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Abstract. Hepatocellular Carcinoma (HCC) is the most common primary liver cancer characterized by rapid progres-
sion, high mortality rate and therapy resistance. One of the key areas in studying the molecular mechanisms of HCC
development is the analysis of disturbances in apoptosis processes in hepatocytes. Throughout life apoptosis en-
sures the elimination of old and defective cells while the attenuation of this process serves as one of the leading fac-
tors in carcinogenesis. In this study we reconstructed and analyzed the gene network regulating hepatocyte apo-
ptosis in humans based on single-cell transcriptome sequencing (scRNA-seq) data and the ANDSystem knowledge
base which employs artificial intelligence and computational systems biology methods. Comparative analysis of
gene expression revealed weakened transcription of genes involved in the regulation of inflammatory processes
and apoptosis in tumor hepatocytes compared to hepatocytes of normal liver tissue. The reconstructed network
included 116 differentially expressed genes annotated in Gene Ontology as genes involved in the apoptotic pro-
cess (apoptotic process GO:0006915), along with their 116 corresponding protein products. It also included 16 ad-
ditional proteins that, while lacking GO apoptosis annotation, were differentially expressed in HCC and interacting
with genes and proteins participating in the apoptosis process. Computational analysis of the gene network identi-
fied several key protein products encoded by the genes NFKB1, MMP9, BCL2, A4, CDKN1A, CDK1, ERBB2, G3P, MCL1,
FOXO1.These proteins exhibited both a high degree of connectivity with other network objects and differential ex-
pression in HCC. Of particular interest are proteins CDKN1A, ERBB2, IL8, and EGR1, which are not annotated in Gene
Ontology as apoptosis participants but have a statistically significant number of interactions with genes involved in
apoptosis. This indicates their role in regulating programmed cell death. The obtained results can guide the design
of new experiments studying the role of apoptosis in carcinogenesis and aid in the search for novel therapeutic
targets and approaches for HCC therapy using apoptosis modulation in malignant hepatocytes. Furthermore, the
proposed approach to reconstructing and analyzing the apoptosis regulation gene network in hepatocellular car-
cinoma can be applied to analyze other tumor forms providing a systemic understanding of disturbances in key
regulatory processes in oncogenesis and potential therapy targets.
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Reconstruction and analysis of the gene network
regulating apoptosis in hepatocellular carcinoma

13 KNIOYEBbIX HAMPaB/IEHVNIN B N3YyYEHUN MONEKYNIAPHbIX MEXaHN3MOB Pa3BUTUA renaToLeIioNAPHON KapLuHO-
Mbl SABMSETCSA aHaNM3 HapyLLEeHWI NPOLIECCOB anonTo3a B renatounTax. Ha npoTsikeHunn Bcell Xn3Hu Gnaropaps
anonTo3y NPONCXOAUT AMMMUHaLNA CTapbIX 1 AedeKTHbIX KNeTOK, Toraa Kak ocnabneHve anontoTmyecko rubenm
CNYXWT OOHUM 13 Beylmnx GakTopoB KaHLeporeHesa. B HacToALlem UccnefoBaHyv BbIMOIHEHbI PEKOHCTPYKLMA
1 aHann3 reHHOW CeTn perynAaumm anonTo3a renaToLyToB Y YesloBeka Ha OCHOBE laHHbIX CEKBEHPOBaHNA TPaHC-
KpmrnToma ofiMHOUHbIX KneToK (sSCRNA-seq) 1 6a3bl 3HaHMin ANDSystem, ncnonb3ytoLiein MeToabl NCKYCCTBEHHOTO
VNHTeNNIeKTa U KOMMbIOTEPHOW cucTeMHON 6ronornn. CpaBHUTENbHBINA aHaIM3 SKCNPeCcCUn reHOB NMoKasan ocna-
6/1EHNE TPAHCKPUMLMN FEHOB, BOBJIEYEHHbIX B PErY/ALNI0 BOCNANUTENbHBIX MPOLIECCOB 1 anonTo3a, B OMyXoneBbiX
renaToyuTax No CPaBHEHMIO C renaToLTamy HOPManbHOW TKaHM NeyeHn. PeKOHCTPYyMpoOBaHHaA ceTb BKoYana
116 anddepeHLManbHO SKCMPECCUMPYIOLNXCA FEHOB, aHHOTUPOBaHHbIX B Gene Ontology Kak reHbl, BOBNEYEHHble
B npovecc anonTo3a (apoptotic process GO:0006915), 116 cooTBeTCTBYIOLWMX 6ENKOB, @ TakKe 16 AOMONHUTENbHbIX
6enkoB, He umeloLnx GO-aHHoTaumK, Ho auddepeHUranbHO SKCNPeccMpyemblX NPY renaToLeTIONAPHON KapLn-
HOMe 1 BOBNIeYEHHbIX BO B3aVIMOAENCTBUA C reHaMm 1 6efikamu, y4acTByoWMMN B NpoLiecce anonTosa. Komnbio-
TEPHbI aHany3 reHHoW CeTy BbIABWA PAA KitoueBbix 6enkos — npoaykTos reHoB NFKB1, MMP9, BCL2, A4, CDNTA,
CDK1, ERBB2, G3P, MCL1, FOXO1, BeMOHCTPUPYHIOLLMX KaK BbICOKOE UMCI0 CBA3EN C APYrMU OObeKTaMU CETH, TaK U
anddepeHUmnanbHyo SKCNpeccunto Npu renaTouennonapHon KapurHomMe. Ocobblil nHTepec NpeacTaBnaoT 6enku
CDKN1A, ERBB2, IL8 1 EGR1, He aHHOTMpOBaHHble B Gene Ontology Kak y4acTHUKM anonTo3a, Ho obnapatoLyme cTa-
TUCTNYECKM 3HAUYMMbIM YNCSTOM B3aUMOAENCTBUI C reHaMu, BOBJIEYEHHbIMU B anomnTo3, YTO YKa3biBaeT Ha UX Posb
B PErynAumm nporpaMmMmnpyemMoin KnetouHom rubenu. NMonyuyeHHble pesynbTaTbl MOTYT HAUTV NPUMEHEHWE ANA NNa-
HUPOBaAHUA HOBbIX SKCMEPVMEHTOB MO N3YYEHUIO POJI anonTo3a B KaHLieporeHese 1 Noucka HOBbIX MULLEHEN 1
noaxofoB ANA Tepanuy renatoLenoNApHON KapLHOMbI, OCHOBaHHbIX Ha MOAYNALMM anonTo3a B 3/10Ka4eCTBEeH-
HbIX renatouuTax. [peanoxeHHbIN NOAX0A K PEKOHCTPYKLMN U aHaNM3y reHHOW CeTW perynauum anonTosa npw re-
naToLenoNAPHON KapLMHOME MOXKET ObITb MCMOMb30BaH AA aHanm3a apyrux Gopm onyxoneii u Aaet cUcTeMHoe
npeAcTaBneHne O HapyLeHNAX KNoUYeBbIX PEryNATOPHbIX NPOLLECCOB B OHKOreHese 1 NOTeHUNaNbHbIX MULLEHAX
Ana Tepanuun.

KnioueBble cnoBa: renatouenonAapHas KapLUUHOMA; TPAHCKPUNTOMMKA OAMHOYHbBIX KNETOK; afnonTo3; reHHble

ceTu; KOrHUTMBHaA cuctema ANDSystem

Introduction

Hepatocellular carcinoma (HCC) is the most common pri-
mary liver cancer arising from the malignant transformation
of hepatocytes. Approximately 750,000 people die from
this disease worldwide each year (Ganesan, Kulik, 2023).
This malignancy is characterized by marked resistance to
anticancer drugs and a high rate of recurrence (Zou et al.,
2025), underscoring the relevance of investigating both the
molecular mechanisms of tumorigenesis and the development
of tumor resistance —and, on this basis, identifying targets for
anticancer therapy. The principal risk factors for HCC include
chronic infection with hepatitis B and C viruses, alcoholic
cirrhosis, and non-alcoholic steatohepatitis; other established
risk factors comprise obesity, type 2 diabetes mellitus, and
tobacco smoking (Ogunwobi et al., 2019).

Viral infections and/or adverse environmental factors
(exposure to hepatotoxic agents) induce alterations in the
functioning of a number of signaling pathways in hepa-
tocytes, leading to their malignant transformation and the
development of HCC. It has been established that the hepa-
titis B virus X protein (HBX) suppresses the activity of the
pro-apoptotic protein p53, impairs DNA repair, and activates
several signaling cascades (STAT, NF-xB, AP-1, etc.) in-
volved in cell proliferation and survival, thereby promoting
HCC progression (Jiang Y. et al., 2019). The pathogenesis
of HCC involves changes in: (a) growth factor signaling
pathways such as insulin-like growth factor (IGF), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF),
fibroblast growth factor (FGF), and hepatocyte growth factor
(HGF/MET); (b) signaling pathways related to cell differen-

964

tiation, including WNT, Hedgehog, and Notch; and (c) an-
giogenesis-related pathways driven by vascular endothelial
growth factor (VEGF) and FGF (Dhanasekaran et al., 2016).
In addition, disruption of apoptosis — programmed cell death —
makes a crucial contribution to HCC progression (Fabregat,
2009). Chronic liver inflammation resulting from hepatitis
B or C virus infection or exposure to adverse environmental
factors leads to hepatocyte apoptosis accompanied by a com-
pensatory increase in their proliferation, which, under condi-
tions of high oxidative stress caused by inflammation, results
in the accumulation of DNA mutations and an increased
likelihood of malignant transformation of hepatocytes (Yang
et al., 2019). Moreover, apoptosis plays a key role in elimi-
nating malignant cells; therefore, activation of apoptosis is
one of the mechanisms of action of anticancer drugs in HCC
(Hajizadeh et al., 2023). It has been shown that suppression
of the extrinsic and intrinsic apoptosis pathways — particu-
larly by regulatory microRNAs — may be associated with
the development of HCC and poor clinical outcomes (Khle-
bodarova et al., 2023). It has also been established that the
hepatitis B virus HBx protein suppresses the activity of the
pro-apoptotic protein p53, contributing to the initiation and
progression of HCC (Jiang Y. et al., 2019). Available data
indicate that disruption of the balance between pro-apoptotic
and anti-apoptotic proteins in hepatocytes is one of the factors
underlying HCC development and the emergence of drug re-
sistance (Ladd et al., 2024; Wu et al., 2024). This necessitates
investigating the mechanisms by which apoptotic pathways
in hepatocytes are perturbed during HCC development and
identifying key regulatory nodes of apoptosis, the expres-
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sion of which differs between healthy and tumor hepato-
cytes.

It is well known that disturbances in the interactions among
tumor cells, the stroma, and immune cells play an important
role in disease progression, fostering HCC development,
the emergence of drug resistance, and recurrence (Xue et
al., 2022). Notably, HCC exhibits a high degree of cellular
heterogeneity, which highlights the importance of methods
that probe the molecular processes of HCC development at
the single-cell level (Li X. et al., 2022).

One such method — single-cell transcriptome sequenc-
ing — provides valuable information on gene expression
features across different cell types within tumor tissue. This
is particularly relevant when comparing malignantly trans-
formed hepatocytes within the tumor to normal hepatocytes
from histologically unaltered liver tissue (Zhang et al., 2022).
However, differential expression analysis alone is insufficient
to elucidate the mechanisms of tumor transformation. Based
on such experimental data, it is necessary to reconstruct
gene networks — ensembles of coordinately functioning
genes — which provide valuable insights into dysregulated
molecular mechanisms of gene—gene interactions responsible
for the development of pathological processes (Saik et al.,
2019; Ivanisenko V.A. et al., 2022; Antropova et al., 2023;
Butikova et al., 2025).

The aim of our study was to reconstruct and analyze the
gene network regulating apoptosis in hepatocytes in human
hepatocellular carcinoma using an integrated approach
that combines single-cell transcriptomic data with the
ANDSystem software-information platform designed for
gene network reconstruction based on automated analysis
of scientific publications and biomedical factual databases
(Demenkov etal., 2011; Ivanisenko V.A. etal., 2015, 2019).
The system employs artificial intelligence methods and an
ontological description of the domain, ensuring high cov-
erage and accuracy in knowledge extraction from diverse
sources of experimental information (lvanisenko T.V. et al.,
2020, 2022, 2024).

By comparing sScRNA-seq transcriptomic data for normal
hepatocytes and hepatocytes malignantly transformed in
HCC, we identified 1,853 differentially expressed genes
(DEGS). Using ANDSystem, we reconstructed an interaction
network between the DEGs and genes annotated in Gene
Ontology as involved in apoptosis (GO:0006915). Analysis
of the resulting gene network highlighted several DEGs,
the products of which (including BCL2, NFKB1, FOXO1,
MCLI1, CDKNIA, ERBB2, IL8, and EGR1) exhibit signifi-
cant connectivity with components of the apoptosis network.
Notably, some of these proteins (CDKN1A, ERBB2, IL8,
EGR1) were not annotated in Gene Ontology as apoptosis
participants, underscoring their potential novelty and impor-
tance for understanding the mechanisms of programmed cell
death in HCC. In addition, based on scRNA-seq data, we
observed decreased expression of key inhibitors of apopto-
sis in hepatocellular carcinoma cells. This finding suggests
that evasion of apoptosis in HCC may be driven not by
the enhancement of anti-apoptotic mechanisms but, on the
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contrary, by disruption of pro-apoptotic signaling pathways.
The results obtained may be useful for planning further ex-
perimental studies aimed at elucidating the mechanisms of
apoptosis regulation in hepatocytes in HCC and are also of
interest for developing targeted therapeutic strategies aimed
at modulating apoptotic processes in tumor cells of the liver.

Material and methods

GEO database. For the analysis, we used single-cell tran-
scriptome sequencing data from primary hepatocellular car-
cinoma (HCC) specimens and paired histologically normal
liver tissues, available in the NCBI Gene Expression Om-
nibus (GEO) under accession GSE149614. Data from eight
patients were analyzed (patients 3,4, 5, 6, 7, 8, 9, and 10).

Transcriptome data analysis. Single-cell RNA-sequenc-
ing (scRNA-seq) data processing and downstream analyses
were performed in Python using the Scanpy package (v1.9.3)
(Wolf et al., 2018). Initial filtering included: (1) removing
cells with detected expression for fewer than 100 genes, and
(2) removing genes detected in fewer than 3 cells. Normal-
ization was carried out with scanpy.pp.normalize_total(),
followed by a loglp transformation. Cell clustering was
performed using the Leiden algorithm (Traag et al., 2019).
Differentially expressed (marker) genes for each identified
cluster were determined with scanpy.tl.rank_genes_groups(),
employing the Wilcoxon rank-sum test.

Based on the expression of known hepatocyte marker
genes (ALB, HNF4A, SERPINA1, CYP3A4, TAT, TF) (Si-
Tayeb et al., 2010) and the clustering results, cells classified
as hepatocytes were selected. For subsequent comparative
analyses between tumor and normal hepatocytes, pseudobulk
samples (Squair et al., 2021) were generated for each patient
by aggregating expression values across all cells separately
for tumor and normal tissue.

Statistically significant differences in gene expression
between the pseudobulk tumor group and the pseudo-
bulk normal hepatocyte group were identified in R using
DESeq2 (v1.42.0) (Love et al., 2014). Differentially expressed
genes were defined by thresholds of p-value < 0.05 and
[logFC| > 0.5.

Reconstruction of gene networks. Reconstruction and
analysis of the gene network regulating hepatocyte apoptosis
in human hepatocellular carcinoma were performed using the
ANDSystem software-information platform (Demenkov et
al., 2011; Ivanisenko V.A. etal., 2015, 2019). The effective-
ness of ANDSystem has been demonstrated in a number of
studies, including reconstruction of the endothelial apoptosis
regulatory network in lymphedema (Saik et al., 2019) and
investigations of molecular mechanisms associated with
hepatocellular carcinoma (Demenkov et al., 2023; Khlebo-
darova et al., 2023). The system has also been applied to the
interpretation of omics data — metabolomics (lvanisenko V.A.
etal., 2022, 2024) and proteomics (Momynaliev et al., 2010;
Larina et al., 2015) — demonstrating its versatility and ap-
plicability to diverse data types and diseases.

The network reconstruction comprised several stages.
First, using the Query Wizard of the ANDVisio software
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module (Demenkov et al., 2011), a graphical user interface
within ANDSystem, we reconstructed an associative gene
network that included genes and their protein products
involved in apoptosis. The list of human protein-coding
genes participating in apoptosis was obtained from The Gene
Ontology Resource (https://geneontology.org/) for the term
G0:0006915 “apoptotic process”.

At the second stage, we searched for novel proteins in-
volved in the regulation of apoptosis in hepatocytes during
HCC development. We considered as candidates those pro-
teins that are not annotated in The Gene Ontology Resource
as apoptosis participants but regulate the expression of the
initial genes involved in apoptosis.

To identify such proteins, using the Pathway Wizard in
ANDVisio, we retrieved all direct relationships of the types
Expression regulation, Expression upregulation, Expression
downregulation, and Interaction from the protein products of
all DEGs identified in the experiment to the DEGs involved
in apoptosis according to Gene Ontology.

We then assessed the statistical significance of the speci-
ficity of the linkage between the identified proteins and the
baseline apoptosis gene network constructed in stage 1. The
specificity metric was defined as the proportion of a protein’s
interactions that connect to genes in the network relative to
the total number of that protein’s genome-wide interactions.
The statistical significance of the deviation between the ob-
served number of a given protein’s interactions with network
genes and the number expected by chance was evaluated
using the hypergeometric distribution:

Poxzn)= S N=x

k=x M '
N
where M is the total number of protein-coding genes in the
database, n is the number of genes in the analyzed gene
network, N is the total number of human genes that interact
with the protein under study, and x is the number of network
genes that interact with the protein under study.

P-values were calculated using the Python library (scipy.
stats.hypergeom). To correct for multiple testing, the Bon-
ferroni adjustment (Narkevich et al., 2020) was applied,
under which DEGs were considered statistically significant
if their Bonferroni-adjusted p-value satisfied p < 0.05. All
computations were performed using statsmodels and other
standard Python tools.

Thus, the final gene network regulating apoptosis during
HCC development included both the DEGs and their products
annotated in Gene Ontology as participating in the apoptotic
process, and the protein products of DEGs that were statisti-
cally significantly linked to this apoptosis network but not
annotated as apoptosis participants in Gene Ontology.

Gene network analysis. For each network component
(gene or protein), ANDSystem computed the Network Con-
nectivity metric, defined as the number of other network
objects (nodes) to which the component is connected (i. €., its
degree). Network hubs were defined as proteins and genes,
Network Connectivity of which exceeded the critical value
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(quantile) corresponding to a p-value of 0.05. The quantile
was calculated from the empirical distribution of Network
Connectivity across all nodes of the gene network. Thus,
the number of connections for hub nodes was statistically
significant at p < 0.05.

Phylostratigraphic analysis of gene networks. The
evolutionary age of genes was determined using the
GenOrigin database (http://chenzxlab.hzau.edu.cn/) (Tong
et al., 2021), which provides gene age annotations across
species inferred by phylostratigraphic analysis. To assess
the statistical significance of differences in the distribution
of gene ages between the full set of human protein-coding
genes and the genes in the reconstructed apoptosis network
of hepatocytes in HCC, we applied a hypergeometric test.
The probability of observing m or more genes from a given
age interval among M network genes was calculated using
the hypergeom.pmf function from SciPy. The analysis was
performed for the 20 age intervals represented in GenOrigin.
The following parameters were used in the calculations:
N — the total number of human protein-coding genes; n —the
number of human protein-coding genes in a given age inter-
val; M — the number of genes in the reconstructed network;
m — the number of network genes within the interval under
analysis. Differences were considered statistically significant
atp <0.05.

Functional annotation of gene sets. Functional annotation
of the genes represented in the network was performed using
the web-based Database for Annotation, Visualization and
Integrated Discovery (DAVID 2021) (https://david.
ncifcrf.gov/; Sherman et al., 2022) with default settings.
Over-representation analysis of Gene Ontology terms
describing biological processes, molecular functions, and
cellular components, as well as KEGG pathways (i.e.,
enrichment analysis of gene sets to identify key biologi-
cal processes associated with the genes under study), was
carried out for (i) the complete set of DEGs identified
from the hepatocyte transcriptome analysis and (ii) the
subset of DEGs included in the hepatocyte apoptosis regu-
latory gene network. In DAVID, over-representation of GO
terms and KEGG pathways was evaluated using Fisher’s
exact test (Sherman et al., 2022). Statistical significance
of enrichment was defined as a Bonferroni—Sidak-adjusted
p-value < 0.05 (Sidak, 1967).

Results

Analysis of differential gene expression in HCC

As a result of comparing single-cell transcriptomes (ma-
lignantly transformed tumor hepatocytes vs. hepatocytes
from histologically normal liver tissue), 1,853 differentially
expressed genes (DEGs) were identified. The data for these
DEGs are provided in Table S11. Among them, 964 genes
showed increased expression and 889 genes showed de-
creased expression in tumor hepatocytes compared with
normal liver cells. The results of the functional annotation

1 Tables $1-57 and Figs S1 and S2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Adam_Engl_29_7.xIsx
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Table 1. Overrepresented Gene Ontology terms for genes with increased and decreased expression
in tumor hepatocytes compared with hepatocytes from histologically normal liver tissue in HCC
Genes Genes
with increased expression with reduced expression
# Gene Ontology term %*  p-value** # Gene Ontology term %*  p-value**
1 GO:0051301~cell division 7.7 0.000 1 GO:0007165~signal 12.4 0.000
transduction
2 GO:0007059~chromosome 3.6 0.000 2 GO0:0035556~intracellular 5.5 0.000
segregation signal transduction
3 GO0:0006325~chromatin 3.1 0.020 3 GO:0045944~positive regulation 10.9 0.000
organization of transcription by RNA polymerase Il
4 GO0:0006281~DNA repair 3.7 0.005 4 GO0:0000122~negative regulation 9.4 0.000
of transcription by RNA polymerase Il
5 GO:0006260~DNA replication 2.8 0.000 5 GO:0045893~positive regulation 6.6 0.021
of DNA-templated transcription
6 G0:0000398~mRNA splicing, 2.8 0.004 6 GO0:0006915~apoptotic 7.0 0.000
via spliceosome process
7 GO:0006364~rRNA 2.7  0.000 7  GO:0043065~positive regulation 39 0.012
processing of apoptotic process
8 GO0:0006412~translation 34 0.000 8 GO0:0043066~negative regulation 53 0.017
of apoptotic process
9 GO0:0032543~mitochondrial 24 0.000 9  GO0:0006954~inflammatory response 4.7 0.019
translation
10 GO:0006457~protein folding 3.3 0.000 10 GO:0016477~cell migration 4.0 0.000

* Proportion of genes associated with the given term relative to the total number of up- or downregulated genes; ** p-value for the statistical significance of Gene
Ontology term over-representation with the Bonferroni-Sidak correction. The table reports the ten most significant terms (those with the highest proportion
of DEGs associated with the term relative to the total number of DEGs) describing biological processes for the upregulated and downregulated gene sets.

of DEGs using the DAVID web resource — namely, the lists
of significantly overrepresented Gene Ontology terms and
KEGG pathways — are presented in Tables S2 and S3. The
ten most significant biological process terms (those with the
highest proportion of DEGs associated with the term rela-
tive to the total number of DEGSs) for the upregulated and
downregulated gene sets are shown in Table 1.

For the genes with increased expression in malignantly
transformed cells, significantly overrepresented terms were
related to cell division (#1, #2 in Table 1), chromatin organi-
zation (#3 in Table 1), DNA repair and replication (#4, #5 in
Table 1), mRNA splicing (#6 in Table 1), rRNA processing
(#7 in Table 1), protein translation (#8, #9 in Table 1), and
protein folding (#10 in Table 1). For the upregulated genes,
KEGG pathways related to oxidative phosphorylation
(hsa00190: Oxidative phosphorylation) and DNA replication
(hsa03030: DNA replication) were significantly overrepre-
sented (Table S2).

For the genes with decreased expression, significantly
overrepresented terms described intracellular signal trans-
duction (#1, #2 in Table 1), transcriptional regulation (#3-5

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

in Table 1), positive and negative regulation of apoptosis
(#6-8 in Table 1), inflammation (#9 in Table 1), cell migra-
tion (#10 in Table 1), T-cell receptor signaling pathways
(#10 in Table S3), and receptor tyrosine kinases (#11 in
Table S3).

For the genes with increased expression, significantly
overrepresented KEGG pathways included the MAPK sig-
naling pathway (hsa04010), NF-kB signaling (hsa04064),
chemokine signaling (hsa04062), and T-cell receptor signa-
ling (hsa04660) (Table S3).

Gene network of DEGs involved in the apoptosis

process according to Gene Ontology data

As described in the “Materials and methods™ section, re-
construction of the gene network regulating apoptosis in
hepatocytes during HCC development was carried out in two
stages. Given the well-established importance of apoptosis
in HCC (Hajizadeh et al., 2023; Ladd et al., 2024; Wu et al.,
2024), as well as the over-representation of apoptosis-related
processes among downregulated genes identified in our study
(Table 1) in malignantly transformed hepatocytes, the first
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stage incorporated into the gene network those genes and
their protein products that, according to Gene Ontology, are
involved in apoptosis and the expression of which in tumor
hepatocytes differs from that in hepatocytes from histologi-
cally normal liver tissue. Of the 746 protein-coding genes
(Table S4) annotated in The Gene Ontology Resource under
the term “apoptotic process” (GO:0006915), 116 (16 % of all
genes annotated to this term) were differentially expressed
in malignantly transformed hepatocytes. Of these, 49 genes
were upregulated and 67 genes were downregulated in tumor
hepatocytes compared with healthy liver cells, accounting for
42.2 and 57.8 %, respectively, of the 116 apoptosis-related
DEGs. The associative gene network reconstructed using
ANDSystem (Fig. S1) comprised the 116 DEGs involved
in apoptosis and their 116 protein products. Characteristics
of this network are presented in Table 2 (column “Gene
network, stage 1”); its visualization is shown in Fig. S1, and
the full list of components (proteins and genes) is provided
in Table S5.

At the second stage, to identify novel protein regula-
tors of apoptosis during the malignant transformation of
hepatocytes, the network reconstructed in stage one was
expanded by adding the protein products of all DEGs re-
vealed by the comparative analysis of transcriptomes from
malignantly transformed hepatocytes and hepatocytes of
histologically normal liver tissue. In expanding the net-
work, we selected relationship types pertaining to gene
expression regulation — expression regulation, expression
upregulation, expression downregulation, and interaction.
We found that, of the 116 apoptosis-related DEGs, the
expression of 68 genes (59 %) is regulated by 223 proteins
encoded by genes that are differentially expressed in tumor
hepatocytes relative to normal liver tissue, but are not an-
notated in Gene Ontology as participating in apoptosis.
The list of these genes is provided in Table S6. Of them,
102 genes were upregulated and 121 genes were downre-
gulated.

According to functional annotation, the downregulated
genes were significantly overrepresented (Bonferroni-ad-
justed p-value < 0.05) for biological processes including
leukocyte cell—cell adhesion (GO:0007159), neutrophil
chemotaxis (G0:0030593), cell division (GO:0051301),
and positive regulation of the PI3K/Akt signaling pathway
(GO:0051897).

Next, for the 223 candidate proteins potentially involved
in regulating hepatocyte apoptosis during HCC development,
we assessed the statistical significance of their specificity of
association with the apoptosis regulatory gene network. For
each protein, we calculated the probability that the observed
fraction of its interactions with network genes relative to its
total interactions with human protein-coding genes could
arise by chance. As a result, 16 DEGs (11 downregulated
and 5 upregulated) were identified as significantly associated
(Bonferroni-adjusted p-value < 0.05) with 43 apoptosis genes
(Table 3). As seen in Table 3, the products of 1L8, ERBB2,
EGR1, TGFB2, and CDKN1A have the highest numbers
of links to DEGs already annotated in Gene Ontology as
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apoptosis participants. Proteins encoded by CDN1A, ETS2,
EGR1, BACH2, KLF5, and FENL1 are transcription factors
according to The Human Transcription Factors database
(Lambert et al., 2018; https://humantfs.ccbr.utoronto.ca/).

The final gene network of hepatocyte apoptosis in HCC
is shown in Fig. S2, and its characteristics are presented in
Table 2 (column “Gene network, stage 2”). The complete list
of proteins and genes in the network is provided in Table S7.
As seen in Table 2, upon expanding the initial apoptosis
gene network with proteins that regulate the expression of
apoptosis genes, the number of links of all types increased,
with the exception of downregulation. Network hubs — that
is, the nodes (genes or proteins), Network Connectivity (the
number of other nodes connected to a given node) of which
exceeded the critical (quantile) threshold corresponding to
a p-value of 0.05 (see “Materials and methods™) — are listed
in Table 4.

Actotal of 11 network hubs were identified (Table 4), 10 of
which are proteins, and one is the gene MMP9, the product
of which also appears among the network hubs. According to
ScCRNA-seq data (Table S1), the expression of genes encod-
ing three proteins (CDK1, MMP9, G3P) was increased in
malignantly transformed hepatocytes compared with hepa-
tocytes from histologically normal liver tissue, whereas the
expression of genes encoding the remaining seven proteins
(NFKB1, BCL2, A4, CDKN1A, ERBB2, MCL1, FOXO1)
was decreased. The genes encoding two network hubs —
CDKN1A and ERBB2 - had not previously been annotated
in Gene Ontology as participants in the apoptotic process.

Network of gene expression regulation involved

in hepatocyte apoptosis during the development

of hepatocellular carcinoma

Taking into account the scRNA-seq-identified changes in the
expression of genes, the products of which are involved in
hepatocyte apoptosis during HCC development, we analyzed
gene expression regulation within the final apoptosis net-
work. To this end, we filtered the edges of the reconstructed
network, retaining only those proteins that either enhance
(edge type “expression upregulation,” Fig. 1) or suppress
(edge type “expression downregulation,” Fig. 2) the ex-
pression of genes comprising the final apoptosis regulatory
network.

The expression-activation network (Fig. 1) comprised
38 proteins that activate the expression of 40 gene compo-
nents of the apoptosis network. According to ANDSystem,
NFKB1 activates the expression of 15 genes (including
BCL2, MCL1, CFLAR, etc.), IL-8 activates 5 genes, ERBB2
activates 4 genes, and EGR1, SDF1, and TGFB2 each
activate 3 genes; the remaining proteins in the expression-
activation network regulate fewer than three apoptotic
genes. In our scRNA-seq analysis (Table S1), both these
regulators and their target genes exhibited decreased ex-
pression in malignantly transformed hepatocytes compared
with hepatocytes from histologically normal liver tissue. By
contrast, the matrix metalloproteinase gene MMP9, which
was upregulated, is activated, according to ANDSystem, by
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Table 2. Characteristics of associative networks of genes and proteins involved in apoptosis

of hepatocytes in HCC

Parameter

Gene network

Stage 1 Stage 2

Number of network components 238 248

genes 116 116

proteins 116 132
Number of interactions 1,512 1,933

Of these, the following types of interactions:
Gene expression
Expression 116 116
Differential expression 2 2
Coexpression 7 7
Protein interactions
Interaction 259 385
Catalyze 21 29
Cleavage 2 5
Modification 34 50
Regulatory interactions

Regulation 85 95
Upregulation 69 79
Downregulation 24 24
Expression downregulation 122 134
Expression regulation 309 385
Expression upregulation 165 213
Activity downregulation 35 47
Activity regulation 60 79
Activity upregulation 25 35
Modification downregulation 15 17
Modification regulation 54 64
Modification upregulation 51 60
Degradation downregulation 9 12
Degradation regulation 17 34
Degradation upregulation 7 21
Transport regulation 24 40

five proteins (MEIN1, PPIA, TRIB3, CHK1, FENI1), the
expression of which was also increased in tumor hepatocytes.
In addition, CDC20, FEN1, KLF5, and their target genes
showed increased expression.

The expression-repression network (Fig. 2) of genes
involved in apoptosis in HCC comprised 15 proteins con-
nected by “expression downregulation” type of interactions
to 9 genes. According to ANDSystem, the expression of
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MMP9 can be suppressed by five proteins (NFKB1, GELS,
NR4A1l, FOXO1, EGRL1), the expression of which is re-
duced in malignantly transformed hepatocytes according
to scRNA-seq, which may account for the elevated MMP9
expression observed in the sScRNA-seq analysis. The expres-
sion of BCL2, which is decreased in tumor hepatocytes, can
be suppressed by four proteins (CDK1, VDACI1, MMP9,
CYC), the expression of which is increased in malignant
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Table 3. List of proteins encoded by DEGs of malignantly transformed hepatocytes that are involved
in the regulation of apoptosis in HCC but are not annotated in Gene Ontology as participants in apoptosis
(GO:0006915, apoptotic process)

No. Protein Name of the protein Number Expression  p-value
of interactions

DEG Total
1 IL8 C-X-C motif chemokine ligand 8 10 25 Decreased  0.00000
2 ERBB2 Erb-b2 receptor tyrosine kinase 2 9 32 0.00025
3  EGR1 Early growth response 1 7 23 0.01576
4 CDKN1A Cyclin dependent kinase inhibitor 1A 6 35 0.00004
5 TGFB2 Transforming growth factor beta 2 6 14 0.00861
6 ETS2 ETS proto-oncogene 2 transcription factor 5 8 0.00018
7  KLF5 KLF transcription factor 5 5 13 Increased 0.00196
8 SDF1 C-X-C motif chemokine ligand 12 5 15 Decreased  0.04080
9 GELS Gelsolin 4 14 0.0012
10 K2C7 Keratin 7 3 3 0.00071
11 IMA1 Karyopherin subunit alpha 2 3 12 Increased 0.00198
12 FEN1 Flap structure-specific endonuclease 1 3 8 0.00576
13 NEP Neprilysin 3 9 Decreased  0.00765
14 CDC20 Cell division cycle 20 3 19 Increased  0.01919
15  NEUT Neurotensin 3 4 0.02776
16 BACH2 BTB domain and CNC homolog 2 3 7 Decreased  0.03851

Note. Number of interactions to apoptosis DEGs — the number of expression-regulatory links from the protein to genes involved in apoptosis according to Gene
Ontology; Total number of links - the number of links from the protein to all components of the final gene network (genes and proteins); Expression - direction
of the gene’s expression change in tumor hepatocytes relative to normal cells (increased; decreased); p-value - statistical significance of the protein’s association
with apoptosis genes, computed using the hypergeometric test with the Bonferroni correction. Proteins are sorted in descending order of the significance of their
association with the apoptosis network. Transcription factors are shown in bold, according to The Human Transcription Factors database (Lambert et al., 2018;
https://humantfs.ccbr.utoronto.ca/).

Table 4. Hubs of the apoptosis gene network in hepatocytes in human hepatocellular carcinoma

No. Object type Name of the Protein/gene name Number of linked  p-value Expression
in the network object in the network objects
network
1 Protein NFKB1 Nuclear factor kappa B subunit 1 87 0.004 Decreased
2  Gene MMP9 Matrix metallopeptidase 9 48 0.008 Increased
3 Protein BCL2 BCL2 apoptosis regulator 46 0.012 Decreased
4 Protein A4 Amyloid beta precursor protein 43 0.016
5 Protein CDN1A Cyclin dependent kinase inhibitor 1A 35 0.020
6 Protein CDK1 Cyclin dependent kinase 1 33 0.024 Increased
7  Protein ERBB2 Erb-b2 receptor tyrosine kinase 2 31 0.028 Decreased
8 Protein MMP9 Matrix metallopeptidase 9 29 0.036 Increased
9 Protein G3P Glyceraldehyde-3-phosphate dehydrogenase 29 0.036
10  Protein MCL1 MCL1 apoptosis regulator, BCL2 family member 27 0.044 Decreased
11 Protein FOXO1 Forkhead box O1 27 0.044

Note. p-value - the critical threshold (quantile) calculated from the observed distribution of Network Connectivity across all nodes of the gene network. Proteins
not previously annotated in Gene Ontology as participants in the apoptotic process are shown in bold.
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Gene

Protein
Expression upregulation

Fig. 1. Gene network of expression activation for gene components of the apoptosis regulatory network during HCC development.

Proteins and genes with increased expression are outlined in green; those with decreased expression are not outlined. Proteins that had not
previously been annotated in Gene Ontology as participants in apoptosis are shown as larger circles. Shown are only the protein components of
the hepatocyte apoptosis regulatory network in HCC (see Fig. S2) that activate (type of interaction - expression upregulation) the expression of
gene components of the same network.

Gene

Protein
Expression downregulation

Fig. 2. Gene network of expression repression for gene components of the apoptosis regulatory network during HCC development.

Proteins and genes with increased expression are outlined in green; those with decreased expression are not outlined. Proteins not previously
annotated in Gene Ontology as participants in apoptosis are shown as larger circles. Shown are only the protein components of the hepatocyte
apoptosis regulatory network in HCC (see Fig. S2) that suppress (type of interaction — expression downregulation) the expression of gene
components of the same network.

hepatocytes compared with hepatocytes from healthy liver  Phylostratigraphic analysis

tissue. Among the proteins involved in apoptosis regulation  of the gene network

in HCC but not annotated in Gene Ontology as participants ~ The analysis of the evolutionary age distribution of genes
in this process, the expression-repression network included  in the reconstructed apoptosis network in HCC is presented
EGRL1, CDN1A, GELS, and CDC20. in Figure 3. The proportion of genes in the reconstructed
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Age of genes, min years

Fig. 3. Distribution of the evolutionary age of genes in the reconstructed hepatocyte apoptosis network during HCC development.

The X-axis shows gene age intervals (million years) according to the GenOrigin database; the Y-axis shows the proportion of genes in each interval. Blue bars
indicate the distribution for the full set of human protein-coding genes; red bars indicate the distribution for genes in the reconstructed hepatocyte apoptosis
network in HCC. * — denotes statistical significance of the difference in gene representation for a given age interval between the full set of human protein-coding

genes and the reconstructed network.

apoptosis network was significantly higher (p < 0.05, hy-
pergeometric test) than that among all human protein-coding
genes in the following age intervals: (1) 1,480-1,496 mil-
lion years, 13 genes; (2) 952-1,023 million years, 17 genes;
(3) 797824 million years, 5 genes; (4) 676—684 million
years, 14 genes.

Discussion
Apoptosis is a tightly regulated and evolutionarily conserved
program of cell death that performs key functions in normal
physiological processes such as embryogenesis and tissue
homeostasis in the adult organism. Resistance to apoptosis
is a well-known hallmark of cancer cells that supports their
survival and tumor growth (Kashyap et al., 2021). However,
the literature also reports that apoptotic processes can be
activated in tumor cells, especially at late stages of neoplasm
development. Thus, although evasion of apoptosis is a well-
established oncogenic mechanism (Moyer et al., 2025), tumor
cell populations cannot continuously suppress the apoptotic
program across all cells within a tumor (reviewed in Morana
et al., 2022). This indicates specific features of apoptosis
regulation during malignant progression that depend on
tumor stage, tissue of origin, and cell type, given the well-
known cellular heterogeneity of tumors (Li C. et al., 2020).
Therefore, detailed investigation of the molecular genetic
mechanisms of apoptosis in different types of malignan-
cies —particularly HCC — at the single-cell level is required.
In the present study, using publicly available sScRNA-seq
data, we performed a comparative analysis of the tran-
scriptomes of malignantly transformed hepatocytes and
hepatocytes from histologically normal liver tissue, and we
reconstructed the gene network regulating apoptosis in hepa-
tocytes during human hepatocellular carcinoma. Analysis of
the sScRNA-seq data and gene expression regulation within
the reconstructed network showed that expression of genes
NFKBL1, BCL2, and MCL1 — network hubs (Table 4) —is re-
duced in malignant hepatocytes compared with healthy cells.
The BCL2 and MCL1 proteins are known key inhibitors of
apoptosis, as they prevent activation of BAX/BAK, which is

required to increase mitochondrial membrane permeability
and subsequently activate effector caspases (Newton et al.,
2024). Upregulation of BCL2 expression is considered one
of the major mechanisms by which cells acquire resistance
to apoptosis during malignant transformation (Moyer et al.,
2025). However, in our study we observed decreased expres-
sion of BCL2 and MCL1 in HCC hepatocytes, which — ac-
cording to analysis of the apoptosis regulatory network — may
be due both to reduced expression of proteins that activate
BCL2 and MCL1 expression (such as NF-xB, SDF1, ERBB,
IL-8; Fig. 1) and to increased expression of proteins that
suppress BCL2 expression (Fig. 2).

It is noteworthy that NFKB1 is the principal hub of the
hepatocyte apoptosis network in HCC (Table 4) and a key
protein in the network that activates expression of genes
involved in hepatocyte apoptosis (Fig. 2), which, accord-
ing to ANDSystem, can activate a number of anti-apoptotic
genes, including BCL2 and MCL1. In tumors, activation of
the NF-«xB signaling pathway promotes survival by inhibit-
ing apoptosis (Gupta et al., 2023); therefore, the decreased
NFKB1 expression found in our study (Tables S1 and 4) may
plausibly increase hepatocyte susceptibility to apoptosis.
On the other hand, activation of NFKBL1 is reported to be
necessary for apoptosis via the extrinsic pathway induced
by chemokines — particularly IL1b (Wang P. et al., 2023) —
and mediated by the TNFR1 receptor (Moyer et al., 2025).
Thus, reduced NFKB1 expression in malignantly transformed
hepatocytes could, on the one hand, facilitate apoptosis of
malignant hepatocytes by weakening expression of apoptosis
inhibitors, but on the other hand hinder induction of extrinsic
apoptosis, which requires NF-«xB activation. In addition, our
ScRNA-seq analysis (Table S1) showed increased expression
of genes encoding pro-apoptotic proteins in tumor hepato-
cytes, such as BID —a BAX/BAK activator (Moyer et al.,
2025) —and FADD (FAS-associated death domain protein),
a key component of the extrinsic apoptotic pathway (Nagata
et al., 2017; Kashyap et al., 2021). One of the apoptosis
network hubs, cyclin-dependent kinase 1 (CDK1), also
shows increased gene expression in malignant hepatocytes
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(Table S1). G. Massacci et al. (2023) demonstrated that
CDK1 phosphorylates BCL2L1, BCL2, and MCL1, thereby
suppressing their anti-apoptotic functions. However, that
study also emphasized that the role of CDK1 in apoptosis
regulation may depend on experimental context and cell-
specific features.

Overall, the sScRNA-seq data indicate decreased expres-
sion of key anti-apoptotic genes and increased expression
of important pro-apoptotic genes in malignant hepatocytes
compared with healthy hepatocytes. Our results suggest that,
in the context of HCC, a reduction in anti-apoptotic protein
levels is insufficient to trigger apoptosis. This, in turn, sug-
gests that evasion of apoptosis by upregulating inhibitors of
apoptosis is not the predominant mechanism of HCC pro-
gression, which may instead be driven by other causes likely
related to the hepatocyte microenvironment — particularly
dysregulation of inflammatory processes — as supported by
SCRNA-seq studies (Lu et al., 2022; Jiang S. et al., 2024).
We also believe that activating pro-apoptotic effectors, such
as caspases, should be a key therapeutic objective.

It is well known that NF-«B proteins are major regulators
of inflammation, and increased expression stimulates the
inflammatory response (Wang P. et al., 2023). Therefore,
the reduced expression of the NFKB1 gene, which encodes
one member of this family, NFKBL, is consistent with the
attenuated expression of genes involved in the inflamma-
tory response in malignant hepatocytes, as indicated by the
functional annotation of DEGs (Table 1).

Asearch for regulatory links between the DEGs controlling
hepatocyte apoptosis in HCC and proteins — the products of
other DEGs identified by scRNA-seq — allowed us to iden-
tify more than 200 proteins (Table S6) that could potentially
modulate the expression of genes governing hepatocyte apop-
tosis during HCC, even though they are not annotated in Gene
Ontology as regulators of this process. Notably, functional
annotation of the genes encoding these proteins revealed in
tumor cells a reduced expression of genes, the products of
which support leukocyte migration and adhesion — chemo-
kines (CCL5, CXCL2, CXCL8, CXCL1), transforming growth
factor-p2 (TGFB2), the tyrosine kinase SYK, and integrin
ITGA4. However, according to ANDSystem, these same
proteins can regulate key nodes of the hepatocyte apoptosis
regulatory network. In particular, CCL5 induces expression
of matrix metalloproteinase 9 (MMP9) (Sevenich, Joyce,
2014), which is one of the principal hubs of the reconstructed
apoptosis regulatory network in HCC hepatocytes. MMP9 is
a member of the multifunctional family of zinc-dependent
endopeptidases and is activated during inflammation and in
certain cancers. Matrix metalloproteinases cleave extracellu-
lar matrix proteins and play crucial roles in cellular apoptosis,
angiogenesis, tumor growth, and metastasis (Verma et al.,
2015). MMP?9 is known to be capable of inducing apoptosis
(Liang et al., 2019). These findings indicate that reduced ex-
pression of genes encoding key immune defense components
may promote tumor progression not only by weakening the
immune response to transformed cells but also by influencing
apoptotic processes within them.
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At the same time, the previously proposed statistical ap-
proach (Yatsyk et al., 2025) for assessing the significance
of a given protein’s or gene’s association with a network of
interest (in this case, apoptosis), together with analysis of
the reconstructed network, enabled us to prioritize several
proteins — potential participants in the regulation of the
apoptotic process in hepatocytes — the altered expression of
which is likely to disrupt apoptosis regulation in hepatocytes
and thereby contribute to the onset and progression of HCC.
These proteins (ERBB2, CDNI1A, IL8, EGR1) are signifi-
cantly associated with the hepatocyte apoptosis regulatory
network in HCC and act as central regulators (hubs) influen-
cing a large number (>20) of its nodes.

The ERBB family of erythroblastic leukemia viral on-
cogene homologs, which includes the epidermal growth
factor receptor (EGFR) and ERBB2, ERBB3, and ERBB4,
regulates a broad range of essential cellular functions, such
as survival, growth, and migration of tumor cells, and has
therefore attracted attention as a therapeutic target in cancer
(Chen et al., 2024). ERBB2, a member of this family, the
expression of which was reduced in malignant hepatocytes
according to scRNA-seq, has not previously been annotated
as involved in apoptosis regulation, yet it emerged as a
statistically significant hub of the reconstructed apoptosis
regulatory network (Table 4). Elevated ERBB2 expression
is associated with breast tumor growth, and suppression of
ERBB2 and ERBB3 induces apoptosis in breast cancer cells
(Xiang etal., 2010). Although there are no data on the role of
ERBB?2 in apoptosis induction in HCC, our network analysis
indicates that this protein regulates several apoptosis-related
proteins and genes in HCC, including NFKB1, AKT2, CDK1,
MCL1, and FOXOL1. In particular, ERBB2 has been shown to
phosphorylate cyclin-dependent kinase CDKZ1, increasing the
resistance of cancer cells to apoptosis induced by the cyto-
static anticancer drug paclitaxel (\Vahedi et al., 2015). ERBB2
also appears to activate expression of the anti-apoptotic genes
NFKB1, AKT2, and MCLL1 (Fig. 1), which are downregulated
in malignant hepatocytes according to our sScRNA-seq data.
Thus, ERBB2 is an important potential node in the regulation
of apoptosis in hepatocytes, and changes in its expression
may contribute to HCC development.

IL-8, also known as CXCLS, is a pro-inflammatory chemo-
kine of the CXC family. Elevated IL-8 levels are associated
with poor prognosis across various cancers, including hepato-
cellular carcinoma. In HCC, increased IL-8 expression is also
linked to enhanced metastatic potential of tumor cells (Han
et al., 2023). Choi et al. (2016) showed that IL-8 knockdown
promoted apoptosis in HCC cells.

CDN1A (also known as CDKN1A), cyclin-dependent
kinase inhibitor 1A encoded by the CDKNZ1A gene, has not
previously been annotated in Gene Ontology as a protein in-
volved in apoptosis; however, its role in apoptosis during HCC
development has been discussed in the literature (Thanga-
velu et al., 2024). Reports emphasize that the role of CDN1A
in regulating apoptosis during tumorigenesis is context-
dependent, as CDKNZ1A can both suppress and promote
apoptosis (Manu et al., 2019). Experimental data indicate
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that CDKN1A is a p53 target and can stimulate apoptosis
in tumor cells by activating the TNF receptor or the pro-
apoptotic protein BAX, or by modulating the intrinsic
apoptotic pathway via changes in mitochondrial membrane
permeability (Abbas, Dutta, 2009). The natural compound
N-trans-feruloyloctopamine can enhance apoptosis of HCC
cells through its interaction with CDKN1A (Ma et al., 2021).

ANDSystem data indicate that this protein is one of
the central nodes of the apoptosis regulatory network in
hepatocytes during HCC development. It interacts with
other network hubs, in particular with well-known apoptosis
regulators such as NFKB1, BCL2, and CDK1. However,
scRNA-seq analysis showed that CDKN1A expression was
reduced in tumor hepatocytes compared with normal liver
cells (Table 4). These findings suggest that attenuation
of CDKNL1A expression in hepatocytes may represent an
important link in HCC pathogenesis, facilitating tumor-cell
evasion of apoptosis; nevertheless, its role in hepatocyte
apoptosis regulation in HCC requires further experimental
investigation.

Early growth response protein 1 (EGR1) suppresses proli-
feration and enhances apoptosis of malignantly transformed
cells in many tissues and organs, including the liver (reviewed
in Wang B. et al., 2021). It has also been shown that EGR1
can inhibit HCC growth by repressing transcription of
PFKL (phosphofructokinase-1, liver type) and by inhibiting
aerobic glycolysis in tumor cells (Pan et al., 2024). In our
study, EGR1, the expression of which is reduced, acts as an
activator of genes (LCN2, NR3C1, NR4A1; Fig. 1) involved
in apoptosis control, the expression of which is likewise
reduced in malignant hepatocytes. Our results suggest that
decreased EGR1 expression may be one of the mechanisms
underlying weakened apoptosis during malignant trans-
formation.

The use of phylostratigraphic analysis to assess gene evo-
lutionary age is important for studying the evolution of gene
networks and identifying their key components (Mustafin et
al., 2021). Notably, most genes in the hepatocyte apoptosis
network and those in the overrepresented age intervals are
older than 600 million years (Fig. 3), whereas relatively
young genes are scarce, indicating evolutionary conserva-
tion of the network genes and their importance for cellular
viability. In particular, the overrepresented group of genes
aged 1,480-1,496 million years corresponds to the period of
mitochondrial—-eukaryotic cell symbiosis (Raval et al., 2023).
During these stages of symbiosis, many genes responsible for
mitochondrial programmed cell death evolved, including key
factors regulating cytochrome c release and oxidative stress
control —early adaptations that maintained symbiotic balance
(Zmasek, Godzik, 2013). Moreover, we found a statistically
significant excess of genes in the hepatocyte apoptosis net-
work, relative to the human genome as a whole, within the
952-1,023-million-year interval. This interval includes, in
particular, proteins such as BCL2 — a network hub - and
BCL2L1. These proteins are well-known key inhibitors of
apoptosis (Moyer et al., 2025). Orthologs of BCL2 family
genes are found in sponges (Porifera), placozoans (Placo-
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zoa), and hydras (Hydra) (Banjara et al., 2020), i.e., at a
relatively early stage of metazoan evolution. The critical role
of apoptosis in innate and adaptive immunity suggests that
this function arose early in the evolution of multicellular-
ity and likely preceded the adaptation of apoptosis to other
processes — such as development, homeostasis, and removal
of damaged cells in Metazoa — laying the groundwork for
complex multicellular life (Suraweera et al., 2022). Thus,
changes in hepatocyte gene expression during HCC involve
highly conserved genes — including the network hub BCL2 —
that, beyond apoptosis, may regulate other cellular processes,
underscoring the complexity of regulatory interactions during
malignant transformation.

Accordingly, our study — using an integrated approach that
included hepatocyte transcriptome analysis and reconstruc-
tion/analysis of a DEG network involved in apoptosis — pro-
vides new insights into the regulation of hepatocyte apoptosis
during human HCC development. Our findings, which show
decreased expression of key apoptosis inhibitor genes, sup-
port the view that evasion of apoptosis is not invariably
characteristic of cancer cells and that the role of apoptosis in
tumor development depends on the cell type, tissue context,
and tumor microenvironment (Morana et al., 2022). In addi-
tion, reduced expression in malignant hepatocytes of genes
involved in inflammatory control, together with decreased
NFKBI1 —a central regulator of inflammation (Wang P. et al.,
2023) — points to an important role for interactions between
hepatocytes and the immune system in HCC development,
warranting further experimental and theoretical investigation.
The identified network hubs (NFKB1, MMP9, BCL2, A4,
CDN1A, CDK1, ERBB2, G3P, MCL1, FOXO1) may serve
as useful targets for modulating apoptosis in hepatocytes in
HCC therapy, an increasingly promising direction (Ladd et
al., 2024; Wu et al., 2024).

Conclusion

Analysis of sScRNA-seq data from normal and malignantly
transformed hepatocytes revealed changes in the expression
of genes involved in the control of hepatocyte apoptosis
in HCC. In malignant hepatocytes, expression of the key
apoptosis inhibitors BCL2 and MCL1 was decreased, as
was the expression of genes involved in the inflammatory
response. These findings indicate that evasion of apoptosis
by upregulating key apoptosis inhibitors does not appear
to be a characteristic feature of hepatocytes during HCC
development. Reconstruction and analysis of the hepatocyte
apoptosis — regulatory network in HCC showed that reduced
expression of NFKB1 may be an important factor under-
lying the decreased expression of a range of apoptosis-related
genes, including BCL2 and MCLL. In addition, network
reconstruction and analysis identified several key genes
(NFKB1, MMP9, BCL2, A4, CDN1A, CDK1, ERBB2, G3P,
MCL1, FOXO1) that both display differential expression in
malignant versus healthy hepatocytes and function as hubs
of the hepatocyte apoptosis network in HCC. Dysregulated
expression of these genes may lead to apoptosis dysregula-
tion in tumor cells.
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Among the DEGs, we also identified genes (CDKN1A,
ERBB2, IL8, EGR1) that, although not annotated in Gene
Ontology as apoptosis participants, exhibited numbers of
regulatory interactions of their products with apoptosis genes
that significantly exceeded chance expectations according to
a hypergeometric test. This suggests that the proteins encoded
by these genes play specific roles in regulating hepatocyte
apoptosis in HCC and represent promising candidates for
further investigation.

The results obtained can be used to guide future experi-
mental studies on the regulation of hepatocyte apoptosis in
HCC. The hypotheses proposed may facilitate the develop-
ment of targeted therapeutic strategies aimed at modulating
programmed cell death in malignant liver cells.

References

Abbas T., Dutta A. p21 in cancer: intricate networks and multiple ac-
tivities. Nat Rev Cancer. 2009;9(6):400-414. doi 10.1038/nrc2657

Antropova E.A., Khlebodarova T.M., Demenkov P.S., Volianskaia A.R.,
Venzel A.S., Ivanisenko N.V., Gavrilenko A.D., Ivanisenko T.V,,
Adamovskaya A.V., Revva P.M., Kolchanov N.A., Lavrik LN.,
Ivanisenko V.A. Reconstruction of the regulatory hypermethyla-
tion network controlling hepatocellular carcinoma development
during hepatitis C viral infection. J Integr Bioinform. 2023;20(3):
20230013. doi 10.1515/jib-2023-0013

Banjara S., Suraweera C.D., Hinds M.G., Kvansakul M. The Bcl-2
family: Ancient origins, conserved structures, and divergent mecha-
nisms. Biomolecules. 2020;10(1):128. doi 10.3390/biom10010128

Butikova E.A., Basov N.V., Rogachev A.D., Gaisler E.V,, lvani-
senko V.A., Demenkov P.S., Makarova A.A., ... Pokrovsky A.G.,
Vinokurov N.A., Kanygin V.V., Popik V.M., Shevchenko O.A. Me-
tabolomic and gene networks approaches reveal the role of mito-
chondrial membrane proteins in response of human melanoma cells
to THz radiation. Biochim Biophys Acta Mol Cell Biol Lipids. 2025;
1870(2):159595. doi 10.1016/j.bbalip.2025.159595

ChenY., LuA., Hu Z., Li J., Lu J. ERBBS3 targeting: A promising ap-
proach to overcoming cancer therapeutic resistance. Cancer Lett.
2024;599:217146. doi 10.1016/j.canlet.2024.217146

Choi S.H., Park J.Y., Kang W., Kim S.U., Kim Y., Ahn S.H., Ro S.'W.,
Han K.H. Knockdown of HIF-la and IL-8 induced apoptosis of
hepatocellular carcinoma triggers apoptosis of vascular endothelial
cells. Apoptosis. 2016;21(1):85-95. doi 10.1007/s10495-015-1185-2

Demenkov P.S., Ivanisenko T.V., Kolchanov N.A., Ivanisenko V.A.
ANDVisio: a new tool for graphic visualization and analysis of liter-
ature mined associative gene networks in the ANDSystem. In Silico
Biol. 2011;11(3-4):149-161. doi 10.3233/ISB-2012-0449

Demenkov P.S., Antropova E.A., Adamovskaya A.V., Mishchenko E.L.,
Khlebodarova T.M., lvanisenko T.V., lvanisenko N.V., Venzel A.S.,
Lavrik LN., Ivanisenko V.A. Prioritization of potential pharmaco-
logical targets for the development of anti-hepatocarcinoma drugs
modulating the extrinsic apoptosis pathway: the reconstruction and
analysis of associative gene networks help. Vavilov J Genet Breed.
2023;27(7):784-793. doi 10.18699/VIGB-23-91

Dhanasekaran R., Bandoh S., Roberts L.R. Molecular pathogenesis
of hepatocellular carcinoma and impact of therapeutic advances.
F1000Res. 2016;5:879. doi 10.12688/f1000research.6946.1

Fabregat I. Dysregulation of apoptosis in hepatocellular carcinoma
cells. World J Gastroenterol. 2009;15(5):513-520. doi 10.3748/wjg.
15.513

Ganesan P., Kulik L.M. Hepatocellular carcinoma: New developments.
Clin Liver Dis. 2023;27(1):85-102. doi 10.1016/j.c1d.2022.08.004

Gupta R., Kadhim M.M., Turki Jalil A., Obayes A.M., Aminov Z.,
Alsaikhan F., Ramirez-Coronel A.A., Ramaiah P., Tayyib N.A.,
Luo X. Multifaceted role of NF-kB in hepatocellular carcinoma
therapy: Molecular landscape, therapeutic compounds and nano-

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

2025
29.7

PeKoHCTPYKLUA 1 aHanv3 reHHoOW CeTu perynaumm anonTosa
npw renatoLenioNapHON KapLrHome

material approaches. Environ Res. 2023;228:115767. doi 10.1016/
j.envres.2023.115767

Hajizadeh M., Hajizadeh F., Ghaffarei S., Amin Doustvandi M., Hajiza-
deh K., Yaghoubi S.M., Mohammadnejad F., Khiabani N.A., Mou-
savi P., Baradaran B. MicroRNAs and their vital role in apoptosis in
hepatocellular carcinoma: miRNA-based diagnostic and treatment
methods. Gene. 2023;888:147803. doi 10.1016/j.gene.2023.147803

Han X., Wu J., Sha Z., Lai R., Shi J., Mi L., Yin F., Guo Z. Dicer sup-
presses hepatocellular carcinoma via interleukin-8 pathway. Clin
Med Insights Oncol. 2023;17:11795549231161212. doi 10.1177/
11795549231161212

Ivanisenko T.V., Saik O.V., Demenkov P.S., Ivanisenko N.V., Savostia-
nov A.N., lvanisenko V.A. ANDDigest: a new web-based module of
ANDSystem for the search of knowledge in the scientific literature.
BMC Bioinformatics. 2020;21(11):228. doi 10.1186/s12859-020-
03557-8

Ivanisenko T.V., Demenkov P.S., Kolchanov N.A., Ivanisenko V.A. The
new version of the ANDDigest tool with improved ai-based short
names recognition. Int J Mol Sci. 2022;23(23):14934. doi 10.3390/
ijms232314934

Ivanisenko T.V., Demenkov P.S., Ivanisenko V.A. An accurate and effi-
cient approach to knowledge extraction from scientific publications
using structured ontology models, graph neural networks, and large
language models. Int J Mol Sci. 2024;25(21):11811. doi 10.3390/
jms252111811

Ivanisenko V.A., Saik O.V.,, Ivanisenko N.V., Tiys E.S., lvanisen-
ko T.V., Demenkov P.S., Kolchanov N.A. ANDSystem: an Associa-
tive Network Discovery System for automated literature mining in
the field of biology. BMC Systems Biol. 2015;9(Suppl. 2):S2. doi
10.1186/1752-0509-9-S2-S2

Ivanisenko V.A., Demenkov P.S., Ivanisenko T.V., Mishchenko E.L.,
Saik O.V. A new version of the ANDSystem tool for automatic ex-
traction of knowledge from scientific publications with expanded
functionality for reconstruction of associative gene networks by con-
sidering tissue-specific gene expression. BMC Bioinformatics. 2019;
20(Suppl. 1):34. doi 10.1186/S12859-018-2567-6

Ivanisenko V.A., Gaisler E.V., Basov N.V., Rogachev A.D., Chere-
siz S.V., Ivanisenko T.V., Demenkov P.S., Mishchenko E.L., Khrip-
ko O.P., Khripko Y.I., Voevoda S.M. Plasma metabolomics and gene
regulatory networks analysis reveal the role of nonstructural SARS-
CoV-2 viral proteins in metabolic dysregulation in COVID-19 pa-
tients. Sci Rep. 2022;12(1):19977. doi 10.1038/s41598-022-24170-0

Ivanisenko V.A., Rogachev A.D., Makarova A.A., Basov N.V., Gais-
ler E.V., Kuzmicheva I.N., Demenkov P.S., ... Kolchanov N.A.,
Plesko V.V., Moroz G.B., Lomivorotov V.V., Pokrovsky A.G. Al-as-
sisted identification of primary and secondary metabolomic markers
for postoperative delirium. Int J Mol Sci. 2024;25(21): 11847. doi
10.3390/ijms252111847

Jiang S., Lu H., Pan Y., Yang A., Aikemu A., Li H., Hao R., Huang Q.,
Qi X., Tao Z., Wu Y., Quan C., Zhou G., Lu Y. Characterization of
the distinct immune microenvironments between hepatocellular car-
cinoma and intrahepatic cholangiocarcinoma. Cancer Lett. 2024;
588:216799. doi 10.1016/j.canlet.2024.216799

Jiang Y., Han Q.J., Zhang J. Hepatocellular carcinoma: Mechanisms
of progression and immunotherapy. World J Gastroenterol. 2019;
25(25):3151-3167. doi 10.3748/wjg.v25.i25.3151

Kashyap D., Garg V.K., Goel N. Intrinsic and extrinsic pathways of apop-
tosis: Role in cancer development and prognosis. Adv Protein Chem
Struct Biol. 2021;125:73-120. doi 10.1016/bs.apcsh.2021.01.003

Khlebodarova T.M., Demenkov P.S., Ivanisenko T.V., Antropova E.A.,
Lavrik IN., Ivanisenko V.A. Primary and secondary micro-RNA
modulation the extrinsic pathway of apoptosis in hepatocellular
carcinoma. Mol Biol. 2023;57(2):165-175. doi 10.1134/S00268933
23020103

Ladd A.D., Duarte S., Sahin 1., Zarrinpar A. Mechanisms of drug resis-
tance in HCC. Hepatology. 2024;79(4):926-940. doi 10.1097/HEP.
0000000000000237

975


https://doi.org/10.1038/nrc2657
https://doi.org/10.1515/jib-2023-0013
https://doi.org/10.3390/biom10010128
https://doi.org/10.1016/j.bbalip.2025.159595
https://doi.org/10.1016/j.canlet.2024.217146
https://doi.org/10.1007/s10495-015-1185-2
https://pubmed.ncbi.nlm.nih.gov/22935968/
https://doi.org/10.18699/vjgb-23-91
https://doi.org/10.12688/f1000research.6946.1
https://doi.org/10.3748/wjg.15.513
https://doi.org/10.3748/wjg.15.513
https://doi.org/10.1016/j.cld.2022.08.004
https://doi.org/10.1016/j.envres.2023.115767
https://doi.org/10.1016/j.envres.2023.115767
https://doi.org/10.1016/j.gene.2023.147803
https://doi.org/10.1177/11795549231161212
https://doi.org/10.1177/11795549231161212
https://doi.org/10.1186/s12859-020-03557-8
https://doi.org/10.1186/s12859-020-03557-8
https://doi.org/10.3390/ijms232314934
https://doi.org/10.3390/ijms232314934
https://doi.org/10.3390/ijms252111811
https://doi.org/10.3390/ijms252111811
https://doi.org/10.1186/1752-0509-9-S2-S2
https://doi.org/10.1186/1752-0509-9-S2-S2
https://doi.org/10.1186/s12859-018-2567-6
https://doi.org/10.1038/s41598-022-24170-0
https://doi.org/10.3390/ijms252111847
https://doi.org/10.3390/ijms252111847
https://doi.org/10.1016/j.canlet.2024.216799
https://doi.org/10.3748/wjg.v25.i25.3151
https://doi.org/10.1016/bs.apcsb.2021.01.003
https://doi.org/10.1134/s0026893323020103
https://doi.org/10.1134/s0026893323020103
https://doi.org/10.1097/hep.0000000000000237
https://doi.org/10.1097/hep.0000000000000237

A.V. Adamovskaya, I.V. Yatsyk, M.A. Kleshchev
PS. Demenkov, T.V. Ivanisenko, V.A. Ivanisenko

Lambert S.A., Jolma A., Campitelli L.F., Das PK., Yin Y., Albu M.,
Chen X., Taipale J., Hughes T.R., Weirauch M.T. The human tran-
scription factors. Cell. 2018;172(4):650-665. doi 10.1016/j.cell.
2018.01.029

Larina .M., Pastushkova L.Kh., Tiys E.S., Kireev K.S., Kononi-
khin A.S., Starodubtseva N.L., Popov I.A., Custaud M.A., Dobro-
khotov 1.V., Nikolaev E.N., Kolchanov N.A., Ivanisenko V.A. Per-
manent proteins in the urine of healthy humans during the Mars-500
experiment. J Bioinform Comput Biol. 2015;13(1):1540001. doi
10.1142/S0219720015400016

Li C., Xu J. Identification of potentially therapeutic target genes of
hepatocellular carcinoma. Int J Environ Res Public Health. 2020;
17(3):1053. doi 10.3390/ijerph17031053

Li X.Y., Shen Y., Zhang L., Guo X., Wu J. Understanding initiation
and progression of hepatocellular carcinoma through single cell se-
quencing. Biochim Biophys Acta Rev Cancer. 2022;1877(3):188720.
doi 10.1016/j.bbcan.2022.188720

Liang Y., Yang C., Lin Y., Parviz Y., Sun K., Wang W., Ren M., Yan L.
Matrix metalloproteinase 9 induces keratinocyte apoptosis through
FasL/Fas pathway in diabetic wound. Apoptosis. 2019;24(7-8):542-
551. doi 10.1007/s10495-019-01536-w

Love M.I., Huber W., Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeg2. Genome Biol. 2014;
15(12):550. doi 10.1186/s13059-014-0550-8

Lu Y, Yang A., Quan C., Pan Y., Zhang H., Li Y., Gao C., Lu H,,
Wang X., Cao P, Chen H., Lu S., Zhou G. A single-cell atlas of
the multicellular ecosystem of primary and metastatic hepatocellular
carcinoma. Nat Commun. 2022;13(1):4594. doi 10.1038/s41467-
022-32283-3

Ma B., LiJ., Yang W.K., Zhang M.G., Xie X.D., Bai Z.T. N-trans-feru-
loyloctopamine wakes up BBC3, DDIT3, CDKN1A, and NOXA
signals to accelerate HCC cell apoptosis. Anal Cell Pathol (Amst).
2021;2021:1560307. doi 10.1155/2021/1560307

Manu K.A., Cao PH.A., Chai T.F., Casey P.J., Wang M. p21cipl/wafl
coordinate autophagy, proliferation and apoptosis in response to
metabolic stress. Cancers (Basel). 2019;11(8):1112. doi 10.3390/
cancers11081112

Massacci G., Perfetto L., Sacco F. The Cyclin-dependent kinase 1:
more than a cell cycle regulator. Br J Cancer. 2023;129(11):1707-
1716. doi 10.1038/s41416-023-02468-8

Momynaliev K.T., Kashin S.V., Chelysheva V.V., Selezneva O.V,,
Demina I.A., Serebryakova M.V., Alexeev D., Ivanisenko V.A.,
Aman E., Govorun V.M. Functional divergence of Helicobacter
pylori related to early gastric cancer. J Proteome Res. 2010;9(1):
254-267. doi 10.1021/pr900586w

Morana O., Wood W., Gregory C.D. The apoptosis paradox in cancer.
Int J Mol Sci. 2022;23(3):1328. doi 10.3390/ijms23031328

Moyer A., Tanaka K., Cheng E.H. Apoptosis in cancer biology and
therapy. Annu Rev Pathol. 2025;20(1):303-328. doi 10.1146/
annurev-pathmechdis-051222-115023

Mustafin Z.S., Lashin S.A., Matushkin Yu.G. Phylostratigraphic ana-
lysis of gene networks of human diseases. Vavilov J Genet Breed.
2021;25(1):46-56. doi 10.18699/VJ21.006

Nagata S., Tanaka M. Programmed cell death and the immune system.
Nat Rev Immunol. 2017;17(5):333-340. doi 10.1038/nri.2016.153

Narkevich A.N., Vinogradov K.A., Grjibovski A.M. Multiple compar-
isons in biomedical research: the problem and its solutions. Hum
Ecol. 2020;10:55-64. doi 10.33396/1728-0869-2020-10-55-64 (in
Russian)

Newton K., Strasser A., Kayagaki N., Dixit V.M. Cell death. Cell. 2024;
187(2):235-256. doi 10.1016/j.cell.2023.11.044

Ogunwobi O.0., Harricharran T., Huaman J., Galuza A., Odumuwa-
gun O., Tan Y., Ma G.X., Nguyen M.T. Mechanisms of hepatocel-
lular carcinoma progression. World J Gastroenterol. 2019;25(19):
2279-2293. doi 10.3748/wjg.v25.119.2279

Pan M., Luo M., Liu L., Chen Y., Cheng Z., Wang K., Huang L.,
Tang N., Qiu J., Huang A., Xia J. EGR1 suppresses HCC growth

Reconstruction and analysis of the gene network
regulating apoptosis in hepatocellular carcinoma

and aerobic glycolysis by transcriptionally downregulating PFKL.
J Exp Clin Cancer Res. 2024;43(1):35. doi 10.1186/s13046-024-
02957-5

Raval P.K., Martin W.F., Gould S.B. Mitochondrial evolution: Gene
shuffling, endosymbiosis, and signaling. Sci Adv. 2023;9(32):
p.eadj4493. doi 10.1126/sciadv.adj4493

Saik O.V., Nimaev V.V., Usmonov D.B., Demenkov P.S., Ivanisen-
ko T.V., Lavrik I.N., Ivanisenko V.A. Prioritization of genes involved
in endothelial cell apoptosis by their implication in lymphedema
using an analysis of associative gene networks with ANDSystem.
BMC Med Genomics. 2019;12(Suppl. 2):47. doi 10.1186/s12920-
019-0492-9

Sevenich L., Joyce J.A. Pericellular proteolysis in cancer. Genes Dev.
2014;28(21):2331-2347. doi 10.1101/gad.250647.114

Sherman B.T., Hao M., Qiu J., Jiao X., Baseler M.W., Lane H.C.,
Imamichi T., Chang W. DAVID: a web server for functional enrich-
ment analysis and functional annotation of gene lists (2021 update).
Nucleic Acids Res. 2022;50(W1):W216-W221. doi 10.1093/nar/
gkac194

Si-Tayeb K., Noto F.K., Nagaoka M., Nagaoka M., Li J., Battle M.A.,
Duris C., North P.E., Dalton S., Duncan S.A. Highly efficient genera-
tion of human hepatocyte-like cells from induced pluripotent stem
cells. Hepatology. 2010;51(1):297-305. doi 10.1002/hep.23354

Sidak Z. Rectangular confidence regions for the means of multivariate
normal distributions. J Am Stat Assoc. 1967;62(318):626-633. doi
10.2307/2283989

Squair J.W., Gautier M., Kathe C., Anderson M.A., James N.D., Hut-
son T.H., Hudelle R., ... Barraud Q., Levine A.J., La Manno G.,
Skinnider M.A., Courtine G. Confronting false discoveries in
single-cell differential expression. Nat Commun. 2021;12(1):5692.
doi 10.1038/s41467-021-25960-2

Suraweera C.D., Banjara S., Hinds M.G., Kvansakul M. Metazoans and
intrinsic apoptosis: An evolutionary analysis of the Bcl-2 family.
Int J Mol Sci. 2022;23(7):3691. doi 10.3390/ijms23073691

Thangavelu L., Altamimi A.S.A., Ghaboura N., Babu M.A., Roopash-
ree R., Sharma P., Pal P., Choudhary C., Prasad G.V.S., Sinha A.,
Balaraman A.K., Rawat S. Targeting the p53-p21 axis in liver
cancer: Linking cellular senescence to tumor suppression and
progression. Pathol Res Pract. 2024;263:155652. doi 10.1016/
J.prp.2024.155652

Tong Y.-B., Shi M.-W., Qian S.H., Chen Y.-J., Luo Z.-H., Tu Y.-X,,
Xiong Y.-L., Geng Y.-J., Chen C., Chen Z.-X. GenOrigin: a com-
prehensive protein-coding gene origination database on the evo-
lutionary timescale of life. J Genet Genomics. 2021;48(12):1122-
1129. doi 10.1016/j.jgg.2021.03.018

Traag V.A., Waltman L., van Eck N.J. From Louvain to Leiden: guaran-
teeing well-connected communities. Sci Rep. 2019;9:5233. doi
10.1038/s41598-019-41695-z

Vahedi S., Chueh F.Y., Dutta S., Chandran B., Yu C.L. Nuclear lympho-
cyte-specific protein tyrosine kinase and its interaction with CR6-
interacting factor 1 promote the survival of human leukemic T cells.
Oncol Rep. 2015;34(1):43-50. doi 10.3892/0r.2015.3990

Verma S., Kesh K., Gupta A., Swarnakar S. An overview of matrix me-
talloproteinase 9 polymorphism and gastric cancer risk. Asian Pac J
Cancer Prev. 2015;16(17):7393-7400. doi 10.7314/apjcp.2015.16.
17.7393

Wang B., Guo H., Yu H., Chen Y., Xu H., Zhao G. The role of the tran-
scription factor EGR1 in cancer. Front Oncol. 2021;11:642547. doi
10.3389/fonc.2021.642547

Wang P., Qian H., Xiao M., Lv J. Role of signal transduction pathways
in IL-1B-induced apoptosis: Pathological and therapeutic aspects.
Immun Inflamm Dis. 2023;11(1):e762. doi 10.1002/iid3.762

Wolf F., Angerer P., Theis F. SCANPY: large-scale single-cell gene ex-
pression data analysis. Genome Biol. 2018;19(1):15. doi 10.1186/
s13059-017-1382-0

Wu X., Cao J., Wan X., Du S. Programmed cell death in hepatocel-
lular carcinoma: mechanisms and therapeutic prospects. Cell Death
Discov. 2024;10(1):356. doi 10.1038/s41420-024-02116-x

976 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -7


https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1142/s0219720015400016
https://doi.org/10.1142/s0219720015400016
https://doi.org/10.3390/ijerph17031053
https://doi.org/10.1016/j.bbcan.2022.188720
https://doi.org/10.1007/s10495-019-01536-w
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41467-022-32283-3
https://doi.org/10.1038/s41467-022-32283-3
https://doi.org/10.1155/2021/1560307
https://doi.org/10.3390/cancers11081112
https://doi.org/10.3390/cancers11081112
https://doi.org/10.1038/s41416-023-02468-8
https://doi.org/10.1021/pr900586w
https://doi.org/10.3390/ijms23031328
https://doi.org/10.1146/annurev-pathmechdis-051222-115023
https://doi.org/10.1146/annurev-pathmechdis-051222-115023
https://doi.org/10.18699/VJ21.006
https://doi.org/10.1038/nri.2016.153
https://doi.org/10.33396/1728-0869-2020-10-55-64
https://doi.org/10.1016/j.cell.2023.11.044
https://doi.org/10.3748/wjg.v25.i19.2279
https://doi.org/10.1186/s13046-024-02957-5
https://doi.org/10.1186/s13046-024-02957-5
https://doi.org/10.1126/sciadv.adj4493
https://doi.org/10.1186/s12920-019-0492-9
https://doi.org/10.1186/s12920-019-0492-9
https://pmc.ncbi.nlm.nih.gov/articles/PMC4215179/
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1002/hep.23354
https://doi.org/10.2307/2283989
https://doi.org/10.2307/2283989
https://doi.org/10.1038/s41467-021-25960-2
https://doi.org/10.3390/ijms23073691
https://doi.org/10.1016/j.prp.2024.155652
https://doi.org/10.1016/j.prp.2024.155652
https://doi.org/10.1016/j.jgg.2021.03.018
https://doi.org/10.1038/s41598-019-41695-z
https://doi.org/10.1038/s41598-019-41695-z
https://doi.org/10.3892/or.2015.3990
https://doi.org/10.7314/apjcp.2015.16.17.7393
https://doi.org/10.7314/apjcp.2015.16.17.7393
https://doi.org/10.3389/fonc.2021.642547
https://doi.org/10.3389/fonc.2021.642547
https://doi.org/10.1002/iid3.762
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1038/s41420-024-02116-x

A.B. ApamoBckas, .B. Aubik, M.A. Knewes
MN.C. DemeHkos, T.B. iBaHnceHkKo, B.A. ViBaHCeHKO

Xiang S., Sun Z., He Q., Yan F., Wang Y., Zhang J. Aspirin inhibits
ErbB2 to induce apoptosis in cervical cancer cells. Med Oncol.
2010;27(2):379-387. doi 10.1007/s12032-009-9221-0

Xue R., Zhang Q., Cao Q., Kong R., Xiang X., Liu H., Feng M., ...
Zhan Q., Deng M., Zhu J., Zhang Z., Zhang N. Liver tumour im-
mune microenvironment subtypes and neutrophil heterogeneity.
Nature. 2022;612(7938):141-147. doi 10.1038/s41586-022-05400-x

Yang Y.M., Kim S.Y., Seki E. Inflammation and liver cancer: molecular
mechanisms and therapeutic targets. Semin Liver Dis. 2019;39(1):
26-42. doi 10.1055/s-0038-1676806

Yatsyk 1.V., Volyanskaya A.R, Kleshchev M.A., Antropova E.A., De-
menkov P.S., Ivanisenko T.V., Ivanisenko V.A. Reconstruction and

2025
29.7

PeKoHCTPYKLUA 1 aHanv3 reHHoOW CeTu perynaumm anonTosa
npw renatoLenioNapHON KapLrHome

computational analysis of the insulin response gene network in hu-
man type 2 diabetes using transcriptomic data. Gene Expr. 2025
(B meuarm)

Zhang Q.Y., Ho D.W., Tsui Y.M., Ng 1.O. Single-cell transcriptomics
of liver cancer: hype or insights? Cell Mol Gastroenterol Hepatol.
2022;14(3):513-525. doi 10.1016/j.jcmgh.2022.04.014

Zmasek C.M., Godzik A. Evolution of the animal apoptosis network.
Cold Spring Harb Perspect Biol. 2013;5(3):a008649. doi 10.1101/
cshperspect.a008649

Zou Y., Wan X., Zhou Q., Zhu G., Lin S., Tang Q., Yang X., Wang S.
Mechanisms of drug resistance in hepatocellular carcinoma. Biol
Proced Online. 2025;27(1):19. doi 10.1186/s12575-025-00281-6

Conflict of interest. The authors declare no conflict of interest.

Received July 16, 2025. Revised September 13, 2025. Accepted September 15, 2025.

CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY 977


https://doi.org/10.1007/s12032-009-9221-0
https://doi.org/10.1038/s41586-022-05400-x
https://doi.org/10.1055/s-0038-1676806
https://doi.org/10.1016/j.jcmgh.2022.04.014
https://doi.org/10.1101/cshperspect.a008649
https://doi.org/10.1101/cshperspect.a008649
https://doi.org/10.1186/s12575-025-00281-6

