
clinical trials evaluating different pharmacological agents, positive results, either
superiority or non-inferiority, were not obtained until the study conducted with
lenvatinib®?®. The approval of lenvatinib (Lenvima®) in 2017 placed it as the unique
alternative in the first-line setting against HCC, and was triggered after the efficacy
showed by both the phase 2 and phase 3 studies?®2%%,

Firstly, safety and pharmacokinetics of lenvatinib were assessed in 20 HCC
patients to determine the maximum tolerable dose (MTD) and the preliminary clinical
data for the following trial®.. Plasma determinations and clinical evidence showed that 12
mg lenvatinib once daily is the recommended dose for performing the phase 2 clinical
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study with manageable toxicity and efficacy®!. The phase 2 study was conducted in
patients diagnosed with HCC who were not eligible for surgical resection or locoregional
therapies®. Lenvatinib was orally administered at 12 mg once daily for 28-day cycles,
establishing time to progression (TTP) as the main outcome, and objective response rate
(ORR), disease control rate (DCR) and OS as the secondary endpoints°. Results proved
clinical activity of lenvatinib and an acceptable toxicity profile, regardless of the dosage
modification in patients with lower body weight (<60 kg)*°.

After these clinical investigations, lenvatinib was included in a phase 3 trial
(REFLECT trial) to compare OS of patients treated with lenvatinib in comparison to
sorafenib and registered at ClinicalTrials.gov (NCT01761266)%°. In this phase 3 study,
HCC patients were enrolled and randomly assigned (1:1) to the lenvatinib or sorafenib
group, with OS as primary endpoint and progression-free survival (PFS), TTP, ORR,
quality-of-life measurements and plasma pharmacokinetics exposure parameters?. Main
differences were initially observed in the dose and frequency of lenvatinib and sorafenib
administration. Lenvatinib was orally administered at 12 mg/day (>60 kg body weight)
or 8 mg/day (<60 kg body weight) once daily, while sorafenib was orally administered at
400 mg twice daily?®. Findings obtained from this clinical trial (Table 1) displayed
beneficial effects of lenvatinib in terms of the clinical parameters analyzed, with non-
inferiority to sorafenib (13.6 months versus 12.3 months, respectively) in unresectable
HCC?. In addition, a posterior study performed a covariate-adjusted analysis of this
phase 3 REFLECT study in order to consider baseline variables observed before and after
randomization®2. Results from the REFLECT trial were found to underestimate the true
effect of lenvatinib on OS compared to sorafenib, mainly due to an imbalance in AFP

levels®2,

Table I. Clinical results from the parameters of primary and secondary endpoints from the
phase 3 REFLECT trial.

Clinical parameter Lenvatinib arm (n=478) Sorafenib arm (n=476)
OS (months) 13.6 (12.1-14.9) 12.3 (10.4-13.9)

PFS (months) 7.4 (6.9-8.8) 3.7 (3.6-4.6)

TTP (months) 8.9 (7.4-9.2) 3.7 (3.6-5.4)

ORR (%, 95%ClI) 115 (24.1%, 20.2%-27.9%) 44 (9.2%, 6.6%-11.8%)
DCR (%, 95% CI) 361 (75.5%, 71.7%-79.4%) 288 (60.5%, 56.1%-64.9%)

Data obtained from 2.
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Although some adverse events observed with lenvatinib treatment were classified
as grade 3, both lenvatinib and sorafenib displayed similar adverse events rates?®.
Hypertension, diarrhea and decreased appetite were the most common adverse events
derived from lenvatinib administration, while palmar-plantar erythrodysesthesia, diarrhea
and hypertension were mainly found in the sorafenib group?. Based on the positive
results from the phase 3 REFLECT trial, the FDA approved lenvatinib in 2018 for the

first-line treatment of advanced HCC?.
3.2.2 Cellular and molecular targets of lenvatinib

Lenvatinib is a multi-targeted drug that selectively inhibit the tyrosine kinases
VEGFR1-3, PDGFR-a, PDGFR-, fibroblast growth factor receptors (FGFR) 1-4,
mast/stem cell growth factor receptor (KIT) and proto-oncogene tyrosine-protein kinase
receptor (RET)?%% (Figure 6). Interestingly, the targeting of FGFR4 is considered a
crucial factor in the antitumor effects exerted by lenvatinib in HCC?®, The half maximal
inhibitory concentration (ICso) values of this TKI were lower than those of sorafenib for
the targets analyzed, highlighting a more potent inhibitory effect of lenvatinib on VEGFR,
FGFR and KIT?,

Through blockade of these tyrosine kinases, lenvatinib is able to disrupt key
pathways associated to the development and progression of HCC?8. Angiogenesis,
defined as the generation of new blood vessels from pre-existent vessels, is the main
process disrupted by lenvatinib in HCC, mainly through a VEGF-associated blockade®33,
This drug showed to restrain invasion and metastasis of human HCC cells by modulating
the balance between matrix metalloproteinases (MMPS) and tissue inhibitors of MMPs
(TIMPs)®. Similarly, through inhibition of VEGFR, lenvatinib decreased angiogenesis
in both in vitro and in vivo models of HCC®? and exerted an antiangiogenic effect in a
VEGF-overexpressing HCC xenograft model®*. Lenvatinib also demonstrated to diminish
blood vessels and microvessel density when administered to different cell lines and a

mouse model of HCC?6,

Antitumor effects of lenvatinib have been mainly associated to the inhibitory
action on angiogenesis, invasion and metastasis?®®. However, this TKI is also able to
directly restrain tumor progression by blocking cell proliferation and promoting cell
death®**-3°, Tumor growth both in vitro and in vivo was disrupted after lenvatinib

treatment, increasing necrosis of HCC cells®. Programmed cell death or apoptosis was
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also induced by lenvatinib in diverse studies conducted with HCC models®”8, being
partially associated to the downregulation of FGF-signaling mediators®**, Although
lenvatinib has shown potential antitumor properties by modulating several cellular
processes associated to different signaling pathways, further studies are needed to clarify

the exact mechanisms modulated by this TKI%,
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Figure 6. Main RTKs and downstream signaling pathways modulated by the current TKls
approved for the treatment of HCC. Specific lenvatinib effects are blue-marked for the
different RTKs. AKT, RAC-alpha serine/threonine-protein kinase; MET, hepatocyte growth
factor receptor; PI3K, phosphatidylinositol 3-kinase. Created with BioRender.com.

3.2.3 Loss of therapeutic sensitivity to lenvatinib

Even though TKIs have demonstrated to improve patient survival, prolonged
administration could lead to loss of sensitivity and, therefore, to development of
resistance*®*!. Several mechanisms have been identified to be involved in the acquisition
of chemoresistance in HCC, but most studies have focused on the alterations derived from
sorafenib resistance'?*, in which different processes have been described, such as
apoptosis evasion, autophagy modulation or hypoxia-related response?. Since the

lenvatinib approval against HCC, growing evidence has found that multiple signaling
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pathways could promote the loss of sensitivity to lenvatinib, favoring cell survival and

therapeutic failure**-%8. Current findings on key molecular mediators of lenvatinib failure

in different models of HCC are summarized in Table I1.

Table I1. Current findings on the potential mediators of the loss of lenvatinib sensitivity in

HCC.

Mechanism involved in the loss of lenvatinib sensitivity

Molecular alteration

Cellular process

Ref.

V¥ KEAPI (inactivation)
A Nrf2 downstream genes NQO1, GPX2 and TXNRD1

A Cell viability
V¥ ROS production

43

A HGF/c-MET axis
A PIBK/AKT pathway activation
A MAPK/ERK pathway activation

A Cell proliferation
A Cell invasion

V Apoptosis

A EMT

44

A FGFR2

Maintenance of tumor

vasculature

45

A MAPK/ERK pathway activation
A EMT markers
A VEGF, PDGF-AA and angiogenin

A Cell proliferation
A Cell invasion

46

A ADAMTSLS

A Cell proliferation

47

A 1IRF2

A Cell proliferation
V Apoptosis

48

YRDC — KRAS translation

A Cell proliferation
A Cell migration

49

A Hedgehog signaling

A Cell proliferation
A Cell migration
V Apoptosis

50

A EGFR activation

A Cell proliferation

51

V¥ NF1 - APIBK/AKT and MAPK/ERK signaling
V¥ DUSP9 —» A MAPK/ERK signaling
FOXO3 inactivation

A Cell proliferation
A Cell migration

52

A INcCRNA MT1JP

A Cell proliferation
V Apoptosis

53

A FGFRI1
A AKT/mTOR and ERK signaling

A Cell proliferation
V Apoptosis

54

A ETS-1 > A VEGFR2
A RAS/MEK/ERK signaling

A Cell proliferation
A Cell migration

55

A ERK signaling

A Cell proliferation
Cell cycle arrest

56
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Mechanism involved in the loss of lenvatinib sensitivity

Molecular alteration Cellular process Ref

A EGFR activation
A IGF1R/INSR activation A Cell proliferation 57
A ROS levels

A ITGB8 — A HSP90-derived AKT stabilization A Cell proliferation 58

A EGFR-STAT3-ABCB1 signaling axis A Cell proliferation 5

A Cell proliferation
A Cell migration

V¥ DUSP4 expression 60

A Cell proliferation
V¥ Apoptosis

A METTLI1 — EGFR activation 61

A Caspase-3 — SREBP2 cleavage — cholesterol
biosynthesis

A Cell proliferation 62

A Cell proliferation

A LAPTMS 63
A Autophagy

A MDRI1 and BCRP A Cell proliferation 64

A EGFR/PI3K pathway V¥ Apoptosis

LncRNA AC026401.3 interaction with OCT1

o o A Cell proliferation 65
A E2F2 signaling activation cip

A Cell proliferation

66
A FBXO9 A Cell migration

A c-MET A Cell proliferation 67
V¥ miR-128-3p V Apoptosis

A circMED27 A Cell proliferation 68

ABCB1, ATP binding cassette transporter B1l, ADAMTSL5, a disintegrin-like and
metalloprotease domain containing thrombospondin type 1 motif-like protein 5; AKT, RAC-
alpha serine/threonine-protein kinase; BCRP, breast cancer resistance protein; circMED27,
circular RNA mediator complex subunit 27; DUSP9, dual specificity phosphatase 9; E2F2,
transcription factor E2F2; EGFR, epidermal growth factor receptor; ERK, extracellular signal-
regulated kinase; ETS-1, protein C-ets-1; FBXQ9, F-box only protein 9; FOXO03, forkhead box
protein O3; GPX2, glutathione peroxidase 2; HGF, hepatocyte growth factor; HSP90, heat shock
protein 90; IGF1R, insulin-like growth factor 1 receptor; INSR, insulin receptor; IRF2, interferon
regulatory factor 2; ITGBS, integrin beta-8; LAPTMD5, lysosomal-associated transmembrane
protein 5; IncRNA, long non-coding RNA; MAPK, MAP kinase; MDR1, multidrug resistance
protein 1; MEK, mitogen-activated protein kinase kinase; MET, hepatocyte growth factor
receptor; METTL1, tRNA (guanine-N(7)-)-methyltransferase; mTOR, mammalian target of
rapamycin; NF1, neurofibromin; NQO1, NAD(P)H dehydrogenase [quinone] 1; Nrf2, nuclear
factor erythroid 2-related factor 2; OCT1, organic cation transporter 1; PI13K, phosphatidylinositol
3-kinase; Ref, reference; ROS, reactive oxygen species; SREBP2, sterol regulatory element-
binding protein 2; TXNRDJ, thioredoxin reductase 1; YRDC, threonylcarbamoyl-AMP synthase.
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Nevertheless, despite the increasing number of articles published that evaluates
potential mechanisms responsible for lenvatinib failure in HCC since 2019*-%8 (Table
I1), a clear understanding of the molecular and cellular processes implicated is still

lacking4°,

3.3 NEUROPILIN-1

Neuropilins (NRPs) are type | transmembrane proteins of 120-140 kDa with
pleiotropic functions in different physiological and pathological processes®® . Initially,
these NRPs were identified as key proteins in the axon guidance and neural development;
however, their role on angiogenesis and other cellular processes involved in tumor

development has been identified and become of great interest’®"*.
3.3.1 Types and structure of neuropilins

NRPs are multifunctional non-tyrosine kinase surface receptors that are expressed
in all vertebrates and have a wide tissue distribution’®"®, There are two conserved NRP
family members, neuropilin-1 (NRP1) and neuropilin-2 (NRP2), that are encoded by two
different genes on independent chromosomes (10p12 and 234, respectively)’®"273,
Despite NRP1 and NRP2 share only 44% homology in their amino acid sequences, the
protein structure is very similar (Figure 7)>73, In general, NRPs structure is based in an
extracellular region, a transmembrane stretch and a short intracellular tail”?, which are
constituted by domains with specific functions’. The extracellular region is constituted
by five domains named as al, a2, b1, b2 and c¢’%". At the N-terminus NRP1 and NRP2
present two Cubilin homology (CUB) domains, two FV/VIII (FV/VIII) domains, and a
meprin-like protease/A5 antigen/receptor tyrosine phosphatase p and « (MAM)
domain™? (Figure 7). Particularly, the CUB domains share homology with the
complement binding factors C1r/C1s, Uegf, bone morphogenetic protein 1 (BMP1) and
Tolloid proteins, while both FV/VIII have significant homology with the coagulation
factor FV/VIII, the receptor-type tyrosine kinase DDR and discoidin-17%"t, Both NRP1
and NRP2 are single pass transmembrane proteins, with an intracellular PSF-95/DIlg/Z0-
1 (PDZ) binding domain and a serine-glutamic acid-alanine (SEA) triplet of amino acids
at the C-terminus”™7* (Figure 7). Curiously, as consequence of alternative splicing,
soluble forms of NRP1 (sNRP1) and NRP2 (sSNRP2) could be generated, which lack the
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transmembrane and cytoplasmic domains’® (Figure 7). Moreover, membrane bound
NRP2 also experiences alternative splicing which generates two NRP2 isoforms, NRP2A

and NRP2B, mainly differentiated in the presence or absence of the SEA triplet’3,

The extracellular domains participate in the interaction with different ligands and
receptors, being the al, a2 and bl involved in the binding to class 3 semaphorins
(SEMAZ3); while the b1 and b2 domains are the responsible for interacting with VEGF
and other growth factors’®™ (Figure 7). Both MAM and transmembrane regions have
shown to be essential for homo- and heterodimerization’? and the PDZ domain that,
although it lacks catalytic activity, acts as docking site for the interaction with partners to

form signaling complexes’* 7374,

NRP1 sNRP1 NRP2A NRP2B sNRP2
Domains
N N N N N
cug | @l = - = SEMA binding
| a2
[ b1 44% Growth factor
---------- and receptors
FV/vi b2 homology binding
MAM c Oligomerization
PDZ I:
@ Cc Cc

Figure 7. General structure of the main types of NRPs, NRP1 and NRP2, and splice variants.
Both NRPs consists of domains with different cellular functions, and soluble isoforms (SNRP1
and sNRP2) also exist lacking the transmembrane and cytosolic domains. Two splice variants are
derived from the gene of NRP2, NRP2A and NRP2B, distinguished in an 89% of homology in
the C-terminus. Created with BioRender.com.

NRP1 was the first member of the NRP family described in 198772 and, although
both NRP1 and NRP2 play key functions, NRP1 has been more studied and widely
characterized’®. These receptors differ in several properties that are, at least in part,
responsible for the diverse cellular function exerted by each one’. Glycosylation patterns
between NRP1 and NRP2 are not identical, since NRP1 is mainly N-glycosylated and
NRP2 only could be polysialylated’®’. Moreover, NRPs have a specific tissue

distribution, finding NRP1 expressed in arterial endothelial cells and in the tumor
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vasculature, being overexpressed in heart and placenta, and moderately expressed in lung,
liver, skeletal muscle, kidney and pancreas’®. On the other hand, NRP2 is mainly found
in venous or lymphatic endothelial cells, as well as in neural crest-derived cells such as

hepatocytes and epithelial cells of proximal and distal renal tubules’.
3.3.2 Cellular and molecular modulatory effects of neuropilin-1

The role of NRPs, and mainly NRP1, in the embryonic development is crucial for
reaching a complete and adequate vascular phenotype”™ ™. Loss of NRP1 in a knockout
mice model led to an embryonic lethality between 10 days and 12.5 days; while NRP1
overexpression also triggered an embryonic lethality in 12.5 days, approximately,

demonstrating the essential role played by NRP1 in angiogenesis’®"°.

In adults, NRP1 has shown to modulate a variety of cellular processes and
signaling routes due to its interaction with multiple receptors as heterodimers’®’3. NRP1
acts as a coreceptor of growth factor receptors, mostly RTKSs, and, therefore, increases
the activation of key pathways, such as phosphatidylinositol 3-kinase (P13K)/RAC-alpha
serine/threonine-protein kinase (AKT) and MAP kinase (MAPK)™. The first binding
partners described for NRP1 were proteins from the SEMAS3 family, which participate in
axon guidance and migration, cell apoptosis and tumor suppression”®. Although NRP1
has the highest affinity to SEMA3A, it also interacts with other members of SEMA3
family”>™ (Figure 8). Plexins are SEMA receptors that participate in the formation of
SEMAZ3/NRP1/Plexin complexes that suppress angiogenesis and metastasis, thus,

exerting an inhibitory role in tumor progression’ (Figure 8).

Regardless these molecular partners, NRP1 stands out for its interaction with
multiple growth factors and the corresponding receptors that exert key functions in
cancer’®”3, The most studied interaction of NRP1 is VEGF-A and the VEGFR family,
highly involved in the vasculature development and angiogenesis®®". In these complexes
NRP1/VEGFR/VEGF, NRP1 plays a critical role, enhancing the signaling cascade and
promoting angiogenesis’®’? (Figure 8). Additionally, NRP1 has been found to couple
with many other RTKs and ligands, which include PDGFR/PDGF, FGFR/FGF,
transforming growth factor-p receptor (TGF-BR)/TGF-f and hepatocyte growth factor
receptor (MET)/hepatocyte growth factor (HGF)’>"® (Figure 8). Through these
interactions, NRP1 has shown to activate the MAPK and PI3K/AKT pathways, among

others, promoting cell survival, angiogenesis, epithelial-to-mesenchymal transition
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(EMT) and migration, as well as to induce an immune tolerance response®®’73 (Figure
8). Interestingly, although most studies have described an essential VEGFR-dependent
role of NRP1 in angiogenesis induction, in some tumors without VEGFR expression,
NRP1 was able to interact with VEGF and induce cell migration and angiogenesis”
(Figure 8). Increasing evidence have showed the relevant function of NRP1, not only as

coreceptor, in cellular processes crucial for tumor development and progression®®79.73,

——» Activation ——— Inhibition
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Figure 8. Molecular interactions and derived effects of membrane bound NRP1. NRP1 acts
as a coreceptor of multiple ligands and their corresponding receptors, and modulates key cellular
processes, such as axon guidance, angiogenesis, cell adhesion, migration, EMT and cell survival,
by interacting with different growth factors and other proteins. PIGF, placenta growth factor.
Created with BioRender.com.

3.3.3 Neuropilin-1 and HCC

The increasing interest aroused by NRP1 in cancer has also been translated to
HCC™, in which a broad number of studies have described potential functions of NRP1

in different biological aspects described below.
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NRP1 as a biomarker

The identification of useful biomarkers is one of the main objectives to increase
the rate of early diagnosis in the HCC landscape®. In this line, several investigations have
found an overexpression of NRP1 in the tumor tissue of patients diagnosed with HCC
compared to the healthy liver tissue’® . Similar results were also described in preclinical
studies, showing increased NRP1 levels in different HCC cell lines with respect to the
normal liver LO2 cell line®8. Although fewer investigations have analyzed the potential
use of NRP1 as serum biomarker, positive findings have been also published’®®’,
highlighting the potential role of this NRP receptor in the diagnostic field of HCC"®%7,

Prognosis of HCC patients remain complex and novel advances are being
conducted in the identification of suitable strategies and useful prognostic biomarkers®2,
Likewise, an increased expression of NRP1 has been strongly associated to worse
prognosis of HCC patients, reporting shorter OS, PFS and recurrence-free survival
(RFS)’8848-91  Fyrthermore, not only survival, but also other tumor-associated
parameters have been closely related to NRP18798492 Specifically, NRP1 was correlated
with advanced stages of HCC and higher AFP levels,’®, finding a significant association
with multi-nodularity and tumor size in one study®’, but without significant results in
different investigations’®8+%2 Altogether, NRP1 could be a useful biomarker for both
diagnosis and prognosis, as well as for other tumor-associated parameters in HCC

patients.
Role in tumor invasion and migration

The main effects derived from NRP1 in human pathologies, including cancer,
have been widely associated with the modulation of signaling routes that drive
angiogenesis and migration of tumor cells’™. For this reason, most articles have assessed
the interplay between NRP1 and invasion in HCC. Different preclinical studies have
broadly established a direct modulation of cell invasion and migration abilities by
NRP176:78:8593-103. data supported by clinical investigations in which NRP1 was markedly
correlated with an increased probability of venous invasion and metastasis®*®” (Figure
9). Although several mechanisms have been described to participate in this NRP1-
associated angiogenesis, VEGF-dependent activation remains as the main mechanism

responsible'®? (Figure 9).
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Figure 9. Main modulatory actions of NRP1 in tumor hepatocytes and NRP1 role in the
tumor microenvironment in HCC. NRP1 is broadly expressed in cancer cells and other tumor-
associated cell populations of the tumor microenvironment and the immune response. This
receptor, NRP1, is expressed in a high number of cell types and participates in several cellular
and molecular mechanisms involved in the development and progression of HCC, modulating
crucial cellular processes. IFN-B, interferon beta, IFN-y, interferon gamma. Created with
BioRender.com.
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Furthermore, NRP1 has also demonstrated to regulate clinical parameters
associated to invasion and metastasis, reporting a decrease of tumor vascular remodeling
in two different studies after NRP1 knockdown’®%, together with an inhibition of the
formation of capillary-like structures’® and lower neovascularization® (Figure 9). Similar
results were also found with in vitro HCC models analyzing the tube formation ability®>%’
(Figure 9). Overall, these findings suggest that angiogenesis, invasion and migration, key
processes of tumor progression, are strongly modulated by NRP1.

NRP1 modulation of cancer-associated pathways

The role of NRP1 in tumor growth and progression has been widely studied in
recent years, establishing a direct association between NRP1 expression and an enhanced
tumor cell survival and progression in HCC'6798593-99.104-111 (Eigyre 9). These findings
have been reported by cellular’®7989%-9 and animal models’894-9.98107.112 " a5 \well as in
human clinical studies'®°, However, not only cancer cell proliferation, but also
apoptosis and other tumor-related pathways have been identified as mechanisms
potentially modulated by NRP176:104105108109 “Among them, NRP1 proved to be
correlated with the immune marker CD36'® and insulin-like growth factor binding
protein-3 (IGFBP3)!%® (Figure 9). In summary, although several investigations have
described a broad variety of signaling mediators that are regulated by NRP1, there is still
a lack of evidence that clarify the underlying mechanisms of the NRP1-related promotion

of tumor Surviva|76,79,85,93799,1047111
NRP1 and the immune-related response

Interestingly, several findings published on tumor effects of NRP1 in HCC have
been strongly associated to the ability of suppressing the immune response against cancer
cells®19495113-118 - In  this line, NRP1 overexpression has been observed in
macrophages*'®, thymocytes''* and dendritic cells®**5, being significantly correlated
with different immune markers, such as 1L-10', interferon (IFN)-y**, IFN-B and TNF-
o®® (Figure 9). Nonetheless, one study found no correlation between NRP1 and killer cell
lectin-like receptor B1 (KLRB1) employing human samples data from public
databases'’. These investigations have reported interesting results showing the key
function of NRP1 in the tumor-related immune response, placing this receptor as a

potential biomarker of tumor progression and survival.
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Modulation by microRNAs

MiRNAs are crucial modulators of gene expression and their dysregulation
demonstrated to be a key indicator during oncogenesis!®. In the context of HCC, miR-
148-b and miR-340-5p/miR-452-5p have shown to target NRP1 in preclinical
models®”1%120  On the other hand, overexpression of miR-124 or circular RNA
(circRNA) circ-ABCB10 led to increased levels of NRP120121 "highlighting the ability
of miRNAs and other non-coding RNAs to modulate NRP1 in HCC (Figure 9).

Furthermore, NRP1 targeting caused by miRNAs has also shown to trigger a
tumor-associated response. MiR-148-b-derived NRP1 downregulation triggered the
inhibition of tube formation and cell division in an HCC in vivo model®’, and of cell
migration in the Huh-7 cell line!®. Despite the promising findings observed, further
studies should be performed to provide a complete understanding of the miRNA-NRP1

interplay and its role in HCC and another tumor types®/+100.120.121,
Interplay between NRP1 and the tumor microenvironment

The tumor microenvironment plays an essential role in the progression and
adaptation of cancer cells, being constituted by a broad diversity of cell populations,
mainly cancer stem cells (CSCs), cancer-associated fibroblasts (CAFs), tumor-associated
endothelial cells (TECs) and HSCs'?2. Recent studies have focused on the role of NRP1
in the tumor microenvironment, reporting that NRP1 knockdown led to a reduction in the
CSC population®, and was found overexpressed in the CSC side population of HCC
cells® (Figure 9). Similarly, a specific expression of NRP1 was also observed in both
CAFs and TECs from HCC patients®, suggesting a potential function of NRP1 in the
tumor microenvironment of HCC (Figure 9).

Increasing evidence has revealed hypoxia, defined as low oxygen conditions, as
one of the main processes involved in tumor progression and drug resistance development
in HCC!2124 The hypoxia-associated response is able to modify the signaling cascades
in tumor cells, promoting cell survival and proliferation even in presence of targeted
drugs'?®?4, Among the altered mechanisms, initial studies have identified NRP1 to be
involved in the hypoxia response. Specifically, hypoxia induction triggered NRP1
downregulation in vitro in two different studies®'% and was negatively correlated with

the hypoxia-inducible factor 1a (HIF-1a) in @ mouse model of HCC'% (Figure 9).
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Altogether, these results suggest that NRP1 may be involved in HCC progression
through modulation of a broad variety of cellular and molecular processes, placing NRP1
as a potential target for future investigations in the HCC landscape.

3.4 AUTOPHAGY

Autophagy is an evolutionary cellular process highly conserved that mediates the
degradation of cellular components through the fusion with lysosomes!?. This process
accounted for the name of the main mediators of autophagy, named autophagy-related
genes (ATG)*?®. In physiological conditions, autophagy is responsible for the removal of
damaged organelles and intracellular biomolecules, such as lipids or proteins, providing

nutrients and new sources for biosynthesis for cell survival*?>?’.
3.4.1 Types of autophagy

Autophagy is a dynamic and complex process with multiple steps that is classified
depending on the cargo delivery to the lysosomes'®. Although some researches have
described numerous types of autophagy, such as aggrephagy, peroxisome autophagy,
mitophagy, lipophagy, among others, this classification is based on the cargo type for
selective autophagy*?°1%, The major types of autophagy are macroautophagy, chaperone-
mediated autophagy (CMA) and microautophagy*?>128,

During the process of macroautophagy, misfolded proteins and dysfunctional
organelles are engulfed by double-membrane vesicles, named autophagosomes, and
delivered to lysosomes for degradation'?®. Microautophagy, or small autophagy, occurs
in the absence of autophagosome formation, being the small cargos directly phagocyted
by lysosomes!?126 Similarly, the CMA process is started by chaperones that bind to

intracellular proteins and traffics them to a lysosome for an enzymatic digestion'?>126,

These processes represent the main types of autophagy described in the scientific
literature, nevertheless, based on the nutritional status we can find non-selective
autophagy, activated under starvation or stress conditions, and selective autophagy, under
nutrient-rich conditions*?®128, Within them, mitochondria autophagy or mitophagy, lipid
autophagy or lipophagy, and ER-phagy are some of the most common types studied*?>12°,

Despite the broad variety of autophagy types, the mechanism from the initial steps to the
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final lysosomal degradation seems to be similar and share the main mediator

molecules'?®.
3.4.2 The dynamics of autophagy: process phases

The process of autophagy consists of five consecutive steps: initiation, nucleation,

elongation, fusion and degradation, where ATG proteins are the main mediators?,

Initiation

Initially, the mammalian target of rapamycin (mTOR), that act as the primary
regulator of autophagy is inhibited by several signals and, therefore, the associated
signaling*?. In this condition, autophagy is induced, leading to the formation of the
ATG1/unc-51-like autophagy activating kinase 1 (ULK1) complex!?812° (Figure 10). The
regulator AMP-activated protein kinase (AMPK) also participates in modulating ULK1
activation, and, under specific cellular signals AMPK induce ULK1 complex
formation?. This complex recruits different autophagy-related factors, mainly ATG13,
FAK family kinase-interacting protein of 200 kDa (FIP200) and ATG101, responsible
for the autophagy initiation'?¢12 (Figure 10).

Nucleation

Once the initial complex is generated and active, a small membrane named
phagophore is formed?°. Together with the ULK1 complex, the Class 111 PI3K complex,
constituted by different proteins, participates in this step, contributing to the formation of
the phagophore!?1?° (Figure 10). Recruitment of lipids and other components for the
phagophore is primarily performed by the WD repeat domain phosphoinositide
interacting protein (WIPI), activated by phosphatidylinositol-3-phosphate (PI13P), ATG2,
key protein for lipid transport, and ATG9'?%12° (Figure 10).
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Figure 10. Initiation and nucleation steps of the autophagy process. Main molecular mediators
and complexes involved in these steps, including from the initial molecular signals and pathways
to the formation of the phagophore membrane. ATG14L, ATG14-like protein; VPS15,
phosphoinositide 3-kinase regulatory subunit 4; VPS34, phosphatidylinositol 3-kinase catalytic
subunit type 3. Created with BioRender.com.

Elongation

To accomplish the expansion and closure of the phagophore membrane, two ATG
conjugation systems are necessary to attach ATG8 to phosphatidylethanolamine (PE) in
the membrane®?®1®, Firstly, as represented in Figure 11, a complex activation and
recruitment cascade occurs, involving several ATGs, which leads to conjugation and
activation of the microtubule-associated protein light chain 3 (LC3) to LC3-Il, PE-
conjugated LC3!21%° The LC3/PE and the ATG12-ATG5 binding reaction systems
constitute the two complexes responsible for the membrane elongation'?®. LC3-11 binds
to the phagophore and mediates the interaction between the autophagic cargo and the
membrane, through sequestosome-1 (p62/SQSTM1), an adaptor protein that recognizes
ubiquitin-marked proteins!?130_ After this process, the phagophore matures into a lipid
bilayer vesicle named autophagosome, which finally engulf cytosolic materialt?12°
(Figure 11).
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Fusion and degradation

Autophagosomes and lysosomes need to be close to allow the membrane fusion
between them, being transported by the microtubules!?’. In this step, two different
complexes interact and form conjugates with proteins from the lysosomal membrane,
enabling fusion of the outer autophagosome membrane and the unique lysosomal
membrane!?”1?° (Figure 11). Once this initial fusion is accomplished, the lysosomal
enzymes degraded the inner autophagosome membrane and the autophagic cargo is
released into the lysosomal lumen'?’128 (Figure 11). Finally, lysosomal hydrolases
degrade the autophagic content and the cellular and molecular components are
recycled'?1?° (Figure 11).
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Figure 11. Elongation, fusion and degradation steps of autophagy. Key events that take part
in the three stages, including the activation and recruitment of ATG proteins that end with PE-
conjugation of LC3-l1 which becomes LC3-II and mediates cargo incorporation to the
autophagosome. Final steps of interaction between autophagosomes and lysosomes, their fusion
into autophagolysosomes, and lysosomal degradation and recycling of proteins and organelles are
also represented. Created with BioRender.com.
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3.4.3 Autophagy in HCC

Under physiological conditions, autophagy exerts an essential function through
the maintenance of cellular and metabolic homeostasis in the liver'?® (Figure 12).
However, the exact role played by autophagy during chronic liver injury and tumor

carcinogenesis of HCC remains unclear31%,

At initial stages, autophagy promotes genomic stability and prevent the
acquisition of a malignant phenotype by the hepatocytes!® (Figure 12). In addition,
autophagy is able to prevent and decrease the level of inflammation, while a disrupted
autophagy leads to a persistent inflammation, contributing to the hepatocarcinogenesis'*
(Figure 12). Together with the anti-inflammatory effects, autophagy also inhibits protein
accumulation of p62/SQSTML1 and other dysfunctional components, which restrains
tumor initiation!?8. Curiously, several investigations have reported that the etiologic
agents involved in HCC development can disrupt this process, identifying autophagy as

a tumor suppressor mechanism in healthy liver!?>13L,

Even though a general consensus seems to be established in the tumor suppressor
role of autophagy in hepatocarcinogenesis, contradictory results have been observed in
established tumors, suggesting a double-edged role depending on the HCC stage®?®. Once
the hepatocytes become malignant cells, autophagy favors cell survival and adaptation to
the stress conditions through regulation of different modulators, including ATG proteins,
non-coding RNAs and other associated pathways'®:132 (Figure 12). Hypoxia, nutrient
starvation and oxidative stress, among others, constitutes relevant conditions of the tumor
microenvironment that are able to induce an autophagic response in the tumor
hepatocytes, promoting tumorigenesis and HCC progression'32123, Liver tumor cells have
an increased migration ability developing metastatic nodules, since HCC metastasis rate
is higher than 90%*2. Autophagy induction has shown to foster cellular migration by
providing energy and altering cellular adhesions'?®!3%, and, mutually, metastasis also
triggers an autophagic response to facilitate colonization and adaptation of HCC cells in

the new microenvironment!28,
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Figure 12. Role of autophagy in the different stages of HCC development, progression and
drug resistance acquisition. Autophagy could act as either tumor suppressor (green) or tumor
promoter (red), depending on the context, from the transformation of healthy hepatocytes into
tumor liver cells to the development of drug resistance. Figure scheme based on 32, Created with
BioRender.com.

3.4.4 Autophagy and targeted drug response

The cellular response to the treatments used in HCC is crucial for the determination
of patient’s outcomes, where autophagy has a context-dependent function!? (Figure 12).
Despite autophagy has already a complex role during hepatocarcinogenesis and HCC
progression, findings have evidenced an even more intricate mechanism in the autophagic

process during tumor treatment with molecular targeted drugs*31%2,

Autophagy induction has been proved to inhibit tumor growth in different HCC
models, being associated to some of the approved drugs against HCC, such as sorafenib,
which seems to be an autophagy inducer'®2133, In this line, the autophagic flux is initially
increased after sorafenib treatment as part of the antitumor effects of this TKI in HCC
cells; nonetheless, autophagy could turn into a cytoprotective mechanism in tumor cells,

favoring the acquisition of drug resistance!?*? (Figure 12).
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On the other hand, controversial results have revealed that autophagy blockade
could also act as a therapeutic strategy in HCC!33, There are several autophagy inhibitors
that have proved antitumor activities against this liver tumor, highlighting chloroquine
(CQ), 3-methyladenine (3-MA) and bafilomycin Al (Baf)'?%!31133 These compounds
exert their function at different stages of autophagy, while 3-MA inhibits molecular
autophagic complexes at early stages, CQ blocks lysosomal degradation and Baf prevents
autophagosome lysosome fusion!3*, Combination of some of these inhibitors with drugs
has restrained HCC progression, increasing the effectiveness of several chemotherapeutic
agents, such as cisplatin, doxorubicin or sorafenib**?13, Therefore, autophagy has a dual
role in drug responsiveness by HCC cells which is also hindered by a context- and
cellular-dependent modulation'?® (Figure 12).

Molecular targeted drugs have shown to be effective against HCC and confers
longer survival to patients'?®. Nonetheless, tumor cells could develop molecular
mechanisms that lead to the loss of drug sensitivity and therapeutic failure’*2. Drug
resistance remains a challenge mainly due to the still unclear underlying mechanisms, in
which autophagy has a crucial role’®® Induction of autophagy by some
chemotherapeutic agents is initially associated to their antitumor effects, but a persistent
autophagy triggers drug resistance acquisition?®, Although different signaling pathways
have been identified as part of the autophagy-associated resistance, current findings do
not provide a clear understanding®®2%3, Contrariwise, there are also studies that reveal a
tumor suppressor role of autophagy during drug treatment, which supports the necessity

of further studies to deep into the study of autophagy'?®3! (Figure 12).

3.5 HypoOXxiA

Hypoxia is caused by a lower oxygen availability, ranging from 1% to 2% oxygen,
and is a common feature of solid malignancies'®!3, In cancer, the excessive proliferation
of tumor cells leads to an increment in the oxygen demand, greater than the supply, and
the inability of blood vessels to provide enough oxygen, triggering an intratumoral
hypoxic microenvironment®****_ Depending on the duration, hypoxia can be classified
as acute or chronic hypoxia®®®. The term acute hypoxia is used to define a temporary and
initial restriction of blood supply and, therefore, of oxygen; while chronic hypoxia is

irreversible and long-term*351%, Response of tumor cells to hypoxia relies on the duration
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and adaptation ability to the tumor microenvironment; nonetheless, hypoxia often induces
gene expression alterations that prompt changes in cellular and molecular signaling
strongly associated to a higher tumor aggressiveness®*-13, Consequently, cancer cells
are able to adapt to the oxygen imbalance, obtaining a malignant phenotype, being
hypoxic conditions markedly correlated with poor prognosis in cancer patients'®.
Nevertheless, the interaction and response of the cells to the hypoxia establishment in a

solid tumor remains uncertain®,
3.5.1 Hypoxia-inducible factors (HIFs)

At the transcriptional level, the cellular adaptation to the low oxygen conditions
is regulated by the hypoxia-inducible factors (HIFs), which reprogram the cell
transcription pattern to survive in the new microenvironment®*®. HIFs are transcription
factors that mediate the adaptive cellular response by promoting the expression of genes
involved in key processes, including metabolism, angiogenesis, invasion and cell

proliferation3/:140,

These factors are heterodimers constituted by an oxygen-sensitive subunit, named
as HIF-a, and a constitutive subunit, known as HIF-1B or aryl hydrocarbon receptor
nuclear translocator (ARNT)!3. There are three isoforms of the HIF-o subunit, HIF-1a,
HIF-2a and HIF-3a, whose expression is regulated by the oxygen levels'*’. Under
normoxia conditions, HIF-a subunits are hydroxylated by prolyl-4-hydroxilases (PHDs)
enzymes, consequently ubiquitinated and degraded by the proteasome®*”40, Moreover,
the factor inhibiting HIF-o (FIH) is able to block the transactivation domain of HIF-q,
and, therefore disrupting its interaction with the coactivators p300/cCAMP response
element-binding protein (CREB)-binding protein (CBP) and gene transcriptiont3%141,
Otherwise, in hypoxia, PHDs are inactive and HIF-a. is stabilized and accumulated in the
cytoplasm®*!. Afterwards, HIF-o subunits are translocated into the nucleus, dimerize with
HIF-1p forming different heterodimers, HIF-1, HIF-2 and HIF-3, for each subunit HIF-
lo, HIF-2a and HIF-30, respectively, and bind to the hypoxia-responsive elements (HRE)
placed in the promoter regions of their target genes, inducing their expression!3"139:140,
There is also an oxygen-independent regulation of the HIFs expression and activity,
where different signaling cascades directly modulate HIFs expression, including
PI3K/AKT and MAPK/ERK pathways!4°,
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Although the HIF-a subunits share the regulation mechanisms described and are
responsible for transducing the hypoxia response, they show differences in terms of target
genes and activation kinetics®*’. The effects derived from the HIF-3a isoform remain
unknown, being described a likely role in cancer and a partial overlapping with
transcription targets of HIF-1a and HIF-2a#*. However, both HIF-10 and HIF-2a have
been widely studied and their functions in several human pathologies, and mainly in
cancer, have been the focus of multiple studies!?4!, Although both factors are crucial
mediators of the hypoxia response, HIF-1a is responsible for the cellular adaptation to an
initial acute hypoxic microenvironment; while HIF-2a. levels increase over time, guiding
the cellular response to a chronic hypoxia'?3142, Moreover, both HIF-a isoforms differ in
the transcriptional targets activated by them and, in consequence, their modulatory

activity on different cellular processes?3%',
3.5.2 HIF-1e-mediated hypoxia response in HCC

Human HCC is characterized by a high vascularization and a rapid tumor growth
that often leads to the generation of a hypoxic microenvironment!#, In these conditions,
HIF-1a and HIF-2a directly mediate an adaptive response by increasing the transcription
of key proteins involved in angiogenesis, migration, invasion, metabolism, cell survival
and drug response!*1* (Figure 13). Even though both HIF-o isoforms participate in
tumor progression in HCC, HIF-1a has proved to act as the main mediator of HCC cell

response to hypoxia?*14,

Cell metabolism constitutes one of the main processes altered by HIF-1a as part
of the hypoxia response, switching from an oxidative to a glycolytic metabolism in the
tumor hepatocytes!** (Figure 13). Overexpression of HIF-1a. is very frequent in HCC and
is associated to an increased expression of several enzymes involved in key metabolic
pathways, such as glucose transporter (GLUT)-1, GLUT-3, or hexokinase-2, among
others!11%3, As consequence, under hypoxia HCC cells are able to obtain energy from an

oxygen-independent mechanism!#,
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Figure 13. Main cellular processes modulated by the HIF-1a-derived hypoxia response. HIF-
la acts as transcription factor of multiple proteins with key functions in tumor development,
progression and chemoresistance in HCC, inducing and blocking different cellular processes.
Created with BioRender.com.

Under hypoxia, important changes occur in the processes of angiogenesis,
invasion, migration and metastasis due to a HIF-1a-derived hypoxia response in cancer
cells'®® (Figure 13). Specifically, HIF-1a is able to induce EMT and the expression of
pro-angiogenic proteins, highlighting VEGF as a direct target gene of both HIF-1a and
HIF-2a, that promotes the generation of new blood vessels for the transport of nutrients
and oxygen'*+143, Besides, along with VEGF, HIF-1a modulates different mechanisms
that triggers EMT and metastasis of tumor hepatocytes, including the Snail homolog 1
(SNAI1) and SMAD-interacting protein 1 (SIP1), NF-xB, Wnt, and Notch signaling
pathways?*!. In order to favor the migration of tumor hepatocytes, under hypoxic
conditions, MMPs expression is also transcriptionally increased, being MMP2 and
MMP9 described as HIF-1a targets, which leads to the remodeling of ECM, a key step

for tumor metastasis'**4 (Figure 13).

In addition, during the cellular adaptation to hypoxia, HIF-1a-derived effects have
been correlated with a promotion of HCC stem cells, favoring the maintenance and
induction of CSC and EMT phenotypes!*14> (Figure 13). Although CSCs play an
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essential role in HCC, the exact mechanism by which hypoxia is able to modulate
stemness is still unclear, highlighting its association with the EMT induction derived from
HIF-1a response!*%°  Interestingly, a hypoxic microenvironment in HCC has been
correlated with an increased number of immune cells that participate in the tumor escape
from immune surveillance!® (Figure 13). An increase in the cell population of myeloid-
derived suppressor cells (MDSCs) and plasmacytoid dendritic cells (pDCs) has shown to
be a direct effect derived from the HIF-lo-mediated hypoxial®. Moreover, this
transcription factor also modulates tumor-associated macrophages (TAMSs) and crucial

cytokines as part of the immune escape mechanism in HCC prompted by hypoxia414°,

The key function exerted by hypoxia, mainly mediated by HIF-1a, during
hepatocarcinogenesis has been broadly studied'*. Several proteins that act as oncogenes,
such as forkhead box protein M1 (FoxM1) and aurora kinase A (AURKA), have exhibited
a direct transcriptional regulation by HIF-1a, which induces cell survival and
proliferation in HCC*® (Figure 13). Remarkably, hypoxic conditions have been also
strongly linked to the loss of chemotherapeutic effectiveness, being broadly described as
a resistance mechanism of several drugs, such as sorafenib!*>'%* (Figure 13), which is

further discussed in the following section.
3.5.3 HIFs response and drug resistance in HCC

Sustained treatment with sorafenib and other molecular targeted drugs with
important antiangiogenic effects frequently drift in the establishment of a hypoxic
microenvironment*?®, Activation of the hypoxia response can induce the acquisition of a
resistant phenotype by tumor hepatocytes, which leads to the therapeutic failure®®.
Although studies assessing the potential association between hypoxia and resistance
development have focused in the mechanisms of sorafenib resistance, several
mechanisms have also been associated to sensitivity loss of other drugs, such as

doxorubicin, etoposide and cisplatin43144,

Among the cellular and molecular processes involved in the acquisition of
sorafenib resistance by HCC cells, hypoxia has been revealed as a key mechanism, mainly
mediated by HIF-1a?14, Different signaling routes have found altered in HCC cells
with resistance to sorafenib and other chemotherapeutic agents, including PI3K/AKT,
MAPK/ERK, Yes-associated protein (YAP) or TGF-o/EGFR pathways'#314¢, Moreover,
angiogenesis, through a HIF-1a-derived VEGF expression, metastasis, cell proliferation
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and mitophagy have been also described as underlying mechanisms on the sorafenib
resistance acquisition in HCC?3146_ Increased expression of multidrug resistance protein
1 (MDR1) has been also associated to the development of sorafenib resistance, being
transcriptionally induced by HIF-1a and, in consequence, leading to a higher sorafenib
expulsion from the cells!®. HIF-1a has demonstrated in several studies to directly
mediate an adaptive response of tumor hepatocytes to, not only stress conditions that often
lead to cell death, but also to initially effective drugs triggering a resistant phenotype and
worse patient’s outcomes'?>143146 Therefore, despite most investigations have identified
resistance mechanisms to sorafenib, the hypoxic microenvironment, and specifically HIF-
lo, remains a promising target strategy for improving the efficacy of current therapeutic

options4e,
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Aims

According to the previous information, the aim of this PhD Thesis was to elucidate

the potential role of NRP1 as a biomarker for prognosis, diagnosis and other tumor-

associated parameters in HCC patients, as well as to elucidate the mechanisms underlying

the antitumor effects and potential efficacy loss of lenvatinib in an in vitro model of
human HCC.

Therefore, to accomplish this purpose, the following specific objectives were

established:

1.

To identify the potential correlation between increased levels of NRP1 and a

worse prognosis by meta-analysis of available data from HCC patients.

To determine the likely association of NRP1 overexpression with the development
of HCC through meta-analysis of data from HCC and paired non-tumor samples.

To evaluate the clinical correlation of NRP1 with different clinicopathological

features in samples from HCC patients.

To characterize the expression of NRP1 in human HCC samples from public
databases and in different HCC cell lines.

To assess the antitumor properties of lenvatinib in vitro and the likely implication

of NRPL1 in the inhibitory effects in cell proliferation and migration of lenvatinib.

To identify the cellular mechanism responsible for the NRP1 downregulation
caused by lenvatinib in the HCC cell lines Hep3B and Huh-7.

To analyze the potential involvement of the autophagy-associated NRP1

degradation in the antitumor effects of lenvatinib in HCC cells.

To investigate the derived effects from hypoxia induction in vitro in the NRP1
expression and the likely role played by autophagy in the Hep3B and Huh-7 cell

lines.

To determine the implication of a HIF-1a-driven hypoxia response in the
therapeutic efficacy of lenvatinib mediated by the autophagy-dependent NRP1
modulation in the HCC cell lines Hep3B and Huh-7.
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5.1 WORKSPACE

The present PhD Thesis has been performed at the Institute of Biomedicine
(IBIOMED) of the University of Leon. Confocal and fluorescence microscopy

experiments were carried out at the Microscopy Service of the University of Leon.
5.2 SYSTEMATIC REVIEW WITH META-ANALYSIS

Since results from individual studies are frequently not robust enough to provide
confident information, a meta-analysis might be a useful tool for solving conflicts
between studies!*’. A meta-analysis is a statistical method that combines the results from
different investigations on the same topic which have been increasingly used in the
medical research¥’. This statistical tool generates a precise estimate of the global effect
size from a broad number of studies, reducing the bias among them!’. In this PhD Thesis,
the potential association of NRP1 with pathogenesis, prognosis and several
clinicopathological characteristics in HCC patients was assessed by systematic review

with meta-analysis.
5.2.1 Systematic review and meta-analysis objectives and protocol registration

This study aimed at evaluating the diagnostic and prognostic potential of NRP1
in patients with HCC, by analyzing the correlation between high NRP1 levels and

different survival parameters and other clinical and pathological characteristics.

The study protocol of the present systematic review with meta-analysis was
registered in the International Prospective Register for Systematic Reviews
(PROSPERO) with the registration code CRD42022307062. Besides, the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were

used for conducting the study (Supplementary Tables SI and SI1)8,
5.2.2 Search strategy

A complete and exhaustive search of the scientific literature was performed in five
databases, PubMed, Scopus, Web of Science (WOS), Embase and the Cochrane Library,
including articles published up to 31% May 2022. Potential studies to be included were
identified by using the following search strategy: (“nrp1” OR “nrp-1” OR “nrp 1” OR
“neuropilin 17 OR “neuropilin-1” OR “CD304” OR “VEGF165R”) AND
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(“hepatocellular carcinoma” OR “hepatocarcinoma” OR “HCC”), which was specifically
established for each database (Table I11).

Table I11. Full search strategy used for each database.

Database

Search strategy

PubMed

("nrpl"[All Fields] OR "nrp-1"[All Fields] OR "nrp 1"[All Fields] OR
"neuropilin 1"[All Fields] OR "neuropilin-1"[All Fields] OR "CD304"[All
Fields] OR "VEGF165R"[All Fields]) AND ("hepatocellular carcinoma"[All
Fields] OR "hepatocarcinoma”[All Fields] OR "HCC"[AIl Fields])

Scopus

TITLE-ABS-KEY (("nrpl™ OR "nrp-1" OR "nrp 1" OR "neuropilin 1" OR
"neuropilin-1" OR "CD304" OR "VEGF165R" ) AND ( "hepatocellular

carcinoma" OR "hepatocarcinoma”™ OR "HCC"))

WOQOS

TS=(("nrpl" OR "nrp-1" OR "nrp 1" OR "neuropilin 1" OR "neuropilin-1" OR
"CD304" OR "VEGF165R"™) AND ("hepatocellular carcinoma"” OR
"hepatocarcinoma” OR "HCC"))

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-
SSH, ESCI, CCR-EXPANDED, IC

Timespan=All years

Embase

('nrpl" OR 'nrp-1' OR 'nrp 1' OR 'neuropilin 1'/exp OR 'neuropilin 1' OR
'neuropilin-1' OR 'neuropilin-1' OR 'cd304' OR 'vegf165r') AND (‘hepatocellular
carcinoma’ OR ‘hepatocellular carcinoma’ OR ‘hepatocarcinoma’ OR

‘hepatocarcinoma’ OR 'hcc’)

Cochrane

Library

("nrpl" OR "nrp-1" OR "nrp 1" OR "neuropilin 1" OR "neuropilin-1" OR
"CD304" OR "VEGF165R") AND ("hepatocellular carcinoma” OR
"hepatocarcinoma” OR "HCC"):ti, ab, kw

5.2.3 Eligibility criteria

Articles that met the following criteria were included in this analysis: (1) patients

diagnosed with HCC; (2) evaluation of NRP1 expression either in tumor tissue or tumor-

derived samples; (3) association of NRP1 expression levels with survival parameters or

other clinicopathological features with data reported or potentially extracted; (4) full text

in English.

Otherwise, articles complying with the following criteria were excluded: (1)

studies conducted exclusively with in vitro or in vivo models; (2) reviews, book chapters,
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conference communications and similar; (3) articles without useful data or data that

cannot be estimated; (4) full text in English not available.
5.2.4 Data extraction and quality assessment

Two researchers, including the author of the present PhD Thesis, performed
independently the steps of study screening, data extraction and quality evaluation of the

included studies, and discrepancies were solved through discussion and consensus.

Study quality was assessed with the Newcastle-Ottawa scale (NOS), assigning a
score between 0 and 9*°, where high quality was defined by a NOS score of 5 or higher,
and low quality when NOS score was lower than 5. Research articles with a low-quality

score were excluded from the quantitative analysis.

Data extraction was conducted for all the included articles and compiled in a
results table, summarizing specifications of the antibodies and staining protocols from the
studies that analyzed NRP1 levels by immunohistochemistry (IHC) in Supplementary
Table SIII.

5.2.5 Statistical analysis
Pooled analysis

For the statistical analysis the STATA 16 software (Stata Corporation, College
Station, TX, USA) was used. The parameter OS was determined from the intervention
time to the date of the last follow up. We pooled the OS by hazard ratio (HR) with 95%
confidence interval (Cl) to determine the association of NRP1 overexpression and HCC
prognosis. When data was not directly provided, the Parmar method*>® was employed for
a mathematical estimation of the HR. Global effects were assessed by combining HR and
95% CI of all studies. Otherwise, the potential correlation of NRP1 with tumor
pathogenesis and other clinicopathological features was determined by odds ratio (OR)
and 95% CI. For both HR and OR, a value higher than one manifested that NRP1
overexpression is correlated with an increased risk of shorter prognosis or increased

incidence of the clinical parameters, respectively, being significant when p<0.05.
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Heterogeneity analysis

Heterogeneity among studies was evaluated with two different methods, the chi-
square-based Q test, with the Q test p-value as indicator, and the I statistic, which ranges
from 0% (no heterogeneity) to 100% (maximal heterogeneity). A significant
heterogeneity was identified when 12>50% and/or Q test p-value<0.10, using the
Restricted Maximum Likelihood (REML) method for the random-effects model.
Otherwise, the Inverse Variance (1V) procedure was employed for the fixed-effects model
when heterogeneity was not significant among studies. The assessment of the likely
sources of heterogeneity was conducted by meta-regression and analysis of subgroups,

with sample size, NOS score and follow up time as moderators.
Publication bias assessment

Finally, the presence of publication bias between included studies was determined
by identification of funnel plot asymmetry and Egger’s test analysis. Significant
publication bias was defined when Egger’s test p-value<0.05 and when a strong
asymmetry was observed. Those analysis that resulted in a significant bias were subjected
to the trim-and-fill method to obtain an estimated overall effect size with a mathematical

correction that consider the risk of bias.
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5.3 EXPERIMENTAL STUDY

The role of NRP1 in the loss of lenvatinib sensitivity in HCC was evaluated
employing the subsequent described methodology, which included the analysis of data
from publicly available databases and the use of different cell lines as in vitro HCC model.

5.3.1 Public human databases
Gene expression analysis

Data from publicly available databases, broadly described in Table 1V, was
employed for analyzing gene expression levels of NRP1 in HCC patients. Data analysis
and graphical representations were conducted with the tools from the databases,
regardless of the data obtained from the Gene Expression Omnibus (GEO) database
(Table 1V), accession GSE14520%, For this, RNA-seq results from tumor and paired
non-tumor tissues of HCC patients were used for representing the fold change of multiple
genes, detecting the differential NRP1 expression. Globally, 1039 and 662 samples from
HCC and healthy liver, respectively, were analyzed from four dataset sources: (1) The
Cancer Genome Atlas (TCGA), (2) Genomic Data Commons (GDC)-TCGA, (3)
Genotype-Tissue Expression (GTEXx) and (4) GSE14520.

Table 1V. Databases employed for the analysis of gene expression levels of NRP1 and
correlation analysis with autophagy-related genes and HIF-1a. Public databases used for each
analysis are identified, describing the analysis performed with data from each database, the link

and the bibliographic source.

Database  Analysis Link Ref.

HPA Gene expression levels https://www.proteinatlas.org/ 152
Gene expression levels 153

UALCAN Gene correlation with http://ualcan.path.uab.edu/analysis.
autophagy-related genes html

Gene correlation with HIF-1a
Gene expression levels

154

GEPIA Gene correlation with HIF-1a http://gepia.cancer-pku.cn/
UCsC Gene expression levels 155
. . https: .net/h
Xena Gene correlation with HIF-1a ttps://xenabrowser.net/heatmap/
HCC vs healthy liver tissues . .
GEO i y https://www.ncbi.nlm.nih.gov/geo/ %6
expression

GEPIA, Gene Expression Profiling Interactive Analysis; HPA, Human Protein Atlas; Ref.,
reference; UCSC, University of California Santa Cruz.
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Gene correlation analysis of NRP1 in HCC patient samples

The potential correlation between NRP1 gene expression and several autophagy-
associated genes was performed with the UALCAN database (Table 1V), based on the
autophagy KEGG pathway (hsa04140) for the identification of key autophagy mediators.
Positive or negative correlations with NRP1 were evaluated and identified, and Pearson-
coefficient correlation (Pearson-CC) values were calculated for each significant
association. Similarly, correlation analysis of NRP1 and HIF-1a gene expression was
conducted with the UALCAN, University of California Santa Cruz (UCSC) Xena and
Gene Expression Profiling Interactive Analysis (GEPIA) databases (Table 1V), which
included the TCGA and GDC-TCGA datasets. Pearson-CC and graphical representations
were also obtained from the databases to determine the presence of gene correlation.

5.3.2 Cell culture and reagents
HCC cell lines

The three human HCC cell lines, Hep3B, HepG2 and Huh-7 were purchased from
the American Type Culture Collection (Manassas, VA, USA). Cell lines were cultured
under controlled conditions of 37°C and an atmosphere with 5% CO., employing the
DMEM-high glucose medium (D5796, Sigma-Aldrich, Sant Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, ref. 10270106) and
penicillin/streptomycin (P/S, ref. 15140122) (100 U/ml) (Gibco™, Gaithersburg, MD,
USA) for cell maintenance. Cell passages were performed when confluency reached 80%
and cell culture was maintained for no longer than 25 passages. For cell passaging, cells
were washed with phosphate buffered saline (PBS) (D8537, Sigma-Aldrich) and
incubated with 0.05% trypsin-EDTA 1x (25300, Gibco™) for 3-5 min at 37°C. Then,
double amount of complete medium was added to stop the enzymatic activity of the
trypsin, and cells were centrifuged at 1,100 rpm for 3 min. The pellet was resuspended in
complete fresh medium and 2x10° cells were seeded in 75 cm? flasks (353136, Corning®
Inc, New York, NY, USA). For other culture plates the number of cells was proportionally

adapted based on the surface area.
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Culture reagents and treatments

Reagents employed for cell treatments of the different experiments conducted are
identified in Table V, specifying the function (e.g. inhibitor, targeted drug), and the doses

used for each experiment.

Table V. Reagents employed for cell treatments. Name, concentration and function of each
compound, and the experiment in which is employed, is specified.

Reagent Distributor Function Experiment Concentration
(Reference)
Lenvatinib Selleckchem TKI Viability assay 0.5 - 30 uM
(E7080, S1164)  (Houston, TX, First-line drug NRP1 Western 2.5and 5 uM
USA) approved against blot
HCC
All the 2.5 uM
experiments
with silencing
EG00229 Tocris NRP1 antagonist Viability assay 2.5 —-50 uM
trifluoroacetate ~ Bioscience Rest of 15 uM
(6986) (Bristol, UK) experiments
CHX (0970) Tocris Synthesis inhibitor  All the 300 uM
Bioscience experiments
MG132 (1748)  Tocris Inhibitor of the All the 30 uM
Bioscience proteasome- experiments

mediated protein
degradation

Bafilomycin Al Tocris Inhibitor of the All the 100 nM
(1334) Bioscience autophagosome- experiments
lysosome fusion
CoCl, Panreac PHD stabilization All the 100 pM
(131257.1208)  AppliChem Induction of experiments
(Barcelona, hypoxia response
Spain)

CHX, cycloheximide.
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5.3.3 Transient gene silencing

Specific gene silencing was conducted by seeding 2x10° cells per well in 6-well
plates (353046, Corning®). After 24 h, the silencing protocol was started. Firstly, the
corresponding siRNAs, ON-TARGETplus Non-targeting Control Pool (a negative
control pool of 4 siRNA), ON-TARGETplus Human HIF1A siRNA SMARTPool (a
mixture of 4 SiRNA targeting HIF1A) or ON-TARGETplus Human NRP1 siRNA
SMARTPool (a mixture of 4 SiIRNA targeting NRP1), were prepared at 5 pM in 1x sSiRNA
Buffer (60 mM KCI, 6 mM pH 7.5 HEPES, 0.2 mM MgCl;). 5 uM siRNA was mixed
with the OPTI-MEM® reduced serum medium (31985062, Gibco™) to a final
concentration of 0.25 uM; and, separately, the total same amount of DharmaFECT ™ 4
Transfection Reagent (T-2004-03, Horizon Discovery, Waterbeach, UK) with serum-
reduced OPTI-MEM® medium was prepared at 1:25. After 5 min incubation at room
temperature (RT), both solutions of SiRNA-OPTI-MEM® and DharmaFECT 4
Transfection Reagent-OPTI-MEM® were mixed 1:1, and incubated for 20 min at RT.
During this incubation, cell medium was replaced by P/S-free medium (1.6 mL per well).
Finally, 0.4 mL of silencing mix was added dropwise to each well.

After 8 h from gene transfection, medium was replaced by complete fresh medium
and, when necessary, cells were re-seeded for the corresponding experiment conditions.
24 h post-transfection, cell treatments were added according to the established
experiment, and kept for additional 24 h. Therefore, the assays were performed after 24

h of treatments and 48 h of gene silencing.
5.3.4 Analysis of cell viability and proliferation

Two assays were performed to analyze cell viability, the CellTiter-Glo®
Luminescent Cell Viability Assay (G7572, Promega, Madison, W1, USA) and the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (M5655, Sigma-
Aldrich) assay. For both methods, 5x102 cells per well were seeded in 96-well plates (07-
6096, Biologix, Camarillo, CA, USA) and, after 24 h, cells were silenced and/or treated
for the corresponding experiments, considering that the final volume per well was 100
uL for CellTiter-Glo® assay, and 200 pL for MTT assay. Once the final time point was

reached, the following procedure was performed for each technique.
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CellTiter-Glo® assay

For CellTiter-Glo® assay, 100 pL of the commercial solution were added to each
well, mixing for 10 min protected from light. Afterwards, 100 pL of each well were
placed in a 96-well plate white polystyrene (3362, Corning®) to conduct the luminescence
reading with the Synergy™ HT Multi-Mode Microplate Reader (BioTek Instruments,
Winooski, VT, USA) and Gen5 1.11 software.

MTT assay

MTT assay was performed by preparing a 5 mg/mL solution of MTT in PBS
which, immediately before the assay, was diluted 1:10 with FBS-free medium. Firstly,
medium was removed from cells, washing with PBS and incubating with the MTT
solution previously prepared, for 3 h at 37°C and 5% CO.. After incubation, medium was
removed, and formazan crystals formed were dissolved by adding 200 pL dimethyl
sulfoxide (DMSO, D5879, Honeywell, Charlotte, NC, USA) per well. For complete
dissolution, the 96-well plate was agitated for 5 min under dark conditions and absorbance
at 560 nm was measured with the Synergy™ HT Multi-Mode Microplate Reader and Gen5

1.11 software (BioTek Instruments).
5.3.5 Analysis of colony formation ability

To analyze the colony formation ability, 2x10* cells per well were seeded in 6-
well plates, letting cell attachment for 24 h. Cells were silenced and/or treated according
to the experiment conditions, and maintained for 7 days at 37°C and 5% CO,. At final
time point, medium was removed, and cells were washed twice with PBS and fixed with
4% formaldehyde (28908, Thermo Fisher Scientific, Waltham, MA, USA) for 15 min at
RT. Then, cells were washed with Milli-Q water and incubated for 15 min with 0.1%
crystal violet (69710, Sigma-Aldrich) in 10% ethanol for cell staining. Lastly, cells were
washed again with Milli-Q water and air-dried, and colonies were photographed to
subsequently count them with Fiji/lmageJ software (National Institute of Mental Health,
Bethesda, MD, USA).
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5.3.6 Analysis of MRNA expression

Gene expression was analyzed by quantitative real-time reverse transcription
polymerase chain reaction (QRT-PCR). Cells were seeded in p60 plates (150288, Thermo
Fisher Scientific) at 8x10° cell density and, after 24 h, cells were silenced and/or treated
for the corresponding times. Initially, total RNA was extracted employing TRIzol®
Reagent (15596026, Invitrogen, Waltham, MA, USA) and quantified with the Nanodrop™
ND-1000 Spectrophotometer (Thermo Fisher Scientific). Elimination of residual DNA
was conducted by treating with RQ1 RNase-free DNase kit (M6101, Promega) and 1 ug
per sample was retrotranscribed into cDNA by using the High-Capacity cDNA Reverse
Transcription Kit (4368813, Applied Biosystems, Waltham, MA, USA). Resulting cDNA
was subsequently subjected to the PCR amplification employing the Power SYBR™
Green PCR Master Mix (4367659, Applied Biosystems) and the human primers for NRP1
forward 5’-CGGGACCCATTCAGGATCAC-3) and reverse (5°-
CAGGTCTGCTGGTTTTGCAC-3’), and, as endogenous control, 18S rRNA forward
(5’-CCGAAGATATGCTCATGTGG-3) and reverse (5°-
TCTTGTACTGGCGTGGATTC-3’) (Sigma-Aldrich), using the QuantStudio® 5 System
gRT-PCR (Thermo Fisher Scientific). All the steps were performed in accordance to the
manufacturer’s instructions and relative gene expression changes were quantified by the

244Ct method™’.
5.3.7 Analysis of protein expression by western blot

Western blot assay represents a useful technique to determine the protein
expression levels of a specific molecular target, based on the extraction, purification and
quantification of total protein content from cells. By using polyacrylamide gels, proteins
are separated through electrophoresis based on the size, which, after transference to a
membrane, are incubated with primary antibodies against the target protein of interest,
and, subsequently, with the corresponding secondary antibodies to visualize the protein

expression levels®®,

Cell lysis and protein extraction

At first, cells were seeded onto p60 plates at 8x10° cell density and, after 24 h,
cells were silenced and/or treated for the corresponding time periods. Once finished the

specific treatments and manipulations, cells were placed on ice to stop enzymatic activity
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and washed once with ice-cold PBS. 100 pL of homogenization buffer were added per
plate. This homogenization buffer is constituted by 0.25 mM sucrose, 1 mM EDTA pH
7.4, 10 mM Tris-HCI, complemented with protease inhibitor cocktail (04 906 845 001,
Roche Diagnostics GmbH, Mannheim, Germany) and phosphatase inhibitor cocktail
(11836170001, Roche Diagnostics GmbH) 1x. With the homogenization buffer in the
plate placed on ice, cells were harvested with a cell scraper and collected into tubes.
Afterwards, cell lysis was performed by sonication with the UP50H Compact Ultrasonic
Processor (Hielscher Ultrasonics, Teltow, Germany). 2 pulses with 60% amplitude and
20 s duration were performed for each sample, and cells were then centrifuged at 14,000

rpm for 15 min and 4°C. In this step, samples can be stored at -20°C.
Total protein quantification

Total amount of protein in each sample was quantified by employing the Bradford
colorimetric assay. The Bradford solution, Bio-Rad Protein Assay Dye Reagent
Concentrate (5000006, Bio-Rad, Hercules, CA, USA) employed is based on the Bradford
method and uses the Coomassie® Brilliant Blue G-250 dye, whose absorbance maximum
shifts from 465 nm to 595 nm when binds to proteins. Initially, the Bradford reagent was
dissolved 1:4 in Milli-Q water and a standard curve of bovine serum albumin (BSA) was
prepared. Both samples and standard curve were loaded in a 96-well plate, and the 1:4
Bradford solution was finally added to each well following the manufacturer’s
instructions, mixing for 20 min in dark. After incubation, absorbance at 595 nm was
measured with the Synergy™ HT Multi-Mode Microplate Reader using the Gen5 1.11
software (BioTek Instruments). Total protein levels were calculated based on the
absorbance values and the standard curve values for absorbance and protein

concentration.
Gel handcasting and gel electrophoresis

For an appropriate identification of differences in protein expression, the same
amount of protein (20 pg) was loaded for every sample in the polyacrylamide gels. The
protein samples were prepared by mixing in a 1:4 proportion with Laemmli Buffer 4x (1x
final concentration), which contains 277.8 mM Tris-HCI pH 6.8, 44.4% glycerol, 4.4%
sodium dodecyl sulfate (SDS), 0.02% bromophenol blue and was previously

complemented 1:10 with 2-mercaptoethanol (576631, Panreac AppliChem). Once
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prepared, samples were incubated at 100°C for 3 min to accomplish protein

denaturization, and, they were subsequently loaded into the polyacrylamide gels.

Polyacrylamide gels are constituted by the resolving and stacking gel solutions
and were prepared in the laboratory by using: 30% Acrylamide/Bis Solution, 29:1
(1610156, Bio-Rad); 1.5 M Tris-HCI pH 8.8 for resolving and 0.5 M Tris-HCI pH 6.8 for
stacking; ammonium  persulfate (APS, 1610700, Bio-Rad); SDS; and
tetramethylethylenediamine (TEMED, 161-0800, Bio-Rad). The corresponding amounts
were established following the manufacturer’s instructions (Bio-Rad) to prepare

polyacrylamide gels of 8%, 10% and 12% for protein separation.

With the polyacrylamide gels prepared, samples were loaded along with the
PageRuler™ Prestained Protein Ladder (26617, Thermo Fisher Scientific), and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed. Gels
were subjected to an electric field of 70 V until rising the resolving part, where 120 V

were applied. When samples were appropriately separated, the running was stopped.
Rapid transference and membrane blocking

Gels carrying the separated proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (1620177, Bio-Rad), which were previously activated by embedding
them in methanol for 15 s, washing with Milli-Q water and stabilizing in transfer buffer.
For the transference, the Trans-Blot® Turbo™ Transfer System (Bio-Rad) was used
according to the manufacturer’s instructions. After completion, proteins from the gel were
transferred to the PVDF membrane, letting an easier manipulation for the following steps.
Membranes were then blocked for 1 h at RT in a solution of 5% milk powder dissolved
in 0.05% PBS-Tween 20 (PBS-T) (170-6531, Bio-Rad) to prevent unspecific antibody
binding.

Antibody incubation and protein detection

After blocking, membranes were incubated with the corresponding primary
antibody for the detection of the protein of interest (Table VI) O/N at 4°C. After primary
incubation, membranes where washed three times with PBS-T and incubated with the
secondary antibodies conjugated with horseradish peroxidase (HRP) (Table VI) for 1 h
at RT. As loading control, a peroxidase-conjugated antibody of -actin was used (Table
V).
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To accomplish protein detection, membranes were washed three times after
secondary antibody, and incubated with Pierce™ ECL Western blotting Substrate (32106,
Thermo Fisher Scientific) for 1 min, which contains the HRP substrate. In the presence
of the substrate, a chemiluminescent reaction occurs that can be detected by photographic
revealing with the films Amersham™ Hyperfilm™ ECL (28906837, Cytiva, Uppsala,
Sweden). Specifically, after substrate incubation, membranes were placed into X-ray film
cassettes, and films were used for capturing the chemiluminescent signal. These films
were immersed in the developer solution (933739, Fuji Hunt, Barcelona, Spain), washed
with water, and fixed with the fixer solution (933747, Fuji Hunt, Barcelona, Spain).
Finally, films were washed again with water, air-dried and scanned for protein
quantification by densitometry reading of each protein band with Fiji/ImageJ software.

Table VI. Antibodies employed for Western blot and immunofluorescence experiments. The
type of antibody, the protein that detects, the dilution employed and the reference and distributor
for each antibody are specified.

Assay  Type of Protein Molecular Dilution Ref. Distributor

antibody weight
Primary antibodies

wWB Rabbit HIF-1a 100 kDa 1:500 ab2185 Abcam
polyclonal IgG

WB Rabbit 120 kDa 1:1,000

IF monoclonal 1gG NRP1 1:250 abg1321  Abcam

WB Rabbit p62/ 62 kDa 1:1,000 #5114 Cell Signaling
polyclonal SQSTM1

WB Rabbit LC3 14/16 kDa 1:1,000 #12741 Cell Signaling
monoclonal 1gG

WB Peroxidase B-actin 42 kDa 1:50,000 A3854 Sigma-Aldrich
conjugate mouse
monoclonal

IF Mouse Ki67 395/345 1:200 sc-23900  Santa Cruz
monoclonal kDa Biotechnology
19G:1

Secondary antibodies

WB Goat anti-rabbit  Anti-rabbit 1:20,000 31460 Thermo Fisher

polyclonal Scientific
IF Goat anti-rabbit  Alexa — 1:1,000 ab150079 Abcam
19G Fluor® 647
IF Goat anti-mouse  Alexa — 1:1,000 ab150113 Abcam
I9G Fluor® 488

IF, immunofluorescence; Ref., reference; WB, Western blot.
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5.3.8 Analysis of protein expression by immunofluorescence and laser confocal

microscopy

For protein analysis by immunofluorescence, 3x10* cells per well were seeded in
24-well plates (353047, Becton Dickinson, Franklin Lakes, NJ, USA) containing a
coverslip (13 mm, 83.1840.002, Sarstedt, Newton, NC, USA) coated with 0.2% gelatin
(G9391, Sigma-Aldrich) dissolved in PBS. After 24 h, cells were silenced and/or treated
according to the experiment settings. In the 24-well plate, cells were washed thrice with
PBS and fixed with 4% formaldehyde for 15 min at RT. Between each step, cells were
washed three times with PBS. After fixation, cells were incubated with 0.2% saponin
(47036, Sigma-Aldrich), dissolved in PBS, for 20 min at RT to permeabilize the cell
membrane, washed again and blocked by incubation with 1% BSA (A0281, Sigma-
Aldrich), dissolved in PBS, for 30 min at RT. Cells were then washed and, using forceps,
coverslips were placed in a humidified recipient with the solutions of the corresponding
primary antibodies (Table V1), prepared in 1% BSA, and were incubated O/N at 4°C.

The following day, cells were washed thrice with PBS and incubated with the
corresponding secondary antibodies (Table VI) for 1 h at RT, protected from light
hereinafter, and washed again. Afterwards, DAPI solution (9542, Sigma-Aldrich) was
used for a 5 min incubation at RT as nucleic acid staining, and cells were finally washed
three times with PBS. Coverslips were mounted on glass slides with the Fluoromount-
G™ mounting medium (00-4958-02, Invitrogen) and samples were visualized in the Zeiss
LSM 800 confocal laser scanning microscope with the Zeiss Zen software (Zeiss, Jena,
Germany). Fluorescence was quantified with the Fiji/lmageJ software, using the corrected
total cell fluorescence (CTCF) formula®®®:

CTCF = Integrated density — (area of selected cell X mean fluorescence of background

readings)

After calculation of the CTCF value, each sample result was relativized to the cell

number in the image to represent results.
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5.3.9 Analysis of cell migration

Migration ability of cells was assessed by wound-healing assay, seeding cells in
6-well plates at 90% confluency. After 24 h, cells were silenced and/or treated, and
medium was removed. A straight scratch in the cell monolayer was done by using a 200-
uL pipette tip, and then, two washes with medium were performed to remove the non-
adherent cells. Complete fresh medium was then added, and pictures were taken after O,
4, 8, 12 and 24 h for the initial analysis of migration ability, and after 0 and 24 h for the
other experiments, with the Eclipse TE2000 inverted microscope (Nikon Instruments
Inc., Melville, NY, USA). For cell migration analysis, Fiji/lmageJ software was used for
measuring the wound area, and cell migration ability was calculated based on the

following formulal®®:

[ (wound area at 0 h —wound area at time point) / (wound area at 0 h) ]*100

5.3.10 Analysis of autophagosome-lysosome content

The analysis of the autophagy process is complex due to the dynamics that
characterize it. Among the available techniques, the quantification of the autophagosome-
lysosome content provides useful information on the basal autophagic flux when specific
autophagy inhibitors are employed as positive controls. In this regard, the acridine orange
staining is an acidotropic dye that stains acidified vesicular compartments conferring a
red-orange fluorescence. This technique represents a suitable method for the
determination of the levels of autophagolysosome structures and, therefore, for
monitoring the autophagy process; even though, its combination with additional

measurements, such as analysis of LC3 or p62/SQSTML1 levels, is recommended3+1%9,

Initially, 2.5x10* cells per well were seeded in 8-chamber culture slides (354108,
Becton Dickinson) and, after 24 h, the silencing and/or treatments were performed. At the
end point, medium was removed, and cells were washed with warmed PBS (at 37°C) to
prevent cell death. Then, an incubation with 1 pg/mL acridine orange (1333, Merck,
Darmstadt, Germany) was conducted for 15 min at 37°C under dark conditions. The dye
excess was eliminated, and cells were washed with warmed PBS. Samples were briefly
dried and mounted, being immediately visualized in the Nikon Eclipse E600 microscope
(Nikon Instruments Inc.) with the NIS-Elements software (Nikon Instruments Inc.).

Images were analyzed with Fiji/lmageJ software and the CTCF formula was also

73




PhD Thesis Paula Fernandez Palanca

employed for calculating the red and green fluorescence for each image. For results

representation, the red/green CTCF ratio, relativized to cell number, was used.
5.3.11 Autophagic flux assay

For measuring autophagy flux, an index was calculated by using the protein
expression levels of LC3-11 in presence and absence of the autophagic inhibitor Baf. The
autophagic flux index was calculated with the following formula, using the protein levels
from the western blot determination of LC3-II, relativized to the loading control -actin.

LC3-11 protein levels after Baf treatment / LC3-11 protein levels in the absence of Baf*

*With or without the corresponding treatments employed in each experiment.

5.3.12 Statistical analysis

The statistical analysis for the human datasets was performed as described in the
4.3.1 section, obtaining the p-values directly from the databases. Only for the GEO
database, in which the GSE14520 dataset was analyzed, the p-value for the differential
expression of NRP1 was determined with the GraphPad Prism 8 software (GraphPad
Software, San Diego, CA, USA).

Experimental analysis from the in vitro results were also conducted with the
GraphPad Prism 8 software, representing the results as mean values + standard deviation
(SD). For experiments comparing only one group with the control group, an unpaired t-
test was performed. When three or more groups were compared in the presence of only
one factor or variable (e.g. lenvatinib administration), we performed one-way ANOVA;
whereas when the effect of two different factors was evaluated (e.g. lenvatinib
administration and gene silencing), a two-way ANOVA was used. After both ANOVA
tests, the Tukey, Dunnett or Sidak post-hoc tests were conducted to identify the groups

with significant differences. Statistical significance was considered when p-value<0.05.
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6.1 SYSTEMATIC REVIEW WITH META-ANALYSIS: CLINICAL ASSOCIATION
OF NRP1 WITH PROGNOSIS, DIAGNOSIS AND CLINICOPATHOLOGICAL

FEATURES INHCC

Even though recent findings have evidenced the potential function of NRP1 in
cancer, including HCC, the role played by NRP1 in the development and progression of
this liver tumor remains unclear’®". For this reason, in this study we aimed at assessing
the potential association of NRP1 with prognosis, tumor development, and different
clinical and pathological characteristics of human patients diagnosed with HCC,

describing the main results obtained in the following sections.
6.1.1 Selection and characteristics of included studies

After conducting an exhaustive search of the literature in five databases, a total of
191 articles were initially identified. Duplicates between databases were removed, where
112 studies were subjected to the following steps. At first, a screening based on title and
abstract was performed, removing 48 records and performing a full-text screening of the
64 remaining articles. Based on the eligibility criteria previously established, 57 studies
were excluded, and a total of seven articles were finally included in the quantitative

analysis (Figure 14).

Main baseline characteristics of the included studies are compiled in Table VII.
All studies achieved the quality threshold established with the NOS score (>5). The seven
articles meta-analyzed comprised a total of 1305 patients diagnosed with HCC, from
which 785 patients (60.15%) were subjected to surgical therapy. Besides, from those
providing data on follow up times, a wide variety was observed, ranging from 48 to 140
months of follow up. Among the seven studies, only two’88 provided clinicopathological
data, highlighting the superiority of male gender (84.88% male patients) and the advanced
age (53.78% patients older than 50 years) among patients from these investigations
(Table VII).
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[ Identification of studies via databases and registers

Records identified from
databases (n = 191):

+ WOS (n =46) Records removed before screening:
+ Scopus (n = 32) Duplicate records removed
+ PubMed (n = 25) (n=79)

+ Embase (n = 87)
* Cochrane (n=1)

- !

Identification

Records excluded (n = 48)

[ « Reviews {(n = 37)
Ret_:ords screened - Book chapters (n = 1)
(n=112) « Conference papers (n = 6)
l * Note, editorial or similar (n = 4)
Reports sought for retrieval Reports not retrieved
_g" (n =64) (n=0)
c
[+}]
: '
Q
(7]
Reports assessed for eligibility Reports excluded (n = 57):
(n =64) + NoHCC (n=15)
* Noc evaluation of NRP1
expression (n = 20)
* No patients (n = 21)
* No reported data or that can be
extracted (n = 0)
— v » Other language than English (n

=1)

Studies included in review
(n=7)

Figure 14. PRISMA flowchart for the selection process of the studies included in the meta-
analysis.
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6.1.2 NRP1 association with HCC prognosis and pathogenesis

The potential correlation of higher levels of NRP1 with clinical parameters of
survival in patients with HCC was only performed with the OS parameter, since only one
study analyzed RFS in patients. This analysis was conducted including data from five
studies’®85161-183 and results showed that NRP1 overexpression in HCC patients was
significantly correlated with a shorter OS (HR 1.75, 95% C1 1.20-2.56, p = 0.004) (Figure
15A). Nonetheless, a significant heterogeneity was also found between studies (1> =
82.97%, Q-test p<0.001), therefore employing a random-effects model and REML
method (Figure 15A).

0OS HR Weight
Study with 95% ClI (%)
Deng et al. 2021 l 1.01[1.00, 1.02] 26.74
Li et al. 2021 —1 2.07[1.35, 3.16] 20.08
Giannelli et al. 2020 E —— 2.47[1.60, 3.81] 19.87
Zhang et al. 2016 T 1.72[1.11, 2.67] 19.73
Yaqoob et al. 2012 | u 2.51[1.21, 5.18] 13.57
Overall | e — 1.75[1.20, 2.56]
Heterogeneity: 1° = 0.14, I’ = 82.97%, H = 5.87
Test of 6 = 6: Q(4) = 39.11, p = 0.00
Testof 8=0:z =2.88, p=0.00
2 4
Random-effects REML model

B Tumor tissue vs Adjacent tissue Odds Ratio Weight
Study with 95% CI (%)
Li et al. 2021 —— 2.78[0.66, 11.62] 28.69
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Figure 15. Meta-analysis of the potential correlation of NRP1 overexpression with (A) OS
and (B) tumor pathogenesis in HCC patients. Forest plots representing the individual and
pooled results from the meta-analysis evaluating the association of NRP1 overexpression with
OS and tumor pathogenesis in the corresponding articles.
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Furthermore, four articles analyzed the clinical association of high NRP1
expression with tumor development by assessing the number of patients with higher
NRP1 levels in the HCC tissue compared to the expression levels in the adjacent non-
tumor tissue’®’87°85  After meta-analysis, pooled results demonstrated that NRP1
expression did correlate with tumor pathogenesis (OR 12.46, 95% CI 2.02-76.99, p =
0.01) (Figure 15B). Despite this significant correlation, studies included also showed a
strong heterogeneity among them (12 = 79.70%, Q-test p = 0.02) (Figure 15B).

6.1.3 Correlation of NRP1 with clinicopathological features in HCC patients

To further investigate the role of NRP1 in the clinical setting of HCC patients, the
relationship between higher levels of this protein and several clinicopathological
characteristics was assessed. For this purpose and considering the clinicopathological
data obtained from the included studies in which only two articles provided useful
data’®®, we extracted and meta-analyzed the correlation of NRP1 overexpression with

gender, age, tumor size, and the risk of metastasis and invasion (Figure 16).

Overall effect size obtained after pooled results reported that increased expression
of NRP1 significantly correlated with age, specifically with patients younger than 50
years old (OR 0.62, 95% CI 0.40-0.97, p = 0.04), as well as with a higher risk of venous
invasion (OR 2.34, 95% CI 1.51-3.63, p<0.001) (Figure 16). However, a significant
association was not found with the parameters gender (OR 1.60, 95% CI1 0.59-4.29, p =
0.35), tumor size (OR 1.15, 95% CI 0.75-1.78, p = 0.52) and metastasis (OR 1.64, 95%
C10.85-3.15, p = 0.14) (Figure 16).

Evaluation of the heterogeneity among studies also showed a marked
heterogeneity only in the meta-analysis of NRP1 correlation with gender in HCC patients
(1> = 60.75%, Q-test p = 0.11) (Figure 16). Nonetheless, the meta-regression and
subgroup analysis, performed to elucidate the heterogeneity sources, could not be
conducted, since subgroups with only one study cannot be meta-analyzed. Substantial
heterogeneity was not observed in any of the others clinicopathological parameters: age
(1> = 0.00%, Q-test p = 0.76), invasion (1> = 0.00%, Q-test p = 0.34), metastasis (1> =
0.00%, Q-test p = 0.66), tumor size (12 = 45.97%, Q-test p = 0.17), employing the fixed-
effects model and the IV method (Figure 16).
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Figure 16. Meta-analysis of the potential correlation of increased NRP1 expression with
different clinicopathological features. Forest plots of the pooled overall effect sizes analyzing
the correlation of higher NRP1 levels with the clinicopathological parameters of age (> 50 years
old), gender (male), venous invasion (presence), metastasis (presence) and tumor size (> 5 cm) in

HCC patients.
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6.1.4 Analysis of heterogeneity sources

In order to assess and identify the potential sources of heterogeneity, both meta-
regression and subgroup analyses were conducted when a significant heterogeneity was
observed between studies. Therefore, the parameters OS and tumor pathogenesis were
subjected to these analyses, using sample size, follow up times and NOS score as

moderators to explore the likely heterogeneity sources.
Meta-regression

Meta-regression aimed at identifying variables that could explain the
heterogeneity in a defined outcome variable. In this line, we evaluated the total sample
size included in each study, the last follow up date and the study quality as potential
covariates that could modify the effect size among studies and, in consequence, be

responsible for the heterogeneity observed.

Results obtained for NRP1 correlation with OS proved that only sample size could
partially explain the heterogeneity observed between studies (Table VIII, Figure 17A).
When the total sample size was used as moderator, heterogeneity substantially decreased
(1> = 38.57%, Q-test p = 0.21), and was mostly solved (R?> = 76.01%) (Table VIII).
Moreover, a negative association was observed between the effect sizes and the sample

size in the graphical representation of the meta-regression results (Figure 17A).

Table VIII. Assessment of the heterogeneity sources through meta-regression in OS and

tumor pathogenesis.

Variable beta_ _ . pvalue 504 CJ : Residual heterogenezity
coefficient | Q test p-value R

0OS

Sample size 0.997 -2.83  0.005* 0.995-0.999 38.57%" 0.21F 76.01%"

Follow up 0.995 -096 034 0.984-1.006 71.29% 0.02 16.88%

NOS 1.176 0.75 0.45 0.769-1.797 73.74% 0.006 0.97%

Tumor tissue vs Adjacent tissue
Sample size 0.997 -0.24 081 0.975-1.020 83.17% 0.01 0.00%
NOS 0.04 -3.02  0.003* 0.005-0.326 0.00%" 0.78F 100.00%"

*Significant correlation, p-value<0.05
THigh heterogeneity solved (1°<50% and Q test p-value>0.10)
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On the other hand, heterogeneity between studies in the correlation analysis with
tumor pathogenesis was completely reduced when the NOS score was used as moderator
(1> = 0.00%, Q-test p = 0.78), with R? = 100% (Table VIII). Likewise, studies were
distributed along the bubble plot representation with NOS score as covariate, showing a

direct relationship between the study quality and the effect size result (Figure 17B).
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Figure 17. Meta-regression results represented with bubble plots for (A) OS and (B) tumor
pathogenesis using the total sample size, follow up times and NOS score as moderators.

For both clinical parameters, OS and tumor pathogenesis, any other variable was
not able to explain or reduce the initial heterogeneity between studies (Table VIII,
Figure 17).

Subgroup analysis

Assessment of heterogeneity sources was also performed by subgroup analysis
employing the same moderators as for meta-regression (Table IX). In this line, for OS
the sample size of each investigation was able to reduce heterogeneity, revealing that for
studies with sample size equal or lower than 300 patients, heterogeneity was solved (1% =
0.00%, Q-test p = 0.67) and NRP1 overexpression was also significantly correlated with
a shorter OS (HR 2.11, 95% CI 1.67-2.67, p < 0.001) (Table I’XXA). In addition, the score
obtained with the NOS scale strongly decreased the heterogeneity when NOS >5 (1 =
0.00%, Q-test p = 0.52), being NRP1 also correlated with OS (HR 2.07, 95% CI 1.61-
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2.66, p < 0.001) (Table IXA). Contrariwise, subgroups based on follow up times did not
decrease heterogeneity.

NRP1 association with tumor pathogenesis was subjected to subgroup analysis to
further analyze the potential sources (Table 1XB), demonstrating that sample size was
also responsible for the heterogeneity found. When analyzed studies with sample size
higher than 100 patients separately, heterogeneity was significantly reduced (12 = 49.09%,
Q-test p = 0.14), and higher levels of NRP1 also correlated with tumor development (OR
4.48, 95% CI 2.59-7.75, p < 0.001) (Table IXB). Separation of the total four studies
analyzed for tumor pathogenesis based on the NOS score showed that heterogeneity was
completely solved in both subgroups (NOS = 6, 1 = 0.00%, Q-test p = 0.67; NOS = 7, I?
= 0.00%, Q-test p = 0.58) (Table IXB).

Overall, for NRP1 correlation analysis with OS, the sample size of the included
studies has been identified as a potential source of heterogeneity by both meta-regression
and subgroup analysis, while NOS score, identified by subgroups, could also partially
explain this heterogeneity. Otherwise, for tumor pathogenesis association with NRP1, the
NOS score was detected as the main source by both methods, with a potential role of
sample size observed by subgroup analysis. Therefore, sample size and NOS score of
each article could be responsible, at least in part, for the high heterogeneity found between
studies included in the meta-analysis of OS and tumor pathogenesis.
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Table IX. Analysis of heterogeneity by subgroups for OS and tumor pathogenesis correlated

with NRP1 overexpression.

A. OS
Studies Cases Pooled HR Test for heterogeneity Model
Subgroup (n) (n) HR 95% Cl p-value 12 Q test p-value used
Sample size
<100 1 93 251 1.21-5.18 — — — —
> 100 4 864 1.66 1.09-253 0.02* 86.09% 0.00 REM
<200 3 347 213 1.60-2.83 0.00*  0.00% 0.46 FEM'
> 200 2 610 140 0.69-2.82 0.35 90.92% 0.00 REM
<300 4 586 2.11 1.67-2.67 0.00*  0.00% 0.67 FEM'
> 300 1 371 1.01 1.00-1.02 — — — —
NOS scale
5 2 464 1.47 0.61-355 0.39 83.41% 0.01 REM
6 1 149 2.47 1.60-3.81 — — — —
7 2 344 1.89 1.40-257 0.00* 0.00% 0.56 FEM'
NOS scale (threshold 5)
<5 2 464 1.47 0.61-355 0.39 83.41% 0.01 REM
>5 3 493 2.07 1.61-2.66 0.00* 0.00% 0.52 FEMT
NOS scale (threshold 6)
<6 3 613 1.73 0.91-3.29 0.09 88.15% 0.00 REM
> 6 2 344 1.89 1.40-257 0.00*  0.00% 0.56 FEMT
Follow up (months)
<60 1 149 247 1.60-3.81 — — — —
> 60 4 808 1.61 1.05-245 0.03* 81.77% 0.00 REM
<120 4 864 1.66 1.09-253 0.02* 86.09% 0.00 REM
> 120 1 93 251 1.21-5.18 — — — —
B. Tumor tissue vs Adjacent tissue
. Test for
S Studies Cases S35 With Pooled OR heterogeneity  Model
ubgroup ") ") high NRP1 Qtestp- Used
levels (%) OR 95% Cl p-value 12
value
Sample size
<100 1 40 7250  156.48 8.82-2777.26 — — — —
> 100 3 652 38.34 448  259-7.75 0.00* 49.09% 0.14 FEM'
<200 2 145 73.79 19.50 0.60-629.71 0.09 82.56% 0.02 REM
> 200 2 547 31.44 10.54 0.50-222.18 0.13 73.98% 0.05 REM
<300 3 384 32.03 8.40 1.13-62.52 0.04* 82.75% 0.04 REM
> 300 1 308 50.65 64.65 3.92-1065.96 — — — —
NOS scale
6 2 348 53.16 99.43 13.36-740.11 0.00* 0.00% 0.67 FEMS
7 2 344 27.33 403 231-705 0.00* 0.00% 058 FEMS

FEM, fixed-effects model; REM, random-effects model
*Significant correlation, p-value<0.05
fHigh heterogeneity solved (12<50% and Q test p-value>0.10)
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6.1.5 Analysis of publication bias

Presence of publication bias risk between studies was analyzed in order to identify
potential bias due to unpublished articles with non-significant results. For this purpose,

the Egger’s test, together with detection of funnel plot asymmetry, were performed.

After analysis, substantial risk of bias was detected for the NRP1 association with
OS and tumor pathogenesis, conducting for both parameters the trim-and-fill method
(Table X, Figure 18). This method imputed in both cases one additional study to estimate
an adjusted overall effect size for OS (Table X, Figure 18A) and tumor pathogenesis
(Table X, Figure 18B).

Table X. Assessment of publication bias risk between studies for OS, tumor pathogenesis

and different clinicopathological features.

Studies  Egger’s test Model Trim-and-fill analysis Studies
(n) (p-value) used HR 95% CI imputed (n)

Survival parameter

0S 5 0.00* REM 1.65 1.17-2.33 1

Clinicopathological Studies Egger’s test Model Trim-and-fill analysis Studies

feature (n) (p-value) used QR 95% Gl imputed (n)
Tumor tissue vs

Adjacent tissue 0.04* REM 6.40 0.72-57.35 1

Age 2 0.76 FEM — — —

Gender 2 0.11 REM — — —

Invasion 2 0.34 FEM — — _
Metastasis 2 0.66 FEM — — —

Tumor size 2 0.17 FEM — — —

FEM, fixed-effects model; REM, random-effects model.
*Significant publication bias, p-value<0.05.
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Figure 18. Evaluation of publication bias through detection of funnel plot asymmetry for
NRPL1 correlation analysis with (A) OS and (B) tumor pathogenesis. For both parameters, the
funnel plots obtained after conducting trim-and-fill method were also represented, which include
the missing studies that could be responsible for the publication bias.

Otherwise, evaluation of publication bias in the NRP1 association with the
clinicopathological characteristics age, gender, invasion, metastasis and tumor size by
both Egger’s test and funnel plots did not report a significant bias among studies for any
parameter (Table X, Figure 19).
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Figure 19. Evaluation of publication bias through detection of funnel plot asymmetry for
NRP1 correlation analysis with age, gender, venous invasion, metastasis and tumor size.
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6.2 NRP1 MODULATION THROUGH AN AUTOPHAGY AND HYPOXIA
INTERPLAY IN THE LOSS OF LENVATINIB SENSITIVITY IN HCC:

EXPERIMENTAL STUDY

NRP1 has aroused as an interesting protein with potential functions in cancer and
with increasing evidence that highlights its role in human HCC®. Even though
numerous studies have evaluated and described key processes involved in the progression
and drug responsiveness of HCC, where NRP1 could exert a crucial function, the precise
mechanisms underlying therapeutic failure are still unknown#41%4  Autophagy has
demonstrated to dually modulate cell response to stress conditions, either by promoting
or restraining tumor development and drug efficacy®*?. Nevertheless, the contradictory
and multiple roles played by autophagy in HCC places it as a crucial modulator of the
molecular and cellular processes involved in cancer cell survival that should be studied
more in depth®>1%  Furthermore, hypoxia conditions are closely associated to the
resistance development against TKIs, due to the mostly anti-angiogenic effects of these
targeted drugs, including lenvatinib, which derive into the establishment of a hypoxic
microenvironment*212%, The hypoxia response, primarily mediated by HIF-1a, has proved
to drive the cellular response in cancer, favoring the acquisition of an aggressive
phenotype by tumor hepatocytes and the loss of sensitivity to TKIs'?4167168 Therefore,
further studies are necessary to unravel the complex mechanisms that underly the loss of
drug sensitivity in HCC cells. For this reason, in this study we investigated the role of
NRP1 in the loss of lenvatinib efficacy through an autophagy-mediated modulation, and

the effects derived from the HIF-1a-related response to hypoxia.

6.2.1 Analysis of NRP1 expression levels in samples from HCC patients and its

correlation with tumor stages

In order to assess the potential implication of NRP1 in the processes of HCC
development and progression, we evaluated the gene expression levels of NRP1 in HCC
samples from different datasets obtained from public databases (Figure 20). NRP1
expression in normal healthy liver and HCC samples was evaluated in the TCGA dataset,
showing the NRP1 IHC detection with representative images from the Human Protein
Atlas (HPA) database with two different antibodies (HPA030278 and CAB004511). For

both antibodies, immunohistochemical NRP1 was strongly stained in HCC samples in
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comparison to the normal liver tissue (Figure 20A). Moreover, NRP1 was found to be
overexpressed in the tumor samples after the analysis with the UALCAN database
(Figure 20B). These results were confirmed with the GSE14520 dataset by an
independent evaluation of genes differentially expressed in HCC samples, in which a
significant overexpression of NRP1 was also detected compared to paired non-tumor
samples (Figure 20C).
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Figure 20. Determination of NRP1 expression levels and clinical association in samples of
HCC patients obtained from public databases. (A) Immunohistochemical staining of NRP1 in
normal liver and HCC tissues showing representative images from HPA database. (B) Expression
levels of NRP1 in normal liver and HCC samples obtained from the UALCAN database. (C)
Significantly upregulated (red) and downregulated (green) genes expressed in HCC samples from
the GSE14520 dataset of GEO database, identificating the differential expression of NRPL.
Clinical correlation of NRP1 with different tumor stages in HCC patients analyzed in the (D)
UALCAN and (E) GEPIA databases; and (F) with diverse nodal metastasis status analyzed in the
UCSC Xena database. Significant differences when *p<0.05.

Interestingly, NRP1 showed a significant correlation with advanced tumor stages
in HCC patients through assessment in two different databases, UALCAN (Figure 20D)
and GEPIA (Figure 20E). When analysis of the association of NRP1 expression was
conducted with different nodal metastasis status in the UCSC Xena database, results
exhibited a significant correlation with advanced nodal stages in samples from HCC

patients (Figure 20F).
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6.2.2 Characterization of NRP1 expression and migration ability of HCC cells

Expression levels of NRP1 were analyzed at both transcriptional and translational
levels in three HCC cell lines, HepG2, Huh-7 and Hep3B, to confirm previous results
obtained from clinical data (Figure 21). After experimental determinations, NRP1 levels
were found significantly increased in the Huh-7 and Hep3B cell lines in comparison to
HepG2 cells at both mRNA (Figure 21A) and protein levels (Figure 21B).
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Figure 21. Analysis of NRP1 expression in different HCC cell lines at (A) mMRNA and (B)
protein levels. (A) mRNA and (B) protein NRP1 expression was measured by gRT-PCR and
western blot, respectively. Representative immunoblots with the densitometric quantification
levels of the corresponding triplicates are shown. Data are expressed as mean values of arbitrary
units (a.u.) £ SD (n = 3). Significant differences *p<0.05, **p<0.01, *p<0.001 vs HepG2 cell ling;
#p<0.05, #p<0.01, “*p<0.001 vs Hep3B cell line.

Furthermore, migration ability of the three HCC cell lines was thoroughly
assessed by measuring wound closure ability at different time points, 4 h, 8 h, 12 h and
24 h (Figure 22). Firstly, individual comparison was done for each cell line, observing a
significant decrease of the wound area from 8 h for Huh-7, from 12 h for Hep3B and only
at 24 h for HepG2 (Figure 22B). When migration ability was compared between cell
lines, a strong difference was found, exhibiting HepG2 cells the lowest wound closure,
while both Huh-7 and Hep3B cells showed the highest migration ability, with more than
60% closure reached at 24 h (Figure 22C).
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Figure 22. Analysis of cell migration ability of the HepG2, Huh-7 and Hep3B cell lines. Cell
migration was evaluated by wound-healing assay, showing (A) a representative image from
triplicates for the different time points. Magnification 10x, scale bar 50 um. Percentage of wound
closure was analyzed and represented for (B) each cell line and (C) globally comparing the three
HCC lines, expressed as mean values + SD (n = 3). (B) Significant differences *p<0.05, **p<0.01,

***n<0.001 vs 4 h. (C) Significant differences *p<0.05, **p<0.01, ***p<0.001 vs HepG2, and
#p<0.05 vs Hep3B.
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6.2.3 Determination of the in vitro efficacy of lenvatinib in HCC cell lines

Once analyzed the potential implication of NRP1 in the progression of the HCC
lines HepG2, Hep3B and Huh-7, we decided to evaluate the antitumor effects of

lenvatinib in these lines through diverse assays.

At first, a significant reduction of cell viability was observed from 1 uM lenvatinib
in the HepG2 line, and from the lowest concentration (0.5 puM) of lenvatinib in Hep3B
and Huh-7 (Figure 23). As observed in this Figure 23, HepG2 cells proved to be less
sensitive to lenvatinib treatment compared to the Hep3B and Huh-7 cell lines, not
reaching a 50% of cell viability inhibition with the highest dose used. On the other hand,
a 50% viability inhibition was observed after 1 pM and 2.5 pM lenvatinib administration
to Hep3B and Huh-7, respectively (Figure 23). For the following experiments, lenvatinib
concentrations were selected in accordance to the 1Cso values, choosing 2.5 puM and 5 M
for Hep3B and Huh-7 cells, while 20 uM and 40 pM were used for the HepG2 cell line.
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Figure 23. Lenvatinib effects in cell viability of the HepG2, Hep3B and Huh-7 HCC cell
lines. Analysis of cell viability of the three HCC cell lines after administration of lenvatinib
concentrations from 0.5 pM to 30 uM for 48 h by CellTiter-Glo® assay. Data are represented as
percentage of cell viability relativized to untreated cells (control condition) + SD (n = 7).
Significant differences *p<0.05, **p<0.01, ***p<0.001 vs 0 uM (untreated cells).
Subsequently, colony formation ability and Ki67-based proliferation index were
also assessed to corroborate the antitumor effects of lenvatinib (Figure 24). Results
exhibited a significant reduction of both number of colonies (Figure 24A) and nuclear
localization of Ki67 (Figure 24B) with 2.5 uM and 5 puM in the Hep3B and Huh-7 lines,
showing also a higher susceptibility than HepG2. After lenvatinib administration, HepG2
cells experienced a slight but significant decrease in colony formation with 40 uM
lenvatinib (Figure 24A), and in Ki67 proliferation index with both 20 uM and 40 uM
(Figure 24B). Altogether, these findings revealed the HepG2 cell line as the less

susceptible line to lenvatinib, as well as with the lowest expression of NRP1.
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Figure 24. Antitumor effects of lenvatinib analyzed in the in vitro models of HCC. (A) Colony
formation ability and (B) proliferation index based on nuclear Ki67 localization were measured
after 48 h administration of 20 uM and 40 pM lenvatinib in HepG2 cells, and 2.5 puM and 5 pM
lenvatinib in Hep3B and Huh-7 cell lines. (A) Data are represented as mean values + SD (n = 3).
(B) Representative images with magnification 63x, scale bar 10 um, are shown and data are
represented as the nuclear CTCF ratio of Ki67 expressed as arbitrary units (a.u.) £ SD (n = 3).
Significant differences *p<0.05, **p<0.01, ***p<0.001 vs 0 uM (untreated cells).
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In order to evaluate and clarify the potential role of NRP1 in the lenvatinib
effectiveness, we decided to perform the following experiments with the Hep3B and Huh-

7 cell lines, based on the analysis of NRP1 expression and lenvatinib sensitivity.

6.2.4 Evaluation of the potential role of NRP1 on lenvatinib-derived effects on cell

proliferation and migration

To unravel the potential interplay between lenvatinib antitumor effects on HCC
cells and NRP1 expression, we determined the NRP1 levels after 48 h of lenvatinib
administration (Figure 25). At transcriptional level, lenvatinib did not show significant
alterations in NRP1 mRNA (Figure 25A). However, protein expression measured by
both western blot (Figure 25B) and immunofluorescence with confocal microscopy
(Figure 25C) was strongly diminished in both cell lines, Hep3B and Huh-7, with both
concentrations, 2.5 uM and 5 uM. Therefore, NRP1 protein levels were significantly
decreased by lenvatinib treatment, while no changes were observed at mRNA levels
(Figure 25).

These results suggested that NRP1 modulation by lenvatinib could be mediating
its antitumor activity in vitro. For this reason, we employed the NRP1 antagonist
EG00229 to compare the effects derived from the disruption of NRP1 activity with the
effects derived from lenvatinib. Specifically, the compound EG00229 acts by blocking
NRP1-VEGFA interaction and, in consequence, inhibiting NRP1 activity®®. At first, we
determined the concentration of EG00229 to perform the subsequent experiments through
the analysis of cell viability in presence of this antagonist (Figure 26). For both cell lines,
Hep3B and Huh-7, EG00229 was able to significantly reduce cell viability from the
lowest dose (2.5 uM) at both 24 h and 48 h (Figure 26). Nonetheless, although Huh-7
showed a higher sensitivity to this compound, cell viability of both lines did not
experience a dose-dependent inhibition at 24 h, while a slight decrease was observed at
48 h, not reaching a 50% cell viability decrease except with 50 uM at 48 h in Huh-7
(Figure 26). Considering these findings, and concentrations of EG00229 used by

previous studies*’®1" we selected 15 pM to perform the following experiments.
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Figure 25. Modulation of NRP1 expression by lenvatinib treatment in HCC cells. After
treatment with 2.5 uM and 5 UM lenvatinib for 48 h in Hep3B and Huh-7 cell lines, NRP1
expression was determined at (A) transcriptional level by qRT-PCR, and at protein level by (B)
western blot and (C) immunofluorescence. Data are represented as mean values of arbitrary units
(a.u.) £ SD (n = 3). (B) A representative immunoblot from triplicates is displayed. (C)
Representative images with magnification 63x, scale bar 10 um, are shown with quantification
data showing NRP1 CTCEF ratio. Significant differences *p<0.05, **p<0.01, ***p<0.001 vs 0 uM
(untreated cells).
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Figure 26. Analysis of cell viability after administration of the NRP1 antagonist EG00229.
Cell viability of Hep3B and Huh-7 cell lines was analyzed by MTT assay after EG00229 treatment
with different concentrations for 24 h and 48 h. Data are expressed as percentage of mean values
+ SD (n = 5). Significant differences *p<0.05, **p<0.01, ***p<0.001 vs 0 uM (untreated cells).

Once treatment conditions were defined, we decided to perform the specific gene
silencing of NRP1 in combination with lenvatinib and/or EG00229 to evaluate the role of
lenvatinib in NRP1-derived effects in HCC cells (Figures 27 and 28). Initially, efficacy
of NRP1 silencing was verified by determination of protein levels through western blot
(Figure 27) and immunofluorescence (Figure 28), showing a strong decrease in NRP1
expression. Moreover, lenvatinib treatment also led to significant lower levels of NRP1
measured by western blot, while EG00229 did not alter NRP1 protein expression (Figure
27). Combination of lenvatinib and EG00229 exhibited similar results, diminishing NRP1
levels, but without significant differences to lenvatinib administration alone (Figure 27).
When NRP1 silencing was conducted, significant changes were not observed between

individual treatments and co-administrations (Figure 27).
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Figure 27. Determination of the NRP1 protein levels by western blot after NRP1 gene
silencing in combination with lenvatinib and/or EG00229 treatment in HCC cells. Protein
NRP1 expression was measured by western blot after 48 h of gene silencing and 24 h of compound
administration. 2.5 uM lenvatinib (Lvt) and/or 15 uM EG00229 (EG) were administered for 24
h. A representative immunoblot for each protein is shown. Data are expressed as mean values of
arbitray units (a.u.) £ SD (n = 3). Significant differences *p<0.05, **p<0.01,***p<0.001 vs
control (Ctrl) (untreated cells); #p<0.05, #p<0.01, #*p<0.001 vs siR Control for each treatment.
Protein assessment by laser confocal microscopy displayed similar results (Figure
28). Efficacy of NRP1 silencing was also identified and individual administration of
EG00229 did not alter NRP1 protein levels (Figure 28). Likewise, both lenvatinib alone
and combined with the antagonist showed similar downregulation effects on NRP1
expression, which were significantly enhanced after genetic silencing in both HCC cell
lines (Figure 28). For Hep3B cells, NRP1 silencing increased the effects of lenvatinib
and EG00229, alone and in combination; while for Huh-7 cells, NRP1 knockdown

enhanced effects of lenvatinib and its combination with EG00229 (Figure 28).

After comparing the modulation exerted by lenvatinib and EG00229 on the
protein expression of NRP1, we analyzed their involvement in cell proliferation of Hep3B

and Huh-7 cell lines, by performing the same experiment layout.
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Figure 28. Determination of the NRP1 protein levels by immunofluorescence after NRP1
gene silencing in combination with lenvatinib and/or EG00229 treatment in HCC cells.
Protein NRP1 expression was analyzed by immunofluorescence after 48 h of gene silencing and
24 h of compound administration with 2.5 uM lenvatinib (Lvt) and/or 15 uM EG00229 (EG).
Representative images are shown with magnification 63x, scale bar 10 um, representing the
NRP1 CTCF ratio. Data are expressed as mean values of arbitray units (a.u.) = SD (n = 3).
Significant differences *p<0.05, **p<0.01,***p<0.001 vs control (Ctrl) (untreated cells);
#p<0.05, #p<0.01, #*p<0.001 vs siR Control for each treatment.
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Evaluation of cell viability and proliferation also revealed interesting results
(Figures 29 and 30). Not only lenvatinib, but also EG00229, led to significant reduction
of cell viability (Figure 29A), number of colonies (Figure 29B) and nuclear localization
of Ki67 (Figure 30), when administered alone and in combination. Nevertheless,
combined drugs did not show synergy for any analysis, regardless of the colony formation
ability in the Huh-7 cell line (Figure 29B). When NRP1 was genetically silenced,
enhanced inhibitory effects were observed for these treatments in cell viability (Figure
29A) and colony formation (Figure 29B), even though NRP1 silencing only increased
lenvatinib antitumor effects on Ki67-based proliferation index in both Hep3B and Huh-7
(Figure 30).
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Figure 29. Analysis of cell viability and colony formation after NRP1 gene silencing in
combination with lenvatinib and/or EG00229 treatment in HCC cells. Cell viability of Hep3B
and Huh-7 cell lines was assessed by (A) CellTiter-Glo® assay and (B) colony formation ability
after 48 h of gene silencing and 24 h of compound administration. 2.5 puM lenvatinib (Lvt) and/or
15 uM EG00229 (EG) were administered for 24 h. (A) Data are expressed as percentage of mean
values £ SD (n = 7). (B) Data are expressed as mean values = SD (n = 3), showing representative
images from triplicates. Significant differences *p<0.05, **p<0.01,***p<0.001 vs control (Ctrl)
(untreated cells); #p<0.05, #p<0.01, **p<0.001 vs siR Control for each treatment; °p<0.05,
°°p<0.01, °*°p<0.001 Lvt+EG vs Lvt treatment.
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Figure 30. Analysis of cell proliferation based on Ki67 after NRP1 gene silencing in
combination with lenvatinib and/or EG00229 treatment in HCC cells. Cell proliferation of
Hep3B and Huh-7 cell lines was analyzed through nuclear localization of Ki67 by
immunofluorescence after 48 h of gene silencing and 24 h of compound administration. 2.5 uM
lenvatinib (Lvt) and/or 15 uM EG00229 (EG) were administered for 24 h. Data are expressed as
mean values of arbitray units (a.u.) £ SD (n = 3), showing representative images with
magnification 63x, scale bar 10 um, and representing the NRP1 CTCF ratio. Significant
differences *p<0.05, **p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells); #p<0.05, #p<0.01,
#1<0.001 vs siR Control for each treatment.
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In consequence, the analysis of survival ability of the HCC cell lines reported
interesting results in the role played by NRP1 on the cellular effects derived from
lenvatinib. For this reason, we further assessed this potential link in the migratory abilities
of the HCC cell lines.

In order to corroborate these results in the lenvatinib-associated effects previously
observed in cell migration, wound closure ability was also assessed in our in vitro models
of HCC. Similarly, individual administration of lenvatinib and EG00229 significantly
inhibited wound closure ability of both Hep3B and Huh-7 cells, displaying a synergistic
effect when combined in Huh-7 (Figure 31). Gene silencing of NRP1 accomplished to
heighten lenvatinib effects in both lines, but only augmented EG00229-derived inhibition
in Hep3B (Figure 31). NRP1 silencing in combination with both lenvatinib and EG00229
only enhanced inhibition in Hep3B cells, where this drug co-administration did not show
a synergy in absence of silenced NRP1 (Figure 31). Simultaneously, Huh-7 did not
exhibit raised effects of NRP1 silencing with lenvatinib and EG00229 co-treatment, but
this combination did show higher effects compared to lenvatinib alone in absence of gene
silencing (Figure 31). Hence, these findings reveal that NRP1 silencing is able to increase
effects of lenvatinib only when its co-administration with EG00229 did not accomplish a
higher inhibition of HCC cell migration compared to lenvatinib alone.

Altogether, NRP1 seems to have a key role in the proliferation and migration
abilities of HCC cells, since either blocking NRP1 activity with EG00229 or promoting
NRP1 downregulation with lenvatinib triggered a strong decrease on cell proliferation
and migration of both Hep3B and Huh-7 cell lines.

NRP1 might be involved in the antitumor effects of lenvatinib observed in these
HCC cell lines on cell proliferation and migration. Interestingly, although results obtained
suggest that lenvatinib modulates NRP1 in a previous step of its activity, the precise

mechanism of NRP1 modulation by lenvatinib remains unclear.
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Figure 31. Determination of effects on cell migration after NRP1 gene silencing in
combination with lenvatinib and/or EG00229 treatment in HCC cells. Cell migration ability
was analyzed in Hep3B and Huh-7 cell lines by wound-healing assay after 48 h of gene silencing
and 24 h of compound administration. 2.5 pM lenvatinib (Lvt) and/or 15 uM EG00229 (EG) were
administered for 24 h. A representative image is shown with magnification 10x, scale bar 50 pm.
Data are expressed as percentage of wound closure + SD (n = 3). Significant differences *p<0.05,
**p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells); #*p<0.05, #p<0.01, *¥p<0.001 vs siR
Control for each treatment; °p<0.05, °°p<0.01, °*°p<0.001 LVt+EG vs Lvt treatment.
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6.2.5 Identification of the underlying mechanisms responsible for the lenvatinib-

derived downregulation of NRP1 in HCC cells

With the purpose of elucidating the process through which lenvatinib
downregulates NRP1 in Hep3B and Huh-7 cells, and to determine the potential value of
NRP1 as a molecular target to improve efficacy of current available drugs, we performed
mechanistic analysis employing specific inhibitors of protein synthesis (CHX, 300 uM)
and proteasome-mediated protein degradation (MG132, 30 uM), as well as with Baf (100
nM) as inhibitor of the autophagic flux (Figure 32).
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Figure 32. ldentification of the mechanism responsible for the lenvatinib-derived NRP1
downregulation in HCC cells. Protein levels of NRP1 were determined by western blot
employing (A) 2.5 UM lenvatinib (Lvt), 300 uM CHX, 30 uM MG132 (MG), alone or in
combination for 24 h; (B) 2.5 uM lenvatinib (Lvt) and/or 100 nM Baf for 3, 6, 12 and 24 h. A
representative immunoblot for each protein is shown, and data are expressed as mean values of
arbitrary units (a.u.) £ SD (n = 3). Significant differences *p<0.05, **p<0.01, ***p<0.001 vs
control (Ctrl) (untreated cells); #p<0.05, #*p<0.01, **p<0.001 compound combination vs
individual lenvatinib; °p<0.05, °°p<0.01, °*°p<0.001 compound combination vs individual
inhibitor.
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Protein expression analysis showed that its inhibition with CHX slightly
diminished NRP1 levels, but a stronger reduction was observed after lenvatinib treatment
(Figure 32A). Protein NRP1 expression was not altered after protein degradation through
MG132 administration, while lenvatinib significantly decreased NRP1 levels alone and
in combination with MG132 (Figure 32A). These findings indicated that neither protein
synthesis or degradation are the mechanisms responsible for the strong effects of
lenvatinib on NRP1 expression. For this reason, we decided to evaluate the likely role
played by autophagy using the inhibitor Baf alone and combined with lenvatinib for a
time-course to study the dynamic process of autophagy (Figure 32B). As previously
observed, lenvatinib diminished NRP1 protein levels mainly after 6 h or 12 h treatment;
but, interestingly, Baf administration was able to increase NRP1 expression even in
presence of lenvatinib, from 12 h and 6 h in Hep3B and Huh-7 cell lines, respectively,

restoring NRP1 protein levels (Figure 32B).

To clearly determine the effectiveness of autophagy blockade, the
autophagolysosome content was analyzed by acridine orange staining (Figure 33),
together with the measurement of protein levels of the autophagic markers p62/SQSTM1
and LC3 (Figure 34).

Through fluorescence imaging with acridine orange, autophagy process was
evaluated employing the inhibitor Baf (Figure 33). Results exhibited a lenvatinib-derived
induction of autophagy from early time points (3 h), which were effectively decreased by
Baf to levels close to basal (Figure 33). We also assessed p62/SQSTM1 and LC3
expression, which aimed at measuring a relative autophagic flux index (Figure 34).
Likewise, lenvatinib treatment led to lower expression of p62/SQSTM1 from 12 h and
LC3-1I from 24 h, which was markedly prevented by Baf, triggering protein accumulation
of both autophagic markers (Figure 34). Therefore, treatment with Baf achieved an
effective blockade of autophagy even in presence of lenvatinib, settling the crucial role
of lenvatinib-induced autophagy in the modulation of NRP1 protein expression. These
findings suggest that the dynamic process of autophagy is responsible, at least in part, of

the lenvatinib effects in NRP1 expression levels.
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Figure 33. Evaluation of the lenvatinib and Baf effects on autophagy. Autophagolysosome
content was analyzed by acridine orange staining in both Hep3B and Huh-7 cell lines employing
2.5 uM lenvatinib (Lvt) and 100 nM Baf, alone or combined, for 3, 6, 12 and 24 h of treatment.
For each condition a representative image is shown, with magnification 40x, scale bar 25 um. Bar
graphs represent the CTCF ratio of the red/green fluorescence, expressed as mean values of
arbitrary units (a.u.) £ SD (n = 5). Significant differences *p<0.05, **p<0.01, ***p<0.001 vs
control (Ctrl) (untreated cells) for each time point; #p<0.05, #p<0.01, *p<0.001 compound
combination vs individual lenvatinib.
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Figure 34. Assessment of autophagy through the autophagic markers p62/SQSTML1 and
LC3. Protein expression of p62/SQSTM1 and LC3 (LC3-I and LC3-11) was measured by western
blot after treatment with 2.5 uM lenvatinib (Lvt) and 100 nM Baf, alone or combined, for 3, 6,
12 and 24 h. For p62/SQSTML, data are expressed as mean values of arbitrary units (a.u.) £ SD
(n =3), and for LC3, the autophagic flux index was determined by using the LC3 turnover assay,
representing mean values + SD (n = 3). A representative immunoblot of each protein is shown.
Significant differences *p<0.05, **p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells) for each
time point; #p<0.05, #p<0.01, **p<0.001 compound combination vs individual lenvatinib.

6.2.6 Study of the potential role of autophagy-mediated NRP1 degradation in the

antitumor effects of lenvatinib in HCC cells

As observed in previous results, autophagy seems to mediate the NRP1
downregulation promoted by lenvatinib. For this reason, we firstly analyzed the potential
correlation between NRP1 and autophagy-associated genes in human samples from the
UALCAN database (Table XI) to determine the likely association of NRP1 with this
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process. Results displayed that NRP1 gene expression in HCC patients is positively
correlated with 59 different genes involved in several steps of autophagy, with Pearson-
CC ranging from +0.31 to +0.60 and a strong significance found (p<0.0001) (Table XI).
In consequence, we further studied the interesting interplay between autophagy and

NRP1, and their role in the lenvatinib effectiveness in our in vitro model.

Table XI. Autophagy-related genes showing significant correlation with NRP1 (p<0.0001)
in human samples of HCC patients obtained from the UALCAN database.

Abbreviation  Full gene name Pearson-CC

BCL2L1 BCL2 like 1 +0.60
MTMR3 Myotubularin-related protein 3 +0.60
RRAGB Ras related GTP binding B +0.60
CFLAR CASP8 and FADD like apoptosis regulator +0.58
AKT3 AKT serine/threonine kinase 3 +0.57
BCL2 BCL2 apoptosis regulator +0.56
SH3GLB1 SH3 domain containing GRB2 like, endophilin B1 +0.55
MAPK3 Mitogen-activated protein kinase 3 +0.54
GABARAPL2 GABA type A receptor-associated protein like 2 +0.53
ATG16L1 Autophagy-related 16 like 1 +0.52
MAP2K1 Mitogen-activated protein kinase kinase 1 +0.51
RRAGA Ras related GTP binding A +0.51
TRAF6 TNF receptor associated factor 6 +0.51
WDR41 WD repeat domain 41 +0.51
ATG3 Autophagy-related 3 +0.50
IGBP1 Immunoglobulin binding protein 1 +0.50
MAP1LC3B Microtubule associated protein 1 light chain 3 beta +0.50
MAPK1 Mitogen-activated protein kinase 1 +0.50
PPP2CB Protein phosphatase 2 catalytic subunit beta +0.50
RAB7A RAB7A, member RAS oncogene family +0.49
SMCR8 SMCR8-C9orf72 complex subunit +0.48
RAB1A RAB1A, member RAS oncogene family +0.47
RRAS RAS related +0.47
PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3 +0.46
TANK TRAF family member associated NFkB activator +0.46
UVRAG UV radiation resistance associated +0.45
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Abbreviation  Full gene name Pearson-CC
TSC1 TSC complex subunit 1 +0.44
DAPK1 Death associated protein kinase 1 +0.42
EIF2AK3 Eukaryotic translation initiation factor 2 alpha kinase 3 +0.42
RRAGC Ras related GTP binding C +0.42
MAPLLC3B2  Microtubule associated protein 1 light chain 3 beta 2 +0.41
BECN1 Beclin 1 +0.40
DAPK3 Death associated protein kinase 3 +0.40
EIF2S1 Eukaryotic translation initiation factor 2 subunit alpha +0.40
PIK3R4 Phosphatidylinositol 3-kinase regulatory subunit 4 +0.40
PDPK1 3-phosphoinositide dependent protein kinase 1 +0.39
PPP2CA Protein phosphatase 2 catalytic subunit Alpha +0.39
TBK1 TANK binding kinase 1 +0.39
HMGB1 High mobility group box 1 +0.38
ATG4B Autophagy-related 4B +0.36
ATGAC Autophagy-related 4C +0.36
ATG7 Autophagy-related 7 +0.36
PRKACB Protein kinase cAMP-activated catalytic subunit beta +0.36
ATGY9A Autophagy-related 9A +0.35
RRAS2 RAS related 2 +0.35
ITPR1 Inositol 1,4,5-trisphosphate receptor type 1 +0.34
RHEB Ras homolog, mTORC1 binding +0.34
NRAS NRAS proto-oncogene, GTPase +0.33
STX17 Syntaxin 17 +0.33
ATG2B Autophagy-related 2B +0.32
KRAS KRAS proto-oncogene, GTPase +0.32
MAP3K7 Mitogen-activated protein kinase kinase kinase 7 +0.32
PRKCD Protein kinase C delta +0.32
ULK2 Unc-51 like autophagy activating kinase 2 +0.32
AKT1 AKT serine/threonine kinase 1 +0.31
ATGH Autophagy-related 5 +0.31
GABARAP GABA type A receptor-associated protein +0.31
GABARAPL1 GABA type A receptor-associated protein like 1 +0.31
ZFYVEL Zinc finger FYVE-type containing 1 +0.31
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To clarify the function exerted by autophagy in the antitumor effects of lenvatinib
through modulation of NRP1 expression, we silenced NRP1 and, subsequently,
administered lenvatinib and Baf alone or in combination, analyzing the effects on NRP1
levels by western blot (Figure 35) and immunofluorescence (Figure 36), on cell viability

(Figure 37) and proliferation (Figure 38), and on cell migration (Figure 39).
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Figure 35. Analysis of the role of autophagy inhibition in NRP1 expression by western blot.
Protein expression of NRP1 was analyzed by western blot after 48 h of gene silencing and 24 h
of compound administration. 2.5 uM lenvatinib (Lvt) and/or 100 nM Baf were administered for
24 h. Data are represented as mean values of arbitrary units (a.u.) = SD (n = 3), showing a
representative immunoblot for each protein. Significant differences *p<0.05, **p<0.01,
***n<0.001 vs control (Ctrl) (untreated cells); #p<0.05, #p<0.01, **p<0.001 vs siR Control for
each treatment; °p<0.05, °°p<0.01, °°°p<0.001 Lvt+Baf vs Lvt treatment.

Analysis of NRP1 protein levels displayed an effective gene silencing, observed
by both western blot (Figure 35) and immunofluorescence (Figure 36). By western blot,
lenvatinib-derived downregulation of NRP1 was also observed in both HCC cell lines,
not showing significant differences by individual Baf addition (Figure 35). Although
autophagy blockade did not alter NRP1 expression, co-administration of Baf with
lenvatinib increased NRP1 levels in comparison to individual administration of
lenvatinib, partially restoring NRP1 expression (Figure 35). Curiously, NRP1 silencing
not only decreased its expression, but also prevented this recovery of NRP1 levels caused
by Baf in combination with lenvatinib (Figure 35). Through immunofluorescence and
laser confocal microscopy, similar results were observed (Figure 36). Autophagy
inhibition by Baf also exhibited an increment in NRP1 levels when combined with
lenvatinib versus individual administration of this drug (Figure 36). In addition, effective
gene silencing of NRP1 was accomplished and prevented the recovery of NRP1 protein

expression when Baf was co-administered with lenvatinib (Figure 36).
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Figure 36. Analysis of the role of autophagy inhibition in NRP1 expression by
immunofluorescence. Protein expression of NRP1 was analyzed through immunofluorescence
after 48 h of gene silencing and 24 h of compound administration with 2.5 uM lenvatinib (Lvt)
and/or 100 nM Baf. Data are represented as mean values of arbitrary units (a.u.) = SD (n = 3).
Representative confocal images are shown, with magnification 63x, scale bar 10 um, and with
bar graphs representing the NRP1 CTCF ratio. Significant differences *p<0.05, **p<0.01,
***n<0.001 vs control (Ctrl) (untreated cells); #p<0.05, #p<0.01, **p<0.001 vs siR Control for
each treatment; °p<0.05, °°p<0.01, *°°p<0.001 Lvt+Baf vs Lvt treatment.
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Since NRP1 targeting seems to be an interesting strategy to enhance the lenvatinib
effects associated to NRP1 downregulation, we evaluated the role of the autophagy-NRP1

interplay in the in vitro effectiveness of lenvatinib.

Both HCC cell lines, Hep3B and Huh-7, exhibited a significant inhibition of cell
viability and colony formation by lenvatinib, not observing significant changes with Baf
administration (Figure 37). Addition of Baf to lenvatinib treatment proved to prevent the
initial inhibition derived from lenvatinib alone in cell viability for both cell lines (Figure
37A), and in the number of colonies for Huh-7 cells (Figure 37B). In all the analysis,
genetic silencing of NRP1 significantly diminished cell viability and colony number,
enhancing the effects of individual and combined treatments on both determinations
(Figure 37). Interestingly, this NRP1 silencing was able to prevent the loss of lenvatinib-
derived inhibition caused by autophagy blockade, showing same or decreased viability
and colony formation ability compared to lenvatinib alone in both cell lines, Hep3B and
Huh-7 (Figure 37).
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Figure 37. Evaluation of the role of autophagy-dependent degradation of NRP1 in cell
viability and colony formation ability of HCC cell lines. (A) Cell viability and (B) colony
formation ability were analyzed in Hep3B and Huh-7 cell lines after 48 h of gene silencing and
24 h of compound administration. 2.5 puM lenvatinib (Lvt) and/or 100 nM Baf were administered
for 24 h. (A) Data are represented as percentage of mean values £ SD (n = 7). (B) Representative
images are shown, and data are expressed as mean values + SD (n = 3). Significant differences
*p<0.05, **p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells); #p<0.05, #p<0.01, **p<0.001
vs siR Control for each treatment; °p<0.05, °°p<0.01, °°°p<0.001 Lvt+Baf vs Lvt treatment.
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Figure 38. Evaluation of the role of autophagy-dependent degradation of NRP1 in Ki67-
based proliferation of HCC cell lines. Nuclear localization of Ki67 was analyzed by
immunofluorescence and laser confocal microscopy in Hep3B and Huh-7 cell lines after 48 h of
gene silencing and 24 h of compound administration with 2.5 pM lenvatinib (Lvt) and/or 100 nM
Baf. A representative image with magnification 63x, scale bar 10 pum, is shown, where bar graphs
represent the nuclear CTCF ratio of Ki67 expressed as mean values of arbitrary units (a.u.) + SD
(n = 3). Significant differences *p<0.05, **p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells);
#p<0.05, #p<0.01, *#p<0.001 vs siR Control for each treatment; °p<0.05, °°p<0.01, °°°p<0.001
Lvt+Baf vs Lvt treatment.
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As observed with viability and colony formation assays, assessment of Ki67-
based proliferation index reported similar findings (Figure 38). Individual treatment with
Baf did not modify Ki67 nuclear staining, but autophagy inhibition during lenvatinib
treatment increased cell proliferation of both cell lines compared to lenvatinib
administration alone (Figure 38). This partial loss of antitumor effects of lenvatinib on
nuclear Ki67 localization accounted by Baf was not observed when NRP1 was silenced,
appreciating enhanced effects for all the treatments after genetic NRP1 silencing (Figure
38).

In this line, we also analyzed migration ability of Hep3B and Huh-7 cells (Figure
39). Cell migration assessment disclosed similar results, where lenvatinib restrained
wound closure ability of HCC cell lines, and Baf-dependent autophagy inhibition
prevented this effect, slightly increasing cell migration (Figure 39). Likewise, gene
silencing of NRP1 diminished migration of both Hep3B and Huh-7 cell lines and, despite
NRP1 knockdown did not increment the inhibitory effects of lenvatinib, it prevented the
recovery in the wound closure ability of HCC cells when lenvatinib and Baf were
combined (Figure 39). Therefore, although Baf treatment could rise migratory abilities
of HCC cells in presence of lenvatinib, decreasing the efficacy of this drug on cell
migration, NRP1 silencing might be able to partially prevent this loss of efficacy in our

in vitro model of HCC.

Collectively, autophagy seems to be the mechanism responsible for NRP1
degradation induced by lenvatinib, which could exert a crucial role in the loss of
sensitivity to lenvatinib by the HCC cell lines Hep3B and Huh-7, increasing cell survival
and migration abilities. Moreover, NRP1 might constitute an interesting therapeutic target
to prevent the development of an autophagy-associated lenvatinib resistance in human
HCC.
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Figure 39. Determination of the role of the autophagy-dependent NRP1 degradation in cell
migration ability of HCC cells. Cell migration was determined by wound-healing assay in the
Hep3B and Huh-7 cell lines after 48 h of gene silencing and 24 h of compound administration.
2.5 UM lenvatinib (Lvt) and/or 100 nM Baf were administered for 24 h. A representative image
with magnification 10x, scale bar 50 um, is shown. Bar graphs represent the percentage of the
wound closure area, expressed as mean values + SD (n = 3). Significant differences *p<0.05,
**p<0.01, ***p<0.001 vs control (Ctrl) (untreated cells); #*p<0.05, #p<0.01, *¥p<0.001 vs siR
Control for each treatment; °p<0.05, *°p<0.01, °*°p<0.001 Lvt+Baf vs Lvt treatment.
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6.2.7 Evaluation of the hypoxia-derived effects in the autophagy-dependent NRP1
degradation in HCC cells

Considering the key role that hypoxia has demonstrated to exert in the acquisition
of drug resistance in several tumor types, including HCC'231%4 \we decided to assess the
potential implication of the hypoxia-derived response in the autophagy-related loss of

lenvatinib sensitivity by modulating NRP1.
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Figure 40. Study of the NRP1 modulation by inducing an in vitro hypoxia response. NRP1
expression was assessed at protein level by (A) western blot and (B-C) immunofluorescence with
laser confocal microscopy. Hypoxia (Hx) was chemically induced by treating with 100 uM CoCl,
for 24 h and 48 h, with normoxia (NX) as control condition. (A) A representative immunoblot and
(C) confocal image is shown, with magnification 63x, scale bar 10 um. Bar graphs from (B)
represent CTCF ratio of NRP1. Data are expressed as mean values of arbitrary units (a.u.) + SD
(n = 3). Significant differences *p<0.05, **p<0.01, ***p<0.001 vs normoxia (Nx).
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In order to induce a hypoxic microenvironment, we employed the hypoximimetic
CoCly, that promotes the stabilization of HIFs and, in consequence, drives a hypoxia
response in vitro. The hypoxia-derived effects on protein expression of NRP1 were
analyzed by western blot (Figure 40A) and immunofluorescence (Figure 40B-C).
Hypoxia was induced for 24 h and 48 h, displaying lower levels of NRP1 under hypoxic
conditions compared to normoxia by both techniques (Figure 40). As previously
identified with lenvatinib, NRP1 downregulation under hypoxia could be associated to an

autophagy induction in HCC cells, thus promoting NRP1 degradation.

The potential interplay between the hypoxic microenvironment and the autophagy
process was further assessed with the purpose of determining if the same autophagy-
related modulation was being conducted under hypoxia (Figure 41). As formerly
observed, hypoxia prompted NRP1 downregulation, which was found significant from
12 h (Figure 41A). Autophagy blockade through Baf addition triggered an increase in the
protein levels of NRP1 from 12 h and 6 h in Hep3B and Huh-7, respectively, recovering
the NRP1 expression to normoxia levels (Figure 41A). Interestingly, this analysis was
also conducted with the HepG2 cells, observing that even for this cell line, Baf treatment
achieved to restore NRP1 expression (Supplementary Figure S1). Furthermore, the
autophagy process was monitored by both acridine orange staining (Figure 41B) and
protein expression of p62/SQSTM1 and LC3 (Figure 41C). Results demonstrated that
the use of Baf effectively diminished autophagolysosome content from the first time point
(3 h) in both cell lines, Hep3B and Huh-7 (Figure 41B). Likewise, p62/SQSTML1 levels
were significantly higher after Baf administration, showing a protein accumulation from
12 h and 3 h in the Hep3B and Huh-7 cells, respectively, which is directly associated to
autophagy inhibition (Figure 41C). Determination of the autophagic flux index, based on
the LC3 turnover assay, also proved the usefulness of Baf as specific autophagic inhibitor,
since a significant decrease was observed with Baf treatment under hypoxia (Figure
41C). Hence, NRP1 expression seems to be also modulated under hypoxia by an
autophagy-mediated degradation, which could be involved in the loss of lenvatinib

efficacy through an adaptive cellular response driven by hypoxia.
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Figure 41. Analysis of the autophagy-associated effects on the modulation by hypoxia on
NRP1 expression. Hypoxia (HX) response was induced by 100 uM CoCl, with or without 100
nM Baf treatment. (A) Protein levels of NRP1 were determined by western blot. Autophagy was
monitored by (B) acridine orange staining for quantification of autophagolysosome content and
(C) protein expression of p62/SQSTM1 and LC3 through western blot. (A) and (C) A
representative immunoblot is shown for each protein, and data are expressed as mean values of
arbitrary units (a.u.) = SD (n = 3). For LC3, the autophagic flux index was determined by using
the LC3 turnover assay. (B) A representative confocal image with magnification 40x, scale bar
25 um, is shown, and bar graphs represent CTCF of red/green ratio, expressed as mean values of
arbitrary units (a.u.) = SD (n = 5). (A) and (C) Significant differences *p<0.05, **p<0.01,
***n<0.001 vs normoxia (Nx); and #*p<0.05, #p<0.01, #*p<0.001 vs Hx for each time point. (B)
Significant differences *p<0.05, **p<0.01, ***p<0.001 vs Hx for each time point.
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6.2.8 Determination of the role of HIF-1a in the lenvatinib effectiveness through
NRP1 modulation mediated by a hypoxia-induced autophagy

Under hypoxia conditions, HIFs are the main drivers of the cellular response,
where HIF-1a has demonstrated a crucial role in the resistance development against TKIs

treatment in HCC*%123,

Initially, we investigated the potential correlation between NRP1 and HIF-1a in
samples from HCC patients obtained from different databases (Figure 42A-C). Results
displayed a significant positive correlation for the three databases, with Pearson-CC
+0.51 (Figure 42A), +0.39 (Figure 42B), +0.52 (Figure 42C), and with p<0.0001 for all
cases. To validate and complete these findings in vitro, NRP1 protein expression was
analyzed after gene silencing of HIF-1a in Hep3B and Huh-7 cell lines (Figure 42D).
Similarly, after HIF-1a silencing, protein levels of NRP1 were found markedly reduced
in both cell lines (Figure 42D), suggesting a direct association between HIF-1a.and NRP1

under hypoxia.

The potential role played by HIF-1a in the previously observed hypoxia-
autophagy interplay was determined by combining Baf treatment with hypoxia induction
and HIF-1a silencing (Figure 42E-F). HIF-1a was successfully silenced in both cell
lines, showing a slight decrease in Hep3B cells after Baf addition (Figure 42E).
Regarding NRP1, protein levels were strongly decreased under hypoxia and partially
restored by autophagy blockade (Figure 42E). However, this expression recovery of
NRP1 expression was not observed when HIF-1a was silenced (Figure 42E),
highlighting the potential role of this transcription factor in the modulation of NRP1
expression and, in consequence, in the associated effects on lenvatinib sensitivity. This
was further assessed by determining cell viability in the same conditions (Figure 42F).
Results showed lower cell viability of both Hep3B and Huh-7 after hypoxia induction,
which was potentiated when HIF-1a was silenced (Figure 42F). Even though autophagy
disruption through Baf treatment displayed a higher cell viability compared to hypoxia,
this was counteracted by HIF-1a knockdown, exhibiting the highest inhibitory effects on

cell viability of HCC cell lines even in presence of Baf (Figure 42F).
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Figure 42. Assessment of the potential role of HIF-1a under hypoxia in the autophagy-
associated modulation of NRP1. Correlation graphs between HIF-1a and NRP1 were obtained
from (A) UALCAN, (B) UCSC Xena and (C) GEPIA databases, showing the corresponding p
values and Pearson-CC. In vitro experiments were performed after 48 h of gene silencing and 24
h of drug treatments, using 100 uM CoCl; for hypoxia (Hx) induction, 2.5 uM lenvatinib (Lvt)
and 100 nM Baf. (D) and (E) Protein expression of HIF-1o and NRP1 was analyzed by western
blot, showing a representative immunoblot for each protein. Data are expressed as mean values
of arbitrary units (a.u.) £ SD (n = 3). (F) Cell viability was measured by MTT assay and data are
expressed as percentage of mean values relative to normoxia (Nx) = SD (n = 7). (D) Significant
differences *p<0.05, **p<0.01, ***p<0.001 vs siR Control. (E) and (F) Significant
differences*p<0.05, **p<0.01, ***p<0.001 vs normoxia (Nx); #p<0.05, #p<0.01, #*p<0.001 vs
Hx for each siR group; and °p<0.05, *°p<0.01, °*°p<0.001 siR HIF-1a vs siR Control.

Considering the interesting role played under hypoxia by HIF-1a in the
modulation of NRP1 levels through autophagy, we further evaluated the effects of this
interplay on lenvatinib sensitivity. For this purpose, we analyzed HIF-1a and NRP1

expression and cell viability after lenvatinib treatment, autophagy blockade with Baf
and/or under hypoxia conditions and HIF-1a silencing (Figure 43).
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Figure 43. Analysis of the interplay between HIF-la-mediated hypoxia response and
autophagy in the cellular response to lenvatinib through NRP1 modulation. Experiments
were conducted after 48 h of gene silencing and 24 h of cell treatments. 100 uM CoCl, was used
for hypoxia (Hx) induction, 2.5 uM lenvatinib (Lvt) for cell treatment and 100 nM Baf for
autophagy blockade. (A) Protein expression of HIF-1o and NRP1 was analyzed by western blot,
showing a representative immunoblot for each protein, and (B) cell viability was measured by
MTT assay. (A) Data are expressed as mean values of arbitrary units (a.u.) + SD (h = 3). (B) Data
are expressed as percentage of mean values relative to normoxia (Nx) + SD (n = 7). Significant
differences *p<0.05, **p<0.01, ***p<0.001 vs normoxia (Nx); *p<0.05, #p<0.01, **p<0.001 vs
siR Control for each treatment; °p<0.05, *°p<0.01, °*°p<0.001 vs Hx for each siR group; "p<0.05,
™p<0.01, ™p<0.001 vs Hx+Lvt for each siR group.

Analysis revealed that lenvatinib led to higher HIF-1a levels under hypoxia and
intensified NRP1 downregulation (Figure 43A). Autophagy inhibition through Baf
treatment prevented this decrease, restoring protein levels of NRP1 even under hypoxia

and lenvatinib administration, whereas HIF-1o. was not altered (Figure 43A).

Remarkably, specific silencing of HIF-1a achieved to prevent these effects, not observing
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arecovery of the protein NRP1 expression when Baf was co-administered with lenvatinib
in hypoxia (Figure 43A). In terms of cell viability, induction of a hypoxic
microenvironment diminished viability of both Hep3B and Huh-7, exhibiting a synergy
with lenvatinib (Figure 43B). However, Baf-derived autophagy disruption triggered a
lower susceptibility to lenvatinib, observing an increase of cell viability and, therefore,
countering the inhibitory effects of lenvatinib (Figure 43B). Similar to that observed with
NRP1 expression, HIF-1a silencing was able to not only significantly reduced cell
viability, but also to avoid the loss of sensitivity to lenvatinib by the Hep3B and Huh-7
cells when autophagy was blocked (Figure 43B). These findings suggest the potential of
both NRP1 and HIF-1a as therapeutic targets with an interesting role in the loss of

lenvatinib efficacy associated to autophagy.

Overall, under hypoxia NRP1 seems to be directly regulated by HIF-1a, where
autophagy exerts a key role by modulating NRP1 levels and, the complex interplay
between these mechanisms could be involved in the loss of lenvatinib sensitivity by HCC

cells.
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7.1 CLINICAL SIGNIFICANCE OF NRP1 AS BIOMARKER FOR PROGNOSIS,

PATHOGENESIS AND VENOUS INVASION IN HCC PATIENTS

Solid tumors remain a global threat, where the primary liver tumor HCC represents
the sixth and the third cancer in terms of incidence and mortality, respectively?.
Notwithstanding the recent progress accomplished in the clinical landscape of this type
of liver cancer, early diagnosis together with increased therapeutic efficacy and
prevention of tumor recurrence are still a challenge for improving HCC patient’s
outcomes®’2, In this line, diverse studies have focused on the investigation of novel
tumor biomarkers that provide useful tools for clinics®. Nevertheless, validation of these
potential markers for diagnosis, prognosis and tumor response is still an important

objective in the cancer research field®.

For this reason, and due to the interesting role played by NRP1 in different
cancers, previous studies have tried to elucidate the involvement of NRP1 in the tumor
development and progression’®”. This transmembrane glycoprotein regulates key
cellular processes, including cell proliferation, invasion, angiogenesis and cell migration,
through binding and interaction with several growth factors and their corresponding
receptors, mainly VEGF/VEGFR, HGF/cMET, placenta growth factor (PIGF)/VEGR,
and TGF-B1/TGF-BR®"27 NRP1 is primarily located in the plasma membrane of cells
modulating signaling pathways that promote angiogenesis and cell migration’®2,
However, there is also a soluble isoform, known as sNRP1, that has demonstrated an
interesting modulatory role in tumor cell angiogenesis and proliferation’?. This receptor
is widely expressed in multiple tissues and organs, whereas NRP1 overexpression has
been found in several tumor types, revealing a key function as oncogene’. Therefore, a
systematic review with meta-analysis was firstly conducted in order to assess the potential
use of NRP1 as a tumor biomarker for patient’s prognosis, early diagnosis and other
clinical-associated parameters, which could benefice the prognostic and therapeutic

landscape of HCC patients.

7.1.1 Significant association of NRP1 with worse prognosis and tumor
pathogenesis in HCC patients

The total of the seven studies included in the meta-analysis provided data from

1305 patients diagnosed with HCC, from which five reports analyzed tumor prognosis,
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including a total of 957 patients’®85161-183  After performing statistical analysis, overall
effect sizes displayed a strong and significant correlation of higher levels of NRP1 and
shorter OS in HCC patients, confirming the individual results reported by each study.
Furthermore, even though only one investigation analyzed the likely association between
NRP1 and RFS, being not possible to meta-analyze this parameter, results obtained in this
study showed the same correlation as for OS with p = 0.004878, which highlights the
necessity of further studies to clarify these findings. Meta-analysis has aroused as a
valuable resource for integrating data from individual investigations and obtaining a
global interpretation of a more representative sample size, and has been previously
performed to accomplish reliable studies in HCC recently published!®1#, Despite there
are no meta-analysis assessing the potential role of NRP1 as a biomarker for prognosis in
patients with HCC or other tumor type, diverse investigations have observed a significant
correlation of NRP1 overexpression with shorter survival in cervical cancer'’®, gastric
cancer!’®177 preast cancer’®, pancreatic ductal adenocarcinomal’®, nasopharyngeal
carcinoma'®, and non-small cell lung cancer (NSCLC)*®!, among others. Besides, a
negative correlation of NRP1 was also found with disease-free survival (DFS) in
osteosarcoma'®?, and with PFS in NSCLC!®!, gastric cancer'’® and nasopharyngeal
carcinoma'®, supporting the consistent utility of NRP1 as a prognostic biomarker in
cancer. Curiously, peritumoral levels of NRP1 were determined in HCC patients
subjected to hepatic resection and results exhibited a negative correlation of NRP1
overexpression in the peritumoral tissue with OS and time to recurrence (TTR) in
patients®, Additionally, responsiveness to therapeutic options has also shown to be
modulated by NRP1'2, where raised expression levels of this protein have accounted for
lower sensitivity to chemotherapy*®? and bevacizumab'® in osteosarcoma and gastric
cancer patients, respectively'828, Collectively, NRP1 claims as a potential biomarker
for prognosis, as well as for different parameters related to patient’s survival and drug
efficacy in patients diagnosed with HCC, which emphasizes the role of NRP1 as a

biomarker and therapeutic target.

Interestingly, among the seven included articles, only one study determined NRP1
levels in serum samples from 149 HCC patients, displaying one of the strongest
correlations between NRP1 overexpression and OS'®2. Nonetheless, although these
results highlight the interest of this protein in the field of serum biomarkers, further
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studies are required to validate the use of NRP1 in serum samples from HCC patients for

diagnosis.

The potential association of NRP1 overexpression with tumor pathogenesis was
also assessed in four articles’®’®7®  Results obtained revealed that higher levels of
NRP1 significantly correlated with HCC development by analyzing NRP1 expression in
the tumor tissue in comparison to healthy liver tissue. Likewise, NRP1 overexpression in
the tumor tissue was also reported in different cancer types, including cervical cancer!™,

182 and gastric cancer'’’; and plasma NRP1

bladder cancer!®, NSCLC!®!, osteosarcoma
was also described as an interesting serum biomarker in patients with breast cancer'®.
Overall, even though further studies are needed to clarify these findings, NRP1 could
improve the clinical setting of HCC patients, displaying a potential use of NRP1 as a

diagnostic and prognostic biomarker in HCC.

7.1.2 NRP1 overexpression correlated with age and higher risk of venous invasion
in HCC patients

Initially, the potential association of NRP1 with diverse clinicopathological
characteristics was assessed. However, no significant correlation was found with gender,
tumor size or metastasis. Increased levels of NRP1 only correlated with age and venous
invasion in patients with HCC, exhibiting a strong association after meta-analysis. In this
line, a previous meta-analysis was conducted including gastric cancer patients, in which
clinical relevance of NRP1 was analyzed associated to diverse clinicopathological
parameters'®. Results showed that NRP1 was not correlated with a higher tumor size,
similar to that obtained in the present study; while a significant association was observed
with advanced stages of tumor-node-metastasis (TNM) staging method, lymph node
metastasis and poor differentiation'®. Similarly, analysis of NRP1 overexpression in
NSCLC also reported a marked association with advanced TNM, histological grade and
presence of metastasis in lymph nodes, whereas significance results were not found with
age, gender and the type of pathology®!. Although NRP1 was found to correlate with
patient’s age, specifically with younger than 50 years, only two studies were meta-
analyzed and few studies performed in HCC or other tumor types have obtained similar
results. For this reason, further investigations are needed to clarify this interesting

association.
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In terms of invasive-related parameters, several investigations have described a
direct association of higher NRP1 expression with invasion depth, lymph node metastasis,
and distant metastasis in different types of cancer!’”18182 Even though NRP1 was not
directly associated to metastasis in this meta-analysis, a higher risk of venous invasion
was found markedly significant, being supported by results from these investigations
conducted in other tumors!’”189.182 Together with clinical reports, the role of NRP1 in
tumor spread has been evaluated in preclinical models!’>1/718¢ Results proved that NRP1
downregulation triggered lower migration, invasion, angiogenesis and EMT in
NSCLC8, cervical cancer!” and gastric cancer'’’, but increased cell proliferation in
cervical cancer'’®. Nevertheless, the potential use of NRP1 as a biomarker in HCC should
be clearly defined with additional studies. These findings support the key modulatory role
of NRP1 in the invasive abilities of tumor cells, highlighting its likely use as a therapeutic

target to prevent these malignant-associated features in HCC patients.

These results drive to diverse interpretations of the NRP1 use as either prognostic
biomarker or therapeutic target in the clinical onset of HCC patients, since this protein
showed to be strongly associated to tumor development, but also to worse prognosis and
higher risk of venous invasion. Along with this, NRP1 has exhibited to directly modulate
the cellular response to targeted drugs and chemotherapy, which prompts the crucial role
of NRP1 as a therapeutic target in cancer’®!8’, Contrariwise, fewer studies have been
performed to determine the involvement of this receptor in the process of tumor
pathogenesis. The main NRP1-derived effect associated to angiogenesis induction was to
promote an increased nutrient supply to tumor cells, hence, favoring cell proliferation and
survival'®, This tumor promoter activity of NRP1 was also described by another
publication in which NRP1 knockdown in human hepatoma cell lines diminished tumor
volume, reinforcing its potential function in tumor pathogenesis'®. Nevertheless, there
are still few studies published that clearly elucidate the suitability of NRP1 for its use as

either tumor biomarker or therapeutic target in HCC.

At a molecular level, NRP1 has demonstrated to regulate key cancer processes,
such as angiogenesis, invasion and cell proliferation, by interacting with several growth
factor receptors and their corresponding ligands’. VEGFA has been described as one of
the main ligands whose interaction with NRPL1 is responsible for most of its modulatory
actions through the induction of tumor angiogenesis and invasion, mainly by binding to

the VEGFR2 receptor of tumor cells™. Aside from the correlation of NRP1 with invasion,
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its interaction with VEGFA was evaluated by one of the included studies’®. VEGFA
binding to NRP1 showed to be crucial for the invasive abilities of HCC cells, since
blockade of the interaction hindered vascular remodeling and HCC growth, supporting
the interest of targeting NRP1 as a therapeutic strategy in HCC'®. Another study
performed with HCC patients decided to analyze NRP1 levels in the peritumoral tissue,
observing that not only NRP1 but also VEGFR2 overexpression in this peritumoral tissue
compared to tumor tissue correlated with lesser recurrence probability and increased
0S'%, Similar results were also described by another investigation, where augmented
expression of NRP1 together with VEGF and VEGFR1/3 was significantly correlated
with worse prognosis in CRC patients'®®. In this tumor type, the employment of a
selective inhibitor of VEGFR1-3 known as tivozanib displayed antitumor effects similar
to those observed with bevacizumab when combined with mFOLFOX6 in CRC
patients®®®. Furthermore, classification of patients based on the NRP1 levels led to higher
OS in the group classified as low NRP1 expression, reinforcing the key role of NRP1 and
the growth factors VEGF-VEGFR in the prognosis of cancer patients as potential
targets'®. A strong correlation of NRP1 with VEGFR2 was also found in samples
obtained from NSCLC patients, where overexpression of both receptors was identified*®.
These interesting findings, observed initially in clinical studies, have been also described
in preclinical models!®"%!, By disrupting the interaction of NRP1 and VEGFR2, a
significant reduction of tumor growth and angiogenesis was accomplished in an in vivo
CRC model*®. Likewise, blockade of NRP1 activity through treatment with a NRP1
antagonist restrained the increased migration of CRC cells that had lost sensitivity to
sunitinib, a targeted drug against VEGFR!®’. Altogether, NRP1 seems to exert an
important function in the regulation of the invasive abilities of HCC cells, closely related
to the VEGF-VEGFR2-derived signaling, which emphasizes the potential use of NRP1

as a therapeutic target in human HCC.
7.1.3 Main limitations of the systematic review with meta-analysis

The systematic review with meta-analysis performed and included in the present
PhD Thesis has been recently published®, placing it as the first meta-analysis that
evaluates the likely role of NRP1 in the prognosis, pathogenesis and associated clinical
parameters in HCC patients. Despite the presence of heterogeneity and publication bias
has been analyzed through several and different statistical tools, including subgroup

analysis, meta-regression, Egger’s test and funnel plot asymmetry, there were some major
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limitations observed during the study performance. The exclusion of articles not written
in English accounted for removal of two studies with full-text in Chinese language, which
could partially explain the publication bias found in some analysis. In addition, etiology
of HCC stands as a key factor in the molecular pathogenesis and tumor progression, which
makes an important limitation the absence of complete information about the etiology of
HCC patients provided by the included records. This limitation might condition the
suitability of the interpretation of the results obtained in the present meta-analysis. In this
line, some studies did not clarify the source of sample data used to analyze NRP1
expression. Moreover, NRP1 levels were differentially determined in the included
studies, with articles measuring mRNA or protein levels of NRP1, which arouses the
heterogeneity found among articles. The analysis in different tumor samples also
supposes a critical limitation, since one investigation determined the serum expression of
NRP1, whereas the other six articles analyzed NRP1 levels directly in the tumor tissue.
In line with this, the criteria used for generating the “low” and “high” NRP1 groups were
also different between the included records, increasing the uncertainty of the results
obtained. Remarkably, even though a high number of patients was meta-analyzed, the
limited number of studies included reduced the adequacy of the meta-regression analysis,
since a higher number of articles, ten or more, should be considered to assess the
heterogeneity sources. Although most data used for meta-analysis was directly reported,
estimation of some of the data could increase the deviation of the pooled results from the
overall effect size due to the error associated to these additional estimations. Finally, the
most suitable analysis would have been conducted with all the included studies providing
data for all the parameters analyzed, since only five were included for OS, four for tumor

pathogenesis, and two for each clinicopathological feature.

7.1.4 Summary of main findings of the systematic review with meta-analysis

Overall, results from this meta-analysis revealed interesting results on the
correlation of NRP1 overexpression with shorter prognosis, tumor development and a
higher risk of venous invasion in HCC patients (Figure 44). In conclusion, NRP1 could
be considered a potential biomarker as well as therapeutic target for preventing tumor
progression and the associated malignant phenotype in HCC.
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Figure 44. Graphical abstract of the findings from the meta-analysis. Summary of the main
findings of the NRP1 role analyzed in the meta-analysis. Results obtained displayed a significant
and strong association of increased levels of NRP1 with shorter OS, tumor pathogenesis, lower
patient’s age and higher risk of venous invasion in patients diagnosed with HCC, in which NRP1
expression was analyzed in either tumor tissue or serum samples.
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7.2 AUTOPHAGY-DEPENDENT NRP1 DEGRADATION AND HYPOXIA
RESPONSE ARE KEY MECHANISMS IN THE LOSS OF SENSITIVITY TO

LENVATINIB INHCC

The high incidence and mortality rates of HCC accounted for this primary liver
tumor to become one of the main focus of interest in the cancer research field®. Despite
recent progress achieved in the clinical onset of effective treatment options increasing
patient’s outcomes, the rates of recurrence and drug failure remain elevated and suppose
an important challenge that needs to be addressed**'%*, Most of these difficulties are
derived from the complex and heterogeneous molecular pathogenesis of HCC, in which
a broad number of signaling pathways and cellular processes are altered and, most
important, are involved in the loss of drug efficacy and, hence, in the development of drug
resistance™144164 In this way, autophagy has appealed for a crucial role associated to the
double-edged function that exerts in cancer*>1%4. Although this process has proved to
directly drive cellular response during carcinogenesis and drug treatment, the precise
mechanisms underlying the derived effects on restraining or promoting tumor progression
and therapeutic failure remain unclear®>%*, As part of the tumor microenvironment,
hypoxia conditions influence the ability of tumor cells to adapt to stress conditions with
a modulatory role in HCC*?31%4 The transcription factor HIF-1a has been revealed as a
crucial mediator of the cell response driven under hypoxia that mediates the acquisition

of drug resistance by HCC cells, mainly to TKIs such as sorafenib and lenvatinib*>!23,

Considering this complex signaling and the novel interest arisen by NRP1 derived
from the ability of this receptor to interact with multiple proteins with key roles in HCC
progression and drug responsiveness’>"®, we decided to analyze in vitro the role of NRP1

in the susceptibility to lenvatinib by HCC cells and the underlying mechanisms involved.

7.2.1 Lenvatinib-derived NRP1 downregulation contributes to the antitumor

effects of this targeted drug

NRP1 was initially found to be expressed in the cells of the central nervous
system, with the function of axon guidance’. Nonetheless, posterior investigations
observed that NRP1 was broadly expressed in multiple tissues and exerts diverse
functions’®"3, Remarkably, several studies have described an overexpression of NRP1 in

the tumor tissues of different cancer types, such as HCC'®’®7  Similar findings were
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obtained in the present study, in which increased levels of NRP1 were found in samples
from HCC patients, as well as in two of the three HCC cell lines used for the experimental
study. Moreover, a significant NRP1 overexpression was also observed in advanced
stages and nodal metastasis status of HCC patients. Regarding lenvatinib activity, its
antitumor properties have been described in preclinical models of HCC3%:3°; however, the
role played by NRP1 in these antitumor actions have not been assessed by previous

investigations.

For this reason, above indicated, we conducted an study in order to elucidate the
involvement of this receptor in the lenvatinib effects on different HCC cell lines. Results
showed that low doses of lenvatinib significantly decreased NRP1 protein expression and
that the antitumor effects derived from lenvatinib are partially mediated by this NRP1
downregulation, which alters the inhibitory function of lenvatinib on cell proliferation
and migration in our in vitro model. Even though the molecular implication of NRP1 has
not been evaluated before, different studies have also identified proteins with a key role
in the loss of lenvatinib effectiveness in HCC as potential molecular targets*’>41%2,
Specifically, A disintegrin-like and metalloprotease domain containing thrombospondin
type 1 motif-like protein 5 (ADAMTSL5) promoted tumorigenesis in vitro and in vivo,
and targeting this glycoprotein reduced the expression of several RTKs and, hence,
increased susceptibility to lenvatinib, sorafenib and regorafenib®’. Likewise, the use of
oxysophocarpine was able to re-sensitize HCC cells with lenvatinib resistance to this TKI,
inhibiting tumor growth by targeting FGFR1 and the derived AKT/mTOR signaling
pathway>*. The receptor FGFR1 was identified as the main responsible for the
development of lenvatinib resistance in the Hep3B and HepG2 HCC cell lines, which
could be overcome by oxysophocarpine co-administration with lenvatinib®. A recent
study described an interesting role played by the mitochondria membrane protein
stomatin-like protein 2, mitochondrial (STOML2) in the modulation of lenvatinib
sensitivity'®2. Interestingly, results revealed that mitophagy induction derived from
STOML2 led to a strong decrease in the cellular response to lenvatinib, together with
higher tumor growth and cell migration®2, as observed in the present study with NRP1.
Collectively, antitumor effects of lenvatinib observed in our in vitro HCC model seem to

be directly associated to the downregulation of NRP1 protein levels.
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7.2.2 Autophagy-dependent NRP1 degradation is involved in the modulation of the
antitumor effects of lenvatinib in HCC cells

The double-edged process of autophagy has been the focus of interest in the cancer
research field due to the crucial role autophagy seems to exert in the development,

progression and resistance acquisition of cancer®,

From results obtained in our study, autophagy proved to be the main mechanism
involved in the NRP1 downregulation caused by lenvatinib. Moreover, autophagy
modulation led to partial loss of lenvatinib sensitivity by HCC cells associated to the
recovery of NRP1 levels after autophagy blockade. In this regard, contradictory findings
have been reported in terms of autophagy with context-dependent effects on the cellular
response to drug administration. In HCC, autophagy mediated the apoptosis of tumor
hepatocytes and increased efficacy of lenvatinib®®®; whereas, excessive autophagy
activation was associated to sorafenib resistance acquisition in a preclinical model of
HCC®, Along with results obtained in this study, autophagy seems to be dually
modulated by tumor hepatocytes, triggering an adaptive cellular response to the
microenvironment and the treatment with molecular targeted drugs either promoting or
inhibiting cell survival. Lenvatinib strongly decreased NRP1 expression through
autophagy induction, and recovery of NRP1 protein levels by autophagy blockade
decreased lenvatinib efficacy, which was prevented by gene targeting of NRP1. Similar
to these results, administration of lenvatinib to Hep3B and Huh-7 cells was able to induce
autophagy and drove cell death®. Gene silencing of the autophagy mediators ATG5 or
Beclin 1 in liver cancer cells reduced the autophagy flux as well as the therapeutic
effectiveness shown by the co-administration of lenvatinib and entinostat®. Likewise, a
reduced autophagy was directly related to the development of sorafenib resistance derived
from SREBP cleavage-activating protein (SCAP) in an in vitro HCC model*®. Sensitivity
to sorafenib of Huh-7 cells with acquired resistance to this drug was augmented after
inducing autophagy with the inhibitors BEZ235'% and AZD4547*%", showing even an
increased migration of HCC cells without autophagy induction®®®. Contrariwise, a
promoter role of autophagy on drug responsiveness has been also described in other HCC
models, where osteopontin led to higher autophagy and, in consequence, to resistance
acquisition against the chemotherapeutic agents epirubicin and cisplatin®®®. Similarly,
DC661-derived targeting of autophagy, a palmitoyl-protein thioesterase 1 (PPT1)

inhibitor, enhanced the sorafenib antitumor effects in Hep3B and Hep 1-6 cell lines'®°.
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Altogether, autophagy might act as a key mechanism potentially modulated by tumor
hepatocytes to overcome the antitumor properties of molecular targeted drugs. In the
present study, autophagy inhibition could be involved in the loss of lenvatinib efficacy
by HCC cells, which seems to be mediated by NRP1.

Considering the potential development of a resistance mechanism to lenvatinib
associated to the modulation of autophagy by HCC cells, we decided to evaluate the
implication of NRP1 through combination of NRP1 targeting and autophagy blockade.
Findings obtained exhibited a key role of NRP1, whose silencing prevented the loss of
lenvatinib sensitivity caused by autophagy disruption. These antitumor effects associated
to NRP1 knockdown were also obtained in two different models of HCC, where tumor
hepatocytes exhibited lower proliferation and migration abilities after NRP1
targeting®%. Furthermore, tumor volume and vasculature were significantly diminished
with lower levels of NRP1 in a mouse model of HCC®. Studies conducted in other tumor
types also described a NRP1-dependent mechanism of drug failure. Two in vitro
investigations that employed CRC cell lines with and without sunitinib adaptation,
displayed a switch from VEGFR to NRP1/cMET-derived signaling for accounting the
treatment failure and migration induction®®?®, The use of NRP1 as a molecular target
led to reduced cell migration and the disruption of the sunitinib evasion mechanism?12%,
Despite the interesting effects associated to NRP1 in HCC and the key role played by
autophagy in resistance development*>’°, there are no studies in which the role of the
autophagy-NRP1 interplay in the modulation of lenvatinib efficacy, or other targeted
drugs, has been assessed. Only one study reported autophagy as the mechanism
responsible for NRP1 degradation under starvation conditions?’?.

Collectively, NRP1 could be a key mediator of the increased cell survival and
migration of HCC cells used in this study, revealing the autophagy-derived NRP1
degradation as a key mechanism in the promotion of lenvatinib failure in our in vitro
model of HCC.

7.2.3 HIF-1a-associated response to hypoxia could contribute to the loss of

lenvatinib efficacy by modulating the autophagy-NRP1 interplay in HCC cells

Among the broad number of mechanisms involved in the resistance acquisition to
molecular targeted drugs such as lenvatinib, the hypoxic microenvironment has shown to

exert a crucial modulation*?231% The derived effects from inducing a cellular hypoxic
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response in the previous described mechanism were evaluated in our in vitro model of
HCC by using CoCl, as a chemical hypoximimetic. Interestingly, under hypoxia the
protein levels of NRP1 experienced a significant decrease, which was also mediated by
an autophagy induction and, therefore, NRP1 degradation. Although this direct
association of hypoxia conditions with NRP1 levels have not been assessed in other HCC
models, a significant correlation between the presence of peritumoral hypoxia and
peritumoral NRP1 expression was observed in HCC patients'%. In opposite, autophagy-
dependent modulation of NRP1 was differentially influenced by hypoxia induction in
other tumors?¥2%4, In parallel to results obtained in our study, NRP1 expression was
found diminished under hypoxia conditions through autophagy in tumor cells from breast
and prostate carcinomas?°*, However, higher levels of NRP1 were observed after hypoxia

203

induction in lung adenocarcinoma?®, oral squamous cell carcinoma?®* and cervical

cancer?®?,

Moreover, the hypoxia-derived response proved to have a relevant function in the
development of drug resistance, mainly to sorafenib*>!2®, but studies evaluating the
alterations in the lenvatinib efficacy derived from hypoxia are scarce. In a recently
published study from our group, hypoxia induction through a HIF-1a-driven response
was closely linked to the sorafenib resistance phenotype of HCC cells!?. Results obtained
from another investigation showed that in both in vitro and in vivo models of HCC,
hypoxia induction contributed to the loss of lenvatinib sensitivity associated to STOML2
overexpression'®2. A lower susceptibility to lenvatinib was also identified in the HCC cell
line PLC/PRF/5 under hypoxic conditions?®. This liver tumor line displayed a higher 1Cso
and a resistance phenotype to lenvatinib when induced hypoxia, mainly linked to
alterations in the ECM?%, A recent research published this year also found that a hypoxic
microenvironment increased the expression of ubiquitin specific peptidase 2 antisense
RNA 1 (USP2-AS1) and this led to lenvatinib failure mediated by HIF-1a2%. Along with
this, the obtained results evidence the potential role played by hypoxia as part of the tumor
microenvironment in the cellular sensitivity to lenvatinib, mainly through the likely

promotion of resistance acquisition.

As previously mentioned, HIF-1a is one of the main drivers of the hypoxia
response and has been closely linked to the resistance development by cells of mainly
solid tumors!?*144167 Considering this and previous evidence, we decided to analyze the

likely modulation exerted by HIF-1a under hypoxia on NRP1 and the autophagy-
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associated mechanism of lenvatinib failure. Findings showed a strong and significant
positive correlation between NRP1 and HIF-1a in human HCC samples and a direct
modulation of NRP1 levels by this transcription factor. Even though studies evaluating
the underlying mechanisms of the NRP1-HIF-1a interplay have not been conducted in
HCC, a research performed with human samples of lung adenocarcinoma also observed
a significant gene correlation between them?%, Additionally, NRP1 showed to be a target
gene of HIF-1o in lung adenocarcinoma cells, through which HIF-1a endorsed
vasculogenic mimicry and tumor cell metastasis?®®. In low Gleason grade cancers, HIF-
lo also modulated NRP1, specifically the VEGFA/NRP1 axis, inducing EMT of tumor
cells?, reinforcing the potential association of NRP1 with HIF-1a.

Autophagy together with hypoxia have demonstrated to highly contribute to drug
failure and resistance development in cancer and mainly in HCC2%8_ For this reason,
we decided to determine the interplay between autophagy and the HIF-1a-related hypoxia
response and the modulation exerted in the loss of lenvatinib efficacy associated to NRP1.
Curiously, transient knockdown of HIF-1a prompted lower NRP1 levels and decreased
cell viability, being able to keep these inhibitory effects even during autophagy disruption
and with or without hypoxia induction and/or lenvatinib treatment. Therefore, HIF-1a
silencing achieved to prevent the recovery of cell viability observed after autophagy
blockade in presence of lenvatinib and hypoxia conditions, increasing the cell
susceptibility to lenvatinib and preventing a hypoxia-associated mechanism of adaptation
to this targeted drug. A previous investigation employing a diethylnitrosamine (DEN)-
induced HCC model reported a key role of beta-2-adrenergic receptor (ADRBZ2) in
autophagy disruption, leading to hepatocarcinogenesis and resistance acquisition to
sorafenib through a mechanism of HIF-1a stabilization?®. Similar findings supporting
the close relationship between autophagy and HIF-1a were described in HCC patients,
where higher HIF-1a levels correlated with reduced expression of Beclin 1 and with
tumor progression of HCC%8, In the present study, results suggested that HCC cells could
modulate the autophagy process in order to promote lenvatinib failure through a NRP1-
mediated mechanism. In this line, a recent study described a shift in the autophagy process
caused by prolonged administration of sorafenib in HCC cells?!®. Moreover, under
hypoxia conditions, autophagy was responsible for the cellular adaptation to this low
oxygen microenvironment, allowing cell survival and tumor progression of HCC?, As

part of the hypoxia response, N6-methyladenosine (METTL3) was diminished and HCC
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cells developed a sorafenib resistance phenotype, associated to autophagy induction with
in vitro and in vivo models of HCC?2, Overall, these findings denote the interesting
potential of both NRP1 and HIF-1a as molecular targets in order to prevent the autophagy
modulation associated to a hypoxic response for improving lenvatinib effectiveness in
HCC.
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Figure 45. Graphical representation of the main findings that underlies the molecular
mechanisms involved in the lenvatinib in vitro effects in HCC. Schematic summary of the
experimental findings, where: (1) lenvatinib administration triggered an autophagy-dependent
degradation of NRP1 along with lower cell migration and proliferation abilities. (2) Induction of
an in vitro hypoxia response also induced autophagy and increased NRP1 degradation, while
HIF-1a promotes NRP1 expression, with inhibitory effects on cell proliferation and migration.
(3) In all cases, autophagy disruption by Baf led to slightly increase cell survival and reduce
lenvatinib sensitivity in HCC cells. By both (4) NRP1 and (5) targeting, the derived
effects from inhibiting autophagy and increasing NRP1 protein levels were prevented, improving
the antitumor activity of lenvatinib regardless of the autophagy flux. Created with
BioRender.com.
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Discussion Experimental study

In summary, results obtained from our study allow to obtain a clearer
understanding of the molecular mechanisms associated to the cellular response that drives
the loss of lenvatinib efficacy in HCC cells summarized in Figure 45. NRP1 seems to
have a crucial role in the antitumor effects of lenvatinib, with autophagy as the main
mechanism modulating NRP1 expression and, therefore, the cellular response to
lenvatinib. The hypoxia response driven by HIF-1a also showed to dually regulate NRP1
expression and favor lenvatinib failure in the treatment of HCC cells, thus, being involved
in the cellular response mediated by autophagy. Altogether, molecular targeting of NRP1
could improve lenvatinib effectiveness by preventing the development of an autophagy-
mediated resistance to lenvatinib, standing as a potential therapeutic target in advanced
HCC.
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Conclusions

Considering the main findings obtained and discussed in this study, we can detail

the following conclusions that correspond to the specific objectives previously stated:

1. Increased expression of NRP1 is significantly associated to a shorter OS in
patients with HCC.

2. NRP1 overexpression correlates with tumor development in HCC patients,

reinforcing the interesting role of NRP1 as a tumor biomarker in HCC.

3. Higher NRP1 levels are strongly associated to lower patient’s age and to
increased risk of venous invasion in patients diagnosed with HCC, placing
NRP1 as a potential molecular target to prevent these tumor-associated

characteristics.

4. NRP1 is overexpressed in both tissue HCC samples and the Hep3B and Huh-7
cell lines, with a strong correlation with advanced tumor stages and nodal

metastasis status, displaying an interesting role played by NRP1 in HCC.

5. Lenvatinib exerts strong antitumor effects in the three HCC cell lines HepG2,
Hep3B and Huh-7, with Hep3B and Huh-7 as the most susceptible lines, and

NRP1 is involved in the antitumor effects of lenvatinib.

6. Autophagy induction by lenvatinib seems to be the main mechanism
responsible for the downregulation of NRP1 levels derived from this targeted
drug.

7. Antitumor effects of lenvatinib in cell proliferation and migration are partially
disrupted after autophagy blockade and restoration of NRP1 levels in Hep3B
and Huh-7 cells, which could be prevented by NRP1 targeting.

8. Induction of a hypoxia response in the Hep3B and Huh-7 cell lines triggers

NRP1 downregulation through an autophagy-mediated degradation process.

9. HIF-1a directly modulates NRP1 expression under hypoxia, where autophagy
inhibition increases cell survival after hypoxia induction and lenvatinib
administration; whereas HIF-1a targeting prevents the recovery of NRP1
protein levels and the loss of cell sensitivity to lenvatinib in the Hep3B and Huh-
7 HCC cell lines.
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General conclusion

Overall, NRP1 potentially represents a novel biomarker with potential use for
diagnosis and prognosis in HCC patients, as well as with a relevant role in the likely
therapeutic failure of lenvatinib in HCC. NRP1 overexpression showed a reliable utility
as a diagnostic and prognostic biomarker, which could benefit the clinical onset of HCC
patients. Moreover, through an autophagy-associated mechanism, NRP1 might play a key
role in the lenvatinib antitumor actions in vitro, where autophagy modulation by tumor
hepatocytes could trigger NRP1 expression recovery and lenvatinib failure. A HIF-1a-
related hypoxia response also showed to directly drive the autophagy-dependent NRP1
degradation and, in consequence, modulate the cellular sensitivity to lenvatinib. In
conclusion, not only NRP1 but also HIF-1a could represent valuable molecular targets
for improving therapeutic efficacy of lenvatinib in the treatment landscape of advanced
HCC, through the prevention of an autophagy-associated mechanism of drug resistance

potentially driven by a hypoxia response.
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Resumen en espafiol Introduccion

La presente Tesis Doctoral se ha llevado a cabo en el Instituto de Biomedicina
(IBIOMED) de la Universidad de Ledn. A continuacién, se describe de manera resumida

el desarrollo de esta Tesis Doctoral en espafiol.
Introduccion

Segun el Gltimo estudio global realizado en el 2020, el cancer de higado representa
el sexto tipo de tumor més frecuente y la tercera causa de muerte por cancer a nivel
mundial. Se han descrito diferentes tipos de tumores hepaticos, siendo el principal el
carcinoma hepatocelular (HCC) al representar el 75%-85% de los casos de cancer de
higado. EI HCC destaca por una compleja heterogeneidad molecular que esta
estrechamente asociada a la elevada variedad de agentes etiol6gicos que pueden
desencadenar el proceso de hepatocarcinogénesis. Asimismo, este tipo de tumor hepatico
es principalmente diagnosticado en estadios avanzados debido a la dificultad de una
deteccion temprana por la ausencia de sintomas en etapas iniciales y por la dificil
distincién entre un estado cirrético y uno tumoral. En estadios tempranos se pueden llevar
a cabo terapias curativas, entre las que se incluyen desde una reseccion parcial del higado
hasta el trasplante hepatico. Sin embargo, la mayoria de los pacientes son diagnosticados
en etapas avanzadas, donde sélo estan disponibles tratamientos paliativos, principalmente
farmacos dirigidos. En la actualidad, la terapia sistémica se mantiene como la Unica
opcion terapéutica frente al HCC avanzado, permitiendo un incremento en la
supervivencia entre 1 y 2 afios, y esta constituida por dos grupos de farmacos: inhibidores
tirosin quinasa (TKIs) y anticuerpos monoclonales. Aunque se ha producido un avance
en el desarrollo de farmacos cada vez mas eficaces, siguen siendo necesarias mas
investigaciones que permitan mejorar el pronostico y supervivencia de los pacientes con

HCC avanzado.

Los farmacos TKI constituyen una pieza clave en la terapia sistémica frente a este
tumor hepatico, donde el sorafenib se ha mantenido como el Gnico agente disponible para
el tratamiento del HCC avanzado durante una década, hasta la aprobacion del lenvatinib
en el 2018. Este TKI, lenvatinib, establecio las bases para una nueva estrategia de
tratamiento al convertirse en la Unica alternativa en el tratamiento de primera linea frente
al HCC avanzado. No obstante, como se observé con el sorafenib, las células tumorales
hepaticas son capaces de desarrollar mecanismos de adaptacion al tratamiento con estos

farmacos, dando lugar a la aparicion de resistencias. Aunque desde la aprobacion del
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sorafenib en el 2008 se han llevado a cabo multiples estudios donde se analizan los
mecanismos implicados en el desarrollo de resistencia, ain se desconocen por completo

qué procesos o Vias de sefializacion celular participan en ella.

Como consecuencia de los distintos estudios realizados en este ambito, se ha
identificado la neuropilina-1 (NRP1) como una molécula importante en diversos
tumores. NRP1 es una glicoproteina transmembrana perteneciente a la familia de las
neuropilinas (NRPs) que se encuentra principalmente localizada en las membranas
plasmaticas de numerosos tipos celulares, incluyendo los hepatocitos. Actda como
correceptor de numerosas proteinas con un papel fundamental en la supervivencia de las
células tumorales e interacciona con factores de crecimiento y sus correspondientes
receptores, destacando su afinidad por el factor de crecimiento del endotelio vascular
(VEGF) y su receptor VEGFR. Por esta razon, investigaciones recientes se han centrado
en el estudio de NRP1 y su funcion en distintas etapas, comprendiendo desde la
hepatocarcinogénesis hasta la modulacion de la respuesta a fa&rmacos. Principalmente se
ha descrito que actua promoviendo la angiogénesis y la migracion de las células tumorales
hepaticas, sin embargo, un nimero creciente de estudios ha observado una implicacion
interesante de NRP1 en distintos procesos celulares, destacando su potencial interés en el
estudio del HCC.

Mudltiples procesos celulares interaccionan y participan en el desarrollo y
progresion tumoral del HCC. Dentro de los mismos, la autofagia ha destacado por su
papel dual al ser capaz de promover e inhibir la supervivencia de las células, actuando
como inductor o supresor tumoral, dependiendo del contexto y el estadio del tumor. La
autofagia se define como un proceso de autodegradacion que, en condiciones fisioldgicas,
se encarga de mantener la homeostasis celular eliminando proteinas y organulos dafiados.
No obstante, su papel bajo condiciones patoldgicas es modulado de manera diferente,
participando de las distintas respuestas celulares al estrés, bien favoreciendo o bien
impidiendo la progresion tumoral del HCC. Asimismo, la autofagia es capaz de regular
la respuesta celular a farmacos, donde se ha descrito un papel importante como uno de
los mecanismos responsables de la pérdida de eficacia farmacoldgica por los hepatocitos
tumorales. Sin embargo, a pesar de los diferentes estudios y funciones asociadas a este
proceso, aun no se ha elucidado con exactitud el papel que juega la autofagia en el HCC

humano.
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Por otro lado, el microambiente tumoral destaca por ser uno de los componentes
claves en la progresion del tumor, principalmente en los tumores sélidos como el HCC.
Este tipo de tumores estan caracterizados por presentar un nucleo hipéxico donde la
disponibilidad de oxigeno y nutrientes es limitada, debido a la excesiva proliferacion
celular y una demanda de oxigeno muy superior al suministro. Bajo esta hipoxia
intratumoral, los factores inducibles por hipoxia (HIFs) se encargan de dirigir la
respuesta de adaptacion celular, siendo HIF-1a el principal factor de transcripcion
implicado en la respuesta a hipoxia. La induccion de una respuesta a hipoxia mediada por
HIF-1a ha sido estrechamente relacionada con una mayor capacidad de supervivencia,
proliferacion, angiogénesis, migracion e invasion por parte de las celulas de HCC,
promoviendo una mayor agresividad tumoral. Igualmente, este factor de transcripcion
también ha mostrado un papel importante en la respuesta adaptativa de las células al
tratamiento prolongado con farmacos dirigidos, principalmente al sorafenib,

desencadenando el desarrollo de resistencia y, por lo tanto, el fracaso terapéutico.

En resumen, el HCC humano se mantiene como un problema y un reto global,
donde mudltiples procesos y sefializaciones participan en el desarrollo y progresion
tumoral, asi como en la aparicion de resistencia a farmacos. A pesar de los recientes
avances alcanzados, son necesarios mas estudios que permitan esclarecer los mecanismos
exactos subyacentes a la complejidad del HCC, con el fin de identificar biomarcadores
utiles y potenciales dianas terapéuticas para mejorar el pronéstico y supervivencia de los

pacientes con HCC avanzado.
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Obijetivos

Por todo ello, el objetivo de la presente Tesis Doctoral fue esclarecer el potencial
papel de NRP1 como biomarcador para el prondstico, diagnéstico y otros pardmetros
asociados al tumor en pacientes con HCC, asi como determinar los mecanismos
subyacentes a los efectos antitumorales y la potencial pérdida de eficacia del lenvatinib

en un modelo in vitro de HCC humano.
Para llevar a cabo este objetivo, se plantearon los siguientes objetivos especificos:

1. Identificar la potencial correlacion entre niveles elevados de NRP1 y un peor
prondstico mediante el metaanalisis de datos disponibles de pacientes con HCC.

2. Determinar la posible asociacion de la sobreexpresion de NRP1 con el desarrollo
de HCC a través del metaanalisis de los datos procedentes de muestras de HCC y
su correspondiente tejido no tumoral adyacente.

3. Evaluar la correlacion clinica de NRP1 con diferentes caracteristicas
clinicopatoldgicas en muestras de pacientes con HCC.

4. Caracterizar la expresion de NRP1 en muestras de HCC humano obtenidas de
bases de datos publicas y en diferentes lineas celulares de HCC humano.

5. Evaluar las propiedades antitumorales del lenvatinib in vitro y la posible
implicacion de NRP1 en los efectos inhibitorios del lenvatinib sobre la
proliferacion y migracion celular.

6. Identificar los mecanismos celulares responsables de la disminucion en la
expresion de NRP1 causada por el lenvatinib en las lineas de HCC humano Hep3B
y Huh-7.

7. Analizar la potencial participacion de la degradacion de NRP1 mediada por
autofagia en los efectos antitumorales del lenvatinib en las células de HCC.

8. Investigar los efectos derivados de la induccion de hipoxia in vitro en la expresion
de NRP1 y el posible papel de la autofagia en las lineas celulares de HCC humano
Hep3B y Huh-7.

9. Determinar la implicacion de la respuesta a hipoxia dirigida por HIF-1a en la
eficacia terapéutica del lenvatinib mediada por la modulacion de NRP1

dependiente de autofagia en las lineas Hep3B y Huh-7 de HCC humano.
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Materiales y métodos

Inicialmente se llevo a cabo una revision sistemética con metaandlisis con el fin
de evaluar el potencial valor pronostico y diagndstico de NRP1, asi como su correlacion
con distintos parametros clinicopatoldgicos en pacientes con HCC. Para ello, se realizo
una basqueda exhaustiva de la literatura en cinco bases de datos: PubMed, Scopus, Web
Of Science (WOS), Embase y Cochrane Library, incluyendo los estudios publicados hasta
el 31 de mayo de 2022. El protocolo completo se encuentra registrado en PROSPERO
(CRD42022307062), y se realiz6 siguiendo las normas PRISMA.

La seleccion de los articulos se realizd utilizando los siguientes criterios de
inclusion: (1) estudios que utilicen pacientes diagnosticados con HCC; (2) estudios donde
se evalue la expresion de NRP1 en el tejido tumoral 0 muestras derivadas del tumor; (3)
estudios donde se proporcionen o se puedan extraer datos sobre la asociaciéon de los
niveles de NRP1 con pardmetros de supervivencia y/u otros parametros
clinicopatoldgicos; (4) estudios que estén escritos en inglés. Por otro lado, como criterios
de exclusion se emplearon: (1) estudios realizados solo en modelos preclinicos; (2)
revisiones de la literatura, capitulos de libro, comunicaciones a congresos o similares; (3)
articulos donde no se proporcionen datos o no se puedan extraer; (4) articulos no

disponibles en inglés.

Todos los datos posibles se extrajeron y se analizé la calidad de los estudios
mediante la escala Newcastle-Ottawa (NOS), que permite dar una puntuacion de 0 a 9.
Aquellos articulos con una calidad baja o puntuacion NOS inferior a 5, fueron excluidos
del metaanalisis, incluyendo sélo aquellos con una puntuacion de 5 o superior. Asimismo,
toda la informacidn y los datos proporcionados por los articulos se extrajo y organizé en

tablas.

El analisis estadistico se Ilevo a cabo con el software STATA 16. Se determino la
correlacion entre la sobreexpresion de NRP1 y la supervivencia global (OS) como
cociente de riesgo o Hazard ratio (HR), con un intervalo de confianza (Cl) del 95%. Se
empled el método Parmar para estimar los HR no proporcionados directamente en el
articulo. Ademas, la posible asociacion de NRP1 con el desarrollo de HCC y otros
parametros clinicos asociados al tumor se determin6é como relacion de probabilidades u
odds ratio (OR) con el 95% CI. Se consideraron diferencias significativas cuando p<0,05.

Igualmente, se evaluo la presencia de heterogeneidad mediante la prueba Q basada en
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chi-cuadrado y mediante el estadistico 1. En presencia de una heterogeneidad
significativa (p(Q)<0,10 y/o 12>50%) se evaluaron las posibles causas mediante meta-
regresion y anélisis de subgrupos.

Por ultimo, se analizo la presencia de sesgo de publicacion mediante la prueba de
Egger, asi como el estudio de la asimetria en los diagramas de embudo o funnel plots.
Cuando se identifico un sesgo significativo (p<0,05) se llevé a cabo el método trim-and-
fill, que permite estimar un efecto global corregido en base a los potenciales estudios

omitidos en el metaanalisis.

Por otro lado, se llevd a cabo un estudio experimental para analizar el potencial
papel de NRP1 en la respuesta celular y pérdida de eficacia del lenvatinib en HCC
avanzado. Para ello se emplearon, por un lado, datos procedentes de muestras de pacientes
con HCC obtenidos de distintas bases de datos publicas, y, por otro lado, tres lineas de

HCC humano, HepG2, Hep3B y Huh-7, para analizar in vitro el papel de NRP1.

Las células fueron sometidas a distintos tratamientos, utilizando el farmaco
lenvatinib; el antagonista de NRP1 EG00229; tres inhibidores especificos de la sintesis
proteica, de la degradacion por el proteasoma y de la autofagia: cicloheximida (CHX),
MG132 y bafilomicina Al (Baf), respectivamente; y el CoCl, como inductor quimico de

una hipoxia celular.

Como parte del estudio experimental, se llevd a cabo el silenciamiento génico
especifico de NRP1 vy, posteriormente, del factor HIF-1a. El silenciamiento se mantuvo
durante 48 h, sometiendo las células a los respectivos tratamientos las Gltimas 24 h, y

realizando los ensayos tras las 48 h totales.

La viabilidad celular se analizé utilizando dos ensayos que permiten obtener una
medicion de la cantidad de células viables en un tiempo determinado. Se emplearon el
ensayo comercial de luminiscencia CellTiter-Glo®, asi como el ensayo de viabilidad
basado en el bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difenil-tetrazolio (MTT).
Asimismo, se evalud la capacidad de formacion de colonias de las distintas lineas
celulares de HCC mediante la medicion del numero de colonias que son capaces de

formar en distintas condiciones experimentales tras siete dias.

El anélisis de expresion de distintas dianas moleculares se llevd a cabo tanto a

nivel de ARN mensajero (MRNA), como a nivel de proteina. Por un lado, se realizo la
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reaccion en cadena de la polimerasa con transcripcion reversa en tiempo real (QRT-PCR)
para determinar los niveles de mRNA de los distintos genes analizados. Mientras que, la
expresion proteica se analizd mediante la técnica de western blot y mediante

inmunofluorescencia con microscopia de laser confocal.

La migracion celular se evalu6 mediante el ensayo de cierre de herida o wound-
healing. Para ello, se monitorizé la capacidad de migracion de las distintas lineas celulares
mediante la realizacion de una grieta o “herida” en la monocapa de células adheridas a la
superficie de cultivo y la consecuente monitorizacion de la migracion de las células sobre

el area de dicha “herida”.

De otra manera, se analizo el proceso de autofagia a través de la medicion del
contenido en autofagolisosomas mediante la tincion con naranja de acridina. Este
compuesto permite marcar las células y proporcionar un viraje en la tincion en aquellos
compartimentos &cidos, como los autofagolisosomas, permitiendo obtener una medida

proporcional al contenido en estas vesiculas autofagicas en las células.

Finalmente, se llevo a cabo el analisis estadistico de los datos obtenidos en los
correspondientes ensayos. Para aquellos datos obtenidos de las bases de datos publicas,
se obtuvieron los valores p directamente de dichas plataformas, excepto en el analisis de
la expresion diferencial de NRP1 con el conjunto de datos GSE14520, donde se emple6
el software GraphPad Prism 8. Los datos obtenidos del estudio experimental fueron
sometidos a distintos analisis estadisticos, incluyendo la prueba T no pareada y el anélisis
ANOVA de una via y de dos vias. Tras las pruebas ANOVA se llevaron a cabo pruebas
post-hoc de Tukey, Dunnett o Sidak para identificar aquellos grupos significativos. En
todos los casos se consideraron diferencias significativas cuando p<0,05.
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Resultados y discusion

Inicialmente, se incluyd informacion de 1305 pacientes obtenida de los siete
articulos incluidos en la revision sisteméatica con metaanalisis. Todos los estudios
cumplieron los criterios de calidad previamente establecidos. Del total, el 53,81% de los
pacientes mostraron una sobreexpresion de NRP1, y de los siete articulos incluidos, cinco
mostraron datos de supervivencia u OS, cuatro proporcionaron datos sobre el diagnostico
y so6lo dos presentaron informacion sobre distintos parametros clinicopatol6gicos.

Tras el metaanalisis, los resultados obtenidos mostraron una correlacion
significativa entre la sobreexpresion de NRP1 y una menor OS en pacientes
diagnosticados con HCC. Ademaés, unos niveles incrementados de esta proteina también
se encontraron significativamente asociados con el desarrollo tumoral del HCC, al
mostrar una mayor correlacién con muestras de tejido tumoral en comparacion con sus
correspondientes muestras de tejido sano adyacente. En relacion a los distintos
pardmetros clinicopatologicos analizados, NRP1 exhibi6 una estrecha asociacion con una
edad inferior a 50 afios en pacientes con HCC, asi como con un mayor riesgo de sufrir
invasion venosa por las células tumorales. No se encontraron resultados significativos
con el resto de los pardmetros evaluados, siendo estos el género, el tamafio del tumor, y

la presencia de metéstasis.

Con el fin de evaluar las posibles fuentes de heterogeneidad entre articulos en los
distintos andlisis estadisticos realizados, se llevo a cabo una meta-regresion y un analisis
de subgrupos para aquellos con heterogeneidad significativa. Por lo tanto, se sometieron
a dichos andlisis la asociacion de mayores niveles de NRP1 con OS vy el desarrollo
tumoral, no observando una heterogeneidad significativa para el resto de los pardmetros.
Los resultados obtenidos por ambos métodos mostraron que tanto el tamafio de la muestra
utilizada por cada articulo, como la calidad establecida por la puntuacion NOS podrian

explicar la elevada heterogeneidad observada en los resultados del metaanalisis.

Por ultimo, el analisis de la presencia de sesgo de publicacion denot6 un marcado
sesgo en la asociacion de sobreexpresion de NRP1 con OS vy el desarrollo del tumor, al
igual que lo observado en la evaluacion de la heterogeneidad. En ambos parametros, el
método trim-and-fill estimd la presencia de un estudio que, al ser imputado, disminuyo el

efecto global obtenido tras el metaanalisis para asi disminuir el sesgo entre publicaciones.
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Estudios llevados a cabo en modelos tanto de HCC como de otros tipos de tumores
solidos también mostraron resultados similares, aunque no se ha analizado previamente
el papel de NRP1 mediante metaandlisis de datos. Los resultados aqui presentados
sugieren que NRP1 parece tener una potencial utilidad como biomarcador prondstico y
diagnostico, y presenta hallazgos interesantes en el empleo de NRP1 como posible diana
terapéutica en el HCC. Sin embargo, aln son necesarios mas estudios que corroboren

estos resultados y permitan avanzar en el estudio de NRP1 en el HCC.

Para continuar con el estudio del papel de NRP1 en el HCC humano, llevamos a
cabo un estudio experimental donde analizamos su expresién en muestras de pacientes
directamente obtenidas y analizadas en bases de datos publicas. Estos analisis mostraron
una asociacion estadisticamente significativa entre NRP1 y estadios tumorales y de
metastasis nodular avanzados. Asimismo, NRP1 se encontré sobreexpresada, no solo en
muestras de tejido tumoral de pacientes con HCC, sino también en las dos lineas de HCC
humano Hep3B y Huh-7. Estas dos lineas celulares mostraron a su vez la mayor
sensibilidad al farmaco lenvatinib in vitro. Por este motivo, se continud el estudio

utilizando estas dos lineas de HCC, descartando el empleo de la linea HepG2.

Los resultados observados tras el analisis de la proliferacion y migracion celular
en las distintas lineas tratadas con lenvatinib y el antagonista de NRP1 EG00229
sugirieron que esta proteina, NRP1, parece estar implicada en los efectos antitumorales
del lenvatinib. Tras el estudio del posible papel de la modulacion de la sintesis proteica,
o la degradacion por proteasoma o por autofagia, se obtuvo que la autofagia parece ser la
principal responsable de la disminucién de la expresion de NRP1 tras el tratamiento con
lenvatinib en las células Hep3B y Huh-7. Curiosamente, el bloqueo selectivo de la
autofagia mediante el uso de Baf, y el consecuente incremento en los niveles de NRP1,
redujo los efectos inhibitorios derivados del lenvatinib sobre la proliferacion y migracion
celular. Sin embargo, esta pérdida en la sensibilidad del lenvatinib fue obstaculizada tras
el silenciamiento génico de NRP1.

Por otro lado, se evalud el potencial papel desempefiado por una respuesta celular
a hipoxia a través del factor de transcripcion HIF-1o en el mecanismo asociado a NRP1
anteriormente descrito. En primer lugar, tras la induccion de una respuesta a hipoxia con
CoCl; se observo que los niveles de NRP1 disminuian significativamente. Al igual que

lo descrito tras el tratamiento con lenvatinib, la menor expresion de NRP1 fue asociada a
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un incremento en la autofagia basal de las células Hep3B y Huh-7. Sin embargo, bajo
condiciones de hipoxia, se observo una modulacion dual de NRP1, ya que su expresion
disminuyé significativamente tras el silenciamiento del factor HIF-1a. En este caso,
aunque el bloqueo de la autofagia también redujo la eficacia del lenvatinib incluso en
hipoxia, el silenciamiento de HIF-1a consiguié impedir tanto la recuperacion de los
niveles de NRP1 como la pérdida de sensibilidad a lenvatinib por las lineas de HCC

humano Hep3B y Huh-7.

A pesar de la ausencia de estudios que evallen el interesante papel de NRP1 en
los mecanismos asociados a la eficacia antitumoral del lenvatinib en HCC, otras
investigaciones han descrito la potencial funcion de esta proteina como promotor tumoral
en distintos tipos de cancer. Asimismo, un nimero cada vez mayor de trabajos sefialan
tanto la autofagia como la respuesta a hipoxia como procesos clave en la supervivencia y
adaptacion de las células tumorales al tratamiento con distintos farmacos. En conjunto,
estos resultados proporcionan un mayor conocimiento sobre los mecanismos implicados
en la respuesta celular al lenvatinib y la pérdida de eficacia de éste, destacando el papel
de NRP1 como potencial diana terapéutica frente al HCC avanzado, con el fin de evitar
el desarrollo de resistencia a lenvatinib mediada por la autofagia y una respuesta a

hipoxia.
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Conclusiones

Teniendo en cuenta los resultados expuestos y discutidos en la presente Tesis

Doctoral, podemos exponer las siguientes conclusiones correspondientes a los objetivos

especificos previamente establecidos:

1.

La expresion elevada de NRP1 esté significativamente asociada con una menor OS
en pacientes con HCC.

La sobreexpresion de NRP1 correlaciona con el desarrollo tumoral en pacientes
con HCC, reforzando el interesante papel de NRP1 como biomarcador tumoral en
el HCC.

Niveles incrementados de NRP1 estan estrechamente asociados con una menor
edad y un mayor riesgo de invasion en pacientes diagnosticados con HCC,
posicionando a NRP1 como una potencial diana molecular para evitar estas
caracteristicas asociadas al tumor.

NRP1 estd sobreexpresada tanto en muestras de tejido de HCC como en las lineas
Hep3B y Huh-7, con una fuerte correlacion con estadios tumorales y de metéstasis
a nodulos avanzados, mostrando un papel interesante de NRP1 en el HCC.

El lenvatinib ejerce fuertes efectos antitumorales en las tres lineas de HCC HepG2,
Hep3B y Huh-7, siendo las lineas Hep3B y Huh-7 las mas susceptibles, y NRP1
esta implicada en los efectos antitumorales del lenvatinib.

La induccion de la autofagia por el lenvatinib parece ser el mecanismo responsable
de la disminucion de los niveles de NRP1 derivados de dicho farmaco.

Los efectos antitumorales del lenvatinib sobre la proliferacion y migracion celular
son parcialmente bloqueados tras la inhibicion de la autofagia y la recuperacién de
los niveles de NRP1 en las lineas celulares Hep3B y Huh-7, lo que puede ser
evitado mediante el silenciamiento génico de NRP1.

La induccidn de una respuesta a hipoxia en las lineas Hep3B y Huh-7 promueve el
descenso de la expresion de NRP1 a través de un proceso de degradacion mediado
por autofagia.

HIF-1a modula directamente la expresion de NRP1 bajo hipoxia, donde la
inhibicidn de la autofagia aumenta la supervivencia celular tras la administracion
de lenvatinib y la induccion de hipoxia; mientras que, el silenciamiento de HIF-1a
evita la recuperacion de los niveles de NRP1 y la perdida de sensibilidad a

lenvatinib en las lineas celulares Hep3B y Huh-7 derivadas de HCC.
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En conjunto, NRP1 potencialmente representa un biomarcador novedoso con
potencial utilidad para el diagndstico y pronostico de pacientes con HCC, jugando un
papel clave en el posible fallo terapéutico del lenvatinib en el HCC. La sobreexpresién de
NRP1 parece ser Gtil como biomarcador diagnéstico y prondéstico que podria beneficiar
el entorno clinico de los pacientes con HCC. Asimismo, a través de un mecanismo
asociado a la autofagia, NRP1 parece jugar un papel clave en la actividad antitumoral del
lenvatinib in vitro, donde la modulacion de la autofagia por los hepatocitos tumorales
podria promover una recuperacion de los niveles de NRP1 y el fallo del lenvatinib. Una
respuesta a hipoxia mediada por HIF-10 también demostré promover una degradacion de
NRP1 mediante autofagia y, en consecuencia, regular la sensibilidad celular al lenvatinib.
En conclusién, no sélo NRP1, pero también HIF-1a, parecen representar valiosas dianas
moleculares que permitan mejorar la eficacia terapéutica del lenvatinib en el tratamiento
del HCC avanzado, a través de la prevencién de un mecanismo de resistencia a farmacos

asociado a la autofagia y potencialmente modulado por la respuesta a hipoxia.
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Supplementary Figure S1. Determination of the regulation of NRP1 levels by hypoxia
induction and autophagy blockade in the HepG2 cell line. Protein expression of NRP1 was
measured by western blot in normoxia (Nx) and hypoxia (Hx), with or without 100 nM
bafilomycin Al (Baf) treatment as autophagy inhibitor. (A) Crop immunoblots and (B) complete
immunoblots, together with the densitometry reading of each band relativized to hormoxia (NXx),
are shown.

169



PhD Thesis

Paula Fernandez Palanca

Supplementary Tables

Supplementary Table SI. Complete checklist corresponding to the PRISMA 2020

guidelines.*
Section and Item LOEEIOT
. Checklist item where item
Topic # :
is reported
TITLE
Title | 1 | Identify the report as a systematic review. Page 1
ABSTRACT
Abstract 2 | See the PRISMA 2020 for Abstracts checklist. Page 1 and
Table S2
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of Page 2
existing knowledge.
Obijectives 4 | Provide an explicit statement of the objective(s) or Page 2
question(s) the review addresses.
METHODS
Eligibility 5 | Specify the inclusion and exclusion criteria for the Page 3
criteria review and how studies were grouped for the syntheses.
Information 6 | Specify all databases, registers, websites, organisations, Page 3
sources reference lists and other sources searched or consulted to
identify studies. Specify the date when each source was
last searched or consulted.
Search 7 | Present the full search strategies for all databases, Page 3 and
strategy registers and websites, including any filters and limits Table S3
used.
Selection 8 | Specify the methods used to decide whether a study met | Page 3
process the inclusion criteria of the review, including how many
reviewers screened each record and each report retrieved,
whether they worked independently, and if applicable,
details of automation tools used in the process.
Data 9 | Specify the methods used to collect data from reports, Page 3
collection including how many reviewers collected data from each
process report, whether they worked independently, any
processes for obtaining or confirming data from study
investigators, and if applicable, details of automation
tools used in the process.
Data items 10a | List and define all outcomes for which data were sought. | Pages 3-4
Specify whether all results that were compatible with
each outcome domain in each study were sought (e.g. for
all measures, time points, analyses), and if not, the
methods used to decide which results to collect.
10b | List and define all other variables for which data were Pages 3-4
sought (e.g. participant and intervention characteristics, and Table
funding sources). Describe any assumptions made about | S4
any missing or unclear information.
Study risk of 11 | Specify the methods used to assess risk of bias in the Page 3
bias included studies, including details of the tool(s) used,
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Section and

Topic

assessment

ltem

#

Checklist item

how many reviewers assessed each study and whether

they worked independently, and if applicable, details of
automation tools used in the process.

Location
where item

is reported

Effect 12 | Specify for each outcome the effect measure(s) (e.g. risk | Page 3
measures ratio, mean difference) used in the synthesis or
presentation of results.
Synthesis 13a | Describe the processes used to decide which studies were | Pages 3-4
methods eligible for each synthesis (e.g. tabulating the study
intervention characteristics and comparing against the
planned groups for each synthesis (item #5)).
13b | Describe any methods required to prepare the data for Pages 3-4
presentation or synthesis, such as handling of missing
summary statistics, or data conversions.
13c | Describe any methods used to tabulate or visually display | Pages 3-4
results of individual studies and syntheses.
13d | Describe any methods used to synthesize results and Pages 3-4
provide a rationale for the choice(s). If meta-analysis was
performed, describe the model(s), method(s) to identify
the presence and extent of statistical heterogeneity, and
software package(s) used.
13e | Describe any methods used to explore possible causes of | Pages 3-4
heterogeneity among study results (e.g. subgroup
analysis, meta-regression).
13f | Describe any sensitivity analyses conducted to assess Pages 3-4
robustness of the synthesized results.
Reporting 14 | Describe any methods used to assess risk of bias due to Page 4
bias missing results in a synthesis (arising from reporting
assessment biases).
Certainty 15 | Describe any methods used to assess certainty (or -
assessment confidence) in the body of evidence for an outcome.
RESULTS
Study 16a | Describe the results of the search and selection process, Page 4 and
selection from the number of records identified in the search to the | Figure 1
number of studies included in the review, ideally using a
flow diagram.
16b | Cite studies that might appear to meet the inclusion Page 4 and
criteria, but which were excluded, and explain why they | Figure 1
were excluded.
Study 17 | Cite each included study and present its characteristics. Page 4, and
characteristics Table 1
Risk of bias 18 | Present assessments of risk of bias for each included Page 4 and
in studies study. Table 1
Results of 19 | For all outcomes, present, for each study: (a) summary Figures 2, 3
individual statistics for each group (where appropriate) and (b) an and 4
studies effect estimate and its precision (e.g. confidence/credible
interval), ideally using structured tables or plots.
Results of 20a | For each synthesis, briefly summarise the characteristics | Table 3 and
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Location
where item

is reported

Item
Topic #

Section and

Checklist item

syntheses and risk of bias among contributing studies. Figures 2, 3
and 4
20b | Present results of all statistical syntheses conducted. If Pages 8-16,
meta-analysis was done, present for each the summary Tables 2
estimate and its precision (e.g. confidence/credible and 3, and
interval) and measures of statistical heterogeneity. If Figures 2, 3
comparing groups, describe the direction of the effect. and 4
20c | Present results of all investigations of possible causes of | Pages 10-
heterogeneity among study results. 16, Tables
2 and 3,
and Figure
S1
20d | Present results of all sensitivity analyses conducted to Page 17
assess the robustness of the synthesized results. and Table 4
Reporting 21 | Present assessments of risk of bias due to missing results | Page 17,
biases (arising from reporting biases) for each synthesis Table 4 and
assessed. Figure 5
Certainty of 22 | Present assessments of certainty (or confidence) in the -
evidence body of evidence for each outcome assessed.
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the Pages 19-
context of other evidence. 21
23b | Discuss any limitations of the evidence included in the Page 21
review.
23c | Discuss any limitations of the review processes used. Page 21
23d | Discuss implications of the results for practice, policy, Pages 19-
and future research. 21
OTHER INFORMATION
Registration 24a | Provide registration information for the review, including | Pages 1-3
and protocol register name and registration number, or state that the
review was not registered.
24b | Indicate where the review protocol can be accessed, or Pages 1-3
state that a protocol was not prepared.
24c | Describe and explain any amendments to information -
provided at registration or in the protocol.
Support 25 | Describe sources of financial or non-financial support for | Page 22
the review, and the role of the funders or sponsors in the
review.
Competing 26 | Declare any competing interests of review authors. Page 22
interests
Availability 27 | Report which of the following are publicly available and | -
of data, code where they can be found: template data collection forms;
and other data extracted from included studies; data used for all
materials analyses; analytic code; any other materials used.

*Pagination of this PRISMA 2020 checklist corresponds to the original meta-analysis published
by our group (https://doi.org/10.3390/cancers14143455), that contains the data included in the
meta-analysis section of the present PhD Thesis.
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Supplementary Table SII. Complete checklist for the PRISMA 2020 guidelines

corresponding to the Abstract.*

Sectionand  Item Checklist item Reported
Topic # (Yes/No)
TITLE
Title 1 | Identify the report as a systematic review. -
BACKGROUND
Objectives 2 | Provide an explicit statement of the main objective(s) or | Yes
guestion(s) the review addresses.
METHODS
Eligibility 3 | Specify the inclusion and exclusion criteria for the No
criteria review.
Information 4 | Specify the information sources (e.g. databases, registers) | Yes
sources used to identify studies and the date when each was last
searched.
Risk of bias 5 | Specify the methods used to assess risk of bias in the No
included studies.
Synthesis of 6 | Specify the methods used to present and synthesise Yes
results results.
RESULTS
Included 7 | Give the total number of included studies and No
studies participants and summarise relevant characteristics of
studies.
Synthesis of 8 | Present results for main outcomes, preferably indicating | Yes
results the number of included studies and participants for each.
If meta-analysis was done, report the summary estimate
and confidence/credible interval. If comparing groups,
indicate the direction of the effect (i.e. which group is
favoured).
DISCUSSION
Limitations 9 | Provide a brief summary of the limitations of the No
of evidence evidence included in the review (e.g. study risk of bias,
inconsistency and imprecision).
Interpretation 10 | Provide a general interpretation of the results and Yes
important implications.
OTHER
Funding 11 | Specify the primary source of funding for the review. No
Registration 12 | Provide the register name and registration number. Yes

*Pagination of this PRISMA 2020 checklist corresponds to the original meta-analysis published
by our group (https://doi.org/10.3390/cancers14143455), that contains the data included in the

meta-analysis section of the present PhD Thesis.
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Supplementary Table SI11. Antibodies and staining procedures used by the included
studies that performed IHC of NRP1.

Study Publication Antibody Dilution  Source Ref.
year
Li et al % 2021 Rabbit monoclonal  1:100 Abcam NR
Lin et al.” 2018 Rabbit monoclonal NR Abcam ah81321
Rabbit monoclonal
Zhang et al.® 2016 (A6) 1:100 Self-produced NR
Bergéetal.”® 2011 Rabbit polyclonal ~ 1:50 Invitrogen (Zymed 5 74,

laboratories)

NR, not reported; Ref., reference.
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