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Momusayus u yens: CyecTBEHHYIO YaCTh TPAHCKPUIITOB B 9yKapHOTHUECKUX KIIETKaX MPEICTABIAIOT pa3HOOOpa3HbIe
kiaccbl Hekoaupytonmx PHK. dyHkinoHanbHas posib OOJBIIMHCTBA U3 HUX OCTACTCS HEBBIICHCHHOM, TOTIA KaK JJIs
HEKOTOPBIX YCTAHOBJICHA JOCTAaTOYHO XOPOIIO. 3a MOCIEIHNUE Tl OSBUIICS PSIIT AKCTIEPUMEHTAIBHBIX TPOTOKOJIOB,
nmo3BoJistronuX prukcuposars B3aumoseiictust PHK ¢ JIHK. DTu MeTObI OTKPHLTH HOBBIC BO3MOXKHOCTH IS H3Y4CHUS
MIPOIIECCOB, B KOTOPHIC BOBIEUEHB! pa3ziuyHble TUIBl Hekoaupyroumx PHK B sapax sykapHOTHUECKHX KIIETOK.
Bce oHM OCHOBaHBI Ha TEXHOJIOTHSIX CEKBCHMPOBAHUS HOBOTO MOKoJeHMA. [ HMX XapakTepHa KOPOTKas IMHA
MIPOYTEHUH, YTO IPUBOIUT K TOMY, UTO CYIIECTBEHHAS X YacTh KapTUPYETCsI HA TEHOM HEOJHO3HAUYHO M UCKIIIOYAeTCs
u3 fanpHeimero ananusa. [lorepst mHGOpMaMK CHIKAET MOKPBITHE TaHHBIX M OTPAaHUYHBACT aHAJIN3 HAOIIOICHHUH,
MPUXOIAIINX OT MOBTOPOB M AYIUIMIIUPOBAHHBIX TeHOB. Ha MaHHBII MOMEHT HE CYIIECTBYET METOJIOB 00PabOTKH
TakuX MHO)KecTBeHHO kaprupoBaHHbIX uteHnil (MKY) nnst PHK-JIHK nansbix. s nanasix Hi-C cymectByer EM-
AJTOPHUTM, KOTOPBIH MO3BONIAET BHIOMpaTh Hanbosee MpaBaONoA0OHYIO TO3UINI0 KAPTUPOBAHUS IS TAaKUX YTCHUH
[1]. Ha ero ocHoBaHWM, MBI pa3zpaboTalii aaTOPUTM, KOTOPBIA MO3BOJSIET COXPAaHUTh CyIIeCTBEeHHYI0 dyacTh MKY
quiss PHK-/THK nanHbIX ¥ OBBICUTH MOKpBITHE. Ll paboThl: IPUMEHHUTH Pa3pabOTaHHBIN allTOPUTM K Pa3IMYHbIM
nmauaabeiM PHK-JITHK B3anmMoneiicTBril 1 mpoaHaTH3UpOBATh MOJTyUeHHBIE pa3perienHsie no3uiun MKY.

Memoowr u aneopummei: JIisi IpOBEPKU TUIIOTE3 B Mpolecce pa3pabOTKU alropuTMa Mbl BbIOpaJIM HaOOp JAaHHBIX
RedChIP na kierouHo# nunnu yenoseka K562 [2]. Jlist yckopeHus! BBIUUCICHUIT HaMK ObUTH OTOOpaHbI YTSHUSI, IS
kotopeix PHK u JIHK uwactu nonanatot Ha oxHy u3 Tpex xpomocom: 18, 19, 20. [lanHble ObuTH 1peoOpaboTaHbl ¢
ucnonb3oBaHreM kouseiiepa 0opadorku PHK-JIHK manubix nf-rnachrom, peanusosannoro va NextFlow. 3a ocHoBy
MBI BBIOpAIIU MOJXOJI, peain3oBaHHblii B anroputMe mHi-C, KOTOpBIN periaeT MocTaBIeHHYIO 3a7ady JUisl JaHHBIX
JHK-IHK B3aunmopneiictBuii. YacTh MCXOAHOrO aJrOpUTMa PEaln30BaHa C HCIOJIb30BAHHUEM O0a30BBIX CTPYKTYD
si3pika Python3, yacTe Hanucana Ha sizpike Cython — koMImmIHpyeMoM si3bike ¢ oxokeMm Ha Python cuHTakcucom.
Juist moBblieHnst 3(GQGEKTUBHOCTH BBIYUCICHUH M €QMHOO0Opa3usi, Mbl IEPerHcald KOJ C HCIOIb30BaHUEM
BBICOKOITpOM30UTENbHBIX Python Oubnuorek: numpy u pandas. Takxke Mbl alaniTUPOBAIN AJATOPUTM ISl PabOTHI €
HEeCUMMETpHYHBIMU KOHTAaKkTHBIMHU KapTamu PHK-JIHK u 3amMeHmIn KOHCTaHTHYIO BEPOSATHOCTh MEXKXPOMOCOMHBIX
KOHTAaKTOB Ha 3aBUCAIIYI0 OT Mapbl XpoMocoM. MblI 100aBHIM y4deT pa3sHOHM MHTEHCHBHOCTH, ¢ KoTopoii PHK
B3aMMOJICHCTBYIOT C XPOMaTHHOM, B CHIIY OTJIMYAIOIIETOCS YPOBHS 3KCIIPECCUH.

J1714 o11eHKH KauecTBa peaIn30BaHHOTO aNTOPUTMAa MBI IPEUIOKIIN ITpotieaypy cuMmyssiinn MKY ¢ n3BecTHOM BepHOI
nosunueit. [Iporenypa ocHoBaHa Ha TeHEPALIMH MHOKECTBEHHBIX KAPTUPOBOK M3 YACTH UCXOIHO YHUKAJIBHBIX TyTEM
J00aBJIeHUs CIy4aiiHO BRIOPaHHBIX MO3UIHI HA reHOMe. BbIOOp uncia KapTUpOBaHU U MX TIO3UIMH Y KQXKI0TO TAKOTO
CHUMYIIUPOBAHHOTO YTCHHS NMPOUCXOAUT HA OCHOBAHHWU CTAaTHUCTHK, PACCYUTAHHBIX MO HAOIIOaeMbIM MHO)KECTBCHHO
KapTUPOBaHHBIM KOHTAKTaM.

Pesynomamer: Mbl mipoBenu aHanu3 Ouosnorudeckod 3Haunmoctd MKY. Mer npoanammsupoBamun PHK-JIHK
B3aumoneiictBus, ypn PHK wacTu kapTupyrOTCS YHUKANbHO, M PA3[eNId WX Ha TMOJTHOCTHIO YHUKAJIbHBIE M C
MHOxecTBeHHbIMH no3urmaMu JJHK wacreit (mynsru-{HK). Mb1 pasnennnu rensl o 6uotumnam, u ams kaxnoit PHK
CPaBHHJIM HOPMHUPOBaHHbIC 3HAYCHUS] YHUKaIbHBIX U MyabTH-J{HK koHTakToB. MBI 00Hapyxunu 2 6uotuna PHK,
JUJIST KOTOPBIX XapaKTepHa BhICOKas TpecTaBieHHoCTh MyabTu-JIHK: manbie sapeimkossie PHK (MskPHK) u CDBox.
MssikPHK mepenpencrasiensr 3Ha9nMo (p-3HadeHue TouHoro tecta dumepa 5.23*10°3), yincno CDBox B BbIGOpKE
HEIOCTaTO4HO [T cTaructryeckoi oreHku (5 PHK), Ho nepenpencrasnennocts Mmyastu-J{HK xapakrepna ans Bcex
UX MPEACTABUTEIEH.

Jlns onieHKH KadecTBa pa3paboTaHHOTO HAMHU aJTOPUTMa MBI IPEATIOKUIH Mporeaypy cumyssimuit MKY ¢ u3zBectHOI
BepHOil mo3uiuei. C MOMOIIBIO CUMYIMPOBAHHBIX JTAHHBIX MBI OLCHWIN KadecTBO paspemieHuss MKY mo pasHbIM
rpynmnaM JaHHbIX. B 1ienom mocturHyto xopoinee kadectBo — Fl-mepa paBua 0.708, mynetu-JIHK paspemarorcs
xyxe, ueM MynsTu-PHK B crity pasHHUITB CpeHEro Yncia MO3UIMA KapTUpoBOK Ha uTeHue (8.29 nportus 3.12). Ilpu
9TOM HaWBHAs CTPATETHs BEIOOpA CITydaifHON MO3UINH [T KayKI0T0 YTEHHS JAaeT CYIIECTBEHHO Xy/mee kauecTBo: F1-
Mepa paBHa (0.267, 4TO TOBOPHUT O BBICOKOH HH()OPMATHBHOCTH HCIIOIB3YEMbIX B aITOPUTME MOJIXOJIOB.

MbI NPUMEHWIN alIrOpUTM JUIS paspelieHHs HaOII0AaeMbIX B JIKCIEPUMEHTE MHOXXECTBEHHO KapTUPOBAaHHBIX
npouternii. 3 Be16opku 132010 MKY (Bcero 759514 no3uruii) anroputMoM 06110 BEIOpaHo 69447 mo3urmii. Takum
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o0pazom, 06e3 mpoBeieHHs KaKUX MO0 JOMOIHUTENbHBIX 3KCHEPHMEHTOB YIAJOCh IOJIYYUTh MPUPOCT MOKPHITUS
JaHHBIX Ha 17.8 % (4uc0 yHUKaIbHBIX KOHTAKTOB B BeIOOpKE 390438). BriOpanHbIe aITOpUTMOM MO3UIMN KOHTAKTOB
10 CBOMM XapaKTEPHCTHKAM, TAKUM KaK 3aBUCMOCTh HHTEHCUBHOCTH B3aMMOAEHCTBHUII OT IMHEHHOTO PAaCCTOSIHUS 10
rena PHK, cxoxu ¢ uCX0AHO YHUKaJIbHBIMU B3aumoeiicTBusiMU. [locTpoeHHbIe Ha X 0cHOBaHUM KOHTakTHble PHK-
JIHK xapTs! HE comeprkaT apTeakToB, HAOMIONAEMBIX Ha KapTax Bcex HabmromaeMbix nosuiuiit MKY (pucyHok 1).

Xpomocoma 19: 35 - 50 M6, 6uH 50 K6
Y

YHUKaJIbHble asibHble & PaspeleHHble

Mo3uuma PHK

Pa3peu.|eHHb|e MHOXXECTBEHHbIE

No3unuus PHK

Mosuuus OHK

Mo3uuyma OHK

Pucynok 1. Konrakrasie PHK-JIHK kapTer Boi00pku peanbubix gaHHbx RedChIP K562.

Bui6oowvr: Mbl nokazanm, yto ecth Ouorunsl PHK, ckiloHHBIE B3aUMOJIEHCTBOBATh C PETHOHAMH ITOBTOPOB, OJHAKO
CTaHJapTHBIE METOJbl MCCIENOBAaHMs B3aUMOAEHCTBUH paccMaTpUBAIOT JIUILIb YHHUKAJIbHBIE KapPTUPOBAHUSA. DTO HE
M03BOJIsIeT M3y4arh Ouonoruio 1monodHeix PHK, ubst posib B XpomarnHe CBsi3aHa C MOBTOPHBIMH pernoHamu. Mbl
paspaboTranu ajropuT™, peuIalolni 3a/1ady IOoMCKa Hanbosiee MpPaBIONOAOOHBIX IMO3MLMUH KapTHpOBaHMS. MbI
MIPOTECTUPOBAIM ero paboTy Ha CUMYJIMPOBAHHBIX JAHHBIX, U ITOKA3aJIM, YTO OH OINPEJeIsieT BEpPHbIC MO3ULUH C
JIOCTaTOYHBIM KauecTBOM. [Ipumenenune anropurMa K HabronaeMbIM B 9kcriepumenTe MKY, o3BosisieT cyiiecTBeHHO
MOBBICUTH MOKPBITUE JAHHBIX. DTH PE3yJIbTaThl TOBOPAT O MOJE3HOCTH MPUMEHEHMs HAILEro MOJAXOAa AJIS aHaIu3a
¢ynxumonansHoit ponn PHK-/IHK B3anmozeiicTBuii, 000oramieHHbIX B IOBTOPHBIX PErHOHAX.

Qunancuposanue: Pabora obuta nogyepxkana FFRW-2024-0004 (125011400261-3).
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Motivation and Aim: A significant portion of transcripts in eukaryotic cells are represented by various classes of
noncoding RNAs. The functional role of most of these remains unclear, while for some, it is fairly well established. In
recent years, a number of experimental protocols have emerged that allow researchers to map RNA-DNA interactions.
These methods have opened up new possibilities for studying the processes involving various types of noncoding
RNAs in the nuclei of eukaryotic cells. All of these methods are based on next-generation sequencing technologies.
They are characterized by short read lengths, which results in a significant portion of reads being mapped ambiguously
to the genome and excluded from further analysis. This loss of information reduces data coverage and limits the
analysis of observations from repeats and duplicated genes. Currently, no methods exist for processing such multiple
mapped reads (MMRs) for RNA-DNA data. For Hi-C data, an EM algorithm exists that allows selecting the most
plausible mapping position for such reads [1]. Based on this, we developed a method that allows us to preserve a
significant portion of the MMRs for RNA-DNA data and improve data coverage. The goal of this study was to apply
the developed algorithm to RNA-DNA interaction data and analyze the resulting resolved MMRs positions.

Methods and Algorithms: To test hypotheses during algorithm development, we selected the RedChIP dataset on the
human K562 cell line [2]. To speed up computations, we selected reads for which the RNA and DNA parts fall on one
of three chromosomes: 18, 19, and 20. The data was preprocessed using the nf-rnachrom RNA-DNA data processing
pipeline, implemented in NextFlow. We based our approach on the mHi-C algorithm, which solves the problem for
DNA-DNA interaction data. It is partially implemented with basic Python3 structures and with Cython, a compiled
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language with a syntax similar to Python. To improve computational efficiency and consistency, we rewrote the code
using high-performance Python libraries: numpy and pandas. We also adapted the algorithm to work with asymmetric
RNA-DNA contact maps and replaced the constant probability of interchromosomal contacts with one that depends
on the chromosome pair. We took into account different intensities with which RNAs interact with chromatin due to
varying expression levels.

To assess the quality of the implemented algorithm, we proposed a procedure for simulating the MMRs with a known
correct position. The procedure is based on generating multiple mappings from a portion of the initially unique ones
by adding randomly selected positions on the genome. The number of mappings and their positions for each simulated
read are selected based on statistics calculated from the observed multiple mapping contacts.

Results: We analyzed the biological significance of the MMRs. We analyzed RNA-DNA interactions whose RNA parts
map uniquely and divided them into those with completely unique positions and those with multiple DNA positions
(multi-DNA). We divided genes by biotype, and for each RNA, we compared the normalized values of unique and
multi-DNA contacts. We found two RNA types characterized by a high representation of multi-DNA: small nucleolar
RNAs (snoRNAs) and CDBox RNA. snoRNAs are significantly overrepresented (Fisher’s exact test p-value of
5.23*10°1). The number of CDBoxes in the sample is insufficient for statistical evaluation (5 RNAs), but multi-DNA
overrepresentation is a characteristic of all of them.

To evaluate the quality of our algorithm, we proposed a procedure for simulating the MMRs with a known correct
position. Using the simulated data, we assessed the quality of the MMRs resolution. Overall, good quality was achieved:
the F1-score is 0.708. Multi-DNA reads are resolved worse than multi-RNA reads due to the difference in the average
number of mapping positions per read (8.29 vs. 3.12). A naive strategy for selecting a random position for each read
yields significantly worse quality: the F1-score is 0.267, indicating the high information content of the approaches used
in the algorithm.

We applied our method to resolve the multiple mapping reads observed in the experiment. From a sample of
132010 MMRs (759514 positions in total), the algorithm selected 69447 positions. Thus, without any additional
experiments, we achieved a 17.8 % increase in data coverage (the number of unique contacts in the sample was 390438).
The contact positions selected by the algorithm are similar to the originally unique interactions in their characteristics,
such as the dependence of interaction intensity on the linear distance to the RNA gene. The constructed RNA-DNA
contact maps do not contain the artifacts observed on the maps of all observed positions of the MMRs (Figure 1).

Chromosome 19 - 19: 10 - 25 Mb

Unique

Unique & selected

RNA position

Selected mappers II multimappers

RNA position

DNA position DNA position

Figure 1. RNA-DNA contact maps of the RedChIP K562 data sample.

Conclusion: We demonstrated that there are RNA biotypes prone to interacting with repeat regions, but standard
methods for studying interactions consider only unique mappings. This restricts studying the biology of the RNAs,
whose role in chromatin is associated with repeat regions. We developed an algorithm for finding the most plausible
mapping positions. We tested it on simulated data and demonstrated that it identifies the correct positions with sufficient
quality. Applying the algorithm to the MMRs observed in the experiment significantly improves the data coverage.
These results demonstrate the utility of our approach for analyzing the functional role of RNA-DNA interactions
enriched in repeat regions.

Funding: This work was supported by FFRW-2024-0004 (125011400261-3).
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