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Momueayuss u yenv: T'enarounemmonspuas kapumHoma (I'LIK) — Haumbosee pacnpocTpaHEeHHOE TEPBUYHOE
37I0KaY€CTBEHHOE HOBOOOpA30BaHME TICYCHM, XapaKTepu3ylomieecs OBICTPBIM IPOTPECCHUPOBAHUEM, BBICOKOM
JICTAIBHOCTBIO M YCTOWYMBOCTBIO K TE€PANUH. 3HAUNTEIbHBIN BKJIAJ B pa3BuTHE U nporpeccupoBanue I'IIK BHOCHT
HapyIIeHHE aronTo3a — MPorpaMMHUPYeMOl KIIETOYHOH rudenu. MMeromuecs 1aHHbIE CBUICTEIbCTBYIOT O TOM, YTO
HapylIeHHe OajaHca Mpo- U aHTHANIONTOTHYECKUX OCJIKOB B IeMaTolUTax SIBJSIETCS OMHUM U3 (aKTOPOB pa3BUTHUS
'K u dhopmupoBaHust JIeKapCTBEHHOW PE3UCTEHTHOCTH OIYXOJIH. DTO 00YCJIOBIMBAET HEOOXOIUMOCTb M3yUYECHUS
MEXaHH3MOB HapylIeHHs MyTeH amonTo3a remaronuTtoB mpu pa3BuTHd 'K u momcka KITIOUEBBIX PEryasTOPHBIX
3BEHBEB aIOMNTO3a, IKCIPECCHs KOTOPHIX Pa3IN4aeTcsl B 3AOPOBBIX M OIYXOJEBBIX remaronurax. lLleas paboTsr:
PEKOHCTPYKIMS M aHAJIN3 TEHHON CeTH PeryisiliU arnonTo3a remaronnTtoB yenoseka mpu ['TIK Ha ocHOBe maHHBIX
scRNA-seq u 6a3b1 3Hannit ANDSystem.

Memoowl u anzcopummer: B pabote ObLIH HCIIONTB30BAaHBI JAHHBIE CEKBEHUPOBAHHS TPAHCKPUIITOMA OTMHOYHBIX KJIETOK
I'IK 1 mapHbIX THCTOJOTMYECKH HOPMAaJbHBIX TKaHEH NedeHu, rnojydeHHble u3 6a3bl nanHbix GEO (GSE149614).
PexoHCTpyKIMS W aHaIN3 TEHHOW CEeTH perysinuu amomnTto3a remarornuToB mpu ['LIK ObITH BBITOTHEHBI C
HCIIOJIb30BAaHUEM POrpaMMHO-UH(POpMaIoHHOH crucTeMbl ANDSystem. OyHKIIMOHATBHYIO aHHOTAIMIO TCHOB CETH
MIPOBOJIMIIH C TOMOIIIBIO BeO-uHcTpyMenta DAVID. DBomtolimoHHbIE Bo3pacTa reHoB onpeaessiiy 1o 6aze GenOrigin.
Pezynomamer: CpaBHUTENBHBIA aHAIN3 SKCIIPECCHH TCHOB ITOKA3aJ 0CIa0IeHUE TPAHCKPHIILIUN TCHOB, BOBJICUCHHBIX
B PETYISILINIO BOCTIATUTEIBHBIX MPOIIECCOB U allONTO3a, B OMMyXOJIEBIX TeMaTOIUTAX 110 CPAaBHEHUIO C T'eNaTOIMTaMU
HOPMaJILHOM TKaHM TIeueHH. bbUla pEeKOHCTpyHpOBaHa TeHHas ceTh, BKiIouatomas 116 auddepennnansHo
IKCIIPECCUPYIOIINXCSI TEHOB, aHHOTHpOBaHHBIX B Gene Ontology Kak TreHbl, BOBJCYEHHBIC B MPOLECC aronTo3a
(apoptotic process GO:0006915), 116 cOOTBETCTBYIONINX OCIIKOB, a TAKKE 16 TOMOIHUTEIBHBIX OCIKOB, HE HMCIOIINX
GO-anHoTalMu, HO AUGPEPEHIINATBHO SKCIIPECCUPYEMbIX ITPU TeNaTONEIUTIONIIPHON KapIHHOME M BOBJICUCHHBIX BO
B3aMMOJICHCTBHUS C TeHAMH M OCJIKaMH, YIaCTBYIOIIMMH B MPOIECCE anonTo3a. KoMIbIOTepHBIN aHAIN3 TeHHOW CeTH
BBISIBUJI PSIJ] KITFOYEBBIX O€TKOB — MpoaykToB reHoB NFKBI1, MMP9, BCL2, A4, CDNIA, CDK1, ERBB2, G3P, MCLI,
FOXO1, neMoHCTpUPYIONIMX KaK BBICOKOE YHCIIO CBS3EH C APYrMMH OOBEKTAMU CETH, TaKk U TU(depeHIHatbHy0
SKCTIPECCHIO MPH TEeNaTOLEIUTIONAPHON KapimHoMe. KpoMe Toro, B peKOHCTPYHPOBAHHYIO TEHHYIO CETh alloNTo3a MpH
I'IK Borwtu reast CDKNIA, ERBB2, IL8 u EGRI, ne annotupoBansbic B Gene Ontology kak y4aCTHHKH aromnTosa,
OJTHAKO UX OCJIKOBBIE MPOAYKTHI HIMEIOT CTATHCTUYECKH 3HAYNMOE ITPEBBIIICHIE YHCIa PETYIATOPHBIX B3aUMOICHCTBII
¢ reHamu arornto3a. unocrparurpaduyecknii aHaIn3 MoKasai, YTo OOJILIIMHCTBO I'EHOB CETH PEryJISIIMHU aronTo3a
npu ['IIK umeroT npeBHUM 3BOMIOIMOHHBIN Bo3pacT (>600 MiH J1eT). DTO yKa3bIBaeT, UTO B HApPYIICHHUS aronTo3a
npu I'LIK BOBIEYEHBI T'€HBI, KOTOPHIE BO3HUKIHM IO 3BOJIOIHOHHOTO (POPMUPOBAHMS TAKCOHA MHOTOKJIETOYHBIX
opranu3moB (Metazoa).

Boi6oowi: Ananu3z nanubix SCRNA-seq HOpMaIbHBIX U 3JI0KAYECTBEHHO TPAHC(HOPMUPOBAHHBIX I'€MATOIIUTOB MOKA3aJl
M3MEHEHHUS B 3KCIIPECCUU T€HOB, BOBICUEHHBIX B KOHTPOJIb anomnTo3a remaroruroB npu ['TIK, mpu 3Tom sxkcnpeccust
reHoB BCL2 u MCL1 — kitoueBbIX HHTHOUTOPOB arornTo3a, Obljla CHU)KEHA B 3JI0KAY€CTBEHHO TPaHC(HOPMUPOBAHHBIX
KJIeTKax TedeHu. [lomydeHHsle pe3yasTaTbl CBHACTEIBCTBYIOT O TOM, 4TO rumepakcnpeccun renos BCL2 u MCLI
HE SABJSAETCA JOMHUHHUPYIOIIUM MEXaHH3MOM IOJaBJICHHS aronTo3a B MCCIeT0BaHHONW Koropre manueHTtoB ¢ ['TIK.
Hampotus, cHIKEHHE MX 3KCIIPECCHH B 3JI0OKAYECTBEHHBIX T'EMATOLMTAaX YKA3bIBA€T HAa BO3MOXKHOE BOBJICUCHUE
aJbTePHATHUBHBIX IyTEH YKIOHEHMsI OT KJIETOYHOM rmOeiu mpH JaHHOM Tune paka. K aucperyisiuu amnomnro3a B
OTIYXOJIEBBIX KJIETKaX MOTYT MIPUBOJAUTH HAPYIIeHUS B dkctipeccuu renoB NFKBI1, MMP9, BCL2, A4, CDNIA, CDK1,
ERBB2, G3P, MCLI1, FOXOI. Cpenu JIOI" 6butn BeIsiBieHbl Teabl CDKNIA, ERBB2, ILS, EGRI, KOTOpbIE XOTA
u He Obu aHHOTHpoBaHbl B Gene Ontology Kak y4yacTHHKH aronTo3a, HO YMCIO PEryJsTOPHBIX B3aUMOJCHCTBUI
uX OEJIKOBBIX MPOJYKTOB C T'€HaMH, BOBJICYCHHBIMH B allONTO3, CTATUCTUYECKU 3HAYMMO IPEBBIIIATI0 OXKUAAEMOE TI0
CITy4aifHBIM IPHYUHAM COTJIACHO OIICHKE Ha OCHOBE TMIIEPreOMETPUYECKOTO pacpeieIeHUs. DTO MO3BOJISACT CUUTATH,
YTO OEJIKH, KOAUPYEeMbIe ITUMHU I'€HaMH, UTPAIOT CIICIM(PUUIECKYIO POJIb B PEryJSAINH arnonTo3a remaronntos mpu I'TIK
U SIBJISIOTCS TIEPCTIEKTUBHBIMU KaHUIATaMU TSI JAIbHEHIIEro H3yueHHs.

Qunancuposanue: ViccnenoBanue nojjiepkano 0rmkeTHeIM mpoektoM FWNR-2022-0020.
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Motivation and Aim: Hepatocellular carcinoma (HCC) is the most common malignant liver tumor, characterized by
rapid progression, high mortality, and resistance to therapy. Impaired apoptosis, a programmed cell death, significantly
contributes to the development and progression of HCC. Available data indicate that an imbalance of pro- and anti-
apoptotic proteins in hepatocytes is a factor in the development of HCC and the formation of tumor drug resistance
(Ladd et al., 2024; Wu et al., 2024). This necessitates studying the mechanisms of disruption of apoptotic pathways
in hepatocyte during the development of HCC and identifying key regulatory protein of apoptosis whose expression
differs between healthy and tumor hepatocytes. The aim of the study was to reconstruct and analyze the gene network
regulating apoptosis in human hepatocytes in HCC using scRNA-seq data and the ANDSystem knowledgebase.
Methods and Algorithms: This study utilized transcriptome sequencing data from single HCC cells and paired
histologically normal liver tissues obtained from the GEO database (GSE149614). Reconstruction and analysis of
the gene network regulating hepatocyte apoptosis in HCC were performed using the cognitive system ANDSystem.
Functional annotation of the network genes was performed using the DAVID web tool. The evolutionary ages of the
genes were determined using the GenOrigin database.

Results: Comparative gene expression analysis revealed decreased transcription of genes involved in the regulation
of inflammatory processes and apoptosis in tumor hepatocytes compared to hepatocytes from normal liver tissue. A
gene network was reconstructed, including 116 differentially expressed genes annotated in Gene Ontology as genes
involved in the apoptotic process (apoptotic process GO:0006915), 116 corresponding proteins, and 16 additional
proteins lacking GO annotation but differentially expressed in hepatocellular carcinoma and involved in interactions
with genes and proteins involved in the apoptotic process. Computer analysis of the gene network revealed a number
of key proteins — the products of the NFKB1, MMP9, BCL2, A4, CDN1A, CDK1, ERBB2, G3P, MCL1, and FOXOl1
genes — demonstrating both a high number of connections with other network entities and differential expression in
hepatocellular carcinoma. Furthermore, the reconstructed gene network of apoptosis in HCC included the CDKNIA,
ERBB?2, IL8, and EGR1 genes, which are not annotated in Gene Ontology as participants in apoptosis, although their
protein products have a statistically significant excess of regulatory interactions with apoptosis genes. This allows us to
consider the proteins encoded by these genes as specific regulators of hepatocyte apoptosis in HCC. Phylostatigraphic
analysis revealed that most genes in the apoptosis regulatory network in HCC have an ancient evolutionary age (>600
million years). This indicates that genes that arose before the evolutionary formation of the taxon of multicellular
organisms (Metazoa) are involved in apoptosis disorders in HCC.

Conclusion: Analysis of scRNA-seq data from normal and malignantly transformed hepatocytes revealed changes in
the expression of genes involved in the control of hepatocyte apoptosis in HCC. Expression of the BCL2 and MCLI
genes, key inhibitors of apoptosis, was reduced in malignantly transformed liver cells. These results indicate that
overexpression of BCL2 and MCLI1 is not the dominant mechanism of apoptosis suppression in the studied cohort
of HCC patients. Conversely, decreased expression of these genes in malignant hepatocytes suggests the possible
involvement of alternative cell death evasion pathways in this type of cancer. Dysregulation of apoptosis in tumor
cells may be caused by alterations in the expression of NFKB1, MMP9, BCL2, A4, CDN1A, CDK1, ERBB2, G3P,
MCL1, and FOXOI1 genes. Among the DEGs, the CDKN1A, ERBB2, IL8, and EGR1 genes were identified. Although
not annotated in Gene Ontology as involved in apoptosis, the number of regulatory interactions of their products with
genes involved in apoptosis was statistically significantly higher than expected by chance, as estimated using the
hypergeometric distribution. This suggests that the proteins encoded by these genes play a specific role in regulating
hepatocyte apoptosis in HCC and are promising candidates for further study.
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gofeuyol 19dnea)

343

920¢ 9S/s459

BMNHOIdOPHON BeHhARH BeHTOdeHAT WO N BelEeNTRHLE(



