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Abstract. Hepatitis C virus (HCV) is a risk factor that leads to hepatocellular carcinoma (HCC) development. Epigenetic
changes are known to play an important role in the molecular genetic mechanisms of virus-induced oncogenesis.
Aberrant DNA methylation is a mediator of epigenetic changes that are closely associated with the HCC pathogenesis
and considered a biomarker for its early diagnosis. The ANDSystem software package was used to reconstruct and
evaluate the statistical significance of the pathways HCV could potentially use to regulate 32 hypermethylated genes
in HCC, including both oncosuppressor and protumorigenic ones identified by genome-wide analysis of DNA methyla-
tion. The reconstructed pathways included those affecting protein-protein interactions (PPI), gene expression, protein
activity, stability, and transport regulations, the expression regulation pathways being statistically significant. It has
been shown that 8 out of 10 HCV proteins were involved in these pathways, the HCV NS3 protein being implicated
in the largest number of regulatory pathways. NS3 was associated with the regulation of 5 tumor-suppressor genes,
which may be the evidence of its central role in HCC pathogenesis. Analysis of the reconstructed pathways has demon-
strated that following the transcription factor inhibition caused by binding to viral proteins, the expression of a number
of oncosuppressors (WT1, MGMT, SOCST, P53) was suppressed, while the expression of others (RASF1, RUNX3, WIFT,
DAPKT) was activated. Thus, the performed gene-network reconstruction has shown that HCV proteins can influence
not only the methylation status of oncosuppressor genes, but also their transcriptional regulation. The results obtained
can be used in the search for pharmacological targets to develop new drugs against HCV-induced HCC.
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AHHoTayua. Bupyc renatuta C (BIC) cuntaetcs GpakTopom prcka Ans BO3HUKHOBEHMUSA remnaToLenstoNAapHON Kapum-
Hombl (TLIK). M3BecTHO, uTO GOMblUyl0 POSb B MOMEKYNAPHO-TEHETUYECKUX MEXaHU3MaxX BUPYC-UHAYLMPOBAHHOIO
OHKOreHesa WrpatoT anureHeTuYeckmne nsmeHeHnsa. AbeppaHtHoe metunvpoBanune JHK cnyxnt meanatopom snure-
HeTNYECKNX M3MEHEHWII, KOTopble TeCHO CBA3aHbl ¢ natoreHesom LK, 1 npr3HaHo 6MoMapKepom ANA ero paHHei
anarHoctmku. C nomotbio ANDSystem npoBefieHbl PeKOHCTPYKLUMA U OLeHKa CTaTUCTUYECKOW 3HaUYMMOCTU nyTen
NnoTeHUManbHoM perynaumm BupycHoimm 6enkamu BIC 32 reHoB yenoBeka, runepmetuanpoBaHHbix npu FUK. Cpean
nccnefoBaHHbIX FeHOB BblIN Kak OHKOCYNPeCccopbl, Tak 1 NPOOMNyXoNieBble reHbl, MAEHTUOULMPOBAHHbBIX MO AaHHbIM
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Computer analysis of regulation of hepatocarcinoma
marker genes hypermethylated by HCV proteins

NOMIHOreHOMHOro aHanm3a meTunmpoaHua [IHK. PekoHCTpynpoBaHbl perynaTopHble NyTu, BKAOYatowme 6enok-6en-
KOBble B3aUMOAENCTBISA, PerynaLmio SKCNPeCccum reHoB, PerynaLmio akTMBHOCTY, CTabUIBHOCTYW 1 TpaHCNopTa 6enkoB.
Cpepn CTaTUCTUYECKM 3HAUMMbIX OKa3anucb MyTW perynaumm skcnpeccum. NokasaHo, UTo Bocemb 13 AecATn 6enkos
BI'C aBnAoTcA yyacTHKaMu faHHbIx nyTeld. benok BIC NS3 6bii1 BoBneuyeH B HanbonbLuee YNCIO PerynaTopHbIX NyTeN.
NS3 cBA3aH ¢ perynaymen NATU reHOB-OHKOCYNPECCOPOB, YTO MOXKET CBMAETENIbCTBOBATb O €ro LieHTpanbHON ponu B
natoreHese LK. AHann3 peKOHCTPYMPOBaHHbIX MyTel noKasan, YTo NPu UHIMOMPOBAHUM TPAHCKPUMLUMNOHHbIX dakK-
TOPOB B pe3ynbTaTe CBA3bIBaHWA C BUPYCHbIMU Gefikamu, SKCnpeccnsa paga oHkocynpeccopos (WT1, MGMT, SOCST,
P53) nopaBnanacb, Torga Kak akcnpeccus gpyrux (RASF1, RUNX3, WIF1, DAPKT) akTuBmpoBanach. Takum ob6pasom, ¢
NMOMOLLbIO PEKOHCTPYKLIMMN FeHHbIX CeTell MOoKa3aHo, YTo BUPYCHble 6enku renatuta C cnocobHbl BAMATL HE TONBKO Ha
CTaTyC METUNNPOBAHMNA FEHOB-OHKOCYNPECCOPOB, HO 1 Ha UX TPAHCKPUMUMOHHYIO perynaumio. MonyyeHHble pesynb-
TaTbl MOTYT 6bITb MCMONIb30BaHbI MPU NoKCKe GapMaKoNorMyecknx MULLEeHel ana pa3paboTKy HOBbIX CPeLCTB MPOTUB

MUK, nipyumnposaHHom BI'C.

KnioueBble cnoBa: renaToue/uiinJIApHaa KapunHOMa; BUpycC renatmnta G perynauma skcnpeccumn; rmnepmMmeTmnnpoBaHmne;

PerynaTopHble NyTu; reHHble CeTH; BUonHPOpPMaTUKa.

Introduction

Liver cancer is the third leading cause of cancer-related
death in the world according to year 2020 statistics with over
900,000 new cases of this pathology registered the same
year around the world (International Agency for Research
on Cancer, https://gco.iarc.fr/today/home). Hepatocellular
carcinoma (HCC) has been the dominant type of primary
liver cancer, comprising about 90 % of all the cases (Llovet
et al., 2016). It may be caused by several risk factors such
as aflatoxin exposure, alcohol consumption; hepatitis B or
C (HCV) virus infection, liver cirrhosis, non-alcoholic fatty
liver disease, non-alcoholic steatohepatitis, metabolic syn-
drome, obesity, type Il diabetes, and genetic predisposition
(McGlynn et al., 2021).

Currently, a lot of data has been accumulated on HCV
association with impaired liver function, cirrhosis and HCC
development (Rabaan et al., 2020). Having gotten into a hu-
man body, HCV seeks to exercise control over the biological
processes occurring in host cells in order to increase its sur-
vival and replication efficiency. In more than 70 % of those
initially infected, the disease takes on a chronic course, so the
patients experience progressive liver-tissue fibrosis and cir-
rhosis accompanied by long-term inflammation (Jaroszewicz
etal., 2015). Using various mechanisms for infected cell coop-
tation, the virus can inadvertently lead to HCC development
(D’souza et al., 2020). At the same time, the molecular and
genetic mechanisms of virus-induced carcinogenesis remain
understudied.

In addition, HCC pathogenesis is associated with epigenetic
modifications and aberrant DNA methylation being a mediator
of epigenetic changes (Fernandez-Barrena et al., 2020) that
can serve as a biomarker for early HCC diagnosis (Zhang C.
etal., 2016; Xu et al., 2017).

To establish the functional links between genes and to elu-
cidate the molecular mechanisms of biological processes, the
methods for gene networks reconstruction have been widely
employed. Previously, we developed the Associative Network
Discovery System (ANDSystem) software package designed
to reconstruct gene networks based on the knowledge extrac-
ted from factual databases and scientific publications using
text-mining techniques (Ivanisenko V.A. et al., 2015, 2019;
Ivanisenko T.V. et al., 2020). The package has enabled one to
reconstruct the molecular mechanisms of a number of patholo-
gies such as preeclampsia (Glotov et al., 2015), tuberculosis
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(Bragina et al., 2016), comorbid conditions of asthma and
hypertension (Saik et al., 2018), COVID-19 (Ivanisenko N. V.
et al., 2020), HCV life cycle (Saik et al., 2016), etc.

In the present study, ANDSystem was employed to re-
construct the regulatory pathways describing the potential
regulation mechanisms of the genes hypermethylated in HCC
by HCV proteins. The analysis looked at the 32 genes known
to be hypermethylated HCC markers. Among the 7 types of
reconstructed regulatory pathways including protein-protein
interactions (PPI), gene expression, protein activity, stability
and transport regulations, those responsible for gene expres-
sion regulation turned out to be statistically significant. Nine
marker genes were identified that could potentially be subject
to regulation by HCV proteins, including three HCC suppres-
sor genes (MGMT, SOCS! and TP53) that could be negatively
regulated and one apoptosis suppressor gene (7ERT) that can
be positively regulated.

Materials and methods

Genes hypermethylated in HCC. Information about the
hypermethylated genes was taken from publications (Table 1).
Only those genes were considered whose hypermethylation
was associated with HCC and confirmed through the analysis
and meta-analysis given in the publications. The schematic of
the data-processing algorithm can be seen in Figure 1.

Regulatory pathways reconstruction in ANDSystem.
The regulatory pathways were reconstructed using the AND-
System software package (Ivanisenko V.A. et al., 2019) that
had been designed to perform gene-networks reconstruction
based on automated analysis of scientific texts and factual
databases. ANDSystem includes a knowledge base with more
than 40 million facts about molecular-genetic interactions,
containing physical intermolecular interactions, gene expres-
sion, protein activity, stability and transport regulations. In the
package, it is the the ANDVisio program that reconstructs and
analyzes gene networks using the Pathway Wizard function
performing search calls to the knowledge base according to
a given pattern. A schematic description of the used patterns
is given in Table 2.

For instance, P4 means searching for all possible molecular
genetic pathways in the ANDSystem knowledge base that
satisfy the following requirement: the first participant in
the pathway is the viral protein (Vp); the second is human
protein (Hp); the third is a human gene from a list of target
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Table 1. List of the hypermethylated genes used in the analysis

2022
268

KomnbtoTepHbIll aHann3 ocobeHHoCTeln perynauum
rMNepmMeTUIMPOBaHHbIX MapKepHbIx reHoB LK 6enkamm BI'C

Gene Encoded protein Source
APCAdenomatouspo|yp05,sco|, ...................................................................... Z hangceta|2016 ...................................................
COUA] ...................... C O”agen a|pha1 (V||)Cha| n ......................................................................... 5 Chu |Ze eta| 2015 .....................................................
COL16A7 .................... C 0||agen a|pha1 (XV| )c ha , n ........................................................................ 5 Chu |Ze eta| 2015 .....................................................
DAPK1 ........................ D eathasso c,a tedpmtel n . k , n ase 1 ............................................................. Z han g C eta| 2016 ...................................................
DSE ............................ D ermata n Su|fate ep ,mera Se ...................................................................... C hen g eta| 20 18 .......................................................
FAM55C ..................... N XPEfam||ymember3 ................................................................................ C hengeta|2018 .......................................................
FAT4 ........................... P romcadherm Fat 4 ..................................................................................... S Chu |Ze eta| 2015 .....................................................
GANTZ Polypeptide N-acetylgalactosaminyltransferase 3 Chengetal,2018
G_g-,-p7 ......................... G |utath, o ne Stransferase P ........................................................................ Z han g Ceta| 2016 ...................................................
GRS insulin-like growth-factor-binding protein,acid labile subunit ~ Neumannetal,2012
kA3 Potassium voltage-gated channel subfamily Amember3 | HemandezMezaetal, 2021
oM Llactate dehydrogenase Bchain | HemandezMezaetal, 2021
MGMT O6-methylguanine DNA methyltransferase | ZhangC.etal,2016
NEBL .......................... N eb u|ette ...................................................................................................... C hen g eta| 20 18 .......................................................
NE,:H .......................... N euromamemheavypo|ypept,de ............................................................. R ev,||eta|2013 .........................................................
opcML Opioid binding protein/cell adhesion molecule-ike ZhangC.etal,2016
TP53 ........................... C e||u|artumorant,genp53 ......................................................................... Z hangceta|2016 ...................................................
PER3 ........................... P er,odc,rcad,anprotemhomo|og3 .......................................................... N eumanneta|2012 .................................................
PRDM2 ....................... P Rdomam contammgz .............................................................................. Z han g Ceta| 2016 ...................................................
PROZVltammKdependentpmtemz ................................................................. N eumanneta|2012 .................................................
RARB .......................... R etmo ,cac,d rece ptor beta ......................................................................... Z han g Ceta| 2016 ...................................................
RASSFIA | Ras association domain-containing protein 1 ZhangC.etal,2016
RUNX3 ........................ R untrelate d t,.a n Scr,pt,on factor3 ............................................................. Z han g C eta| 2016 ...................................................
SFRp, ......................... S e Creted fnzz|e dre | a tedpr Ote, n . 1 ............................................................. Z han g Ceta| 2016 ...................................................
SMPD3 ....................... 5 phmgomyehnphosphod,esterase_:, ........................................................ R ev,||eta|2013 .........................................................
50C51 ........................ S uppressor Ofth e . C ytOkmESIgna”mg . 1 ..................................................... Z han g C eta| 2016 ...................................................
STz Serine peptidase inhibitor, Kunitztype,2 Zhang C. et al., 2016; Hernandez-Meza et a,, 2021
TERTTelomerasereversetransmptase ............................................................... Z hangHeta|2015 ...................................................
TSPYLS  TestisspecificY-encodedlikeproteins HemandezMezaetal,2021
TTC36Te”amcopeptlderepeatpmtem36 ngeta|2022 ...........................................................
WIF,WNTmthItoryfactOH ................................................................................ Z hangc9t3|2016 ...................................................
WT1W,|mstum0r1 .............................................................................................. Z hangceta|2016 ...................................................

genes (Tg); the last member of the pathway is a Tg-encoded
protein (Tp). Further in the text, HCC marker genes will be
regarded as target ones. Interactions between pathway par-
ticipants are represented by the following types: Vp and Hp
are linked by PPIs; Hp and Tg are “expression regulation”
interaction type (Exp reg), where Hp regulates Tg gene expres-
sion; Tg and Tp are interaction of the “expression” interaction
type (Exp), i.e., the Tp protein is the expression product of
the Tg gene. Examples of regulatory pathway reconstruction

CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

in ANDSystem using the patterns presented in the previous
work (Ivanisenko V.A. et al., 2022).

Estimating the statistical significance of pathways. The
pattens from Table 2 were used to calculate the number of
marker genes K participating in the regulatory pathways,
as well as the number of such participants in the sample of
control gene. The likelihood of observing the number K for
random reasons was estimated using the standard hypergeo-
metric distribution and the hypergeom function from the
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Fig. 1. Schematic description of the data processing algorithm.

SciPy 1.8.0 package (https://scipy.org). For the purposes of
statistical processing, a group of genes proposed by Hoshida
et al. (2008) as a control to predict HCC outcomes based on
the expression level of genes was taken.

Results

Reconstruction of the potential regulatory pathways

HCV proteins use to affect HCC marker genes

A set of hypermethylated HCC marker genes was used to
reconstruct the potential regulatory pathways through which
viral proteins could modulate the genes playing an important
role in HCC pathogenesis (see Table 1). The set had been
based on the published results of a genome-wide analysis of
DNA methylation and included 30 genes, the expression of
which, according to the studies, was reduced in hepatocellular
carcinoma, and two genes (W71 and TERT) with increased
expression.

To reconstruct the regulatory pathways, the ANDSystem
software package was used. The search queries to the know-
ledge base were formed using the pathway patterns presented
in Table 2. The patterns described different types of regulatory
pathways determined by different combinations of molecular-
genetic interactions, including PPIs, gene expression, protein
activity, stability, and transport regulations.

Analysis of the statistical significance of the pathways
automatically reconstructed by ANDSystem according to the
given patterns showed that among the seven types of regula-
tory pathways analyzed, expression regulation ones turned
out to be statistically significant (P4 in Table 3). This pattern
describes the pathways including four participants: (1) viral
proteins; (2) human transcription factors (TF) involved in PPIs
with viral proteins; (3) marker genes presented in Table 1,
whose expression is regulated by (2); (4) protein products of
marker genes.

The gene network describing the regulation pathways of
HCC marker genes included 8 HCV proteins, 7 intermediate
host proteins involved in PPIs with HCV proteins, and 9 genes
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Table 2. Patterns to search for the regulatory pathways
describing viral — protein modulation of HCC marker genes

Pattern # Pattern scheme

P1 Vp—2» Tp

P2 Vp—F— Hp —F» Tp

P3 Vp PPI > Hp ACt/Stab/Pr/PPM/TE Tp

P4 Vp PP, Hp EXpreg= Tg Exp > Tp

P5 Vp—2> Hp—=27%s Hg —22 s Hp =2 1g 225 T
P6 Vp PRI, Hp Expreg Hg Exp HpAct/Srab/Pr/PPM/Tr= To

by Vp PP, Hp Expreg Hg Bp Hp PPI > Tp

Note. Vp — HCV proteins; Hp — any human proteins involved in the interac-
tions; Hg — any human genes involved in the interactions; Tg - target genes
(HCC marker genes); Tp - Tg-encoded target genes; PPl — protein-protein in-
teractions; Act/Stab/Pr/PPM/Tr - activity or stability regulation, or proteolysis,
or post-translational modifications, or transport regulation function; Exp reg —
gene-expression regulation; Exp — protein-producing gene expression.

Table 3. Results of assessing the significance
of the regulatory pathways described by different patterns

Regulatory Number P-val FDR
pathway of participating

pattern gene-markers

P1 .......................... 0 ............................................ _ ................... _ .................
P215 .......................................... 052 .............. 062 ............
P3 ......................... 5 ............................................ 017 .............. 034 ............
P4 ......................... 9 ............................................ 00054 ......... 0032 ..........
P5 ......................... 21 .......................................... 0047 ............ 014 ............
P610 .......................................... 039 .............. 058 ............
P7 ......................... 23 .......................................... 083 .............. 083 ............

significance accounting for multiple comparisons as per the false discovery
rate (expected proportion of false rejections).

(DAPK1, SOCS1, MGMT, RASSF1, RUNX3, TP53, WIF1,
WTI, and TERT) whose aberrant expression correlated with
HCC progression (Fig. 2).

Analysis of the regulatory pathways

The regulatory pathways involved 8 out of 10 HCV proteins
and 6 human genes, which protein products acting as the in-
termediate participants the viral proteins could form protein
heterocomplexes with. The latter included such genes of
transcription factors as STAT3 (Signal transducer and activa-
tor of transcription 3), NR4A1 (Nuclear receptor subfamily 4
group A member 1), JUN (c-Jun/activator protein 1), BCL6
(B-cell lymphoma 6 protein), transmembrane receptor NOTC1
(Neurogenic locus notch homolog protein 1) and histone
methyltransferase SMYD3 (Lysine methyltransferase SET
and MYND domain containing protein 3).

Most of the viral proteins were associated with RUNX3 and
WTI regulation. Six of them (NS4A, Core, p23, gp32, NSI,
and NS5B) interacted with NR4A1 being a general expression
regulator of these two HCC marker genes.
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Fig. 2. Gene network including statistically significant requlatory pathways for the viral proteins to influence HCC marker genes ex-
pression that was reconstructed in ANDSystem using the P4 pattern.

Legend: HCV proteins (yellow-red large balls) - p8 (Non-structural protein 4A, NS4A), p21 (Core, Capsid protein C), p23 (Protease NS2-3), gp32
(Envelope glycoprotein E1), NS1 (Envelope glycoprotein E2), p56 (NS5A), p68 (NS5B), p70 (Hepacivirin, NS3); intermediate proteins (blue-red
balls) - BCL6 (B-cell lymphoma 6 protein), NOTC1 (Neurogenic locus notch homolog protein 1), NR4A1 (Nuclear receptor subfamily 4 group A
member 1), JUN (c-Jun/activator protein 1), SMYD3 (lysine methyltransferase SET and MYND domain containing protein 3), STAT3 (Signal
transducer and activator of transcription 3); hypermethylated genes (highlighted in white frames) and their protein products - DAPK1 (Death
associated protein kinase 1), MGMT (Methylated-DNA-protein-cysteine methyltransferase), RASSF1 (Ras association domain family member 1),
RUNX3 (Runt-related transcription factor 3), SOCS1 (Suppressor of cytokine signaling 1), TERT (Telomerase reverse transcriptase), TP53 (Tumor
protein p53), WIF1 (Wnt inhibitory factor 1), WT1 (Wilms tumor protein).

HCV protein NS3 (p70) interacted with the largest number
of expression regulators, and through these interactions it
could potentially regulate the expression of five tumor sup-
pressor genes and that of TERT.

Now, let us consider the possibilities of implementing of
these regulatory pathways in more detail.

p8, p21, p68, gp32, p23, NS1/NR4A1/RUNX3, WT1. This
regulatory pathway suggests six HCV proteins (p8, p21, p68,
gp32,p23,NS1) can possibly affect HCC development by con-
trolling the activity of the RUNX3 and WT1 genes through the
NR4A transcription factor. Indeed, NR4A1 directly interacts
with the RUNX3 and WTI promoters, suppressing RUNX3
activity and activating that of W71 (Nowyhed et al., 2015;
Zongetal., 2017). Both factors are involved in apoptosis regu-
lation, hence, RUNX3 promotes activation of the extrinsic,
TRAIL-induced apoptosis pathway (Kim et al., 2019), while
WT1 controls the mitochondrial (internal) apoptosis pathway
through the regulation of the Bcl-2 anti-apoptotic protein
gene, and, depending on a cell type, affects the expression
of the Bcl-2 gene in both positive and negative ways (Mayo
et al., 1999; Loeb, 2006). It has been shown that in HCC, an
increased expression of the W71 gene is observed, which is
due to hypermethylation of its promoter and correlates with
a poor prognosis (Sera et al., 2008; Mzik et al., 2016). These
data suggest that the role WT1 plays in HCC progression is
associated with blocked apoptosis.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

Experiments have demonstrated that HCV core protein
inhibits at least the NR4A41 and RUNX3 genes expression in
infected cells (Tan, Li, 2015), contributing to suppressing an
external apoptosis pathway. The Y2H test (Two Hybrid Test)
has shown NR4A1 can interact with such viral proteins as
CORE, El, E2, NS2, NS4A, and NS5B (de Chassey et al.,
2008), but except for CORE, the effects of the other HCV
proteins on TF activity have not been investigated yet.

E1, NS3, Core, p23, NS1, p68/JUN, NOTC1, STAT3/
TERT. Aberrant expression of the TERT gene, associated,
among other things, with hypermethylation of its promoter, is
a prognostic marker of HCC (Zhang H. et al., 2015; Zucman-
Rossi etal., 2015; Oversoe et al., 2020). TERT affects disease
progression through stimulation of cell proliferation due to
reactivation of its gene expression in carcinoma cells (Nault
etal., 2019; In der Stroth et al., 2020). TERT activity has been
shown to also increase in HCV-infected cells, partly through
direct interaction of the core protein with the enzyme (Zhu et
al., 2010, 2017), however, in general, the mechanisms HCV
proteins affect TERT activity are not clear. This regulatory
pathway suggests the involvement of the virus NS3, Core,
El, p23, NSI1, and NS5B proteins in TERT gene expression
through interaction with the JUN (AP-1), STAT3, and NOTC1
proteins.

Indeed, experiments have shown that there is a possibility
to affect TERT expression through the AP-1 and STAT3 TFs
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being its direct regulators (Konnikova et al., 2005; Takakura
etal., 2005), as well as through the NOTC1 signaling pathway
(Sawangarun et al., 2018). Moreover, it has been demonstrated
that the HCV NS3 protein affects NOTC1 activity through
the SRCAP transcription factor (Iwai et al., 2011) and the
expression of AP1- and STAT3-regulated genes (Hassan et al.,
2005, 2007; Machida et al., 2006; Li et al., 2010), however,
the specific mechanisms of realization of these influences in
infected hepatocyte cells have not been practically examined.

gp32, p70/JUN/WIF1. This regulatory pathway describes
the effect the NS3 and E1 HCV proteins have on WIF1 (Wnt
inhibitory factor 1) gene expression through interaction with
the c-Jun/AP-1 TF. WIF1 is a tumor suppressor that reduces
cell growth in HCC (Deng et al., 2010), and its expression
level is a prognostic indicator of the course of the disease
(Huang et al., 2011).

Experiments have demonstrated that there is both the pos-
sibility of a direct effect of the NS3 and EI proteins on the
activity of c-Jun/AP-1 (de Chassey et al., 2008), and the latter
can affect the expression of the WIF'I gene through interaction
with the DNMT1 methyltransferase (DNA methyltransfe-
rase 1), suppressing WIF1 in gallbladder cancer cells (Lin et
al., 2018). But what mechanisms of WIFI gene suppression
are initiated in HCV-infected hepatocarcinoma cells remains
unknown.

p70/STAT3/MGMT, DAPK1, SOCSI1. This regulatory
pathway is initiated by NS3 (p70) affecting the activity of the
MGMT, SOCS, and DAPKI genes through interaction with
the STAT3 TF. Proteins DAPK1 (Death-associated protein
kinase 1), MGMT (Methylated-DNA-protein-cysteine methyl-
transferase), and SOCS1 (Suppressor of cytokine signaling 1)
are considered tumor suppressors, and their low expression
in carcinomas correlates with disease progression (Gui et al.,
2011; Jiang et al., 2019; Chen J. et al., 2020; Chen P. et al.,
2020; Song et al., 2020).

Experiments have demonstrated that NS3 can directly in-
teract with the STAT3 TF (de Chassey et al., 2008) involved
in the regulation of the expression of the abovementioned
genes (Kohsaka et al., 2012; Benderska, Schneider-Stock,
2014; Yang C. et al., 2015), however, the effect of STAT3
on MGMT, SOCS, and DAPK] expression is not unambigu-
ous and may be associated with cell specialization. As for
the mechanisms regulating the expression of these genes in
HCV-infected hepatocarcinoma cells, they have not been
studied yet.

p70/BCL6/TP53. TP53 is a key activator of intrinsic apop-
tosis pathway. The NS3 (p70) protein affects 7P53 through
interaction with the BCL6 (B-cell lymphoma 6 protein) TF.
TP53 is a HCC marker gene of and its low expression cor-
relates with poor disease prognosis (Liu et al., 2012; Ye et
al., 2017). BCL6 represses the 7P53 gene in lymphoid cells,
and its constitutive expression protects B lymphocytes from
DNA damage-induced apoptosis (Phan, Dalla-Favera, 2004;
Jardin et al., 2007). However, the data describing the effect
of HCV has on TP53 and BCL6 expression in these cells are
associated with a possible mutation induction and are mutu-
ally exclusive (Machida et al., 2004; Tucci et al., 2013). The
interaction of NS3 and BCL6 is discussed in (Han et al., 2016),
but the specific mechanisms NS3 affects the TF activity have
not been studied yet.
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Discussion

The studied set of hypermethylated HCC marker genes (see
Table 1) included 30 downexpressed and two over-expressed
genes. Using ANDSystem, the regulatory pathways by which
HCYV proteins are able to influence the expression of these
marker genes were reconstructed. The relationship between
the pathways and HCC-associated key biological processes is
shown in Figure 3. According to the published data, the WT1,
RUNX3, TP53, and SOCS1 genes are closely associated with
apoptosis (Mayo et al., 1999; Loeb, 2006; Kim et al., 2019),
while the MGMT, TERT, RASSF 14, and WIF1 genes — with
apoptosis and cell proliferation (He et al., 2005; Sarin et al.,
2005; Choi etal., 2008; Feng et al., 2014; Chen J. et al., 2020;
Ni et al., 2020).

The analysis showed the identified pathways could poten-
tially be a part of the mechanism HCV proteins affect the ac-
tivity of HCC marker genes. However, the effects the proteins
have on the function of human regulatory proteins during PPI
formation are currently poorly understood. This fact prevents
us from unambiguous interpretation of the reconstructed
pathways, because what determines if a regulatory pathway
functions as an activator or suppressor of target gene expres-
sion is whether or not the ability to regulate gene expression
remains in the host regulatory protein after its interaction with
the viral protein. Investigation of these effects requires further
experimental studies and computer molecular modeling.

The literature describes the effects viral proteins can have on
the function of host proteins, e. g., the NS5A protein is known
to bind to SMY D3 in the cytoplasm and inhibit SMYD3 trans-
location to the nucleus (Chen M. et al., 2016). If the regulatory
proteins of a host organism are assumed to lose their ability to
regulate gene expression due to the complexes formed with
viral proteins, then the following effects can be expected:
when considering the pathways regulating onco-suppressor
expression, four of the seven pathways inhibiting RASFI,
RUNX3, WIF1, and DAPK1 will be suppressed, which can
lead to their activation by HCV proteins, and that, in turn, will
prevent carcinogenesis. In the remaining three pathways, the
activation of MGMT, SOCS1 and TP53 will be suppressed,
which may possibly have a protumor effect. In the presented
pathways (see Fig. 2), WT1, MGMT, SOCSI and TP53 are
activated by the corresponding factors (Phan et al., 2004;
Kohsaka et al., 2012; Yang C. et al., 2015; Zong et al., 2017),
while the expression of RASF1, RUNX3, WIF1, and DAPK1
genes is negatively controlled (Guo et al., 2011; Benderska,
Schneider-Stock, 2014; Nowyhed et al., 2015; Lin et al., 2018).

In the case of the TERT and WTI genes that can be at-
tributed to those with protumor activity, suppression of the
WTI gene can be expected and will lead to a negative effect
on carcinogenesis. As for the TERT gene involved in apoptosis
suppression and stimulating cell proliferation (Nault et al.,
2019; In der Stroth et al., 2020), according to our results (see
Fig. 2), this gene was controlled through three different regula-
tory pathways. Its expression was activated by two pathways
involving the STAT3 and NOTC1 host genes (Konnikova et
al., 2005; Sawangarun et al., 2018), and one of the pathways
suppressed the expression involving ¢c-JUN/AP-1 (Takakura
et al., 2005). The interaction with these host proteins could
lead to a blockage of these regulatory pathways. The pathway
involving c-JUN/AP-1 may be of particular interest in this
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Fig. 3. Interrelation of the reconstructed regulatory pathways and the key biological processes associated with HCC.

respect, since inhibition of this TF by viral proteins (gp32 and
NS3) could promote TERT activation. These assumptions are
in good agreement with the data on differential gene expres-
sion in acute HCV infection when the infected cells showed
an increased TERT expression (Papic et al., 2012), so this
pathway can be a promising pharmacological target.

Thus, the considered assumptions lead one to conclude the
presence of multidirectional regulation of the observed expres-
sion of HCC marker genes. This may indicate that not all regu-
latory pathways controlled by viral proteins can be attributed
to HCC risk factors. However, the regulatory pathways that
ensure the protumor activity of virus proteins undoubtedly
deserve additional study to understand the mechanisms of
virus-induced HCC carcinogenesis. In particular, the suppres-
sion of tumor suppressor gene expression by viral proteins can
enhance the effect of their methylation in HCC or mimic this
effect when these genes are not methylated, which can either
provoke HCC onset or complicate its course.

Conclusion

Using the computer methods for gene network reconstruc-
tion available in the ANDSystem package, the statistically
significant pathways for HCV proteins to regulate HCC gene
markers have been established. The obtained results describe
the potential mechanisms of the proteins involvement in HCC
pathogenesis and may be useful for planning experimental
studies to search for new targets for the development of drugs
and prophylactic agents to reduce the risk of HCC developing
in presence of HCV infection.
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