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TexHOIOrMM CEKBEHUPOBAHUS CIEAYIOIIETO IOKOJCHHs CAENald BO3MOXKHBIM KapTHPOBaHUE
MHOXXKECTBa (YHKUIMOHAJIBHBIX JJIEMEHTOB TeHOMa. Tak CTajJo BO3MOXKHBIM OIpE/eIeHHE
PacIooKeHHsI AIUTEHETUUECKUX (aKTOPOB, BKIIOYAs METWIMPOBAaHUE, MOAM(PHUKAINWU THUCTOHOB,
MeCTa OTKPBITOTO XpoMaTuHa, perynaropHoit PHK, a Taxke MecTa cBA3bIBaHUS TPAHCKPUIIMOHHBIX
(aKTOpOB M APYrux BaKHBIX OenkoB. JlaHHBIE, reHepupyemble B pesyiabprare NGS-skcrepuMeHTOB,
XpaHsITCs Ha caiitax MPOEKTOB B OTKPBITOM JIOCTYyIe, 00biuHO B hopMare bed-daitnos. AkTyanbHOi
ABJSIETCA 3a7lada IOWCKA B3aMMOCBS3CH MEXAY pa3MUHBIMH (DYHKIMOHAJIBHBIMH AHHOTALUSIMA
T€HOMa, KaK JKCIIEPHMEHTAIbHBIMH, TaK U TeopeTudeckuMU. CylIeCTBYIOIUE MPOrpaMMbl MOUCKA
MaTTEPHOB MMEIOT CYIIECTBEHHBIE OIPaHNYCHHMs, OOJIBIIMHCTBO PEATU30BAHO AJISI pabOTHI B CHCTEME
IOHHKC, TpaduuecKuii MHTep(eHc OTCYTCTBYET, a CaMH MpPOTpaMMbl CIOKHBI B HCIIOJIB30BaHUH. B
JaHHOW paboTe MBI MPEACTABISIEM MPOTPaMMy, 3allyCKaeMyio B Opaysepe B 000N ONeparioHHON
CHCTEME, C MOJIB30BATEILCKIM IpaduueckuM HHTep(deiicoM, KOTopas NpUHAMAET Ha BXOJ 1Ba (aiina
TCHOMHO# aHHOTaIMu B opmare .bed, Busyanusupyet pacnpenenetue GyHKINOHATILHBIX YIIEMEHTOB
B BHJIE IUIOTHOCTEH Ha YpOBHE XPOMOCOMBI M OCYIIECTBISET MOUCK NMAaTTEPHOB aCCOLHUAIMU MEXIY
JByMs HCCJIEIyE€MBIMH TE€HOMHBIMU »JJleMeHTaMH. HalineHHble NaTTepHbl BU3YaIM3HPYIOTCSA, U
nHpopmanus 00 UX pacrojoKEHHH BbIAAETCS B BHJE cnucka. /laHHas nmporpamMma IpeaHa3HadaeTcs
JUISL pEeILIeHUs] IUPOKOro Kiacca 0nondopMaTHuecKux 3a1ad MOMCKa MaTTePHOB acCOLMAlMH MEXIy
pa3ITUYHBIMK (QYHKIIMOHAILHBIMH QaHHOTAIMSMH T'€HOMA.

Knrouesvie cnosa: nouck nammepHos, HNOIHOSEHOMHAs awHomayus, @ainvl  gopmama .bed,
@yHKyUOHANbHBIE dNeMeHMbl 2eHOMA, dInucenemuka, [JHK-3nemenmol, mpancKpunyuoruvle hakmopul,
MEXHON02UU CEKBEHUPOBAHUSL CLE0VIOWe20 NOKOJICHUSL.

Searching for patterns of association between functional genomic elements

Matkarimov O.0., Polivoda D.E., Poptsova M.S.

National Research University Higher School of Economics

Next-generation sequencing technologies made it possible to map numerous functional genomic
elements. Thus, it became possible to define positions of epigenetic factors including methylation,
histone modifications, sites of open chromatin, regulatory RNA, and also binding sites for
transcription factors and other important proteins. Data, generated as a result of NGS-experiments, are
stored at the project web-sites and is freely available usually in bed-format. The problem of finding
associations between different functional genomic annotations, both experimental and theoretical, is
very important. The existing programs for pattern search have significant limitations. most of them are
developed to work in the Unix-like systems, they are lacking graphical interface, and programs are
complex in usage. In the present work we present a program that can be run in a browser in any
operation system, it has a graphical interface, and it accepts as an input two files of genome
annotations in .bed format, visualize distribution of functional elements as densities at the level of
chromosome and performs a search for patterns of association between different functional genomic
annotations. The detected patterns are visualized and information about their position is given in a list.
The presented program is designed to solve a broad class of bioinformatics problems of finding
patterns of association between different functional genome annotations.

Key words: pattern search, full-genome annotation, .bed-files, functional genomic elements,
epigenetics, DNA elements, transcription factors, next-generation sequencing technology.
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1. Beenenue

B  pesymprare  mporpecca B TEXHOJOTHSX
CEKBCHHPOBAHWs ~ CJICAYIOIIETO IOKOJNCHHS  CTalo
BO3MOYHBIM OCYIIECTBIAT MOJIHOTCHOMHOE
KapTUPOBaHHE MHOKECTBa (YHKIHOHATBHBIX
JneMeHTOB reHoMa. Tak, B HacTosIIee BpeMs Ha caiite
KOHCOPIIMYMHOTO MpOEKTa Mo drnureHomuke «The
Roadmap Epigenomics» moctymHo okomo 3000

MOJIHOTCHOMHBIX aHHOTAlMH MOIU(UKAIMH TUCTOHOB,
CaliTOB  OTKPBITOTO XPOMATHHA, METHJIMPOBAHMUS,
noyioxkeHuit  perynsaropnoii  PHK, a  Takxke
TPaHCKPHUIITOMHBIE JaHHBIE AJISI PA3HBIX THIIOB TKaHEH,
NpUHAIICKANX K TPEeM OCHOBHBIM KaccaM —
CTBOJIOBBIE KJICTKH, 3apOAbIIIEBas TKaHb W B3pocias
TKaHb. Jpyroii koHCOpUMYMHBIA npoekT «The Encode
Projecty  (Ouumkiomemmst  JIHK-amementoB) B
Hacrosiiee  BpeMsi  cojepkur  okomo 14000
MOJIHOTCHOMHBIX ~ KapTUPOBAaHWi, OCHOBHYIO 4acTb
KOTOPBIX 3aHUMAIOT JaHHBIE O CalTax CBSI3bIBAHMS
TPaHCKPUIUMOHHBIX  (akTopoB.  KoHcopumymHbIe
NPOEKTHl TI0 CEKBEHHPOBAHMIO PAKOBBIX OIyXOJeH
TCGA u ICGC Takxe comepKaT HECKOJIBKO TBICSY
MOJHOTCHOMHBIX ~ AHHOTAIMH,  TIOJNy4EHHBIX B
pe3ysbTaTe TEXHOJOTHI CEKBEHHPOBAHUS CIEIYIOIIETO
nokoneHus. IloMUMO  JaHHBIX — MEXKAYHAPOIHBIX
MPOEKTOB, CYIIECTBYET OIPOMHOE KOJIMYECTBO IAHHBIX
0oJiee MEJIKUX MPOEKTOB, KaK OTKPBITOrO JOCTYIA, TaK

U HaXOIAIIMXCSI B COOCTBEHHOCTH KIMHHUK H
TOCIIUATANIEH. OrpoMHBIi 00BeM MOJIyYEHHBIX
MOJIHOTCHOMHBIX ~ JIaHHBIX ~ TpeOyeT  CHeuuaIbHOro

NpOTPaMMHOIO  OOECIIeUeHHUsT W AJTOPUTMOB  JUTA
U3BIICYCHUS M3 HUX OHOJIOTHYecKoro cMbicna [1].

[Ipobnema moOMCKa MNATTEPHOB B  T'CHOMHBIX
AQHHOTAIlMSAX  BO3HHMKJIA cpady K€ BMeECTe C
BO3HMKHOBEHHEM JaHHBIX, M HIXKE MBI TNPHBOIUM
KpaTKuii 0030p Hanbosee yCHEeNHbIX Ha CETOAHAIIHUH
JICHb TIPOTPaMM.

1.1. ChrommasSig

Iporpamma ChrommasSig [2] moxer o6pabaTsiBaTh
CBIpBIE IKCIICPHUMEHTAIBHBIC JaHHbIC. 3aJI0KECHHBIA B
nporpammy AIITOPUTM HO3BOJISICT HaxOJIUTh
KOPpEIHPYIOIINe MEX Iy coboii obnactu
XPOMATHHOBBIX CUTHATYP M CO3[aBaTh OTYETHI B BHUIEC
wunoctpuposanroro pdf-gaiina. OpHako nporpamma
HE MMeeT II0JIb30BaTeIbCKOTO MHTepdeiica, B Heil
OTCYTCTBYET  BO3MOXXHOCTH  KIIACTepH3AIlMU |
Kiaccudukanuu. IIporpamMma He TMOICPKUBACTCI C
2008 rona.

1.2. ChrommHMM

Merox ChrommHMM [3] Obu1 paspaGoran s
OIIPEJIENICHUS] COCTOSIHUIM XpOMaTHHA Ha OCHOBE METOJIA
CKpBITHIX Lened MapkoBa. MeToll He JOCTYIIEH B BUJE
MIPOTPaMMBI JUIS IIHPOKOTO MOJIB30BAHNS.

1.3. ChroModule

Meton ChroModule [4] 6bu1 co3man ans aHanu3a
SMUTCHOMHBIX JaHHBIX COBMECTHO C JAHHBIMH MPOCKTA
Encode. Meron wcmonp3yeT MammHHOE OOyUYEHHE H
HAaXOAWT [ATTEPHBl B  AHHOTAUMSX  THCTOHHBIX
Moau(bHKaLNi, aCCOUNUPOBAHHBIC C PETYISATOPHBIMH
3JIEMEHTaMH, TAKHMHU KaK IPOMOTOPBI M SHXaHCEPBL.

1.4. HMMSeg

[Iporpamma HMMSeg [5]  ocymecTBiseT
CErMEHTAIMIO HEeNPEPHIBHBIX T€HOMHBIX JaHHBIX Ha
OCHOBE CKpBITBIX memeli MapkoBa u Wwavelet-
agamms3a. [IporpamMma MOXeT HpWHHMATh Ha BXOI
OJTHOBPEMEHHO HECKOJBbKO aHHOTalui B (opmate
.bed u HaxomuTe MHOrOTHMHBIC (GYHKIHOHATIHHBIC
noMensl. [IporpamMmma He MMeEeT MOIB30BATEIBCKOTO
uHTepdelica | 3allycKaeTcs HCKIIOYHTEIBHO C
KOMaHJI0H CTPOKH.

Bce mepeumcieHHBIE — TIPOrpaMMBI  UMEIOT
MHOXKECTBO OTpaHWYEHHMH JUIS HCIIOJIb30BAaHUSA B
3aja4ax IIOMCKaxX IaTTEPHOB JUIS JIIOOBIX JBYX
MOJTHOTEHOMHBIX ~ aHHOTamui. TakuMm  oOpas3om,
HEOOXOAMMOCTh Pa3pabOTKH TPOTPaMMBbI, KOTOpPas
Ob1  wMena  TpadUuUECKUil  TIOJB30BATENBCKHN
uHTepdelic W  TO3BOMSUIA  [IHPOKOMY  KPYTy
MOJIB30BaTENCH, B TOM dHCiIe 0e3 3HaHWA Cpeabl
UniX, ocymecTBmsITh aHaIW3 MOJHOTCHOMHBIX
AQHHOTAlMil ocTaeTcd akTyalbHOH 3amadeidl. Mbel
paspaboraim  mporpammy  Genomic  Pattern
Recognition  System, wumeronryro rpaduyueckuii
MOJIB30BATENbCKUIM  MHTEp(elic, YTO IO3BOJISET
3arpyxatb (aiiapl  depe3 TpaduUeckoe MEHIO
OTKPBITHS ¢aiinos, c pasHoOMacIITabHOM
BU3yaJlU3allMed MCCIEeIyeMbIX JaHHBIX, a TaKKe
MPOM3BOAUTE IIOWCK TNATTEPHOB MEXKIY JABYMS
MTOJTHOT€HOMHBIMH aHHOTAITSIMH.

2. IlporpamMma noucka narrepaoB Genomic
Pattern Recognition System

2.1. loxp3oBaTeabCcKUil HHTEPeETic

[1aBHOE OKHO MPOTrPaMMBI H300PaXKEHO HA PUCYHKE
1. Tlonmp3oBarens MOXKET 3arpy3uth naBa (ailma c
anHoTaieit B ¢dopmare .bed wuepes crammaptHOe

JIHAIOTOBOE OKHO. 3arpyeHHas AHHOTAIHSI
MEPECYUTHIBAETCS B IUIOTHOCTH HAa  3aJaHHOM
nojb3oBareieM uHTepBane (Hampumep, 1 Mb). C

MOMOUIBIO JIMHEHKH YIPaBICHHUS MOJIb30BATEb MOKET
YBEJIMYHBATH/YMEHBIIATD Macmtad  BBIBOJMMBIX
rpaduKoB, HepeMeliaTh rpaduk BIPaBO WIN BIEBO,
COXpaHATh BBIBOJUMBIM HA JKpaH ydacTok B ¢aiinm B
BUJIe rpaduueckoro ¢aiina.



# Fatem Recogriton Sstem

10000 12500 5000 17500 20000

e/ che Stem 5 bect
e/ ched GSNMETS bed

ionfog

10000

Find Paitem

Puc. 1. 'maBHoe okHO mporpammel Genomic Pattern Recognition System.
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2.2. llouck maTTepHoB

[locne HaxoXIOeHWS paclpelereHus] IIOTHOCTEH
XpOMOCOM B Te€He, JUIi KaKAOro u3 QaiioB ObLI
peanu3oBaH anroOpuTM [6] JUId JaNbHEUINero MOoWCKa
KOPPENSIINA MEX]y ABYMS aHHOTAIIUSMH.

B pesynbrate paboThl alropurMa B OT/ACNbHBIE OKHA
BBIBOJISITCSI HEHOPMAJIM30BaHHbIE M HOPMAJIM3UPOBAH-
HblE YYacTKH JBYX IpadMKOB C KOppEJsIIUel BbIIIe
MOpPOTOBOM  (3a71aBaeMO  OJI30BATEIEM), a TaKKe
3HAYEHHs KOPPEISIUU JUI 3TOTO Y4acTKa, ero HoMepa
W3 BCEX yJacTKoB W ero Tum (puc. 1). Bee HaiineHHBIC
YYacTKH HATTEPHOB JEINSATCS Ha 4eThipe Tuma: 1) muk
NepBoro rpajuka COBINAJaeT C MHKOB BTOPOTO
rpaduka; 2) mHMK TEpBOro rpaduka COBMamaeT ¢
BIQJAWHOM BTOpOro rpaduka, 3) BHOagWHA IEPBOTO
rpaduka COBMamaeT C MHMKOM BTOporo rpaduka; 4)
BIAJUHA [epBOro rpaduka COBIANAET C BIAJHHON
BTOpPOTO Tpaduka.

IIpeaycMoTpeHa BO3MOXKHOCTb — ITPOJIUCTHIBAHHS
BCEX HaWJEHHBIX MNaTTepHOB. BO3MOXHO COXpaHUTH
CIIMCOK BCEX HAlJICHHBIX MAaTTEPHOB C KOOPAMHATAMH B
TeHOME.

[Iporpamma mocTymHa Jjisi CKauMBaHUSI Ha caiite:
https.//cs.hse.ru/dnapunctuation/.
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