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AHHoTauus. JIMHNY HAUBHBIX IUTFOPUIIOTEHTHBIX CTBOJIOBBIX K1eTOK (IICK) ueno-
BEKa — HOBBI HHCTPYMEHT KJICTOYHON OHOJIOrHH, JEMOHCTPUPYIOIIUIA OrPOMHBIHN 110-
TEHLUAJ U1 HAYYHBIX UCCIICZ0BAHUH U IPAKTUYECKOrO MPUMEHEHHS, OJJHAKO UX Mac-
COBOMY HCHOJIb30BAaHHIO NPEHSTCTBYIOT MPOOJIEMBbI C JUIMTEIbHBIM KyJIBTHBHPOBa-
HHEM U HeCIIOCOOHOCTBIO 3aITyCKaTh MPOLECC CAYy4aiiHON HHAKTHBAIUH X-XPOMOCOMBI
(rXCI). B manHoii paboTe MbI HCCIIEIOBAIN BO3MOXKHOCTh 3amyckath rXCI B cpene
HENSM, npeanoxeHHOH paHee A HONYy4eHUS U JUIMTEBHOrO MONAEP)KaHUs HauB-
Heix [ICK. Msl nokaszanu, yro HauBHble [ICK MOXHO KynbTHBHUpPOBaTH B cpene
HENSM, conepikarieii TOIbKO HHIHOUTOPBI CUTHAIBHBIX MyTel Au(PepeHInpoBKr
6e3 pocroBbix (akropoB LIF u ACTIVIN A, 4To ciocoOCTBYET HOBBIIICHHUIO B KYJIb-
Type JOJH KIETOK, SKCIPECCUPYIOIINX TpaHCKpunuoHHbeld pakrop LEUTX, xapak-
TepHblit it 8C-moA0OHBIX TOTUIOTEHTHBIX KJIETOK YEIOBEKa, a TAKXKe HMPHUBOIHUT K
YBEJIMUCHHUIO JIOJIM KIIETOK, crocoOHbIX 3amyckath rXCI IMomydeHHbie pe3ynbTaThl
CBHZICTENIBCTBYIOT, YTO BO3MOXKHOCTb KOHTPOJMPOBATH IOJHYIO PEAKTHBALMIO, a
Taroke panHue cragun rXCl y yenoBeka B KylnbTypax KJIETOK, COOTBETCTBYIOIIUX IIpe-
UMIUIAHTALMOHHBIM CTaJIMsM DPa3BUTHS SMOPHOHA, JIKHUT 3a IpelesaMd HauBHOI'O
IUTFOPUIIOTEHTHOI'O COCTOSHUS U CBA3aHA C IEPEX0JIOM K TOTUIIOTEHTHOMY COCTOSIHHIO.
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Summary. Naive pluripotent stem cells (PSCs) have become an invaluable tool
for biomedical research over the last decade. They correspond to pre-implantation epi-
blast blastomeres and have a broad differentiation potential into embryonic and extra-
embryonic derivatives. Under certain conditions, naive PSCs can initiate X-chromo-
some inactivation during differentiation, but this occurs in a non-random manner, with
a preference for the X-chromosome, which was already inactive prior to the PSC con-
version to the naive state. As a result, the enormous potential of naive PSCs is not fully
exploited, prompting the need to improve the conditions for the derivation and mainte-
nance of naive PSCs. In this study, we evaluated the ability to induce random X chro-
mosome inactivation (rXCI) by naive embryonic stem cells (ESCs) cultured in three
modifications of HENSM medium. We returned primed HuES9 ESCs to the naive state
in three media: HENSM-LA (supplemented with the growth factors LIF and Ac-
tivin A), HENSM-L (supplemented with LIF only) and basal HENSM-0 without fac-
tors. The resulting cultures demonstrated a morphology and other characteristics of na-
ive pluripotency (See Fig. la-e), including increased expression of naive pluripotency-
associated transcription factors such as TFCP2L1, KLF17 and DMNT3L (See Fig. 1, f).
Naive HUES9 cultures grown in HENSM medium without Activin A and/or LIF show
significantly higher expression of the totipotency genes LUETX, TPRXI and ZSCAN4
(p <0.01) (See Fig. 1, f) and an increase in the proportion of cells with the LEUTX
transcription factor, characteristic of 8C-like human totipotent cells (See Fig. 2, a).
Thus, the absence of growth factors in HENSM medium results in naive cells approach-
ing the totipotent state. We also found that naive human PSCs maintained in HENSM
medium without growth factors have a greater potential to induce rXCI during differ-
entiation (See Fig. 2). The likelihood of rXCI triggering in naive HuES9 ESCs in
HENSM medium increases with the proportion of cells expressing totipotency markers.
This suggests that the capacity for rXCI in humans is restored close to the totipotent
state. These results will help to improve the conditions for the generation and mainte-
nance of naive human PSC, allowing their unique properties to be more widely ex-
ploited in biomedical research.

The article contains 2 Figures, 5 References.
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BBenenne

[onnep:xnBaeMble B KyJAbType HAWBHBIC IUIFOPHIIOTEHTHBIE CTBOJIOBBIE
kietkn (I[ICK) denoBeka — 3KBHBAJICHT NMPEUMIUIAHTAIIMOHHBIX OJIACTOMEPOB
anubacTa paHHeH OJaCTOMHMCTHI — MPENCTABIIAIOT COO0H MHOTOOOCIIAFOINNN HH-
CTPYMEHT IUIS HAYIHBIX MCCICAOBAHNAN MPOLECCOB PAHHETO Pa3BUTHSA, MOJICIIH-
POBaHUS TEHETUYECKH JECTEPMHUHUPOBAHHBIX 3a00JICBaHUMA, pa3paboTKu JeKap-
CTBEHHBIX NIPEIapaToB, IMPOrpecca PenponyKTUBHBIX TEXHOJIOTHHA M pereHepa-
tuBHOU MeauIuHbI [ 1-3]. OT™MeuaroT, uto B Kynbrypax HauBHBIX [ICK ¢ HU3KOH
9aCTOTOHN MPUCYTCTBYIOT KJICTKH B TOTHIIOTEHTHOM COCTOSIHAH, KOTOPBIE MOP(O-
nornyecku HeoTmanMbl OT HanBHBIX [ICK [4]. Hausnsie IICK nmomygarot u3 nu-
HUAH KJIETOK C IMPaiMHUpPOBAHHOHW ILTIOPUIIOTEHTHOCTHIO, OTpaXkaromux Oolee
MTO3THHE ATAIBI Pa3BUTHSI HOCTUMILIAHTAIIMOHHOTO YMOpHOHA Ha CTAINN Hadala
racTpyJSIUA ¥ UMCIONINX CYIIECTBCHHBIC OrPaHUYCHISI B TOTEHIMaNe audde-
PEHIIUPOBKH, OJHAKO CTA0MIFHO TMOANCPKUBAIOMINXCS B KYJIBTYpe Ha TPOTSIKE-
HUH HEOTpaHIMUEHHOTO Yrcia naccaxkeil. HecMoTps Ha o0mIIHe IpOTOKOIOB, O3~
Boystrorux monydate HauBHBIE [ICK denoBeka, miuTenbHOE MOANEpKAHUE in
Vitro KJIETOK B COCTOSIHHM HaWBHOM IUTIOPHIIOTEHTHOCTH MPOOIEeMaTHIHO.
HcnonpzyeMbie KOMIIOHEHTH «HAUBHBIX» CPEM BBI3BIBAIOT B KyJIBTypax XpOMO-
COMHBIE abeppaliy 1 HeoOpaTUMOe IEMETIIINPOBaHNE HMIIPHHTAPOBAHHBIX JIO-
KycoB reHoMa. Kpome Toro, ycnmosust kynstuBupoBanust HauBHbIX [ICK we cro-
COOCTBYIOT ITOJTHOM PEaKTHBAIMK HEAKTHBHON X-XpPOMOCOMBI H HE TIO3BOJISIFOT
3aIyCcKaTh MPOIECC CIyYalHON HHAKTHBAIIMN X-XPOMOCOMBI, SIBIISTFOIUICS BaXK-
HBIM JJ11 HOpMaJIBHOTO SMOPHOHAIBHOTO M ITOCTHATAIBHOTO pa3Buths. B 2021 .
qutst KynbTrBupoBanus HauBHBIX [ICK uenoBeka mpemnoxena cpena HENSM, ko-
TOpas BKIFOYaeT MHruOuTOp curHayibHoro mytd WNT U He COepKHT ero akTh-
BaTOPOB, YTO CIIOCOOCTBYET MOANEPKAHUIO KAPHOTHITNYECKOH CTaOMIBHOCTH
kynbTyp [3]. Takke B cpene HENSM cHmkeHa KOHIIEHTPAIIHSI KOMITOHEHTOB, BbI-
3pIBAIONINX HeoOpaTtumoe nemeruiaupoanue JIHK. Omaako moTeHIMan naHHON
Cpenbl K Peryisiuu Iporecca CIydailHOl WHAKTUBAIMK HE BhIsICHEH. Llenpb pa-
00TBI — WCCIENOBaHHWE BO3MOXKHOCTH PETYIHPOBATH MPOIECC HHAKTHBAIUU
X-xpomocomsl B HanBHBIX [ICK uenoBeka ¢ ncronp3oBannem cpeasl HENSM.

MarepuaJibl U METOABI

B pa6ote nucrnonp30Bay JMHAIO 3MOPHOHAIBHBIX CTBOJIOBBIX KileTok (DCK)
yenoBeka HUES9 (Homep hPSCreg: HVRDe009-A (RRID:CVCL _0057)) ¢ xapu-
otunioM 46, XX. [IpaitmupoBanabsie CK KyIbTHBHPOBAIN HA CIIOE MUTOTHUYECKU
WHAKTUBUPOBAHHBIX AMOPHOHAIBHBIX (hrOpoditacToB Meimu B cpeae KnockOut
DMEM, conepxamieit 15% 3amenntens cerBopotku KnockOut SR, 1% pactBopa
3ameHUMBIX aMrHOKHCIOT NEAA, 0,25 MM 2-mepkanrtosranona, 1 MM rimoTa-
muHa GlutaMax (Bce — Thermo Fisher Scientific), 200 MKr/mi mpumonuHa
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(InvivoGen) u 10 ar/mn bFGF (Sci-store). MHIyKIHIO U OIep)kaHie HAUBHOTO
cocrosiaus B kinetkax HUES9 ocymectmsim 8 cpene HENSM-0 [3], mpencras-
nsroniei coboii cMeck cpen Neurobasal 1 DMEM-F12 B cootHomenuu 1:1; mo-
0aBku: 1% N2, 1 MM GlutaMAX, 1% NEAA (Bce — Thermo Fisher Scientific),
200 mxr/mn npumonmHa (InvivoGen), 2% B27 (Invitrogen), 0,8 MM dimethyl
2-oxoglutarate (Merk), 0,2% Geltrex (Invitrogen), 50 mr/mm L-ascorbic acid
2-phosphate (Merk), a taxxe nHrHOUTOpHI KMHa3: 1 MkM PD0325901; 2 MmxM
XAV939; 2 MmxM G66983, 1,2 uM CGP77675 (Bce — R&D). Kpome Toro, uc-
nonp3oBasin  cpeasl HENSM-L, ornuuarommumecss or HENSM-0  wammumem
20 ar/mMn pexombunanTHOro LIF (Sci-store), a Takxke HENSM-LA, B koTOpyIO
kpome LIF noGarmsimu 10 ar/mn ACTIVIN A (Peprotech). JTuddepenmpoky
HamBHEIX DCK B mpom3BomHbIC TPEX HMPUMHTHBHBIX 3apOABIMICBBHIX JIUCTKOB,
KIIETKH Tpodobiacrta, a TakkKe MOMyYeHHE TPEXMEPHBIX KICTOUYHBIX OJIACTOHJIOB
MIPOBOJIMIIM TI0 paHee OIyOJIMKOBaHHBIM IIpoToKkoiaM [3, 5]. KieTku KyJnbTHBH-
poBanu nipu 37°C B atmMoctepe, comepkarieit 5% yraekucioro ra3a. Hamimame
crenn(pUICCKIX TOBEPXHOCTHBIX AHTUTCHOB M TPAHCKPUIIIMOHHBIX (PaKTOPOB B
HauBHBIX DCK, a Taxxke MapkepoB nudGepeHIUPOBKHA Y MX TPOU3BOIHBIX Jie-
MOHCTPHPOBAJIH C MOMOIIBI0 HMMYHO(IIyOPECIIEHTHOTO OKPAIIMBAHUS aHTHTE-
JIaMH TI0 CTaHJapTHBIM MpoTokoiaM [3, 5]. [TonydyeHne u aHaM3 H300paskeHUH
MPOBOAMIIM C IIOMOIIGI0 MHBEPTUPOBAHHOTO (DIYOPECHCHTHOTO MHKPOCKOIIA
«Nikon Ti-E» (Smonus) u nporpamMmsl «NIS Elements AR».

N3 npaitmupoBansix 1 HauBHBIX KieTok HUESY Beinensimn PHK u Ha e€ oc-
HoBe cuHTe3upoBanu k/IHK. OtHocutensHbie ypoBHH dKcnipeccuu TeHOB OCT4,
NANOG, KLF17, TFCP2L1, DNMT3b, LEUTX, TPRXI n ZSCAN4 onpenemnsutin
¢ momotipio nomykonuyectseHHoro [P B pexume peansHOr0 BpeMEHH, HC-
monb3ys Metoa AACt ¢ Hopmanu3anyed Ha yPOBEHb T€HOB JOMAITHETO XO35H-
ctBa ACTB, TFRC u B2M. DxcriepuMeHT TIPOBOAMIIN B TPEX OMOIOTHYSCKUX U
IBYX TEXHHUECKHUX ITOBTOPHOCTSIX. [locienoBaTensHOCTH MpaiitMepoB U METOIH-
YecKHe JeTali OmyOJuKoBaHbl paHee [3—5].

Homo kietok B KynsType HauBHBIX DCK, sKCIpeccHpyromX TPaHCKPHTIIIH-
onHbli (akrop LEUTX, xapakrepHsiid st 8 C-1mo100HBIX TOTUIIOTSHTHBIX KITe-
TOK 4eJioBeKa, onpenersuia Ha mpudope «kFACSAria III» (BD, USA), anaimsupys
10* coBBITHIf TTOCITE MPEUTUTAIINH KJIETOK C COOTBETCTBYIOIIMMH aHTUTEIAMH
(Thermo Fisher Scientific). B xadecTBe HEraTHBHOrO KOHTPOJIS HCIOJIH30BAIH
HEOKpAaIIeHHBIC KICTKH U KICTKH, HHKyOHpPOBAaHHEIE C (IIyOPECIIEHTHO MEUCH-
HbIMU [gG Kponmka. DKCIEPUMEHT TTOBTOPSUTA TPOSKPATHO.

XapaKTeprCTUKY aKTHBHOI'O W HEAKTHBHOT'O COCTOSHUS X-XPOMOCOMEI ITPo-
BOJIIIK METOIOM HMMYHO(DIIYOPECIICHTHOTO OKpAIIiBaHHs aHTHTEIIAMH K MOJIH-
¢ukammu H3K27me3 (Abcam), XapakTepHOi IUIs XpoMaTHHA Telblia bappa, a
taxke nipu momomn PHK FISH ¢ 3oun0M X-crierennoro rena HUWET (BAC-
kioH RP11-975N19). Ilpu nonydeHUH aMIUTMKOHOB X-CIICIICHHBIX T'€HOB HC-
MOJIb30BAJIM  CIIENMyoIe Tapbl mpaiimepoB: (5'-ctcactgcgatgtgaccaga-3';
5'-gcttgaacacagtgettggecaagetg-3") mns IGSFI, (5'-tcctgtcaaaatctgetecatca-3;
S'-agctcccaaagtagatgetactg-3') s INTS6L wu  (5'-gcactgatgatcgecaactc-3';
5’ caacatagagaccacccegt-3") s CD99. AnnenbHOE COOTHOIICHUE TPAHCKPUTITOB
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reHoB IGSF1, INTS6L n CD99 X-XpoMOCOMEI OITPEIEIsUTH METOIOM ITHPOCEKBE-
HUPOBAaHUS aMIUIMKOHOB, COACPYKAIINX ONHOHYKICOTHIHBIC ITONUMOP(UIMBIL
(SNP), na nputdope «PyromarkQ24» (QIAGEN, I'epMaHus) ¢ HCIIONBE30BaHUEM
HabopoB pupmsl «HTEpIadbcepBuc» (Poccus). IHTerpanbHy0 XapakTepHCTHKY,
OIIPEIETISIONTYI0 OTKIIOHEHHS OT CIy9aifHONH WHAKTUBAIWH, PACCUMTHIBATH KaK
cpenHee apu(pMETHUECKOS JOJCH aJIebHOW KCIPECCHU TPEX X-CIEIUICHHBIX
TCHOB.

Cratuctryeckyro o0padoTKy pe3ylbTaToB IPOBOMIIIHN B mporpammax R u Ex-
cel. JlocToBepHOCTh OTJIMYME OICHHBAIK ¢ ToMomiblo U-kputepus MaHHa—
YutHHE ¢ ionpaBkoi boH(eppoHU 111 MHOKECTBEHHOTO CpaBHEHHUSI.

Pe3yabTarhl ncciiefoBaHus U 00CyKIeHUE

Cpena HENSM wm3navansHO npemioxkeHa B AByx BapuanTax: HENSM-LA ¢
nobOapiieHueM IByxX pocToBbIX (hakTopoB LIF u ACTIVIN A, a Takocke HENSM-L
¢ nobarnenneM toibko LIF [3]. Otmedanocsk, uro B cpene HENSM-LA kierkn
UMEIOT Ooiiee BBICOKHN YPOBEHB JKCIPECCHH KITIOYEBBIX TPAHCKPHITIHOHHBIX
¢akropoB urropunioreHTHOCTH OCT4 1 NANOG. OnHako TakkKe W3BECTHO, YTO
YCHIIEHHE CUTHAIBHOTO MyTH (hakTopa pocta LIF criocoOCTBYeT HHUITHAIIMN CITY-
yalHOW MHAKTUBannu X-xpomocomsl [1, 2]. Kpome Toro, MHOTOYMCIIEHHBIE HC-
CIICZIOBaHMS, BHITIOIHEHHBIC HAa PAa3HBIX MIPOTOKONIAX KYJIbTHBHPOBAHHUS HAWBHBIX
[1CK yenoBeka, CBUAETEILCTBYIOT, YTO OTKa3 OT POCTOBBIX (DaKTOPOB HE BEIET K
muddepeHITIpoBKe KIETOK W OCHOBHYIO HAarpy3Ky IO MOAICP)KaHUIO HAMBHOTO
TUTFOPHIIOTEHTHOTO COCTOSIHHS HECYT MCIIONB3yeMBbIE B CPejaX HHTHONTOPHI CHT-
HaJbHBIX ITyTel AuddepeHupoBkH [2]. B cBsi3u ¢ 3TUM HaOII0qaeTCSA TCHISHITHS
K CHIDKCHUIO KOHIIEHTPAIIMH POCTOBBIX (PaKTOPOB B «HAMBHBEIX» cperax. Taxk,
koHIeHTpanus LIF MoxxeT ObITh YMEHbBIIIEHA B ABAIIATH Pa3. Y YUTHIBAs 3TH CBE-
neHus1, Mol ipoBenu noydenrne HanBHBIX DCK mmann HUES9 B cpenax HENSM-
LA nu HENSM-L, a Taxxe B cpene HENSM-0, He coneprkarieid pocTOBBIX (ax-
TOPOB, H CPaBHIUIN CHOCOOHOCTh HAWBHBIX IUTIOPHIIOTCHTHBIX KJIIETOK, ITOIACP-
KUBAEMBIX B PAa3HBIX YCIIOBHUSAX, WHHUIWUPOBATH CIyJIalHYI0 HHAKTHBAIIAIO
X-XpOMOCOMBI.

KynstuBupyemeie B Tpé€x Bapmanrtax cpeasl HENSM DCK nuann HuES9
HMEIOT KyIojioo0pa3Hyro GopMy KooHu# (puc. 1, a), IeMOHCTPHPYIOT HaJIHIHE
nmoBepxHOCTHOrO aHTUreHa CD75, a Takke TpaHCKpUIITUOHHBIX GakTopoB TFE3
n KLF17 (puc. 1, b). ITocne nepeBona Ha cpeasl HENSM kynbsTypsr HUES9 co-
XpaHSIOT CHOCOOHOCTH JaBaTh IPOW3BOMHBIE TPEX 3aPONBINICBBIX JIFCTKOB
(3KTO-, ME30- U BHTOJIEPMBI) IIPU CIIOHTaHHOW AuddepeHnupoBke (puc. 1, ¢), a
MIPH HaIpaBJICHHOW I PepeHITUPOBKE 00pa3yroT KIETKH TpodobdiacTa, mo3u-
THBHBIC 1O MOBepXHOCTHBIM aHTUTeHaM TACSTD2 m ENPEP (puc. 1, d). Ilpu
COBMECTHOM KyJIHTHBHPOBAHUH B HU3KOAATe3MBHBIX ycrmoBuax DCK, momyden-
HbIX Ha cpenax HENSM, u ux Tpoo0IacTHBIX TPOU3BOIHBIX JBa THIIA KIIETOK
CaMOOPTraHU3YIOTCs, (HPOPMHPYS TPEXMEPHBIE CTPYKTYPHI — OJIACTONIBI, HATTOMH-
HaIoNIe paHHHE SMOPUOHBI Ha CTa UK OJacTOIMCTHI (pHc. 1, ¢). Takum 06paszom,
etk HUES9, nepesenénnsnie Ha cpeast HENSM, neMOHCTpHpYIOT KITFOUEBHIE
CBOICTBA, XapakTepHbIe As KynbTyp HauBHBIX [ICK.
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Puc. 1. Hausnrie OCK uenosexa nuaun HUES9, nonydennsie B cpenax HENSM:

a — mopdonorust koionuit HauBHbIX DCK, b — uMMyHOGITyopeceHTHAs e TeKLIUs
cretuduyueckux st HauBHoro cocrosiaust ICK noBepxHocTHOro anTurena CD75
(xpacHblit), a Taroke TpaHckpuniroHHbIX (akropoB TFE3 (3enensiit) u KLF17 (kpacHslit),
¢ — uMMyHOQITyOpecieHTHas1 neTekius MapkepoB 3kroaepmsl (TUB3B, kpacHsbrit),
me3oaepmbl (aSMA, kpacHslit), suTonepmbl (FOX2A, kpacHblil) ociie criontanHo# qudde-
peHuupoBky HauBHbIX DCK B mpou3BoAHbIE TPEX 3aPOIBILIEBHIX JIHCTKOB, S/Apa OKPAIICHbBI
DAPI (cununit), muneiika — 100 MM, d — Mop¢ororus KIeTok paHHeil Tpo(hIKTOIePMBI,
npou3BoaHbIX HanBHBIX DCK, 1 X UMMYHO(ITyOPECIIEHTHOE OKPAIIMBAHUE AHTUTEIAMH
k noBepxHocTHbIM MapkepaM TACSTD2 (xpacHsbiit) u ENPEP (kpacHslit), siapa OKpalieHs
DAPI (cunnit), nuneiika — 100 MM, e — penpe3eHTaTUBHOE U300pakeHne OnacTousa,
MOMy4eHHOro nyrem camoarperanuu HauBHbIX JCK (OKpaliieHbl 3eEHBIM C HOMOLIBIO
antuten kK OCT4) u ux TpodaKTOnEpMATBbHBIX TPOM3BOIHBIX (CHHHUH, SAPa OKPAIICHBI
DAPI), nuneiika 10 mxM, f— oTHOCHTeNbHBIN ypoBeHb 3kcnpeccu MPHK rexos (ock Y)
o6ureit rwropunorentHocT (OCT4, NANOG), nauBHo# mitopunorentHoct (TFCP2LI1,
DNMT3L, KLF17) v torunorentaoctu (LEUTX, TPRX1, ZSCAN4) B kynbTypax
npaitmupoBanubix ICK (/) u HauBnbix DCK, nonaepxuBaembix B cpegax HENSM-LA (2),
HENSM-L (3) u HENSM-0 (4)

[Fig. 1. Naive human ESCs of HuES9 line expanded in HENSM media: a - morphology of naive ESC
colonies, b - immunofluorescence detection of naive-specific ESC surface antigen CD75 (red) as well as
transcription factors TFE3 (green) and KLF17 (red), ¢ - immunofluorescence detection of ectoderm
(TUB3B, red), mesoderm (aSMA, red), entoderm (FOX2A, red) after spontaneous differentiation of na-
ive ESCs into derivatives of three germ layers, nuclei are stained with DAPI (blue), scale bar is 100 um,
d - morphology of early trophectoderm cells derived from naive ESCs, and their immunofluorescence
staining with antibodies to surface markers TACSTD2 (red) and ENPEP (red), nuclei are stained with
DAPI (blue), scale bar is 100 um, e - representative image of blastoid obtained by self-aggregation of na-
ive ESCs (stained green, using antibodies to OCT4) and their trophectodermal derivatives (blue, nuclei
are stained with DAPI), scale bar is 100 um, f - relative mRNA expression level of genes (Y -axis)
of general pluripotency (OCT4, NANOG), naive pluripotency (TFCP2L1, DNMT3L, KLF17) and totipo-
tency (LEUTX, TPRX1, ZSCAN4) in cultures of primed ESCs (1) and naive ESCs maintained
in HENSM-LA (2), HENSM-L (3) and HENSM-0 (4) media]

OCHOBHBIE 3HJIOTCHHBIC (PaKTOPbI TPAHCKPHUIIIIUH TUTFOpUIIoTeHTHOCTH OCT4
u NANOG 1o pesynwsratam [11IP B pexxume peanbHOT0 BpeMEHHU IEMOHCTPHPYIOT
BBICOKHE YPOBHH 3Kcripeccru B HauBHBIX DCK, mipu aTom B KynbTypax HENSM-L u
HENSM-0 on#n cormocTaBuMBI ¢ TAKOBBIMH B IpaiimupoBanHbix JCK, a B kimeTkax
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HENSM-LA uMeroT craTicTidecky 0ojiee BhICOKHE ypoBeHb (p < 0,01) (puc. 1, f).
B nanBHbIX DCK 110 CpaBHEHHIO C MPAHMUPOBAHHBIMI OOHAPYKHBACTCS CTATUCTHYC-
cku Ooree Boicokuit ypoBeHb MPHK renoB TFCP2L1, DNMT3L u KLF17 (p < 0,01).
Onnako otHocuTenbHast akcrpeccust TFCP2L1 v DNMT3L 3aaunmo Hioke (p < 0,01)
B wietkax HENSM-L u HENSM-0 o cpaBreHuto ¢ TakoBo# B kitetkax HENSM-LA.
B T0 xe Bpemst kitetkn HENSM-L 1 HENSM-0 1o cpaBHEHHIO ¢ TpaitMAPOBAHHBIMA
OCK u xirerkamit HENSM-LA umetot nosermennsiii ypoBeHs MPHK renoB LEUTX,
TPRX1 u ZSCAN4 (p < 0,01), BBICOKAsT KCIIPECCHSI KOTOPBIX XapakTepHa a1t 8C-11o-
JOOHBIX TOTHUITOTEHTHBIX KIIETOK YeIoBeKa. Takim 00pa3oM, MOJKHO MPEATIONOKHUTE,
yro B KynbTypax kietok HENSM-L u HENSM-0 yBenmamBaeTcst 10515t KJIETOK, IKC-
MIPECCUPYIOIINX T'€HBI, CBOHCTBEHHBIE TOTHIIOTEHTHOMY COCTOSIHHIO.
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Puc. 2. Koppensus Mexay nonet KieTtok ¢ mapkepom torunorentHoctd LEUTX
B KynbType HauBHbIX DCK 1 HX CIOCOOHOCTHIO BOCIIPOU3BOIHUTH CITyYalHYIO HHAKTUBALIHIO
X-XpOMOCOMBI: @ — KOJIMYECTBEHHAsI OLIEHKA JI0JIK KieTok ¢ Mapkepom LEUTX,
kyabtuBupyembix B cpeqax HENSM-LA, HENSM-L u HENSM-0 (1a rpadukax mpoTodHoit
LIUTOMETPHHU NPUBECHA CPEIHSI BEIUYMHA CO CTAHAAPTHBIM OTKIOHEHHEM ), KPYTOBbIE
JarpaMMbl TOKa3bIBAIOT COOTHOIeHUE dKcpeccun amtenei (X1/X2) renoB X-XpoMocoMbl
OCJIe 3aIyCcKa MHAKTHUBAIIMH, b — SMHUI€HETUYECKHIA cTaTyc X-XpOMOCOM B KYJIbTYpax
HaMBHBIX U NOBTOPHO npaiiMupoBanHbix DCK, pernpe3eHTaTHBHbIC H300pasKeHHUs
ummyHoduTyopecteHTHoro okpammBanus sinep DCK ¢ anturenamu k Mogudukau
H3K27me3 (zenensiit) u PHK FISH ¢ 3oun0M X-cuennennoro rena HUWE] (kpacHbIN);
sinpa okpatensl DAPI (cunuit), nuneiika — 10 MkM, ¢ — rpaduK 3aBUCUMOCTH CTEIICHU
cilydaitHO HHaKTUBaLMHK (OCh Y) OT JAOMH KIETOK ¢ MapkepoM TotunorenTHoct LEUTX
(ock X), BeTMYMHA, ONIPEEIISIONIas CTeNeHp caydaitnoi nHakrusamu (rXCI), paccuntana
Kak cpeHee apupMeTHIecKoe A0Je ajuieIbHON IKCIPeccun TPEX X-CLEIICHHBIX TeHOB
[Fig. 2. Correlation between the proportion of cells with LEUTX totipotency marker in naive ESCs
culture and their ability to reproduce random X chromosome inactivation: a - quantification
of the proportion of cells with LEUTX marker, cultured in HENSM-LA, HENSM-L and HENSM-0
media (mean value with standard deviation are indicated on the flow cytometry plots), the pie charts show
the allele expression ratio (X1/X2) of X chromosome genes after inactivation onset, b - epigenetic status
of X chromosomes in cultures of naive (top image) and re-primed ESCs (bottom image), representative
immunofluorescence images of ESC nuclei stained with antibodies to H3K27me3 (green) and RNA FISH
with the probe to the X-linked gene HUWE] (red); nuclei are stained with DAPI (blue), scale bar
is 10 um, d - correlation plot between the degree of random inactivation (Y-axis) and the proportion
of cells with LEUTX totipotency marker X-axis, the value determining the degree of random inactivation
was calculated as the mean of the allelic expression from 3 X-linked genes]
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AHanmu3 KynpTyp KIETOK METOJOM IPOTOYHOW HHUTOMETPHU IIOKA3ajl, YTO
nost kietok ¢ mapkepom LEUTX, coiictBeHHBIM 8C-TIOAOOHBIM TOTHITOTEHT-
HBIM KJICTKaM YeNlOBEKAa, CTATHCTHYECKH 3HAYMMO IOBBINIACTCS B KyJIbTypax
HauBHBIX [ICK HENSM-L 1 HENSM-0, B KOTOpBIX OTCYTCTBYIOT POCTOBBIC (hak-
topel ACNIVIN A w/mma LIF (cMm. puc. 2, a). Makcumanbhas nons LEUTX-
TTO3UTUBHBIX KJIETOK TpH 3TOM BbIsiBIieHa B cpene HENSM-0, e comepxareit
POCTOBBIX (DaKTOpPOB.

Hanee mbI mokazanu, 4yto B KyinbTypax HauBHbIX DJCK HENSM-LA, HENSM-
L u HENSM-0 na6monaercs ouamienbHas skcrpeccus rena HUWE] (aBa cur-
HaJa B sape) U oTcyTcTBre akkyMyisiui H3K27me3 Ha X-xpoMocome, 94TO CBH-
JIETEIBCTBYET O TOM, 4TO 00€ X-XPOMOCOMEI B SIpax akKTUBHBI (puc. 2, b). [Tocie
Bo3Bparta HauBHBIX DCK B MpaiiMUPOBAaHHOE COCTOSHHE B KJIETKaX HAOIr0MaeTCs
MOHOaJIIeNbHAs Kcpeccus reHa HUWE] (onmuH CHTHAN B S/Ipe) B JACTEKTHPY-
ercsi o0macTh szmpa, B KOTOPOH MPOHCXOAUT AKKyMYISIHMS MOAN(PUKAIAN
H3K27me3, xapakTepHOii Is XpPOMOCOMHON TEPPUTOPUU, WHAKTUBHPOBAHHON
X-xpomocombl. HauBabie 9CK HuES9 B kynsTypax HENSM-LA, HENSM-L n
HENSM-0 nMeroT aBe akTHBHBIE X-XpOMOCOMEI B 97-99% wierok (N = 300), a
npu Bo3BpauleHuu HauBHbIX DCK B npaiimupoBanHoe coctosHue B 94—97% xie-
ToK (N = 300) HaOm0aeTCA MHAKTHBAINS X-XPOMOCOMEI (puc. 2, b). [TomryueHa
k/IHK noBTopHo mpaiimupoBanabix kietok HENSM-LA, HENSM-L u HENSM-0,
JIEMOHCTPHUPYIOIINX HHAKTHBALNIO, U CHHTE3NPOBAHBI aMIUTHKOHEI TPEX TEHOB B
yuactkax, coaepxkamux SNP. Onpenenenne HyKICOTHIHON MOCIIEIOBATEIHHO-
CTH aMIUIMKOHOB C IIOMOIIBIO0 IHPOCEKBHHUPOBAHUS ITO3BONIMIO yYCTAaHOBUTH
JIONIO KaX/IO0TO aiienss X-XpOMOCOM TIOCiE€ WHAKTHBAIMH. [IpaiimMupoBaHHBIC
npousBoaHble KiIeTok HENSM-LA moka3pBaloT 3KCIPECCHIO TPEUMYIIIe-
CTBEHHO OJHOTO aJUIeJs, YTO CBHIETENECTBYET O NMPAKTHUYECKU TOJHOW HECIy-
yalHOW WHAKTUBaWK. B mpaliMupoBaHHbBIX Mpon3BoaHEIX KynbTyp HENSM-L n
HENSM-0 nonst BToporo amensi yBeIWIUBACTCS, KOPPETUPYS C YBEIHUYCHUEM
JIOJTH KJIIETOK ¢ MapkepoM TotunoTenTHocTd LEUTX (puc. 2, a, ¢).

Takum obpa3om, Bo3BpaT npaiimupoBaHHbIX [ICK B cocTosiHME, SKBHBAJICHT-
HOE IPeNMITIAHTAIIMOHHBIM OJIacToMepaM, BO3SMOJKEH B cpeliaX, COACPIKAIIIX HC-
KITIOYUTEIHHO MHTHOWTOPHI KWHA3 CHTHAIBHBIX MyTed nuddepeHnupoBky 6e3
HCIIOJIB30BAHUS POCTOBEIX (DaKTOPOB. MOXKHO MPEATIONOKHUTE, YTO HAJIMIHE PO-
cToBBIX (hakTopoB B cpene HENSM ycmimBaeT IItOpHIIOTeHTHOCTD, TOT/Ia Kak
OTKa3 OT POCTOBHIX (PAKTOPOB BO3BpAIACT KIETKU Ha OoJiee paHHHUE CTaIHH M-
OpHOHATIBLHOTO Pa3BUTHSL, OJIM3KHE K TOTUIIOTCHTHOMY COCTOSHUIO. JIpyroif Bax-
HBII BBIBOJ ATOTO HCCIIECAOBAHUS 3aKIIFOYACTCS B TOM, UTO KJIETKH YEJIOBEKa B CO-
CTOSTHIH HAaWBHOH IUTIOPUIIOTEHTHOCTH, IIO-BHIMMOMY, HE CIIOCOOHBI 3aITyCKaTh
MpoIiecc Cay4YaifHONH HHAKTUBAIINH, H BRIOOP X-XpOMOCOMBI JUISI HHAKTHBAIIUH Ha
TaHHOW cTaauu yxke mpemompenenédH. OTMeHa POCTOBBIX (PAKTOPOB B cpere
HENSM BbI3bIBacT yBEIHUEHHUE JONMH KIETOK, OMM3KUX K TOTHIIOTEHTHOMY CO-
CTOSTHHIO, Y KOTOPBIX IOSBIIIETCS BO3MOXXHOCTH BBIOOpa OyIymieil HeaKTHBHOM
X-XpOMOCOMBI 1 3aITycKa CIy4aifHON HHAKTHBAIUK. Pe3ynbTaThl paboThl MOXKHO
WCIIOJIB30BATH IS NAIBHEHINEeH ONTHMH3ALNH ITPOTOKOIOB MONXYIEHHS U TOJ-
JepiKaHMs KyIbTyp KIETOK, AIMATHPYIOIINX MPEUMILIAHTAIIHOHHOE Pa3BUTHE 3a-
pozpIma, 00IagaromMX KapHOTHIIMYECKOH U SMUTEHETHIECKON CTaOMIBHOCTRIO
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1 CIIOCOOHBIX B ITOJIHON Mepe BOCIPOU3BOIUTH KITFOUEBBIE MPOLIECCHI PAHHETO M-
OpHOHAITBHOTO Pa3BUTHSI.

3akioueHne

B pesynbTate paboThI MOKa3aHO, YTO CIOCOOHOCTH KYJIBTYPhI HAUBHBIX TLTIO-
PHUIIOTEHTHBIX KJIETOK YeJIOBEKa BOCIIPOU3BOIUTH IPOIIECC CITyIallHOW MHAKTHBA-
U X-XpOMOCOMBI HAMPSMYIO 3aBUCHT OT JIOJH KJIETOK B KYJIBTYpE, IEMOHCTPH-
PYIOIUX MEePeXoa K TOTUITOTCHTHOMY COCTOSIHHIO. DTOT PE3yJIbTaT CBHUIICTEIb-
CTBYET, YTO BO3MOXKHOCTh HCCIIEIOBATh M KOHTPOJIUPOBATH TOJHYIO PEaKTHBA-
M0, & TAK)KE PAHHUE CTAJINH MTPOIlecca HHAKTHBAIUU X-XPOMOCOMEI y YeJIOBeKa
B KyJIbTYpPax KJIETOK, COOTBETCTBYIOIIHNX MTPEUMITIIAHTAIITHIOHHBIM CTaUsIM pa3BH-
THS SMOPHOHA, JIGKUT 3a IMpelellaMd HAaWBHOTO ILTIOPHIIOTCHTHOTO COCTOSHHS
KJIETOK M CBSI3aHA C WX MEPEXOJIOM K TOTHUIIOTCHTHOMY COCTOSIHHIO. B nanbHei-
meM HeoOXOIAMMO TOJITBEPIUTH IOTYYCHHBIC BBIBOJABI, MCIIONB3YS OOJblce
gucio auaui ITCK.
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