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Momueayusi u yenp: OJHUM U3 OCHOBHBIX IPOIIECCOB, OMPEACISIONINX MOJICKYISIPHbIA (PEHOTUI M MIACHTHYHOCTh
KJICTOK, SIBJISIETCSl PEryNslys TPAaHCKPHUIILUK T€HOB 4epe3 CBS3bIBAHHE OCIKOB-TPAHCKPHUIIIMOHHBIX (aKTOPOB
(T®) c perynaropHbIMH paiiloHaMu T€HOMa, TpoMoTopamMu U sHxaHcepamu. Yuactku JIHK, cBs3eiBaromuecs ¢ T,
COJZIepKaT BXOXKACHUS «MOTHBOB» — XapaKTEPHBIX HYKJICOTHUIHBIX NMAaTTePHOB, y3HaBaeMbIx JIHK-cBs3bIBarommm
nomeHoM T®. IIpu atom, T®, oTHOCAIHMECA K OOLIMM CTPYKTYPHBIM CEMEHCTBaM, OOBIYHO PACIO3HAIOT JOCTATOYHO
noxokue MoTuBbl. Cerogust JIHK-MOTHBBI CBA3BIBaHUS M3BECTHHI I OonbimHcTBa T dyenoBeka [1]. PesymsraTs
9KCIIEPUMEHTOB 10 MpoQHIMPOBaHMIO TpaHckpunToMa (Takue kak RNA-Seq) coxmepxar uHpopmanuio o
MPEJCTAaBICHHOCTH TPAHCKPHUIITOB PA3NIUYHBIX T€HOB B M3y4aeMBIX KieTKaX. J[Js reHoMa yeroBeKa pacroiioKEeHNE
MIPOMOTOPOB T€HOB KAPTUPOBAHO JOCTAaTOYHO XOPOIIO, M MOKHO TOCTABHUTH 3aJady aHaIu3a aKTUBHOCTH MOTHBOB
(Motif Activity Response Analysis, MARA) [2]: onpenenuts, kakue JJHK-MOTHBBI (M Kakre COOTBETCTBYOIIUEC UM
T®) BHOCAT BKJIa]] B M3MEHEHUE aKTUBHOCTH TPAHCKPHIIIMK B KOHKPETHBIX HA00pax 00Opa3loB, UCTIOb3Ysl HATNYNE
MOTHBOB B TPOMOTOPAX aKTUBHBIX U HEAKTHBHBIX TCHOB.

Memoowr u anzopummer: J1ns ananusa ucrnonszoBaiicss ”HCTpyMeHT MARADONER [3], peanusyrommii 6aiteCOBCKyI0
MOJI€JIb MHOKECTBEHHOI JIMHEHHOI perpeccur. B kauecTBe BXOIHBIX JAHHBIX HCIOJIB30BAIHNCH POMUIIN IKCITPECCHH,
npomenmre TMM-HopManu3anuioo U 0ard-KOPPEKIUIo, a TaKKe Marpuiia 3arpy30K MOTHBOB Ha IPOMOTOPBHI,
paccurTaHHas METOIOM sumoccupancy [4] mist mpoMoTopHbIX obnacteit reHoB (—500/+2000 m.H.). Takoi momxon
MO3BOJISIET YYUTHIBATh BKJIA/ KJIACTEPOB CANTOB CBSI3BIBAHUS M MOBBIIIAET YCTOWYMBOCTH MOJENH K TEXHHYECKOMY
urymy. Ha atane nocto6paboTky 3HaYMMOCTh BBISIBIICHHBIX aKTUBHOCTEH OLIEHUBAJIACH C TOMOIIBI0 MHOTO(AKTOPHOTO
nucnepcuonHoro ananm3a (ANOVA) ¢ mompaBkoii Ha MHOkecTBeHHOe TectupoBanue (FDR). Ananu3 mo3Bonui
UACHTU(HUIUPOBATH KITIOYEBBIC PETYIIATOPHI, CBI3aHHBIC KaK CO CTAAUAMH OIyXOJIH, TaK U ¢ moATHIamu. [lomydeHusie
Pe3yNbTaThl HHTETPUPOBAIUCH C JAHHBIMU 3KCIIPECCUH.

Pesynomamer: B nanHOW pabore paccmoTpeHo aBa mpumepa wucnonb3oBanus MARADONER: (1) BwiOopka
MHAWBUIYANbHBIX oOITyXosieit remarouesutionsapHoil kapruHomsl (I'LIK), cooTBeTCTBYIONIMX KJIETOYHBIX JHHUN U
30POBBIX 00pa3ioB meueHu U (2) BbIOOpKa KceHOrpadToB MenkokieTouHoro paka yérkoro (MKPJI) [S]. O6a Buna
paka XapaKTepU3yIOTCsS BBICOKOH CTENEHBIO T'€TepPOTEHHOCTH, arpeCCHBHBIM KJIMHHUYECKHM TCUCHHEM U CIIOKHOMN
CETBIO PETYIISINN TPAHCKPHUTIIHH.

B nHTaKTHBIX 00pa3Iax Me4eHn HabI01aeTCs BEICOKast aKTHBHOCTH KJIACTEPOB MOTHBOB, PACIIO3HABACMBIX KITFOUEBBIMU
peryisitopamu quddeperunposku nedend, TakumMu kak HNF1A u HNF4A (puc. 1A). HanpoTuB, B OIyXOJIEBBIX
o0pasmax 1 KJIETOYHBIX JMHUAX JaHHBIE KJIaCTePbl JEMOHCTPUPYIOT HOHKEHHYIO aKTHBHOCTB. [IprMeuarensHo, 94To
TP COMTOCTABUMBIX MPOQUIIX aKTUBHOCTH MOTHBOB /1715t hakTopoB HNF 1A HNF4A B 0Opasuax rpymnmst Solid Normal
Tissue, ypoBHM 9KCIIPECCUH COOTBETCTBYIOIIMX UM I'€HOB B ATOM rpyrie pasiaudarorcs (puc. 1B), nmpuyem skcrnpeccus
MTOHMKEHA B 00pa3Iiax ¢ BEICOKOH aKTUBHOCTHIO MOTHBOB. OTCYTCTBHE MPSAMON KOPPEIISIUN MEXK Ty SKCIIPecCue reHa
T® u aKTHBHOCTBIO €r0 MOTHBA YKa3bIBaeT Ha TO, YTO (PYHKIIMOHAIBHOE COCTOSHHE PETYNIATOpa ONpeAessieTcs He
TOJIBKO €T0 KOHIIEHTPAIHEH B KJIETKE, HO M AIIUTCHETHYECKUM KOHTEKCTOM, TIOCTTPAHCIIAIIMOHHBIMU MOTU(DHKAIUIMHU
(marpumep, HochHOPHUIUPOBAHNEM) WITH JOCTYITHOCTHIO CreU(PUIeCKHX KOGaKkTOpoB. [IpOTHBOMONOKHAS JUHAMHUKA
xapakrepHa Juis knactepoB Td, acconnMpoBaHHBIX C KOHTPOJIEM KJIETOYHOM nponudepanny. [loBbIeHHAS aKTHBHOCTh
MOTUBOB cemeicTB YY1 (nuurnmanus tpanckpununu), NRF1 (Mutoxonapuansnsiii Ouorenes) u NFYC (perymsius
KJIETOYHOT'O IIMKJIa) B OIyXOJSIX M KJIETOUHBIX JIMHUSX (pHC. 1A) KOppelupyeT ¢ UX BBICOKHM Ipoir(epaTHBHBIM
CTaTyCcoOM M MeTabOINYECKOH MepecTpOnKoil, HEOOXOIUMOIL [JIsl YCKOPEHHOTO JICJICHUS PAKOBBIX KIIETOK.
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Puc. 1. (A) AxtuBHOCTH MOTHBOB pa3HbX kiaccoB T u (b) pacnpenenenne sxenpeccnu reHoB HNF1A u HNF4A nns o6pasuos
3/10pOBOI NIEUEHH, KJIETOUHBIX JMHUH reuenu u ['TIK.

Mortussl cBs3eiBanus TP cemetictBa IRF9, 0TBe TCTBEHHBIX 32 B3aMOIeICTBHE C MIMMYHHOI CHCTEMOH, IEMOHCTPUPYIOT
BBICOKYIO aKTHBHOCTh B 00pa3Iax 370poBoil nedeHu (puc. 1A). B KIeTOUHBIX JIMHHUSAX TEHBI, PEryIUPyEMble STHMHU
OenKaMu, HE 3KCHpeccHpyroTcs. B omyxonn HabmromaeTcs MPOMEKYTOUHas aKTHBHOCTh MOTHBOB, TOHMKEGHHAs B
BoiOopke TCGA u moBbIIIeHHAs B BRIOOpKe 00pasmos, momydeHHbXx B ®I'BY HMUIL onkomorun um. H.H. broxuna
[5]. DTO MOXKET 03HAYATH OTCYTCTBHE CUTHAJIIOB HHTEP(HEPOHOBOTO OTBETA OT KIETOK OIMYXOIH.

KcenorpadTsl, moaydeHHbBIC U3 MUPKYINPYIONNX B KPOBIHOM pycie omyxoneBbix kietok MKPJII, mognepxuBanmich
B MEPECAKCHHOM COCTOSIHUM B MMMYHOAE(UIMTHBIX MBIIMIAX, OATOMY B OTIIMYME OT KJIETOYHBIX JMHHUH, KICTKU
B3aUMOJICHCTBOBAIM MEXAY c000H M (popMHpOBAIM T€TEPOT€HHbIE METacTasupyoomme omyxonu. M3BecteH psin
nmoarunoB MKPJI, pasnuuaromuxcs sxcnpeccueit HerposuaokpuHHEIX T (ASCL1, NEUROD!1 u ATOH1) (puc. 2b),
KOTOpBIE MIPUHAAICKAT OgHOMY Kiactepy MotuBoB TFE2. DToT KitacTep HaXxoauTcs B TOme MO akTUBHOCTH T, Kak
OOBSICHAIONINN AUCTICPCUIO TPAHCKpUMIHH 715 Bcei Bei0opku MKPIT (cm. puc. 2A).
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Puc. 2. AKTUBHOCTh MOTHBOB U dKcIipeccust pasHbix TP B kceHorpadTax pasubix moarunoB MKPJI: (A) akTHBHOCTH MOTHBOB
pasubix knaccoB T®; (B) sxcnipeccus dakropos B kinactepe TFE2.

Buioowr: TIpoBeieHHBIN aHAIN3 TIOKA3bIBACT CIIOXKHBIE TIEPECTPOMKH TeHHBIX CeTeil NMpH pakoBol TpaHchopmaryu
KJIETOK. B TO BpeMs kak pasHHIIa MEXJTY HOPMAJIBHBIMH M PAKOBBIMHU KJIETKaMHU OIpEACISACTCS B MEPBYIO O4epeIhb
AKTUBHOCTBIO pa3HbIX ceMeiicTB Td, pacrno3HaromUX HEMOXOXKHE MOTHBBI, CO3AAETCsl BIEUATIEHHE, YTO TOHKUE
pa3nuuus MEXIY pa3HbIMU MOJATHIIAMHU OIyXOJeH, WM pa3finuus, BO3HUKAIOIINE MPHU PAa3BUTHUU PAKOBBIX KIETOK
B Pa3HBIX YCIJIOBHUSX, T.€. HEMOCPEACTBEHHO B OITyXOJIM, B MMMYHOH30JIMPOBAaHHOM KCEHOTpaTe MM B KIETOUYHOH
KyJBTYp€, OTPE/IeNIeTCsl OTHOCUTENIbHON aKTUBHOCTBIO pa3HbIX T®, MpHHAIeKALINX K OJHOMY U TOMY 7K€ CEMEHCTRY,
U, TIO-BHIMMOMY, KOHKYPHPYIOIIUX 32 OOIINE MOTHBBI CBSI3bIBAHMSI.

CoBMECTHBIN aHAJIN3 HKCIPECCUU UHANBUIYaNbHBIX T 1 aKTUBHOCTH UX MOTHBOB OTKPBIBAET ITMPOKHE MEPCHEKTUBEI
JUTsl pEKOHCTPYKIIMU T€HHBIX PErYISTOPHBIX CETeH U MOKMCKA KIIIOUEBBIX y3JI0B YIIPABICHUS KJIETOUHBIM COCTOSIHHEM. B
KJIMHUYECKOH MpaKTHKe MOHUMaHKe crienuuky B3aumoseiicteust Td ¢ mpoMoTopamMu reHOB-MHIIEHEH KPUTHYECKU
Ba)KHO JIUTSl MICHTU(UKAIINH TO/ITHIIA Oy XOJIM M TIOUCKA APaiBEPHBIX MEXaHM3MOB OITyXOJIEBOH ITPOTPECCHH.
bnacooapnocmu: ABtopsl BbIpaxkaioT OmaromapHocth M.B. Kynakockomy (Muctutyt Oenka PAH), coasropy
nHcrpymenra MARADONER, 3a koHcynbranuu, NpoayKTHBHOE OOCYKICHHE pe3ylbTaroB, a TaKkKe 3a IEHHBIC
3aMe4aHus P TTOJITOTOBKE TEKCTa paboTHI.
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Motivation and Aim: Transcriptional regulation, mediated by binding of transcription factors (TFs) to regulatory
regions such as promoters and enhancers, is a fundamental process determining the cellular phenotype and identity.
DNA sites binding TFs contain “motifs”, specific nucleotide patterns recognized by TF’s DNA-binding domains. TFs
from the same structural family typically recognize similar motifs, and these binding motifs are now characterized
for the majority of human TFs [1]. Transcriptomic profiling (e.g., RNA-Seq) provides data on gene expression levels.
Since human promoter locations are well-mapped, Motif Activity Response Analysis (MARA) can be employed to
determine which DNA motifs and corresponding TFs drive transcriptional changes across specific sample sets based
on motif presence in the promoters of differentially expressed genes [2].

Methods and Algorithms: Analysis was performed using the MARADONER tool [3], which implements a Bayesian
multiple linear regression model. Input data consisted of TMM-normalized and batch-corrected expression profiles,
alongside a motif-to-promoter occupancy matrix calculated using the sumoccupancy method for promoter regions
(=500/+2000 bp). This approach accounts for clusters of binding sites, enhancing model robustness against technical
noise. Post-processing involved evaluating the significance of identified activities using ANOVA with False Discovery
Rate (FDR) correction. The analysis identified key regulators associated with both tumor stages and subtypes, with
results integrated with gene expression data.

Results: This study examines two applications of MARADONER: (1) a cohort of individual hepatocellular carcinoma
(HCC) tumors, corresponding cell lines, and healthy liver samples; and (2) small cell lung cancer (SCLC) xenografts
[4]. Both cancers exhibit high biological heterogeneity and aggressive clinical progression.

In healthy liver samples, high activity was observed for motif clusters recognized by key hepatic differentiation
regulators, such as HNF1A and HNF4A (Fig. 1A). Conversely, these clusters showed decreased activity in tumor
samples and cell lines. Notably, while HNF1A and HNF4A motif activities were comparable in “Solid Normal Tissue,”
the expression levels of their corresponding genes differed significantly (Fig. 1B). The lack of direct correlation
between TF expression and motif activity suggests that the functional state of a regulator is determined not only
by concentration but also by epigenetic context, post-translational modifications, or cofactor availability. Opposite
dynamics were observed for motifs associated with cell proliferation (TYY1, NRF1, and NFYC), where increased
activity in tumors correlates with high proliferative status.

Binding motifs of the IRF9 transcription factor family, which are responsible for interacting with the immune system,
demonstrate high activity in healthy liver samples (Fig. 1A). In cell lines, the genes regulated by these proteins are
not expressed. In tumors, intermediate motif activity is observed — decreased in the TCGA cohort and increased in
the cohort of samples obtained from the N.N. Blokhin National Medical Research Center of Oncology [5]. This may
indicate an absence of interferon response signals from the tumor cells.

Gene B HNF1A B3 HNF4A
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Fig. 1. Comparison of transcriptional profiles across liver samples: (A) Motif activities of various TF classes; (B) Gene expression
distribution of HNF1A and HNF4A in healthy liver tissue, liver cell lines, and HCC samples.
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Xenografts derived from circulating SCLC tumor cells were maintained in immunodeficient mice. In xenographt cells
interact with each other and form heterogeneous metastatic tumors. A few SCLC subtypes are known to differ in the
expression of neuroendocrine transcription factors (TFs) such as ASCL1, NEURODI, and ATOH1 (Fig. 2B). These
factors recognise similar motifs and belong to the same TFE2 motif cluster. This cluster is among the top in TF activity,
serving as a key factor explaining the variance in transcription across the entire SCLC sample set (Fig. 2A).
Conclusion: The analysis reveals complex rewiring of gene regulatory networks during malignant transformation. While
the distinction between normal and cancerous cells is primarily driven by the activity of different transcription factor
families recognizing distinct motifs, finer differences appear to be governed by a different mechanism. Specifically, the
subtle variations between tumor subtypes — or changes arising from different growth environments (e.g., the primary
tumor, immunoisolated xenografts, or cell cultures) — are likely to be determined by the relative expression of different
TFs recognising similar motifs. These factors likely compete for the shared binding sites.

The integrated analysis of individual TF expression and their corresponding motif activities offers broad opportunities
for reconstructing gene regulatory networks and identifying key nodes controlling cellular states. In clinical practice,
understanding the specificity of TF interactions with target gene promoters is critical for identifying tumor subtypes
and uncovering the driver mechanisms of tumor progression.
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Fig. 2. TF motif activity and gene expression in xenografts of different SCLC subtypes: (A) Motif activities of various TF classes;
(B) Expression levels of TFs within the TFE2 cluster.
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