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Pestome. Paxrop TpaHckpunimu STAT3 urpaeT KIioueByO poJjib B Tiepeaye CUTHajla OT PelenTOPOB 1M -
TOKWHOB U TIO3TOMY BBIIOJHSIET POJIb UMMYHOPEryasaTopa. B To ke BpeMsi, B pa3IMYHBIX TUIIaX PaKOBBIX
kinetok STAT3 npuHUMAaET ydyacTre B MOJIEKYJISIPHBIX MeXaHM3MaX OHKoreHe3a. B yactHocTH, 11t rmno6ia-
CTOMBI ObIJIa TTOKa3aHa CcBI3b UMMYHoperyistopa STAT3 ¢ ycTOMYMBOCTBIO K HanboJiee pacIiipoCcTpaHeH-
HOMY JUTS JICYCHUST 3TOTO TUTIA paKa XMMUIECKOMY areHTy TeMo3oiaoMuay. Kpome Toro, B 1urepaType ecThb
MaHHBIC O TOM, aKTUBAIIMs JaHHOTO OHKOTeHA B KJIETKAX IIMO0JIACTOMEI CITOCOOHA UTPATh KITIOUYEBYIO POJIb B
MOMYJISIIIAN TOJIEPOTEHHOTO MUKPOOKPYKEHUS OITyXOJIU, OCIIA0JISISI TPOTHUBOOITYXOJICBBIIT MMMYHHBI OTBET
M CITOCOOCTBYS arpeCCUMBHOMY TeueHUIo 3aboieBaHus. Takum obpa3om, noaasieHue STAT3 MoxkeT BAUSITh
HE TOJIPKO Ha POCT KJIETOK M YCTOMYMBOCTh K XMMHOTEPAITMK, HO U TaKXKe Ha MUKPOOKPYKEHUE OITyXOJIH,
YCUJIMBasi UMMYHHBI OTBET.

C pa3BUTHEM TEXHOJOTHUI CEKBEHUPOBAHUS TTOSIBUIMCH TAHHBIC O TOM, UTO OOJIbIIIasi YaCTh TPAHCKPUOU -
pyeMoro MaTepualia B KJIEeTKe SIBJISIeTCSI HeKoaupylolieit. Bce Ooibliie momyasipHOCTH HabMpaeT UcCaeaoBa-
HUE IIMHHBIX Hekonupyoomux PHK B oHKoreHese, 111 KOTOPBIX ObLIa TToKa3aHa (hyHKIIMOHAIbHAS POJIb B
Pa3BUTUH Pa3INUHBIX 3a00JICBaHII1, B TOM YHCJIC B OHKOJIOTMH. B yacTHOCTH, 0cO00e BHUMAaHME TIPUBJICKA-
eT TTOATHII JUIMHHBIX HeKoaupytomnx PHK, TpaHcKkpnOupyeMbIii ¢ SHXaHCEPHBIX JIEMEHTOB, Ha3bIBaeMBIit
sHxaHcepHble PHK, Tak kak nanHbiit kjlacc PHK o6iagaeT BbICOKO CrielIU(PUUHOCTDBIO B pa3IMYHbIX KJIET-
Kax 1 TKaHSIX. AHaJIN3 KOIKCIPECCUN TeHOB B OMYXOJISIX IIMO0IaCTOMBI BBISIBUJI KOPPEJISIIMIO 3KCTIPECCUN
STAT3 ¢ suxaHcepHoit PHK LINC00910, reH KOTOpoil HAaXOAUTCSI B OAHOM XPOMOCOMHOM JOMEHE C TeHOM
STAT3. Panee nio nmurepatypHbiM naHHbBIM LINCO00910 Obl1a accoliMupoBaHa ¢ KOJOPEKTAIbLHBIM PakKoM U1
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pakoMm xenynaka. JlaHHble 6a3bl GeneHancer Takke yka3bIBalOT Ha BO3MOXKHOE ydyacTue aHxaHcepHoii PHK
LINCO00910 B perynsunu uMmmyHoperyJsitopa STAT3. Mbl npoBesin 3(peKTUBHBIN HOKIayH 9HXaHCEPHOIt
PHK LINCO00910 ¢ ncnons3oBanueM merona PHK-uHTepdepeHnm, KoTophlit mpuBes K 8-10-KpaTHOMY
CHIDKEHMUIO €r0 SKCIIPECCUU B KJIETOUHBIX JIMHUSX Tinobmactombl. CHrkeHnue akcrnpeccuu LINC00910 He
0Ka3aJio 3HaUYUTEIbHOTO BIUSTHUS Ha 9KCITPEeCCUIo reHa Stat3 B KJIIETOUHbBIX IMHUSX riiroobgactombl DBTRG-
05MG u U251. D10 yKasbiBaeT Ha To, 4yTo Koppensiuus akcrnpeccun PHK LINC00910 ¢ skcnpeccueii reHa
Stat3 He aBnsieTcs caeactBueM npssMoro ydactust LINC00910 B perymisimm reHa Stat3 B 3Tux KireTkax. Jlaib-
HeWllre UcclieoBaHUs C UCMOoJb30BaHUEM MomodpaHHol nHTepdepupytomeiit PHK mo3BoasaT yrouHUTh
pousib aHxaHcepHoit PHK LINCO00910 B npyrux CUTHaJbHBIX ITYTSIX, @ TaKXKe MOTEHLIMAIbHYIO CBSI3b JTaHHOM
snxaHcepHoit PHK c¢ pazButuem paka.

Knrouesuie cnosa: suxancepnas PHK, 3PHK, Stat3, eauobracmoma, PHK-unmepgepenuus, nexooupyrowas PHK, LINC00910

ANALYSIS OF ENHANCER RNA LINC00910 EXPRESSION
CORRELATING WITH THE IMMUNOREGULATOR STAT3
IN GLIOBLASTOMA CELLS

Stasevich E.M.**, Simonova A.V.2, Uvarova A.N.2, Zheremyan E.A.2,
Korneev K.V.2, Bogomolova E.A.?, Demin D.E.?

¢ Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, Russian Federation
b Moscow Institute of Physics and Technology, Moscow, Russian Federation

Abstract. The transcription factor STAT 3 serves as an immunoregulator by playing a crucial role in cytokine
receptor signaling. However, in various cancer cell types, STAT3 is involved in the molecular mechanisms
of oncogenesis. Specifically, in glioblastoma, the STAT3 immunoregulator has been linked to resistance
to temozolomide, the most commonly used chemical agent for treating this type of cancer. Furthermore,
literature suggests that activation of this oncogene in glioblastoma cells can significantly impact the
tolerogenic tumor microenvironment, weakening the antitumor immune response and contributing to the
aggressive course of the disecase. Therefore, suppressing STAT3 may not only affect cell growth and resistance
to chemotherapy but also enhance the immune response by improving the tumor microenvironment.

The development of sequencing technologies has revealed that most of the transcribed material in the
cell is noncoding. Long non-coding RNAs are gaining popularity in the study of oncogenesis due to their
functional role in the development of various diseases, including oncology. A subtype of long non-coding
RNAs transcribed from enhancer elements, known as enhancer RNAs, has garnered attention due to their
high specificity in various cells and tissues. Gene co-expression analysis in glioblastoma tumors showed a
correlation between STAT3 expression and the enhancer RNA LINC00910, which is located in the same
chromosomal domain as the Star3 gene. Previous literature has shown that LINC00910 is associated with
both colorectal and gastric cancer. Additionally, data from the GeneHancer database suggests that the
enhancer RNA LINC00910 may be involved in regulating the STAT3 immunoregulator. RNA interference
was used to effectively knockdown the enhancer RNA LINCO00910, resulting in an 8- to 10-fold reduction
in its expression in glioblastoma cell lines. The reduction of LINC00910 expression did not significantly
affect Stat3 gene expression in glioblastoma cell lines DBTRG-05MG and U251. This suggests that the
correlation between LINC00910 RNA expression and STAT3 gene expression is not due to LINC00910’s
direct involvement in STAT3 gene regulation in these cells. Further studies using the selected interfering
RNA will help to clarify the role of the enhancer RNA LINCO00910 in other signallingsignaling pathways, as
well as its potential relationship with cancer development.

Keywords: enhancer RNA, eRNA, Stat3, glioblastoma, RNA interference, non-coding RNA, LINC00910
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Pabota BbInmoHEHA NMpU (DMHAHCOBOU MOIIEPXK-
ke Poccuiickoro HayuHoro ¢onma (rpant Ne 24-24-
00130).

BeeneHue

Imnob6nacToMa SIBJISIETCST TSDKEIBIM OHKOJIOTHYE-
CKUM 3a00JieBaHUEM C MSATUJIETHE BbKUBAEMOCTbIO
okoJjio 10%. CranmapTHasi Tepanusi 3TOro HauboJiee
pacnpoOCTPAHEHHOTO BMIA paka MO3ra 3aKJIl04aeTCs
B XUPYPTUUSCKOM YIOAJICHUN OITYyXOJIM, JTy4eBOM Te-
paruy 1 BO3IeMCTBUM ATIKUJTUPYIOIIIAM XUMUYECKUM
areHToM TeMo30JoMUuA0M. OTHAKO MPOLEHT JieTalb-
HBIX MCXOJIOB OCTACTCSI BBICOKMM, B YACTHOCTH M3-3a
BBICOKOI YCTOWYMBOCTU K TeMo3ojiomuny [2]. STAT3
SIBJISIETCSI OMTHUM 13 BaXKHBIX OHKOTEHOB, BIUSIIOIINX
Ha KJIETOYHbI POCT U YCTOMUYMBOCTD IJIMO0JIaCTOMBbI
K XUMHOTEpaIrleBTUYSCKUM mpenapaTtaMm. M3BecTHO,
uyto HOkaayH STAT3 wnu ero nHruOMpoBaHue yBe-
JIMYUBAIOT YYBCTBUTEJBHOCTh KJIETOK TJIMO0JIaCTO-
Mbl K Temozonomunay [4, 7]. [Tomumo peryasiiuu
OMyXOJEBOM WHBA3WM, aHTMOIeHe3a, Ipoardepa-
UM paKOBBIX KJICTOK, a TaK3Ke IIPEeIOTBPAIICHHS UX
arontoruyeckoii rudenu, STAT3 urpaer KitoueByIO
pOJIb B MOAAEP)KAHUU XUMUOPE3UCTEHTHOCTHU TJIMO-
0J1aCTOMBI, TTOJABJIsIsI TPOTUBOOITYXOJIEBBIIT UMMYH-
HEBII1 oTBeT, uTo aenaeT STAT3 moTeHIIMAaIbHONM UM-
MyHOTeparneBTuueckoil muieHbto [1]. LluTokuHsI,
9KCMpPEeCcCUpyeMble CTBOJIOBBIMU KJIETKaMU TJIM00Ia-
CTOMBI, aKTUBUPYIOT UMMYHOPETYJISITOPHBII OCJIKMN
B7-H4 B omyxoJsieBbIx Makpodarax IOCpeacTBOM
STAT3-curHanuHra, 4YTo B JajibHEWllIeM OJIOKUpPY-
eT QPYHKUUIO T-KJIETOK M CIOCOOCTBYET MMMYHHO-
My M30eTaHUIO OIyXOoJIeBbIX KJIeTOK [8, 13]. Takum
obpazoMm, BozaciictBue Ha STAT3 MoOXeT SBISIThCS
MEPCIEKTUBHBIM HaIpaBjieHUeM WMMMYHOTepaIrmn
paka.

Hexkonupyromune PHK cocrapisitor 0oblilyio
4acTh TPAHCKPUNTOB B KieTKe [7]. DHXaHCepHbIe
PHK (sPHK) — noarun aavMHHBIX HEKOAUPYIOILIUX
PHK, TpaHcKpuOUpyeMblil ¢ dHXaHCEPHbIX JIeMEH-
TOB. MI3BecTHO, uTo 3Kkcnpeccust 3PHK koppenupyer
C aKTUBHOCTBIO TKaHECHEeHIU(MPUIECKOTO 3HXaHCe-
pa [12]. s mHorux aPHK 0ObL1a mokazaHa cnoco6-
HOCTb BJIMSITh Ha 3KCIIPECCUI0 OHKOTEHOB, YTO BJIM-
SIeT Ha KJICTOYHYIO Mpoaudepalnio U yCTOMIYNBOCTh
k xumuoteparnuu [10, 11]. sPHK, Bnusiomas Ha
skcnpeccuto STAT3, MoOXeT ObITh KakK MapKepom
aKTUBHOCTU KOHKPETHOTO 3HXaHcepa, YTO JacT Io-
HMMaHue B MexaHuszMe peryaupoBaHust STAT3, tak
¥ TTOTeHIIMAJIbHON MMIIIEHBIO JJIsSI TTOJABICHUS DKC-
npeccuu STAT3.

MaTtepwuarb! 1 MeToabl

Benenne KJIe€TOYHBIX JTMHHUIA U HOKIAYH

B pabGore ucnonab3oBaauCh KJIETOYHbIE JTUHUU
rmrnobsactombl DBTRG-05MG mn U251. Knerou-
Hble IMHUU BeJuch B cpene DMEM c conepxxanuem

rmoko3sl 4,5 r/n (HITIT «[Tan®ko», Poccus), ¢ no-
OaBJIeHUEM CMECU aHTUOMOTUKOB U3 MEHULIMUIMHA
(100 En/mur) u crpentomunimaa (100 mxr/mon) (HITTT
«ITan®ko», Poccus), 1% pacTBopa 3aMEeHUMBIX aMU-
Hokucior (HIIIT «ITan®ko», Poccus) u 10% sm-
OpunoHaIbHOI OBIYbeit ceiBopoTKoit (FBS, Biosera,
Ddpannus).

INonmasnenne skcnpeccun 3PHK LINC00910 mpo-
uzBoAMIoCh ¢ nomolbio mMetona PHK-uHTepdepeH-
muu. Ui 3Toro ¢ momouplo mporpammel Invivogen
siRNA Wizard v3.1 tool (https://www.invivogen.com/
sirnawizard/) ObUTM TOHOOPAaHBI TOCIEIOBATETHHO-
ctu Manbix uHtepdepupytommx PHK (siRNA). Hok-
nmayH 3PHK LINCO00910 nipou3Boawicss ¢ MOMOIIBIO
siRNA: GUCGGACAACUAGCCAUAUCTITAT;
AGAUAUGGCUAGUUGUCCGACTAT (000
«JAHK-Cunre3», Poccmst). B kadecTtBe KOHTpOJIS
ObTM UCITOJIb30BaHbl PAaHAOMM3UPOBAHHBIC
PHK: GUCUCCACUCCGAAGUAUAGAJTAT;
UCUAUACUUCGGAGUGGAGACATAT (00O
«IHK-Cunte3», Poccmst). HocraBka siRNA 1po-
M3BOAMIACH C TMOMOIIbI0 peareHTa Lipofectamine
RNAiIMAX (Invitrogen. CI1IA).

Yepe3 yac nocne TpaHCPEeKUUM K KISTOYHBIM
JIMHUSAM ObLT fo0aByieH TeMo3ojioMmua (TMZ) B KOH-
neHTpauuu 20 MKr/mu, pactBopeHHBIE B DMSO.
B kauecTBe KOHTPOJISI ObUT UCMIOIB30BAaH PACTBOPU-
TeJb TepareBThuIeckoro Bemectsa DMSO.

Boinenenue PHK u nommmepasnas nenHas peakiys
B PeaJIbHOM BPeMEHHU

Brinenenune ToranbHoit PHK u3 kietok mpowus-
BOOJIOCH Yepe3 24 Jyaca 1mociie TpaHChEKINH C IT0-
mompblo peareHTa ExtractRNA (3A0 <«EBporen»,
Poccust) mo mpoTokoity, peKOMEHIOBAaHHOMY B Ha-
oope. k/IHK u3 toranpHoii PHK monyuanu ¢ mo-
Molblo Habopa peareHToB MMLV RT kit (3A0
«EBporen», Poccust) ¢ ucronb3oBaHueM oauro-al
NpaiMepoOB U CIyYaWHBIX HYKJIEOTUIHBIX MpanMe-
poB B cooTHomeHU 1 K 1, corracHO MHCTPYKIINH.
TTonumepasHas uenHas peakuus (ITLP) npoBoaui-
cs1 ¢ momonibio peareHToB (PCRmix-HS SYBR (3A0
«EBporen», Poccust) u crieumdUYHbIX MpaiiMepoB:
LINCO00910 — TCTGCACCCAAACCAGATGC;
TCAGGCGGTGATACTTGCTC, STAT3 —
ATGGAGATTGCCCGGATTGTG;
GCTGCTGTGGGGTGGTTG. HopmupoBka
MpPOU3BOIMIIACH Ha TE€H [JOMAIITHETO XO3siCTBa
GAPDH — CAAGGTCATCCATGACAACTTTG;
GGCCATCCACAGTCTTCTGG.

Pe3synbTaThl 1 0BCyxaeHNe

Hnsa HaxoxaeHuss 3PHK, criocobHoii KOHTpoO-
JIMPOBaTh 3KCIIPECCUIO TeHa Stat3, OBUT IIpOBeIcH
MOUCK C UCIIOJIb30BaHUEM pa3JIMYHbIX 0a3 TaHHBIX.
ITo 6a3e manubix 5PHK eRic (https://hanlaboratory.
com/eRic/) obun orobpansl PHK, xoppenupyto-
mue no skcnpeccun co STAT3. Cpeau oToOpaH-
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PucyHnok 1. KoppensuuonHbii ananuz aPHK LINC00910

Mpumeyanue. A - Ha pUcyHKke npefcTaBneH koppensunoHHbIn aHanu3 aPHK LINC00910 n STAT3 B o6pasuax rnuno6nacTomsl YenoBeka
(koppensiuMoHHbIN koadhdmumeHT MupcoHa). [ns pacyeta B3ATbI AaHHble PHK cekBeHMpoBaHus no rnmobnactomam u3 npoekta TCGA.
B - oboraujeHue hyHKUMOHANbHbIX FPYNN ¢ ThicAYeli nonoxutenbHo koakcnpeccupyembix ¢ LINC00910 reHoB B kopTekcax YenoBeka

u3 npoekta GTEX.
Figure 1. Correlation analysis of LINC00910 eRNA

Note. A, the figure displays the correlation analysis of LINC00910 and STAT3 eRNA in human glioblastoma samples using Pearson’s correlation
coefficient. RNA sequencing data on glioblastomas from the TCGA project were used for calculation. B, enrichment of functional groups with
thousand positively co-expressed with LINC00910 genes in human cortexes from the GTEX project.

HbIX BapuaHTOB Obl1a OoOHapyxeHa oaHa »PHK,
Mpo KOTOpyIo ObLIa HaiigeHa MHGopMalusa B JIUTE-
patype. BbLIO MOKa3aHO, YTO IIPOMCXOOUT 3HAYM-
TeJibHOEe IoBbIlIeHMe 3Kcrpeccuu LINC00910 B
MOHOHYKJIEApHBIX KJIETKaX Mepucepruyeckoii KpoBu
npu KojopekTaibHOM pake [5]. [lpu pake xenyaka
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LINCO00910 Obi1a rurepMeTWIMpOBaHa M BBICOKO
3KCIpeccupoBaiach NMpu pake keayaka [6]. Takke
o na’HHbIM 0a3el GeneHancer Double Elite saxan-
cep (GH17J043366), nepekpsiBatomuiics ¢ PHK
LINCO00910, MoxXeT B3auMOAeiCTBOBaThL ¢ MPOMO-
topoM STAT3. Wcnonw3ys maHHble 6a3pl GEPIA
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PucyHok 2. HokgayH PHK LINC00910 B KneTOYHbIX JIMHUAX TMUO6NacToMbl

Mpumeyanue. Ha pucyHke nsobpaxena akcnpeccusi PHK LINC00910 (A, B) n STAT3 (B, I') B kneTouHbix nuHuax DBTRG-05MG (A, B)

n U251 (B, I') npu nogaesnenun PHK LINC00910 (si LINC00910) npu po6asnesun TMZ n pactsoputens DMSO. * - p < 0,05, ** — p < 0,01
(kputepuin ManHa-YuTHu). [laHHble NpeAcTaBneHbI B BUAE CpeJHEro 3Ha4eHUs U CTaHAAPTHOI OWMOKKU cpeaHero.

Figure 2. LINC00910 RNA knockdown in glioblastoma cell lines

Note. The figure displays the expression of LINC00910 (A, C) and STAT3 (B, D) RNAin DBTRG-05MG (A, B) and U251 (C, D) cell lines when
LINC00910 RNA (si LINC00910) was suppressed by the addition of TMZ and DMSO solvent. Statistical significance is indicated by *, p < 0.05;
** p <0.01 (Mann-Whitney test). The data are presented as the mean value and standard error of the mean.
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(http://gepia.cancer-pku.cn), ©ObUIa TakKKe TIOMI-
TBepxkaeHa Koppesauus mexay sPHK LINC00910 u
STAT?3 (puc. 1A). B kopTekcax yesioBeka, MpeacTaB-
neHHbIX B ipoekte GTEX, Obl1 mpou3BeieH aHAJIN3
Kookcnpecun reHos ¢ LINC00910, kak omucaHo
B [3]. Cpenu mojydeHHBIX (PyHKIIMOHATBbHBIX KJla-
CTEepOB ObLIM OOHApyXEHbI TPYIIIbl, CBSI3aHHBIE C
penapaiueit JIJHK u kj1eTOYHBIM LIUKJIOM, YTO COOT-
BETCTBYET NnpeanoaoxkeHunio oo yyactun LINC00910
B PETYIISIIAN XeMUPE3UCTETHOCTHA 1 KIIETOYHOTO PO-
cra.

Ha KJIeTOYHBIX JUHUSAX TJMOOIACTOMBI ObLI
npousBeneH HokayT 3PHK LINC00910 ¢ momo-
mpbio PHK-unTepdepennmmuu (puc. 2). DKcmopec-
cusg LINCO00910 cHusuiaach B cpeaHeMm B 6-8 pasa
npu pobasienuu si LINC00910, kak npu nodasie-
HUM TEMO30JIOMHUIA, TaK B KOHTPOJbHBIX 0Opa3iax
(puc. 2A, B).

IIpu vokmayHe LINCO00910 skcrpeccust STAT3
ocTtanach HeusMeHHol (puc. 2B, I'). Takum ob6pa-
30M, B KJieTkax mimoobsactombl DBTRG-05MG u
U251 adpdext Ha onkoreH STAT3 He HaGmtogaeTcs.
I1pu 3TOM OTIEIEHO OTMETUM, YTO YaCTO MOXKHO Ha-
OJmonaTh crieuMUUYHBIN A8 KJIIETOK 3} eKT, TaKUM
o0pa3oM B JPYrMX KJIETOYHBIX JMHUSX TJIUO0Ia-
CTOMBI MOXeET HabmoaaTbes Bo3aelicTBue or 3PHK
LINCO00910 na STAT3.
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