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Abstract. Hepatocellular carcinoma (HCC) is a common severe type of liver cancer characterized by an extreme-
ly aggressive course and low survival rates. It is known that disruptions in the regulation of apoptosis activation
are some of the key features inherent in most cancer cells, which determines the pharmacological induction of
apoptosis as an important strategy for cancer therapy. The computer design of chemical compounds capable of
specifically regulating the external signaling pathway of apoptosis induction represents a promising approach for
creating new effective ways of therapy for liver cancer and other oncological diseases. However, at present, most of
the studies are devoted to pharmacological effects on the internal (mitochondrial) apoptosis pathway. In contrast,
the external pathway induced via cell death receptors remains out of focus. Aberrant gene methylation, along with
hepatitis C virus (HCV) infection, are important risk factors for the development of hepatocellular carcinoma. The
reconstruction of gene networks describing the molecular mechanisms of interaction of aberrantly methylated
genes with key participants of the extrinsic apoptosis pathway and their regulation by HCV proteins can provide
important information when searching for pharmacological targets. In the present study, 13 criteria were proposed
for prioritizing potential pharmacological targets for developing anti-hepatocarcinoma drugs modulating the
extrinsic apoptosis pathway. The criteria are based on indicators of the structural and functional organization of
reconstructed gene networks of hepatocarcinoma, the extrinsic apoptosis pathway, and regulatory pathways of
virus-extrinsic apoptosis pathway interaction and aberrant gene methylation-extrinsic apoptosis pathway interac-
tion using ANDSystem. The list of the top 100 gene targets ranked according to the prioritization rating was statisti-
cally significantly (p-value = 0.0002) enriched for known pharmacological targets approved by the FDA, indicating
the correctness of the prioritization method. Among the promising potential pharmacological targets, six highly
ranked genes (JUN, IL10, STAT3, MYC, TLR4, and KHDRBST1) are likely to deserve close attention.
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ﬂpmopmmsauvm NOTEHLMANbHbIX MULLEHEN
ANA CO34aHNA NeKapcTB NPOTMB renatokapumnHombl

AHHoTayua. lenatouenntonapHan kapunHoma (FLUK) — pacnpocTpaHeHHbIN TAXeNbIV TUN paka NevyeHu, XxapakTepu-
3YIOLWMINCA KpaHe arpeCcCUBHbBIM TEYEHNEM U HU3KOW BbIPKMBAEMOCTbI0. /I3BeCTHO, UTO HapyLeHWA perynauumn ak-
TUBaLMM anonTo3a ABNAIOTCA OQHON 13 KNOYEBbIX 0COOEHHOCTE, CBONCTBEHHOWN GOMbLIMHCTBY PAaKOBbIX KNETOK,
yTo onpefenseT GpapmMaKkonornyeckylo MHAYKLMIO anonTo3a Kak BaXHylo cTpaTervio Tepanmmn paka. KomnbioTep-
HbI AW3aliH XUMUYECKNX COefMHEHNI, CNOCOBHBIX LiefleBbiIM 06pa3oM perynnmpoBaTh BHELWHWIA CUTHANbHBIV My Tb
VNHAYKLUMM anonTo3a, NpefCcTaBAeT nepcnekTUBHbIN NOAXOA ANA CO3AaHNA HOBbIX 3OPEKTUBHbIX CPefCTB Tepanum
paKa neyeHun 1 [pyryix OHKOMOrMyecknx 3abonesaHnin. OaHaKo B HacTosLee BpeMs GOJbLUMHCTBO NCCIef0BaHNIA
NnocBALEeHO GapMaKoOrMyeckM BO3AENCTBUAM Ha BHYTPEHHUI (MUTOXOHAPWAbHDBIN) NyTb anonTo3a, Toraa Kak
BHELUHWI NyTb, UHAYLIMPYEMbIi TOCPEACTBOM KIIETOUHbIX PELIENTOPOB CMEPTU, OCTAETCA BHE NonA 3peHus. Abep-
pPaHTHOE METUANPOBaHME reHOB HapAay ¢ MHdeKumen Bupycom renatuta C cuMTaloTca BaxXHbIMU GpakTopamm prcka
pa3suTnA MUK. PEKOHCTPYKLMA FeHHbIX CETEN, OMMCbIBAIOLLNX MONEKYNAPHbIE MeXaHU3Mbl B3auMonencTema abep-
PaHTHO METUIMPOBAHHbIX FTEHOB C KIIOYEBbIMY YYaCTHMKaMM BHELLHEro NyTW anomnTo3a, a Takke NyTu Nx peryns-
uun 6enkamu Bupyca renatta C, MOXeT fjaTb BaXkHYI0 MHbOPMALUIO NpU Norcke GapMaKoormyeckx MULLEHEN.
B HacTosAweln paboTe 6binm NpefnoxeHbl 13 KpUTepreB NPUOPUTH3aLMMN NOTEHLMaNbHbIX GapMaKoNormyecKmnx
MULLEHeN ANA CO34aHNA NeKapCTB NPOTUB renaToKapLMHOMbI, MOAYIMPYIOLMX BHELLHWI MyTb anonTo3a. B ocHoBy
KpuTepreB Nerny nokasartenu CTpyKTypHO-GpYHKLMNOHANbHON OpraHm3aumnm peKOHCTPYNPOBAHHbIX C MCNOJb30Ba-
Hnem ANDSystem reHHbix ceTen LK, BHewwHero Nyt anonTo3a 1 perynATopHbIX NyTel B3aMOAENCTBUA «BUPYC
— BHELUHWIA NYTb anonTo3a» U «abeppaHTHOE METUIMPOBaHVE FreHOB — BHELHUIA Ny Tb arionTo3a». CNMcok Hanbonee
npuoputeTHbIX 100 reHOB-MULLEHEN, PaHKUPOBAaHHbBIX COMMACHO PENTUHTY MPUOPUTM3aLMK, OKa3anca CTaTucTu-
Yeckm 3Haummo (p-value = 0.0002) o6oraLleH n3BeCTHbIMY GapMaKoNorMyecKrMm MyLLeHAMY, ogobpeHHbiMy FDA,
YTO YKa3blBaeT Ha KOPPEKTHOCTb MPUMEHEHHOro MeToAa nproputrsaunm. Cpeay nepcnekTUBHbIX MOTEHLUMANTbHBIX
bapmaKkonormuecknx MLLEHEN MOTYT ObITb NPeLCTaBeHb! LWEeCTb reHoB-KaHaugaTos (JUN, IL10, STAT3, MYC, TLR4 n
KHDRBST), 3aH/MatoLLMX BbICOKOE MONOMXeHVEe B PaHXMPOBaHHOM CMCKE COracHO pe3ysibTaTaM MpuopuTM3aunm.
KnioueBble CnoBa: reHHble CeTH; renaToKapLUMHOMA; MPOorpaMmMrpyemMasn KneTouHas rmbenb; anonTos; METUNPOBaHMe.

Introduction

Hepatocellular carcinoma (HCC) is the most common tu-
mor pathology of the liver, accounting for over 90 % of all
malignant neoplasms of the liver and intrahepatic bile ducts
(Llovet et al., 2018). It is characterized by an extremely ag-
gressive course and low survival rate. Unlike most other types
of cancer, there are some documented risk factors for the
occurrence of HCC, such as infections caused by hepatitis C
and B viruses, alcohol, fatty infiltration of the liver, hepatitis,
autoimmune or chronic cholestatic diseases (Forner et al.,
2012). Studies in the field of hepatocarcinogenesis have shown
the critical role of genetic and epigenetic mechanisms leading
to the formation of monoclonal populations of aberrant and
dysplastic hepatocytes, which exhibit telomere erosion and
re-expression of telomerase, microsatellite instability, and
irreversible structural changes in genes and chromosomes
(Balogh et al., 2016). The phenotype of malighant hepatocytes
may be caused by the disruption of a number of genes that
function in various regulatory pathways, resulting in different
molecular variants of HCC (Thorgeirsson, Grisham, 2002).
This characteristic of the pathology makes the reconstruc-
tion and analysis of gene networks describing the molecular
mechanisms of the disease relevant.

In cancer therapeutic research, a central issue is suppress-
ing cellular proliferation and the induction of programmed
cell death. Apoptosis, one of the known mechanisms of pro-
grammed cell death, is divided into intrinsic and extrinsic,
depending on the pathway of signal induction. The apoptosis
signal induced by cell death receptors is called the extrinsic
pathway, and the one induced by mitochondria — the intrinsic
pathway (Krammer et al., 2007). In both cases, the apopto-
sis signal initiates the activation of caspases, key enzymes
of apoptosis, leading to cell destruction, but the molecular
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mechanisms of signal transmission are entirely different.
The literature focuses on regulating the intrinsic pathway
of apoptosis, in which there has been certain progress in
finding compounds with pharmacological potential for HCC
therapy. It should be noted that the pharmacological effect
on the extrinsic apoptosis pathway in HCC remains poorly
studied. However, pharmacological induction of this pathway
may bring significant, fundamentally important progress for
cancer therapy.

Apoptosis induction is controlled by a range of inhibitor
proteins, including c-FLIP, which blocks the activation of
caspase-8, members of the anti-apoptotic BCI-2 family that
inhibit the release of cytochrome C from mitochondria, and
XIAP proteins that block the activation of caspase-3, -7,
and -9. In the extrinsic apoptosis pathway, DISC, comprising
PC, FADD, procaspase-8, -10 proteins, and c-FLIP, serves
as a central platform for procaspase-8 activation (Lavrik,
Krammer, 2012). c-FLIP can function within the DISC
complex both pro- and anti-apoptotically. It is suggested
that the formation of procaspase-8/c-FLIP heterodimers
mediates the pro-apoptotic function of c-FLIP. Previously,
in joint research conducted by the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy of
Sciences and the University of Magdeburg, we developed
the world’s first chemical probe (small chemical compound)
capable of specifically binding to c-FLIP in the caspase-8/
c-FLIP heterodimeric complex (Hillert et al., 2020). This
small molecule was obtained by computer design and pos-
sessed biological activity — the ability to increase caspase-8
activity (Hillert et al., 2020).

Hepatitis C virus (HCV) is extensively studied in the sci-
entific literature as a significant risk factor for HCC (Axley et
al., 2018). The role of HCV has been shown in the regulation
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of apoptosis and aberrant gene methylation, closely associated
with HCC (Zheng et al., 2019; Lee, Ou, 2021).

Gene networks are widely used to describe the molecular-
genetic mechanisms of various processes. We previously
developed the software and information system ANDSystem
(Ilvanisenko V.A. et al., 2015, 2019; lvanisenko T.V. et al.,
2020, 2022), designed for the reconstruction and analysis of
associative gene networks based on automatic knowledge
extraction from scientific publications and factographic data-
bases. Through the reconstruction of gene networks performed
using ANDSystem, a number of studies have been conducted,
such as the analysis of interactions of Hepatitis C virus proteins
with the human proteome (Saik et al., 2016), the relationship
of HCV with aberrant methylation in HCC (Antropova et al.,
2022), interpretation of results of metabolome analysis of
SARS-Cov-2 patients (Ivanisenko V.A. et al., 2022), tasks
of prioritizing candidate genes associated with lymphedema,
major depressive disorder (Yankina et al., 2018; Saik et al.,
2019), search for new potential targets for drug action (Saik
etal., 2018a, b), and others.

Based on the reconstruction and analysis of HCC gene
networks and the extrinsic apoptosis pathway, as well as
regulatory pathways linking HCV proteins with aberrantly
methylated genes in HCC and key participants in the extrin-
sic apoptosis pathway, criteria were proposed for prioritizing
potential pharmacological targets against HCC. Enrichment
analysis of the first 100 target genes, ordered by prioritization
results, showed significant content (p-value = 0.0002) in the
list of FDA-approved pharmacological target genes, demon-
strating the effectiveness of the proposed prioritization criteria.
We suggest that the mechanism of action of drugs targeted
at these targets is the modulation of the extrinsic apoptosis
pathway, taking into account aberrant gene methylation,
which could be utilized in creating a new class of drugs for
HCC therapy. As promising potential pharmacological targets,
ranked in the top thirty, the following candidate genes can be
highlighted: JUN, IL10, STAT3, MYC, TLR4, and KHDRBSL1.

Materials and methods
The ANDSystem software and information tool. Gene
network reconstruction was performed using the ANDSys-
tem software and information tool, automatically extracting
knowledge from scientific publications and factual databases
using artificial intelligence methods (Ivanisenko V.A. et al.,
2019). ANDSystem includes a knowledge base containing
over 40 million facts about molecular-genetic interactions,
including physical intermolecular interactions, gene expres-
sion regulation, activity regulation, stability, and protein
transport. Work on the reconstruction and analysis of gene
networks in ANDSystem is performed using the ANDVisio
program. The Pathway Wizard function implemented in
ANDVisio was used to reconstruct regulatory pathways, which
perform search queries to the knowledge base based on a given
template. A schematic description of the templates used to
reconstruct regulatory pathways is provided in Supplementary
Materials 1-4%,

Patient- and tissue-specific gene expression and DNA
methylation data. Patient-specific and tissue-specific data

1 Supplementary Materials 1-7 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Demenkov_Engl_27_7.pdf
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on gene expression and DNA methylation were used to re-
construct gene networks. Tissue-specific gene expression data
was used to filter gene networks using built-in ANDSystem
methods. Information on tissue-specific gene expression was
represented in ANDSystem. Information on differential gene
expression was taken from the GEO database (Barrett et al.,
2013; https://www.ncbi.nlm.nih.gov/geo/). Experiments were
selected for which results of hepatocarcinoma tissue samples
obtained from patients with this disease were available. The
statistical significance values of differential gene expression
and differential methylation in hepatocarcinoma tumor tissue
samples compared to control samples were calculated in the
GEOZ2R software package (Barrett et al., 2013; https://www.
nchi.nlm.nih.gov/geo/geo2r/). Calculation parameters were
selected by default.

FDA-approved pharmacological targets. Data on
FDA-approved pharmacological targets were extracted
from the Human Protein Atlas resource (Uhlén et al., 2015;
https://www.proteinatlas.org/).

Potential pharmacological target prioritization method.
The criteria presented in Table 1 were used to prioritize
candidate genes for pharmacological targets. The resulting
gene weight was assessed as the sum of the weights of all
criteria.

Results and discussion

To prioritize potential pharmacological targets, we applied
13 criteria considering various characteristics of the structural
and functional organization of liver cancer gene networks and
programmed cell death, including patient- and tissue-specific
data on DNA methylation. Each criterion was assigned a quan-
titative weight indicator. The sum of the indicators for all
13 criteria was calculated as the resulting characteristic. To
rank the genes by priority, they were arranged in a list from
higher to lower values of the total indicator. Thus, genes with
higher priority as candidates for pharmacological targets were
at the top of the list (i. e., they had a lower rank).

When calculating the weight indicators of genes by priori-
tization criteria, the reconstruction of the gene networks of
hepatocellular carcinoma (HCC) and the extrinsic apoptosis
pathway was carried out as described below.

Reconstruction of the human
hepatocellular carcinoma gene network
The automated search for genes associated with HCC,
conducted using the new version of ANDSystem (lvanisen-
ko V.A.etal.,2019), identified more than 5,100 genes. Subse-
quently, ANDSystem built-in methods were used to filter genes
by tissue specificity, retaining only the genes expressed in the
liver — 4,905 genes. A list of 1,211 differentially expressed
genes (DEGs) was then used based on RNA-seq analysis from
the study by Huang et al. (2011). These data were obtained
from the tissues of ten patients with HBV-associated HCC.
Healthy tissues from the same patients were used as controls.
Following this step, the intersection of the gene network was
reconstructed with ANDSystem, and the list of differentially
expressed genes was carried out using ANDVisio built-in func-
tions. As a result of the intersection, the gene network retained
584 genes found by ANDSystem methods to be associated
with hepatocellular carcinoma based on data from published
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Table 1. Criteria developed for prioritizing candidate genes of pharmacological targets

No. Criterion name Value Characteristic
1 Gene representation in the HCC gene network scorel =2 The gene or the protein it encodes is represented in the gene
network
score1 =0 The gene or the protein it encodes is not represented in the gene
network
2 Gene representation in the extrinsic apoptosis gene score2 =2 The gene or the protein it encodes is represented in the gene
network network
score2 =0 The gene or the protein it encodes is not represented in the gene
network
3 Aberrant methylation indicator score3 =3 The gene is hypomethylated in HCC (there is data on increased
expression)
score3 =-5 The gene is hypermethylated (there is data on decreased
expression)
4 Centrality indicator of the gene in regulatory pathways score4 = The gene is represented in the regulatory gene network. Q1 -
describing the regulation of key genes of the extrinsic ~ 1+In(Q1) the number of connections of the gene with other nodes (degree
apoptosis pathway (CFLAR, CASP8, and FADD) by genes centrality indicator)

from the HCC gene network (see Supplementary
Material 1)

5 Centrality indicator of the protein in regulatory score5 = The protein is represented in the regulatory gene network.
pathways describing the regulation of key genes of 1+In(Q2) Q2 - the number of connections of the protein with other nodes
the extrinsic apoptosis pathway (CFLAR, CASP8, and (degree centrality indicator)

FADD) by genes from the HCC gene network (see
Supplementary Material 1)

6 Centrality indicator of the gene in regulatory pathways score6 = The gene is represented in the regulatory gene network. Q3 —
describing the regulation of key genes of the extrinsic ~ 2+In(Q3) the number of connections of the gene with other nodes (degree
apoptosis pathway (CFLAR, CASP8, and FADD) by HCV centrality indicator)

proteins (see Supplementary Material 2)

7 Centrality indicator of the protein in regulatory score7 = The protein is represented in the regulatory gene network.
pathways describing the regulation of key genes of the 2+In(Q4) Q4 - the number of connections of the protein with other nodes
extrinsic apoptosis pathway (CFLAR, CASP8, and FADD) (degree centrality indicator)

by HCV proteins (see Supplementary Material 2)

8 Centrality indicator of the gene in regulatory pathways score8 = The gene is represented in the regulatory gene network. Q5 -
(see Supplementary Material 3) describing the In(Q5) the number of connections of the gene with other nodes (degree
regulation of hypermethylated genes by HCV proteins centrality indicator)

score8 =0 The gene is not represented in the regulatory gene network

9 Centrality indicator of the protein in regulatory score9 = The protein is represented in the regulatory gene network.
pathways (see Supplementary Material 3) describing In(Q6) Q6 - the number of connections of the protein with other nodes
the regulation of hypermethylated genes by HCV (degree centrality indicator)
proteins score9 =0 The protein is not represented in the regulatory gene network

10 Centrality indicator of the gene in regulatory pathways score10 = The gene is represented in the regulatory gene network. Q7 —
(see Supplementary Material 3) describing the 1+In(Q7) the number of connections of the gene with other nodes (degree
regulation of hypomethylated genes by HCV proteins centrality indicator)

11 Centrality indicator of the protein in regulatory scorell = The protein is represented in the regulatory gene network.
pathways (see Supplementary Material 3) describing 1+In(Q8) Q8 - the number of connections of the protein with other nodes
the regulation of hypomethylated genes by HCV (degree centrality indicator)
proteins

12 Centrality indicator of the gene in regulatory pathways score12 = The gene is represented in the regulatory gene network. Q9 —
describing the regulation of key genes of the extrinsic ~ 2+In(Q9) the number of connections of the gene with other nodes (degree
apoptosis pathway (CFLAR, CASP8, and FADD) by centrality indicator)
aberrgntly methylated genes (see Supplementary score12=0 The gene is not represented in the regulatory gene network
Material 4)

13 Centrality indicator of the protein in regulatory score13 = The protein is represented in the regulatory gene network.
pathways describing the regulation of key genes of the 2+In(Q10) Q10 - the number of connections of the protein with other nodes
extrinsic apoptosis pathway (CFLAR, CASP8, and FADD) (degree centrality indicator)

| hvl JOIMEIEary e
fﬂ);?et)r?arl[i?t y methylated genes (see Supplementary score13=0 The protein is not represented in the regulatory gene network
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works and databases, which were also present in the list of dif-
ferentially expressed genes of human hepatocellular carcinoma
obtained from RNA-seq data in (Huang et al., 2011). A search
was then conducted for proteins expressed from these genes
and metabolites associated with these proteins through direct
interactions (a ‘catalyst’ type association), and a network of
interactions between all objects in the gene network (genes,
proteins, and metabolites) was reconstructed. The gene net-
work contained 584 genes, 580 proteins, 1,061 metabolites,
and over 16,000 interactions at this stage.

The gene network was expanded in the second stage with
patient- and tissue-specific DNA methylation data (Supple-
mentary Material 5). This included 67 genes with differen-
tially altered methylation (hyper- or hypomethylated genes)
in patient tumors compared to control samples. After adding
aberrantly methylated genes and their protein products and
expanding the gene network with metabolites interacting with
them, the final gene network contained 627 genes, 624 pro-
teins, 1,105 metabolites, and 17,387 interactions.

Reconstruction of the extrinsic

apoptosis pathway gene network

The gene network of the extrinsic apoptosis pathway was re-
constructed considering GeneOntology and ANDSystem data
(Supplementary Material 6). Initially, a list of genes involved
in the extrinsic apoptotic signaling pathway was formed using
a query to the GeneOntology database. The following key-
words were used for the query: GO term “extrinsic apoptotic
signaling pathway”, organism “human”. Based on this query,
a list of 259 genes was obtained. This list was then uploaded
into the ANDVisio program to construct a gene network. Using
ANDSystem, the gene network was expanded with proteins
expressed from the entered genes, as well as with metabolites
associated with these genes. As a result, the gene network of
the extrinsic apoptosis pathway contained 259 genes, 260 pro-
teins, and 513 metabolites.

Gene prioritization results
A total of 1,345 genes were analyzed, including participants
in the HCC and extrinsic apoptosis pathway gene networks
and regulatory pathways. The results of applying prioritization
criteria for the top 30 priority genes are presented in Table 2.
Out of 1,345 genes, 137 were targets of FDA-approved
drugs. The top 100 priority list included 19 genes targeted
by FDA-approved drugs. Detailed information on the results
of prioritization for the 100 highest priority genes, contain-
ing quantitative values for each of the criteria, is provided in
Supplementary Material 7. Of these 19 target genes, 17 are
characterized as cancer-related genes. According to the hyper-
geometric distribution, the probability of an event in which 17
or more out of 19 selected genes are associated with cancer
is p=0.0002. This analysis signifies that the top 100 priority
genes in the table of potential targets are statistically signifi-
cantly associated with cancer (significance level p = 0.0002).
The calculation of prioritization criteria indicators, based on
the reconstruction of regulatory pathways (criteria 4-13), was
conducted automatically using ANDSystem with the templates
provided in Supplementary Materials 1-4. The reconstruction
and analysis of regulatory pathways of hypermethylated genes
by Hepatitis C viral proteins, the results of which were used
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in prioritization criteria 8-11, have been previously described
by us (Antropova et al., 2022).

The JUN gene occupies the top rank in the table (see
Table 2). It belongs to the group of drug target genes approved
by the FDA and is also associated with cancer (cancer-related
genes). Numerous literature reports discuss its role in various
types of cancer. For instance, it has been shown that JUN af-
fects the development of colon cancer (Nateri et al., 2005) and
that activated JUN is predominantly expressed at the invasive
front of breast cancer and is associated with proliferation and
angiogenesis (Vleugel et al., 2006).

According to our results, this gene could regulate the
extrinsic apoptosis pathway. The regulatory network we
reconstructed, which describes the molecular pathways
through which JUN could regulate the extrinsic apoptosis
pathway markers CFLAR, CASP8, and FADD, is presented
in Figure 1. The regulatory network is based on various
conclusions from experimental studies. For example, it has
been shown that FASLG expression depends on JUN - ir-
radiation increased FASLG expression in GCK cells via the
activation of the JNK/c-Jun signaling pathway (Dong et al.,
2016). The FASLG gene encodes the TNFL6 protein, a cyto-
kine that binds to the TNFRSF6/FAS receptor, transmitting
an apoptosis signal to cells. In another study (Liu Z. et al.,
2019), deletion of FASLG inhibited the expression of CASPS8,
demonstrating another possible way for JUN to influence
apoptosis (via CASP8).

It should be noted that pharmacological targets approved
by the FDA, which are not associated with cancer but may be
related to apoptosis, also present a particular interest. Specifi-
cally, in our table, TLR4 (ranked 14th) stands out among such
genes. According to the FDA, the TLR4 gene is associated
with “age-related macular degeneration” disease. Disruption
of apoptosis is a key pathological factor in this disease (Yi
etal., 2012).

The regulatory network describing the molecular path-
ways through which TLR4 can regulate CFLAR, CASPS,
and FADD is presented in Figure 2. For instance, one can
observe the regulatory influence from TLR4 to TNFAIP3.
It is reconstructed based on a published study, showing that
TLR4 activates a signaling pathway leading to the activation of
NF-kB transcription factor. NF-kB, in turn, induces the ex-
pression of TNFAIP3, as demonstrated in endothelial cells
(Soni et al., 2018). TNFAIP3 increases the level of cleaved
caspase-8, as confirmed by knockdown, while overexpression
of TNFAIP3 has the opposite effect (Liu K. etal., 2018). Simi-
larly, TLR4 could enhance the expression of Beclin-1 through
NF-«xB (Copetti et al., 2009), which induces caspase-8 cleav-
age, leading to autophagy and apoptosis (Song et al., 2014).

The IL10 gene occupies the second rank in the table. It be-
longs to the group of genes not included in the list of FDA-ap-
proved pharmacological targets. However, their mechanisms
of influence on the development of HCC are widely discussed
in the literature. In 2020, a study (Qian et al., 2020) suggested
that combining IL10 and PD-L1 inhibitors may form the basis
for effective treatment. The regulatory network, describing the
molecular pathways through which IL10 can regulate CFLAR,
CASP8, and FADD, is presented in Figure 3.

Another group consists of genes for which the FDA does
not indicate approved agents, yet the mechanism of action of
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Table 2. Top 30 genes ranked by priority level

Rank Gene Full gene name Presence Total weight

of FDA-approved*

agents
..... 1 JUNPrOtooncogenecJunCR**374
2 .................... , Lm .......................... | nterle Ukmm .................................................................................... _ .......................................... 3 0 9 .........................
s smm Signal ransducer and activator of transcription3. - 01
4 .................... C ASPS ...................... C aspase 8 .......................................................................................... _ .......................................... 2 9 4 .........................
5 .................... 7- P53 ......................... c e"ular tumor antlg enp53 .............................................................. _ .......................................... 2 8 7 .........................
6 AR CASPBand FADD ke apoptosis regulator - »3
7MYC ......................... M ycpmtooncogenepmtem .......................................................... _ .......................................... 2 37 .........................
s NekBI Nuclear factor NFkappa-Bp10S subunit ® B2
e oD FAS associated death domain protein - ko
10 .................... , L33 .......................... | nterle Ukm3 3 .................................................................................... _ .......................................... 2 3 0 .........................
1 1 .................... E LAV“ ..................... E LAVI I keprOte I n . 1 ............................................................................ _ .......................................... 2 2 9 .........................
RET FASIG  Tumornecrosisfactor igand superfamily member 6 - ns
13 .................... 7— ERTTelomerasereversetransc”ptase .................................................... _ .......................................... 2 25 .........................

14 .................... T LR4T0”IIkereceptor4 ............................................................................ A R*** .................................. 2 24 .........................

15 .................... B ECN, ...................... B edm1 ............................................................................................... _ .......................................... 2 2 3 .........................

16 .................... C LDN, ...................... C |audm1 ............................................................................................ _ .......................................... 2 2 3 .........................

17 .................... P ARP1 ....................... P o|y [ADP”bose]pOIymera Se1 ....................................................... C R ........................................ 2 2 3 .........................
R TNFRSFIA  Tumornecrosis factorreceptor superfamily member 1A CR - 28
e oKwIA Cyclin-dependent kinase inhibitor1 S 26
20 .................... S P,Transcnptlonfactorsm .................................................................... _ .......................................... 2 11 ..........................
o KHDRBST KHdomain-containing RNAbinding, - 06

signal transduction-associated protein 1

* FDA - Food and Drug Administration, the agency of the US Department of Health and Human Services responsible for the sanitary supervision of food products
and medicines; ** CR - cancer-related genes; *** AR - genes related to the “age-related macular degeneration” disease.
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Fig. 1. Interaction network reconstructed using ANDSystem, through which JUN can regulate key apoptosis proteins — CFLAR,

CASP8, and FADD.

Spheres represent proteins, and spirals symbolize genes. Black lines indicate physical interaction, turquoise arrows denote expression,
pink arrows signify regulation of expression, blue arrows represent transport regulation, and yellow arrows indicate activity regulation.

Fig. 2. Interaction network reconstructed using ANDSystem, through
which TLR4 can regulate key apoptosis proteins — CFLAR, CASP8, and
FADD.

Spheres represent proteins, and spirals symbolize genes. Turquoise arrows
indicate expression, purple arrows represent regulation, and pink arrows
denote expression regulation.

some widely used drugs affects these genes or the proteins they
encode. This group includes the STAT3 and MYC genes, occu-
pying the rank table’s third and seventh positions. A substantial
number of publications indicate that STAT3 plays a crucial role
in the initiation, progression, immune suppression, and meta-
stasis of HCC. Specific drugs affect the functioning of STAT3.
For instance, F.M. Gu et al. demonstrated that the inhibition
of HCC growth and metastasis by the targeted anticancer drug
“sorafenib” is mediated by blocking STAT3 (Gu et al., 2011).
It is also known that sorafenib induces apoptosis (Xie et al.,
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2012). L. Wu et al., studying the mechanism of action of quer-
cetin (a natural flavonoid included in some dietary supplements
and drugs), showed that it inhibits the progression of HCC,
affecting apoptosis, migration, invasion, autophagy, via the
JAK2/STAT3 signaling pathway (at least partially) (Wu et al.,
2019). The action mechanism of another anticancer drug —tra-
metinib, used for melanoma treatment, is based on inhibiting
the MEK protein, part of the signaling cascade. MEK inhi-
bition reduces the MYC protein level, which promotes cell
survival, and increases the pro-apoptotic protein BIM level,
suppressing HCC growth (Zhou et al., 2019).

The direct markers of the extrinsic apoptosis pathway,
CASP8, and CFLAR, are ranked 4th and 6th in the rank table.
The TP53 gene, the importance of which for apoptosis is well
known, is positioned between them at the fifth position. Thus,
it can be concluded that among the potential pharmacological
targets we found, the top results of prioritization (see Table 2)
include genes that are indeed drug targets — either FDA-
approved or drugs aimed at other targets but affecting these
genes and the proteins they encode in their action mechanisms,
as well as genes that are only currently being discussed as
promising targets.

Of particular interest as pharmacological targets may be
genes that have been poorly studied to date in relation to HCC
development mechanisms. Such genes could be fundamentally
new pharmacological targets. Specifically, among such genes
that made it to the top 100 highest priority list is KHDRBS1,
which occupies the 21st position in the rank table (see Table 2).
The regulatory network describing the molecular pathways
through which KHDRBS1 can regulate CFLAR, CASP8, and
FADD is presented in Figure 4.
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Fig. 3. Interaction network reconstructed using ANDSystem, through which IL10 can influence CFLAR, CASP8, and

FADD.

Spheres represent proteins, and spirals symbolize genes. Black lines indicate physical interaction, turquoise arrows denote
expression, purple arrows represent regulation, pink arrows signify regulation of expression, and yellow arrows indicate

activity regulation.

Conclusion

A computer reconstruction of gene networks for hepatocellular
carcinoma and programmed cell death (extrinsic apoptosis
pathway) was conducted, taking into account patient- and
tissue-specific DNA methylation data, using the ANDSystem
software and information system. Based on the 13 developed
criteria, considering the specifics of the reconstructed gene
networks’ structural and functional organization, potential
pharmacological targets were prioritized. Six candidate genes
(JUN, IL10, STAT3, MYC, TLR4, and KHDRBSL1), occupying
high positions in the ranked list according to prioritization
results, may be of greatest interest as potential pharmacologi-
cal targets.
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