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Momusayus u yeav. CemeiicTBo reHOB (akTopoB pocta pudpodmactoB (FGF) co-
cTouT U3 23 reHoB. MHorue u3 HuX, B ToM yncie FGF2, ydacTByIoT B pa3BUTHH pas-
nuuHBIX 3a0oneBanuid. [losTOMy mpencTaBisieTcss BaKHBIM BBIICHHTH, MOTYT JIH
PIRNA y4acTBOBaTh B PEryJisilMU SKCHPECcCHH 3TuX reHoB [1]. Hamu ycraHoBieHo,
yro mRNA HekoTopbix reHoB cemeiicTBa FGF He cBs3biBatotcs ¢ PIRNA, B TO Bpems
kak mMRNA rena FGF2 B3anmopeiicteoBaia co muorumu PiRNA U BaXHO BEISIBUTH
0COOEHHOCTH UX CBSI3bIBAHUS.

Memoowr u ancopummer. Ilporpamma MirTarget onpemersier HaYaao CaiTOB CBA3BIBA-
uust PIRNA 1 mMRNA,; nokanuzarmio caiito csassiBanus B 5'UTR, CDS u 3'UTR;
cBoOoHast sHeprusi ruopuausamu (AG, kJ[x/Moip), Beanaunaa AG/AGm (%), rae
AGm paBHa cB0OOaHON 3Hepruu cBs3biBanus PIRNA ¢ MOJTHOCTHIO KOMILIEMEHTAP-
HOW HYKJICOTHIHOU TOCJIEIOBATEIBHOCTBIO U CXEMOM B3aUMOJICUCTBUS HYKJIEOTUIOB
piIRNA-mRNA. Beibopouto Obl1r 0T0Opansl caiiTel cBsi3biBanus PIRNA-MRNA co
sHayeHneM AG/AGm, paBubiM 90 % u Gonee. [TonoxeHne caliTOB CBS3bIBAHUS yKa-
3aHo oT nepBoro Hykieotuaa B S'UTR MRNA. B3aumoeiicTBre HyKICOTHIIOB MEXKTY
piIRNA 1 MRNA reHoB-MHIIICHEH HE TOIBKO B ajeHuHe U ypaimie (A-U), ryanune u
nutosune (G-C), Ho u mexay A-C u G-U.

Pesynomamur: YcraHoBieHo, uro u3 oxHoro mwuiona piRNA (piR-10 to piR-
999999) c mRNA rena FGF2 ceszpiBanuch piRNA Tonbko B 3'UTR numeromeit qmuny
6652 nt. C mRNA rena FGF2 cBsizsiBaich 219 piRNA HaunHas ¢ piR-34640 no piR-
950352. 13 nux piR-70255, piR-197381, piR-197597, piR-200742, piR-207197, piR-
293655, piR-325736, piR-417654, piR-436961, piR-520416 u piR-919763 umenun
mmny 34 vr. s piR-618251 mmHoit 31 HykIeoTH IpUBeeHa CXeMa B3arMO/IeH-
ctBus ¢ 3UTR mRNA rena FGF2 (puc.1) naunnas ¢ mo3unmm 2910 HT. piR-618251
B3aumMozeiicTBoBasia ¢ mMRNA 3a cuer oOpa3oBanus 28 kaHonuueckux nap A-U, G-C
U Tpex HekaHoHu4deckux map A-C u G-U. BenuunHa cB0OOTHON SHEPTHUN CBS3BIBAHHUS
paBHast —161 kJ/mol cocrasnsuia 94 % ot AG/AGM — MakcuManbHO# CBOOOTHOI SHE-
ruu cBs3piBaHus piR-618251 ¢ mRNA.

Bcee caiiter cBs3biBanmst piRNA pacnonaranics B 3'UTR yyactke mRNA ¢ 2836 no
3134 ur, TO ectb mmuHOU 298 HT. Pacnpenenenue caiitoB cBsizbiBaHus piRNA B 3TOM
ydacTKe ObUIO C OTYETIMBBIM MaKCUMYMOM B IIEHTpE y4acTKa. bein BersBnens! piRNA
HAYaJo CaiiTOB CBSA3BIBAHMS KOTOPBIX COBMAJIANHN, U OHH 00pa30BbIBANIM rpymmbl piRNA
ot 1Byx piRNA 10 21 piRNA nmMeronux Hadano caiToB CBS3bIBAHUS B OJHON MTO3ULHH.
B caiiTax cBs3bsiBaHus ¢ HauanoM ¢ 2888 u ¢ 2889 HT cBsa3pBaymch 1o 1Tk piRNA. B
caiiTax ¢ HavyaJioM cBsI3bIBaHMS ¢ 2892, 2893, 2897 u 2898 HT CBI3BIBAIIMCH I10 IIECTh
piRNA, Ha puc. 2 nmoka3zano kak 21 piRNA moryT cBsi3biBatbesi ¢ mMRNA rena FGF2 B
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no3unmu 2910 uT. Yncno Hekanonnveckux nap csizbiBanus (G-U u A-C) nzmensiocsb
OT OJHOM [0 4eTelpeX IMap, YTo cooTBeTcTByeT BenuunHe AG/AGmM
6osee 90 %.

5'-GCUUGAGCCCAGGAGUUCAAGACCAACCUGG-3"'

LEEEEEE e e e el
3'-CGAACUCGGGUCCUCAAGCUCUGGUCGGACU-5"

Puc. 1. Cxema B3aumonerictBust piR-618251 ¢ mRNA rena FGF2. XXupubiM mpup oM BeIIC-
JICHBI HEKAHOHWYECKHE TIaphI HYKJICOTHIOB

5'-GCUUGAGCCCAGGAGUUCAAGACCAACCUGG-3"' mRNA FGFZ

3'-CGAACUCGGGUCCUCAAGCUCUGGUCGGACU-5" piR-618251
3'-CGAGCUCGAGUCUUCAAGUUCUGGUCGGAC-5"' piR-723102
3'-CGAGUUCAAGUCCUCAAGUUCUGGUCGGA-5' pPiR-591009
3'-CGAACUUGAGUCCUCAAGCUCUGGUCGGA-5' piR-635311

3'-CGAACUCAGGUCCUCAAGUUCUGGUCAG-5" piR-414978
3'-CGAAUUCAAGUCCUCAAGUUCUGGUCG-5" piR-811352
3'-CGAACUCAAGUUCUCAAGUUCUGGUC-5" piR-42935
3'-CGAAUUCGAGUCCUCAAGUUCUGGUU-5" piR-51132
3'-CGAACUCGGGUCCUCAAGUUUUGGUU-5" piR-114311
3'-CGAACUCGGGUCCUCAAGUCCUGGUC-5" pPiR-613002
3'-CGAACUCAGGUCCUUAAGCUCUGGUC-5" piR-711504
3'-UGGACUCGGACCCUCAAGUUCUGGU-5" piR-283642
3'-CGAACUCGAGUCCUCAAGUUCUAGU-5" piR-411668
3'-CGAACUCAAGUUCUCAAGUUCUGGU-5" PiR-534739
3'-CGAACUCGAGUCCUCAAGUUCUGGU-5" piR-555444
3'-CGGACUCGAGUCCCCAAGUUCUGGU-5" piR-593416
3'-CGAACUCGAGUCCUCAAGUUCUAAU-5" piR-708359
3'-CGGACUCGGGUCCUCAAGCUUUGGU-5" piR-814823
3'-CGAACUCAGGUCCUCAAGUUCCGA-5"' pPiR-87465
3'-CGAAUUUGGGUCCUCAAGUUCUGG-5" piR-230717
3'-CGAACUCAAGUCCUUAAGUUCUGG-5" piR-441972

Puc. 2. Hykieoruausie nocnenosarenbrocTr PIRNA cBsi3piBaronmxcs ¢ nosunun 2910 HT Ki1a-
crepa caiitoB cBs3biBaHusl B MRNA rena FGF2. JKupHbiM mipu¢ToM BbIAEICHBI HYKICOTHIIBI
HEKaHOHUYECKUX Map

Becb yaactok mRNA mmHO#M 273 HT pakTHIECKH SBISETCS OJHUM KIIACTEPOM CalTOB
ces3biBanus 219 piRNA. TlonydyeHnble pe3ynbTaThl CBHAECTENBCTBYET O KOHKYPEHITUU
atux piRNA 3a cBszpiBanue ¢ mRNA rena FGF2. C yyeTom cBOOOIHOM 3HEPTUU B3aH-
MoJeHcTBUS M KOHIEHTpauuu piRNA MOXHO mpeackasbiBaTh Kakoi 3¢dexTt Oyner
HaOmonaThes i kaxaoi piRNA. Kpome piRNA u3 maHHO#W rpynmbl HYXKHO YIUTHI-
BaTh 1 Jpyrue piRNA KoTopble ToKe KOHKYPEHTHO MOTYT CBsi3biBaThcsi ¢ MRNA ecin
WX CalTHI CBSI3bIBAHUS MIEPEKPHIBAIOTCS C caitamu cBsi3biBaHUs piRNA 3Toit rpymmsl u
npyrux rpynn piRNA. B HacTosiiee Bpems TpyAHO HHTEPIPETHPOBATH 3aU4€M CTOJIBKO
piRNA BoBNEUEHBI B KOHTPOJIb SKCIIPECCHH OJHOTO TeHa. [Ipr 3TOM CalThI CBSI3bIBAHUS
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aTux piRNA pacnonoxeHbl KOMIIAKTHO B HeOobIIoM yyacTke mRNA. YuuThiBas, 4To
JTAHHBIN TPUMED HE SBIIICTCS SIUHCTBCHHBIM, U HAOJFOIaeTCS ISl PYTUX aCCOIMAIINi
MIiRNA u piRNA ¢ mRNA [2-6], To oOHapy»XeHHbIC SIBACHUS TPEOYIOT MaIbHEHIIETO
WCCIIEIOBAHUSI.

Buisoowi: piRNA moryT nonasnsath Tpancsiiuo mRNA rena FGF2 nytem oGpa3oa-
HUSI KAHOHMYECKUX U HEKAHOHUYECKUX Tap HYKJICOTHIOB.
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Motivation and aim: The fibroblast growth factor (FGF) gene family consists of
23 genes. Many of them, including FGF2, are involved in the development of various
diseases. Therefore, it seems important to find out whether piRNAs can participate in
the regulation of the expression of these genes [1]. We found that the MRNA of some
genes of the FGF family does not bind to piRNA, while the mRNA of the FGF2 gene
interacted with many piRNA and it is important to identify the features of their binding.
Methods and algorithms: MirTarget program defines the beginning of piRNA and
mRNA binding sites; localization of binding sites in the 5UTR, CDS and 3'UTR; free
energy of hybridization (AG, kJ/mol), the AG/AGm (%) value, where AGm equals the
free binding energy of piRNAs with fully complementary nucleotide sequence and
scheme of piRNA-mRNA nucleotides interaction. There were selectively taken the
piIRNAs-mRNAs binding sites with AG/AGm value is equal to 90 % and more. Position
of binding sites indicated from the first nucleotide in 5’UTR of mRNA. The interaction
of nucleotides between piRNAs and mRNAs of target genes not only in adenine and
uracil (A-U), guanine and cytosine (G-C), but between A-C and G-U.

Results: It was found that out of one million piRNA (piR-10 to piR-999999) the mRNA
of FGF2 gene was bound by piRNA only in the 3'UTR, which is 6652 nt in length.
219 piRNAs, starting from piR-34640 to piR-950352, were associated with FGF2 gene
mRNA. Of these, piR-70255, piR-197381, piR-197597, piR-200742, piR-207197, piR-
293655, piR-325736, piR-417654, piR-436961, piR-520416 and piR-919763 had a
length 34 nt. For piR-618251, 31 nucleotides long, a diagram of interaction with the
3'UTR mRNA of the FGF2 gene is shown (Fig. 1) starting from position 2910 nt. piR-
618251 interacted with mRNA through the formation of 28 canonical A-U, G-C pairs
and three non-canonical A-C and G-U pairs. The free energy of binding equal to —
161 kJ/mol was 94 % of AG/AGm — the maximum free energy of binding of piR-618251
to mRNA.

All piRNA binding sites were located in the 3'UTR region of mRNA from 2836 nt to
3134 nt, i.e., 298 nt in length. The distribution of piRNA binding sites in this region was
with a distinct maximum in the center of the region. piRNAs whose binding site origins
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coincided were identified, and they formed piRNA groups from two piRNAs to 21 piR-
NAs with binding site origins in the same position. At the binding sites starting at 2888
nt and at 2889 nt, five piRNAs were bound. At the binding sites at 2892 nt, at 2893 nt,
at 2897 nt, and at 2898 nt, six piRNAs were bound. Figure 2 shows how 21 piRNAs can
bind to the FGF2 gene mRNA at position 2910 nt. The number of non-canonical binding
pairs (G-U and A-C) varied from one to four pairs, which corresponds to a AG/AGm
value of more than 90 %.

5'-GCUUGAGCCCAGGAGUUCAAGACCAACCUGG-3"'

ECTEEEEr e e et
3'-CGAACUCGGGUCCUCAAGCUCUGGUCGGACU-5"

Fig. 1. Scheme of interaction of piR-618251 with mRNA of FGF2 gene. Non-canonical nucleo-
tide pairs are highlighted in bold

5'-GCUUGAGCCCAGGAGUUCAAGACCAACCUGG-3"' mRNA FGFZ
3'-CGAACUCGGGUCCUCAAGCUCUGGUCGGACU-5" piR-618251
3'-CGAGCUCGAGUCUUCAAGUUCUGGUCGGAC-5"' piR-723102
3'-CGAGUUCAAGUCCUCAAGUUCUGGUCGGA-5"' piR-591009
3'-CGAACUUGAGUCCUCAAGCUCUGGUCGGA-5' piR-635311

3'-CGAACUCAGGUCCUCAAGUUCUGGUCAG-5" piR-414978
3'-CGAAUUCAAGUCCUCAAGUUCUGGUCG-5" piR-811352
3'-CGAACUCAAGUUCUCAAGUUCUGGUC-5" piR-42935
3'-CGAAUUCGAGUCCUCAAGUUCUGGUU-5" piR-51132
3'-CGAACUCGGGUCCUCAAGUUUUGGUU-5" piR-114311
3'-CGAACUCGGGUCCUCAAGUCCUGGUC-5" piR-613002
3'-CGAACUCAGGUCCUUAAGCUCUGGUC-5" piR-711504
3'-UGGACUCGGACCCUCAAGUUCUGGU-5" pPiR-283642
3'-CGAACUCGAGUCCUCAAGUUCUAGU-5" piR-411668
3'-CGAACUCAAGUUCUCAAGUUCUGGU-5" PiR-534739
3'-CGAACUCGAGUCCUCAAGUUCUGGU-5" piR-555444
3'-CGGACUCGAGUCCCCAAGUUCUGGU-5" pPiR-593416
3'-CGAACUCGAGUCCUCAAGUUCUAAU-5" piR-708359
3'-CGGACUCGGGUCCUCAAGCUUUGGU-5" piR-814823
3'-CGAACUCAGGUCCUCAAGUUCCGA-5"' piR-87465
3'-CGAAUUUGGGUCCUCAAGUUCUGG-5" PiR-230717
3'-CGAACUCAAGUCCUUAAGUUCUGG-5" piR-441972

Fig. 2. Nucleotide sequences of piRNA binding from position 2910 nt of the binding site cluster
in the mRNA of FGF2 gene. Nucleotides of non-canonical pairs are highlighted in bold

The entire 273-nt region of MRNA is actually one cluster of 219 piRNA binding sites.
The results obtained indicate that these piRNAs compete for binding to the FGF2 gene
mRNA. Considering the free energy of interaction and the concentration of piRNA, it is
possible to predict what effect will be observed for each piRNA. In addition to piRNA
from this group, it is necessary to consider other piRNAs that can also competitively
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bind to mRNA if their binding sites overlap with the binding sites of piRNAs of this
group and other piRNA groups. At present, it is difficult to interpret why so many
piRNAs are involved in controlling the expression of a single gene. Moreover, the
binding sites for these piRNAs are located compactly in a small region of mMRNA.
Considering that this example is not the only one and is observed for other associations
of miRNA and piRNA with mRNA [2-6], the detected phenomena require further study.
Conclusion: piRNAs can suppress the translation of FGF2 gene mRNA by forming
canonical and non-canonical nucleotide pairs.
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