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Momusayua u yenwv: Tpanckpurmonnbie ¢aktopbl (T®) ympaBusioT 3Kcmpeccuen
TCHOB-MUILICHEH, CBS3BIBASCH C KOPOTKUMH Y4YacTKaMH B MPOMOTOPHBIX 00JacTsX,
Ha3bIBaEMBIX LUC-dJIeMeHTaMH. [locaenoBaTeNnbHOCTH HuC-DIEMEHTOB, ¢ KOTOPBIMH
CBs3BIBaETCS omnpeaeneHHblil Td, kak MpaBUIIo, SBISIOTCS YaCTUYHO BBIPOXKICHHBIMH,
U HX CHeKTp o0oOmaercs B BuAe MOTHBOB. JloctaTouHO uacTo aisi 3(h(EKTUBHOM
pabotet T® HeoOxomumo ¢dopmupoBanue rerepoaumepoB ¢ Td-maprtHepamu. B
3aBUCUMOCTH OT T® B cocTaBe KOMIUIEKCA rerepoauMep Moxker caauthes Ha JTHK B
pe3yibTaTe B3aUMOACUCTBHUS TONBKO OAHOrO M3 TAd ¢ COOTBETCTBYIOLIUM YuUcC-
aneMeHToM i oboux T c¢ Tak Ha3bpIBaGMBIM KOMITO3MIIMOHHBIM 3JIEMEHTOM,
COCTOSIINM U3 ABYX YUC-DIEMEHTOB, KOTOPBIC MOTYT OBITh pa3/ieieHbl CIIelcepoM It
YaCTHUYHO TEPEKPHIBATECA APYyr ¢ JApyroMm. M3-3a KOMOMHATOPHOW CIOXHOCTH
TPAHCKPHUIIIUOHHON PpErylsiqiH €€ SKCIIEpUMEHTANbHBIE UCCICJOBAHUS YacTo
OTPaHUYMBAIOTCS YCTAHOBICHHEM OTICIBHBIX YUC-DIIEMEHTOB B PETYJISTOPHBIX
paiioHaX OTHENbHBIX T'€HOB. AJBTEPHATHBHBIM IOJXOJOM, MAIOMIMM BO3MOXHOCTH
CHUCTEMHOTO BBISBICHUS U (DYHKITMOHAIHHOTO UCCIEAOBAHUS YUC-DIIEMEHTOB, SBIISIETCS
COBMECTHBIM aHAIN3 IMOJIHOTEHOMHBIX JaHHBIX Pa3HOTO THIA, OMHCHIBAIOIINX pa3HbIE
ACIEKThl TPAHCKPHITIMOHHON PEryJisiiuu dKcrpeccun redoB (Hanpumep, ChIP-seq u
RNA-seq). [lorenmman Takoro moaxoia HE pealM30BaH IIOJIHOCTBIO, U TMOTOMY
CO3/IaHHE COOTBETCTBYIOLIETO OMOMHOOPMATHYECKOTO WHCTPYMEHTApUsi M €ro
WCTIONIb30BaHME JIJIsl CUCTEMHOTO M3YyUSHHS PETYISIUHA IKCIPECCHU TCHOB SIBISIFOTCS
aKTyallbHOM 3aJlauell, K PelIeHHI0 KOTOPOH MbI 00OpaTHIINCh B JAHHOH paboTe.
Memoowr u ancopummor. Mbl paspabotanu kouseitep SFmotif (cokparenwue ot structure
and function of motif), npeHasHauennsIif 17151 cOBMECTHOTO aHa m3a Aanuerx ChIP-seq
1 RNA-Seq ¢ neiapro KOMILIEKCHOTO N3yYeHUSI MEXaHU3MOB PETYJISIIUN TPAHCKPHUTIITUH.
OH COCTOUT M3 TPEX MOJIYJIEH, MO3BOJIAET U3BJIeKaTh oborameHHbie B ukax ChlP-seq
MOTHBBI M OIIEHHUBaTh MX BJIMSHUAE HAa TPAHCKPHIIIMOHHYI) AaKTUBHOCTh T'€HOB.
KonBseitep peanusoBan B Buje R-makera u 3amyckaeTcs U3 KOMaHIHO#M cTpoku Linux.
SFmotif uarerpupyer Kak CymiecTByIOIIHE POrpaMMHbIe penieHus (Hanpumep, Homer
[1], MCOT [2]), Tak u opuruHajdbHbIe (PYHKIIUH ¥ MOJYJIH, HallMCAHHBIC Ha si3bIKe R.
ChlP-seq mammbie mo ces3eBannio T ABFI, BES1, MYC2 u ARRI10, a Taxxe
WHAYIIUPOBaHHBIE STUMH TOPMOHAMH TPaHCKPUITOMBI OBUIM B3ATBI M3 OTKPBITHIX
UCTOYHUKOB [3, 4].

Pesynomamol. Mbl TIpUMEHWIH pa3paboTaHHBIM Hamu KoHBediep SFmotif ms
WCCIICIOBAHUS YUC-DJIIEMEHTOB, PETYIUPYIONINX TPAHCKPHUIIIIUOHHBIA OTBET I'€HOB Ha
YeThlpe KJIIOYEBHIX (UTOrOpPMOHA: a0CLU30BYIO KHCJIOTY, OpacCHHOCTEPOHIIBL,
JKaCMOHAThI M IIUTOKUHUH. AKTHUBAIMS WX CUTHAIBHBIX IMyTeH MPUBOJNUT K aKTHBAILIUU
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HebonpIoro yncna cnenuduieckux T, oqHAKO MO3BOISIET 3amMycKaTh pa3HOOOpa3HbIe
TPAHCKPHUITLUOHHBIE OTBETHI B 3aBUCMOCTHU OT YCJIOBHIA. DTO MOApa3yMeBaeT HaJluue
JTOTIOTHATETHHBIX MEXaHH3MOB, MOAYIHPYIOIINX aKTUBHOCTH COOTBETCTBYONMX T, 1
JenaeT aKTyalbHOW 3amady ux wucciemoBanus. Mcmonssys ChIP-seq nanubie 1o
ces3eiBanuio ABF1l, BES1, MYC2 u ARR10 (xoTopble peryaupyrT OTBET Ha
a0CIM30BYIO0 KHCIIOTY, OpacCHHOCTEPOHIbI, JKaCMOHATHI W IUTOKHHHH COOTBET-
CTBEHHO), a TaK)K€ MHIYIIMPOBAaHHBIE 3TUMHU TOPMOHAMH TPAHCKPUIITOMEI, HAM y1aJI0Ch
BBISIBUTH 00OTaIlIEHNE MOTHBOB, CXOKUX C U3BECTHBIMU CaliTaMu CBA3bIBaHUS 3THX TO.
Bce onu ObITH acCCOIMUPOBAHEI € MOBBIIIEHHUEM SKCIIPECCHH T€HOB B OTBET Ha ICHCTBHE
ropMoHoB. ITomuMo 3THX MOTHBOB, B mmkax ChIP-seq Opuix oGorarieHsl MOTHBEL,
COOTBETCTBYIOIINE, BEPOATHO, CaliTaM CBS3BIBAHMS MOTEHHUAIBHBIX TO-mapTHEpOB.
Hdns TO ABF1 u MYC2 Obimi oOHapy*eHbl (yHKIMOHANbHBIE KOMIO3UIUOHHEIE
JJIEMEHTHI, C KOTOPBIMH, BEPOSTHO, 3TH TD MOTyT CBA3BIBATHCS B COCTaBE TE€TEPO-
numepoB ¢ Td-naptHepamu. [IpumedarenbHO, YTO KIACCUYECKUM CANT CBS3bIBAHUS
Td ARR10 ne sBnsercs Haubosiee oboramieHHBIM, B TO ke Bpems st ARR10
0o0HapyKeHO HauOoblIee KOJIMYECTBO MOTUBOB ISl OTEHIHAIBHBIX Td-napTHEpoB
0 CcpaBHEHHIO ¢ ApyruMu Td. DTO MOXKET CBUACTEIBCTBOBATH O TOM, 4YTO
¢yukionansHocTh T® ABF1, BES1 u MYC2 perynupyercs B IEpBYIO OYepeib
HYKJIEOTHHBIM KOHTEKCTOM caiiTa cBs3pIBaHHsA, a B akTtuBHoctd ARRIO0
NPUHIUINAIBHYIO poiib UrpatoT Td-napTHEpHI.

Buisoowi: Pa3zpabotan nporpaMMHbIid KoHBeliep SFmotif st KOMIUIEKCHOTO U3ydeHUs
MEXaHU3MOB PETYJISIIMU aKTUBHOCTU TeHOB. [IpenckazaHo, 4To (UTOrOPMOHBI MOTYT
peaM30BhIBaTh pa3HbIE CTPATETUU TPAHCKPUINIIMOHHON PETYISIUN C Pa3IAIHBIM
BKJIAJIOM TPAaHCKPHUIIIMOHHBIX (PAKTOPOB MApTHEPOB.

Qunancuposanue: Vccnenopanue nouepsxkano rpanrom PH® Ne 20-14-00140.
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Motivation and Aim: Transcription factors (TFs) control the expression of their target
genes by binding to the short sequences in promoter regions called cis-elements. cis-
elements bound by a certain TF usually have degenerate nucleotide segiences, and their
whole set is usually generalized as a motif. Quite often, an effective TF functioning
requires formation of heterodimers with partner TFs. Depending on the TFs in the
complex, the heterodimer can bind to DNA due to an interaction of only one TF with the
corresponding cis-element or both TFs with the so-called composite element consisting
of two cis-elements, which can be either separated by a spacer or partially overlap with
each other. Due to the combinatorial complexity of the transcriptional regulation, its
experimental studies are often limited to the discovery of individual cis-elements in the
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regulatory regions of individual genes. Alternatively, an integrated analysis of different
genome-wide data, which describe different aspects of transcriptional regulation of gene
expression (for example, ChiP-seq and RNA-seq) makes systematic identification and
functional studies of cis-elements possible. The potential of this approach is far from
being thoroughly realized, and therefore the development of appropriate bioinformatics
tools and and their use for the systematic studies of the regulation of gene expression is
a relevant task, which we have addressed in this work.

Methods and Algorithms: We have developed the SFmotif pipeline (short for “structure
and function of motif”), which was designed for the integrated analysis if ChlP-seq and
RNA-seq data to comprehensively study the mechanisms of transcriptional regulation.
It consists of three modules and allows extracting the motifs enriched in ChlP-seq peaks
and evaluate their influence on the transcriptional activity of genes. The pipeline is
implemented as an R package and it is launched from the Linux command line. SFmotif
integrates both existing software solutions (e. g. Homer [1], MCOT [2]), as well as
original functions and modules written in the R language. ChIP-seq data on the binding
of TFs ABF1, BES1, MYC2 and ARR10, as well as the transcriptomes induced by these
hormones were taken from publicly available repositories [3, 4].

Results: We used SFmotif pipeline to study cis-elements, which that regulate the
transcriptional response of genes to four key phytohormones: abscisic acid,
brassinosteroids, jasmonates, and cytokinin. Activation of their signaling pathways leads
to the activation of a limited number of specific TFs, which, however, trigger a variety
of transcriptional responses depending on conditions. This implies the presence of
additional mechanisms, which modulate the activity of the corresponding TFs.
Therefore, investigation of these mechanisms is relevant. Using ChlP-seq data on the
binding of ABF1, BES1, MYC2 and ARR10 (which regulate the responses to abscisic
acid, brassinosteroids, jasmonates and cytokinin, respectively), as well as the
transcriptomes induced by these hormones, we were able to identify an enrichment of
motifs, which are similar to the known binding sites for these TFs. All of them were
associated with the increase of gene expression in response to hormones. Additionally,
other motifs were enriched in the ChIP-seq peaks, which likely correspond to the binding
sites of the potential partner TFs. For ABF1 and MY C2, functional composite elements
were predicted, which likely are the binding sites for these TFs being a part of
heterodimers with the partner TFs. It is noteworthy that the classic TF binding site for
ARR10 was not the most enriched, at the same time, ARR10 had the largest number of
the motifs for the potential partner TFs compared to other TFs. This may indicate that
the functionality of TFs ABF1, BES1 and MY C2 is regulated primarily by the nucleotide
context of their binding site, while partner TFs play a fundamental role in the activity of
ARRI10.

Conclusion: SFmotif pipeline has been developed for a comprehensive study of the
mechanisms of regulation of gene activity. It was predicted that phytohormones can
implement different strategies of transcriptional regulation with different contributions
of partner transcription factors.

Funding: The study was supported by RSF project No. 20-14-00140.
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