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ITocTpoeHbI HECKOJIBKO TUITOB HelipoceTeit ¢ maMsiThio. Kaxnast n3 Hux 6buta 06ydeHa Ha TTOJTHOM TeHoMe
MBIIIIY [IJIs1 TIpeicKa3aHusi MHTPOH-2K30HHOM CTPYKTYphI TeHa. Bblio nmpoBeneHo cpaBHeHUe HellpoceTei
B paboTe KaK Ha TECTOBOI BBIOOPKE, TaK M Ha 3KCIIEPUMEHTAJbHOM MaTrepuajie, MOJIydeHHOM Iocie
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CrutaiicMHT — OVIH U3 KJIIOUEeBBIX MEXaHU3MOB B
obecriedyeHNM OEJIKOBOTO pa3HOOOpa3us y 3yKapHuo-
TUYECKMX opraHm3MoB. CIUIaiCUHT TaKXKe peryJiy-
pyeT CTaOMJIBHOCTh pa3nUYHbIX BapuaHToB MPHK.
CpaBHeHHME 3KCIIPECCUM TPAHCKPUIITOB B pPa3HbIX
TKaHSIX YeJI0BeKa I10Ka3aJio, 4YTO MO3T, IeUYeHb U Ce-
MEHHUKU NMEIOT CaMble BEICOKME YPOBHU aJbTepHA-
TUBHOTO CIUIAiCMHTa, MPU 3TOM B Pa3HBIX TKAHIX
MOTYT IIpeo01anaTh pa3Hble TUIBI aIbTePHATUBHOTO
cruravicunra [1].

B HepBHOI1 cucTeMe BaxKHBIM (haKTOPOM, 3aBUCS -
MM OT aJbTePHATUBHOTO CIJIaiiCMHTa, SIBISIETCS
MpPOCTPpaHCTBEHHAs JOKalIn3alus TPaHCKPUIITOB [2].
Kpome Toro, ooHapyKeHO, YTO aKTUBHOCTb HEMpPO-
HOB MOXET OKa3blBaTh BJIMSHUE Ha BbIpe3aHUE WH-
TpoHOB [3], 4TO, B CBOIO OYepelb, BIUSIET Ha DKC-
MIPECCUIO HEJIeBBIX OCIKOB U SIBJISICTCS MEXaHU3MOM
TOHKOI HacTpOHKU pabOThl HEHHPOHOB B pa3IMYHBIX
YCITOBUSIX UX (PYHKIIMOHUPOBaHUS [4].

AJIbTepHaTUBHBIN CIUTAiCUHT obecrieunBaeT pa3-
HOOOpa3re TPaHCKPUIITOB HE TOJBKO BHYTPM KJIE-
TOK, HO M Mexnmy HuMmHu. Ilpu dopmupoBaHum
HEPBHOM CUCTEMBbI MPOUCXOIUT AudPepeHLIPOBKA
KJIETOK-TIPEAIIECTBEHHUKOB B pa3IMYHbIE THUIIBI
HelipoHOB 1 7K. C ITOMOIIBIO BEIACIEHUS pPUOOCO-
Mo-accolmupoBaHHoit PHK u3 pa3Hbix TUNIOB Heli-
pOHOB OBUIO OOHAPYKEHO IOCTOBEPHOE pa3indue
Ha0OpOB aJbTepPHATUBHBIX ciuiaiic-n3ogdopm PHK B
Pa3HbIX TUIIAX KJIETOK, YTO MOXET CBUIACTECIbCTBO-
BaTh O TOM, UTO aJIbTePHATUBHBIN CILUIAICUHT BOBJIE-
yeH B Ipoiecc guddepeHunannuy HeMpoOHOB B XOI¢
pa3BUTUSI HEPBHOI cucTeMHbl [5].

B Hacrosiiee BpeMsi CyliecTByeT MHOXKECTBO aJi-
TOPUTMOB IIJII TIOMCKAa M aHHOTAIlMM CIUIalic-M30-

dopwm in silico. B xauecTBe OCHOBBI aJITOPUTMA MOTYT
OBITh UCITOJIL30BaHKI rpadbl Ae bpronHa, XXagHbIe aj-
TOpUTMbI, Tpadbl TepeKpbiTUit U apyrue. OmHaKO
MOYTU BCE aJTOPUTMBbI MpeaHa3HauyeHbl [JIsi oOpa-
OOTKM NTaHHBIX, TMOJYYEHHBIX C MTOMOUIbIO Pa3any-
HbIX BapManuii cekBeHatopa Illumina. Eciu xe njs
MOJIyYeHUs] NaHHBbIX WCIIOJIb3yeTCs] MHOIM CeKBeHa-
TOp, aJTOPUTMBI MOTYT OIIIMOATBCS, TaK KaK OOJIb-
111as1 YaCTh COBPEMEHHBIX aJITOPUTMOB U151 oTIpeeie-
HUg craiic-u3ohopM paboTaeT € MHOXECTBOM
HeOoJIbIINX OTAebHbIX YTeHuid (100 1.H.), BBIPOB-
HEHHBIX Ha pedepeHcHbIl TeHoM. [lociaenoBaTenb-
HOCTHU, MoOJIydyaeMble C MOMOIIbIO TaKuUX MPUOOPOB
kak lonTorrent man Oxford Nanopore, ripeacraBisi-
10T cO00i1 HEOOJIbIIOI HAOOp TOCTATOYHO JJTMHHBIX
(cBpie 500 mmap HyKJI€OTHUIOB) KOHTUTOB, KOTOPhIE
JIOKEH TOCIeI0BaTEeIbHO 00pabaThIBaTh aJITOPUTM.
Eie onHo# BO3MOXHOI 00J1aCThIO TIPUMEHEHMUS ajl-
ropuTtMma, paboTalolero ¢ JJIMHHBLIMM TIOCjenoBa-
TEJIbHOCTSIMU HYKJIEOTUIIOB, SIBJSIETCS MOWCK U aH-
HoTalusi MHTPOHOB B NGS-gaHHBIX pa3JIMYHOTO
MPOUCXOXKIEHUSI, YK€ COOpaHHbIX B TPAHCKPMIITHI,
YTO MOXKET OBITH ITOJIE3HO MPY aHHOTAILIMM COOPOK.

Y100bl BBICTPOUTH AOCTATOYHO 3(MEKTUBHBIN
aJITOPUTM BbllieJIeHUs cIUialic-u3odopM, HeoObXxoau-
MO BOCIIOJIb30BaThCs METOIAMU, KOTOPBIE CITOCOOHBI
3¢ PEKTUBHO BBIACIATh MATTEPHBI M3 IOCJEI0Ba-
TeJIbHOCTU. K TaKOBBIM MOXHO OTHECTU METO/Ibl Ma-
IIIMHHOTO OOyYeHUsI, KOTOPbI€ YCIEIIHO UCTOJb3Y-
I0TCSI B CaMbIX pa3HbIX O0JIACTSIX BBIYMCIUTEIbHOMN
MoOJIEKYJIIpHO#i Ouosoruu. B yacTHocTH, mpumepa-
MU HUCIIOJb30BaHUS 3TUX METOIAOB MOTYT CIY>XUTb
KiIaccuduKalus coObITUI CIIaicuHra [6] U Biavs-
HUS NOJUMOP(U3MOB Ha MIATOTeHHOCTH [7].
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METOJbI

1 Torcka MHTPOH-3K30HHOM CTPYKTYPBI TEHOB
KCIIONIb30BAJIM HECKOJBKO MOJelieil MAaIIuHHOTO
00y4eHUS C MaMSIThIO, ITOIXOMSIINX I 00pabOTKU
OIHOMEPHBIX TTOCJIe0BATEeIbHOCTEM. MOIeb TOJIK-
Ha 3alIOMMHATh CaMble YCTOMYMBBIE MATTEPHBI U 3a-
ObIBaTh He3HauMMBbIe. Takue 3aga4d O4eHb pPacIpo-
CTpaHEHBI B Pa3JIMYHBIX 00JACTSIX BBIYMCIUTETHLHOMN
JIMHTBUCTUKH U 00pabOoTKM M300pakeHmit. st aTmx
LieJieid UCITOIb3YIOTCS pa3IMdHbIe BUIBI PEKYPPEHT-
HBIX HEPOHHBIX ceTeil. [ OToTHUTEeIbHBIM apTyMeH-
TOM B IOJIb3Y BBIOOpA 3TUX MOJEJIE MOXKET CIIY>KUTh
TO, 4TO, TP MPABUIBHOM CTpaTerny OOYUYEHUST, MO-
JIeJIb MOKET OBITh YCTOMUMBA K OIINOKAM CEKBEHM-
pOBaHUSL.

B xauecTBe nmepBoTro CJIos Halleil HEMPOHHOI ce-
™ (cM. puc. 1) MBI HCHOJb30BaJIM OTHOMEPHBII
CBEPTOYHBIA CJIOM HEUPOHOB C pa3MepoOM OKHa B
2 11.H. Ha BropoMm ciioe Halieit MoIe I Mbl YCITOJIb3Y-
€M JIBa BUIAa PEKYPPEHTHBIX CETeil — OIHOHAIIpaB-
nenHass GRU-cets [9] m LSTM-ceTh [8], nByHampaB-
nenHasts GRU u LSTM-ceth. TpeTnit cioii ncIionb-
3yeTcsl IS TIpeIoTBpallleHUs IepeoOydeHUs MOIEIN
C mMOMOIILIO IporayTa. Bee peanmmsanmuy HelipoceTeid
CTPOWJIM C TIOMOIIbIO makKeTa keras mjist sI3bIKa IIpO-
rpamMmupoBaHus Python Bepcum 3.8.

TecTupoBaHuMe HepoceTe MPOXOAMIIO B IBA 3Ta-
ra — Ha IEpBOM 3Tarle HeiipoceTh 00yJanach ¢ IIOMO-
IIbIO0 UCKYCCTBEHHBIX JaHHBIX. JlaHHBIE 00 MHTPOH-
9K30HHOM CTPYKType T'€HOB Opajiy M3 aHHOTAlLIWU.
I1pu momMoiy aHHOTALMKY TeHOMA MBI OBLIM BBI-
JIeJICHbl TIOJIHBIE ITOCJICIOBATEIbHOCTA TE€HOB, IJIsI
KOTOpPBIX OBUIM CHPOPMHUPOBAHBI XapaKTePUCTUUC-
CKME BEKTOPHI 110 clienytolieMy npasuiy: 0 cooTBeT-
CTBYET HYKJICOTHIAaM, ITONABIIMM B UHTPOHHKI, 1 — B
9K30HHI. /lanee BpIOOpKA MeIMIach Ha O0YYaloIyo U
TECTOBYIO B cooTHoIeHU 80% (06ydJaromiast BEIGOp-
ka) u 20% (tecToBast). BeluncauTeIbHBIE DKCIIEPH-
MEHTbI 110 OOYYEHUIO CeTeii TPOBOAWIIM ST Pa3HBIX
00BbEMOB OKOH IOCJIEA0BATENBHOCTH, a UMeHHO 600,
700, 800, 1000 m.H. Hias moucka Ko3(dPUIIMEHTOB
MogeJieil UCIOIb30BaJICI MeToHd onTuMu3anuu AD-
AM [10]. Pe3ynpTaTh! IJ1s1 HAIIUX MOJIeJIeii ITOKa3aHbI
B TaOJIM1IE.

2§64 $5° 210

Y
conv Id_1: Conv ID

'

bidirectional 1 (gru_1): ,2idirectional (GRU

!

dropout_1: Dropout

\4

dense 1: Dense

Puc. 1. Cxema HeitpoceTu, UCTIOJIB3yeMOM TSI TIpeacKa-
3aHUSI MHTPOH-3K30HHOM CTPYKTYPHI FeHa.

PE3VIIBTATHI 1 OBCYXIEHWE

B onpeneneHHBIX YCIOBUSX BEIpe3aHUEe MHTPOHOB
MOXET OBITh MOJABJIEHO, TTO3TOMY CETH, OOyIeHHBIC
OTJIMYATh YIaCTK WHTPOHOB OT YYaCTKOB DK30HOB,
MOTYT MCIIOJIb30BaThCS IUIST OTIO3HABAHUSI CUTYAIIUH,
B KOTOPOM MPOMCXOIUT TAKOE IMOJABICHUE. DTO JaeT
BO3MOXXHBII ITyTh IUTST 9KCIIEPUMEHTATBHOI TTpOBEp-
KU pa3paboTaHHOTO aJIrOpUTMA.

Ha BTopoM 3Tane yxe MnpenoOydeHHYIO CeTb Te-
CTUPOBAIN Ha HAOOPe SKCEPUMEHTAIbHBIX TaHHBIX,
MOJIyYeHHBIX C MOMOIIbI0 cekBeHaTopa lonTorrent.
U151 9TOTO OBLIM OTCEKBEHUPOBAHbBI TPAHCKPUIITOMBI
00pa3loB HeHpOrIMAJIbHON KYJIbTYpbl THITITIOKAMIIa
KpbICHI [ 11], ABa 13 KOTOPHIX OBLIM 0OpabOTaHHI I1J1a-
IUEHOJUIOM — pPeareHTOM, KOTOpPbiii MHTUOUpyeT
Mpoliecc criaiicuHra, iBa xe OblJIM OCTaBJIEHbI B Ka-
YeCTBE KOHTPOJsI. DKCNEPUMEHTAIbHBIE M KOH-
TPOJBHBIN 00pa3lbl OBIIM COOpPaHBI C ITOMOIIBIO
coopmuka SPAdes [12] B konTturu. N50 a1 moiy-
yuBIIeics coopku Obl1 paBeH 1022 m.H. ST KOH-

Taﬁ.lmua 1. CpeI[HHH BCJINMYHNHA KOPPEKTHO Hpe,E[CKaSaHHOfI IIPpUHAAJICKHOCTHU HYKJIICOTUOAOB OJId Pa3HbIX THUIIOB

HEWUPOHHBIX CETEN

Tun cetn 600 700 800 1000
OpnnoHarnpasiaeHHas GRU 65% 74% 71% 80%
HpyHanpasienHas GRU 82% 84% 91% 92%
OpnHoHarnpasieHHass LSTM 72% 72% 80% 82%
JByHanpasiendas LSTM 93% 71% 67% 81%
BUOD®U3UKA Tom 65 Ned 2020
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Puc. 2. ROC-kpuBas HelipoceTeBoro Kiaccudukaropa
«9KCMEPUMEHT—KOHTPOJIb».

TPOJbHBIX 00pa3uoB U 913 m.H. AT 3KCIIEpUMEH-
TaJIbHBIX 00Opa31IOB.

BoluncnuTenbHbIN 39KCHEPUMEHT 3akKjovayics B
ClIeIyIOlleM: pa3e/IuTh KOHTPOJIbHbIE U DKCIIEpU-
MEHTaJIbHbIe (C «3aCTPSBIIMMU» MHTPOHAMM) KOH-
turu. C 3TOM 1LeNbIo JIS1 KaXIOi IPYIIIbl ObLIN BbI-
Opanbl 50 cay9aifHBIX KOHTUTOB, IJISI KOTOPBIX OBLIIa
MpOU3BeIeHA pa3MeTKa UHTPOH-9K30HHOM CTPYKTY-
pBI C TIOMOIIIbIO pa3paboTaHHOM TporpamMMabl. [1pen-
M0JIarajioCch, YTO T€ MOCIEA0BATEIbHOCTH, B KOTOPBIX
JUIMHA UHTPOHOB OOJIbIlIEe MOPOTOBOI, — IKCHEPU-
MeHTaJbHble. B MPOTUBHOM cilyyae KOHTUT OIlpee-
JISUICS KaK MPUHAIJIEeXKAIIMA K KOHTPOJIbHOM Ipymnrie.
Hanee Ha ocHOBE KOJIM4YeCTBAa OOHAPYKEHHBIX WH-
TPOHOB KOHTUTM KJIACCU(PUIIMPOBAIUCH Ha KOH-
TPOJIbHBIE U DKCIEpUMEHTalbHbIe. L1 niocTpa-
i kinaccugukanuuu noctpoeHa ROC-kpuBas
(puc. 2) nis HelipoceTH, KOTopasl Ha 3Talle TECTUPO-
BaHUS MTOKa3ajla HaWIydluii pe3yabraT. Kak BugHo,
MOJTy4YeHHbIE HEMPOCETH 00eCTIeunBalOT JOCTATOYHO
HEIUIOXOl ypoBeHb KjaccuduKaluu, 1axe Mpu uc-
MOJIb30BAaHUW OOyUEeHMsI Ha OpraHru3Max, ¢ OJIM3KOI,
XOTS U UHOU BUJIOBOI NPUHAJIEXXHOCTHIO.

Pabota 6osblieii yacTu HelipoceTeli, B TOM YHCe
CBOICTBa 00yyarolieit BBIOOPKM U apXUTEKTypa KaxK-
IO OTHEJBbHO B3SITOM CETU IMO-MPEXHEMY SIBJISIETCS
«YEpHBIM SIIIMKOM» JUISI MCCeaoBaTeseil, u mapa-
METphbI, obecreunBatolre 3HeKTUBHYIO paboTy ce-
T Ha T€X WU UHBIX JaHHBIX, TOJOUPAIOTCS IMITUPU-
yecku. B nanpHeHIINX MCCieOBaHUSIX MIaHUPYETCS
MoapoOHO paszodpaTh BOMPOCHl 3((HEKTUBHOCTU TO
WJIM UHOMW apXUTEKTYpbl, OCOOEHHO CBsI3aHHbIE C Me-
TOJlaMU BbIOOpa U OOYyUYE€HUS TeX I MHBIX HEMPOH-
HbIX ceTeit. Hampumep, B Xxolle MOATOTOBKY AaHHOM
paboThl ObLIN TAKXKE PACCMOTPEHbBI apXUTEKTYPHI Se-
q2Seq u ceTu, OCHOBaHHbBIE HA ME€XaHMW3MaX BHUMa-
Hus. HecmoTpsi Ha 0Oojiee cloXHOe BHYTpEeHHee
YCTPOWCTBO, 3TU CETU HE MOKa3alu KaKux-Jubo 3Ha-

YMMBIX PE3yJIbTATOB B MpeICKa3aHMM WHTPOH-3K-
30HHOI CTPYKTYPHI.

OT[leﬂbelM BOIIPOCOM JIsl UCCJICAOBAHUSA SABJIsA-
IOTCSI TpaHWLbLI MPUMEHUMOCTH HeMpoceTeil, 00y-
YEeHHBIX Ha OJHUX BUIAX, IS IPEACKA3aHUSI MHTPO-
HOB B r€HOMax Jpyrmx BUAOB, 3BOJIIOIIMOHHO JOCTa-
TOYHO JdajeKuX. OTO Ype3BbIYAMHO BaXXHO IJIsI
AHHOTALIMM TeHOMOB HOBBIX MOJIEJIbHBIX OpraHU3-
MOB, TaKMX KakK, HalIpuMep, BUHOrpagHas yaurka. C
OIHOIT CTOPOHBI, €€ TEHOM U TPAHCKPUIITOM YPE3BhI-
YyaiiHO BaskKHBI IJIs1 3a0a4 10 UCCIIETOBAHUIO TTAMSITH
[13]. C npyroit cTOpOHBI, U3-3a OOMJIMSI TOBTOPOB U
OTCYTCTBUS OJIM3KOPOICTBEHHBIX BUJIOB €€ aHHOTa-
LY UMEIOLIMMUCS aJITOpUTMAMU KpaiiHe 3aTpyl-
HEHa.

OPUHAHCHUPOBAHUME PABOTDHI

Pabora BeImosiHeHa 1pu (pMHAHCOBOM MOAAEPKKE
Poccuiickoro HayuHoro ¢doHma, rpant Ne 19-74-
00141.

KOH®JIMKT MHTEPECOB

ABTOpBI 3asIBJIISIIOT 00 OTCYTCTBUM KOHQJIMKTA
WHTEPECOB.

COBJIIIOAEHUE OSTUYECKHNX CTAHIAPTOB

Hacrosas pa60Ta HE€ COOCPXKUT OIIMCaHUA Ka-
KMX-JIN0O MCCIEIOBAaHMUI C UCIIOJIb30BaHUEM Jonen
U XKMBOTHBIX B KQ4€CTBE OOBEKTOB.
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Prediction of the Exon-Intron Structure of a Gene Based
on Long Short-Term Memory Neural Network

L.A. Uroshlev, N.V. Bal, and E.A. Chesnokova

Institute of Higher Nervous Activity and Neurophysiology, Russian Academy of Sciences,
ul. Butlerova 5a, Moscow, 117485 Russia

This paper suggests several models of long short-term memory neural networks. We trained every model on
a full mouse genome to predict the exon-intron structure of a gene. In this work we compare the performance

of the neural networks in the test sample and experimental material obtained after screening rat brain cells
treated with splicing inhibitors.

Keywords: recurrent neural networks, splicing, LSTM-neural network, GRU-neural network, pladienolide
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