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s paHHETO SMOPHOHAIBHOTO Pa3BUTHS MBIIIIH 1 YeJIOBEKa XapaKTepHO HaJIn4yre HemuddepeHIIMpoBaH-
HBIX TUTIOPUITIOTEHTHBIX KJIETOK, KOTOPbIE Nal0T Hayalo BCEM TKaHSIM pa3BUBalolerocs aMopruoHa. Takue
KJ1eTKU ete 40 JeT Ha3a yaajaoch BBIIEIUTh U KyJIbTUBUPOBAaTh B CTAOMILHOM TLTIOPUITOTEHTHOM COCTOSI-
Huu. C TeX Mop HAKOTMJIOCh MHOXKECTBO TaHHBIX O MEXaHU3MaX, JIexKallluX B OCHOBE (hYHKIIMOHUPOBaHMS
TaKMX KJIETOK, O KITIOUEBBIX FeHaX, HEOOXOAUMBIX JUIST KX PabOTHI, a TaKKe 06 OCHOBaxX MX MU depeHII-
DPOBKM B pa3IMYHbIX HampaBiieHUsX. K HacTosilieMy BpeMeHU, B 3aBUCMMOCTH OT CTaAuM SMOpHOreHe3a,
CTaJI BBIIESITh HECKOJIPKO THUTIOB TTIOPUITOTEHTHBIX CTBOJIOBBIX KJIETOK, KOTOPbIe TPUHIUITUAIBHO OT-
JIMYAIOTCS APYT OT IpYyra CUTHAJTBHBIMU MYTSIMU, YCIOBUSIMU KYJIbTUBUPOBAHUS U CTIOCOOHOCTHIO K arch-
depenumposke. JlaHHast 0630pHasi paboTa CyMMUPYET U3BECTHBIE Ha CETOMHSIITHUI IeHb CBEIEHUS O T~
HaMUKe TUTIOPUIIOTEHTHOCTH B 9MOpHUOTeHe3e, a TAKXkKe O COOTBETCTBYIOIIMX TUMAaX KYJTbTUBUPYEMBbIX ILTIO-
PUIMOTEHTHBIX KJIETOK.

KimoueBble coBa: INTIOPUITIOTEHTHOCTD, SMOpHUOHaNIbHEIE CTBOIOBBIE KiteTk, DCK, DmunCK, sm6puore-

He3, Oct4, Sox2, Nanog
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BBEAEHWE

IT1opUnoTeHTHbBIE CTBOJIOBBIE KJIETKM OOHAPYKU-
BaIOTCSI HA paHHMUX CTaAUsIX SMOPMOHAIBLHOIO pa3BH-
THSI MBIIIM B 3MMOJACTe 0 U MOC/Ie UMIUIAHTALIMY, 1
JIalOT HAyajo TPEM OCHOBHBIM JIMHUSIM — 3KTOJIEpME,
Me3oaepme U sHTonepme. B 1981 1. nBym rpyrnnam yde-
HBIX yIAJI0Ch ITOJYYUTh CTAOWIBHYIO KYJIBTYPY IUTIOPU-
IMOTEHTHBIX KJIETOK MBIIIN, KOTOPhIE ObLIM Ha3BaHbI
SMOPUOHAJIBHBIMU CTBOJIOBEIMU KileTKamMu  (DCK)
(Evans, Kaufman, 1981; Martin, 1981). Bo3amoxHOCTb
“yIep>XuBaTh” 3T KJIETKH B TLTIOPUITOTEHTHOM COCTO-
SIHUM OTKPhLJIa HOBBIE TOPU30HTHI IS U3y4EHUS IIPO-
neccoB TMPOEPEeHIINPOBKH, a TAKKE KITIOYEBBIX TCHOB
paHHETo pa3BUTHSI U CUTHAJIBHBIX KacKaaoB. 3a Io-
ciienHue 15 et nmpeacTaBlIeHUsI O JAHHOM THIIE KJle-
TOK OBIJIM 3HAYMTEIBHO pacimpeHbl. CTajo oYeBUI-
HBbIM, YTO HECMOTpPSI Ha COXpaHEeHHUEe TMOTeHIMala K
I depeHLINPOBKE, INTIOPUIIOTEHTHBIE KIIETKU 111 -
0JacTa CyIIeCTBEHHO OTIMYAIOTCS IO M II0CIe MM-
IutaHTauuu. Bo BpeMsi aToro npoiiecca MporucXoauT
MEPEeKII0OYCHNE CUTHAIBHBIX IIyTeil, CMEHa 3KCIIPeC-
CUM KJIIOYEBBIX MapKepOB, 3MUTCHETUYECKUE TIepe-
CcTpoiiku. BcnenctBue 3TUX M3MEHEHUM 3mubIacT
“co3peBacT”, U CTAHOBUTCS TOTOB K majbHEHIIECH
mddepeHIpPOBKEe. AHAJIOTUYHO, B KYJIBTYpPE TaKKe
CTaJIM BBIACISAITH HECKOJBbKO THUIIOB ILJIIOPUIIOTEHT-
HBIX KJIETOK B 3aBUCMMOCTU OT CTaguu pa3Butus. B
TaHHO# 0030pHOI paboTe 00O0OIIEHBI MMEIOLIECS

Ha CeTONHSIIHUN IeHb TaHHbIE O TMHAMMKE TLUTIOPY-
MOTEHTHBIX COCTOSIHUI in vivo M in vitro. OnMcaHbl
MPOLIECCHI, KOTOPbIE MPUBOASAT K MU hDEepeHIIMPOBKE
9TUX KJIETOK. Takske MpUBeIeHbl HEKOTOPhIC CBEIe-
HHS 00 yJacTHUM IIAaBHBIX (DAKTOPOB TJIIOPUIIOTEHT -
Hoctu Oct4, Sox2 u Nanog B BbIOOpe MporpamMm
I depeHINPOBKN.

HAWUBHAA IVITOPUITIOTEHTHOCTbD

ITLmopunoreHTHbie cTBoIOBBIE KJIeTKH (ITCK) cy-
IIECBYIOT C 3.5 1Mo 8 cyT 3MOpPMOHAJIBHOTO Pa3BUTUS
MbeImn. 1o 2.75 cyT aMOpHOH TIpeacTaBiIeH TOTUIIO-
TeHTHBIMU KJIETKAaMU — 3UTOTOI U, Oocjie ApOOIeHUS
nocjenHei, oacromepamu. Jlanee, K 4.5 CyT pa3Bu-
TUS TIPOMCXOIUT IBa COOBITUS TN PEepPeHIMPOBKH.
Bbnactomepsl 1at0T Hayajao TpOIKTOAEME U KJIETKaM
BHYTpeHHel KietouHoii maccel (BKM). K 4.5 cyr
paseutusg kietku BKM muddepeHumpyrorca Bo
BHE3apOAbIIIEBYIO (MIEPBUYHYIO) SHTOAEPMY M TLTIO-
PUIOTEHTHBIN 3MMOIaCT, CITOCOOHBINA 3aTeM JIaTh Ha-
4aJjio Tp€M OCHOBHBIM 3apObliiieBbIM TucTkaM. Ha Ha-
YaJlbHOM 3Tarie 3Toro mpoiecca kietku BKM npen-
CTaBJISIIOT COOOM CMEIIaHHYIO Itomyisiuio (puc. 1),
OIHAKO, YK€ B 3TO BpeMs KJIE€TOUHBbIE TUIIHI MOXHO
pa3aesnTh MO BKCIPEeCCU creudruIecKux MapKe-
poB. Tak, 1151 KJIETOK ITIePBUYHOM S9HTOIEPMEI XapaK-
TepHa BKCIIPeCCUsI TPaAHCKPUIILIMOHHOIO axkTopa
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Puc. 1. Pa3Butue sMOproHa 10 UMILIaHTauuu. [1D — nepBUYHAS SHTOAEPMA.

Gata6, B To BpeMsI KaK B 3IIM01acTe 0OHAPYKUBAECTCS
BBICOKMI ypoBeHb Nanog (Bessonnard et al., 2014).

PazBuTre MeTONOB KyJbTMBUPOBAHMS N0 BO3-
MOXHOCTb BBIIEISATh M3 SMOPUOHA MBIIIU KIETKU
BKM u KyaIpTUBUPOBATh UX in Vitro ¢ COXpaHEHHUEM
TUTIOPUITIOTEHTHBIX CBOMCTB. Takoit TUIT KJIETOK CTa-
JIU Ha3bIBaTh YMOPUOHAILHBIMU CTBOJIOBBIMU KJIET-
kamu Mbiu (MOCK) (Evans et al., 1981; Martin,
1981). MO CK Tak:Ke MOKHO BBOJIUTH B SMOPUOHBI 10
UMIJIaHTalluM, TO€e OHU AEMOHCTPUPYIOT CITOCOO-
HOCTb BKJIIOYATbCSI B TPU 3apOJbIIIEBBIX JIMCTKA U
JIMHUIO TTOJIOBLIX KjeToK. ITpu atom, MOCK He crio-
COOHBI BKJIIOUAThCSl B 9MOPUOHAIIbLHOE pa3BUTHE TTPU
BBeIEHMU B 9MOpHOHKBI ociie uMiiantanuu (Huang
et al., 2012). Ha cerogHsiHuii 1eHb pyTUHHOE KYJIb-
tuBUpoBaHue MOCK MpoucXonuT MpeuMyIiecCTBEHHO
B cpele, colepxKaleil JIeNKeMUs-MHTUOWPYIOIIiA
daxrop (JIMD, LIF) u ceiBopoTtKy. Kpome Toro, B Ka-
YeCTBE MOJIOKKW YacTO WCITONb3YIOT MUTOTUYECKU
WHAKTUBUPOBAaHHBIE SMOpUOHAIBHBIE (PrOPOOIIACTEI
Mbin (MBOD) (Niwa et al., 2009). Takue KyabTypHl,
OIIHAKO, HEOTHOPOAHbI U AEMOHCTPUPYET 3HAYUTEIb-
HYIO F€TepOTr€HHOCTb 9KCITPECCUM MApKEPOB 1 ITTUTE-
Hetnyecknx Mmomudukanuii (Hayashi et al., 2008;
Guo et al., 2016). [Toay4yuTb OTHOPOIHYIO KYIBTYPY
MOCK ymanock ¢ IpUMEHEHMEM TaK Ha3bIBAaEMOM
“2i-LIF” cpengl. B ee coctaB Bxoaut JIM®, nHrnou-
Top GSK3 kuna3sl (CHIR99021), siBasttoiieiicst He-
TaTUBHBIM peryyisiTopoM Wnt-CUrHajabHOIO TyTH, U
nHruourop MEK-kunassr (PD0325901), koTopast B
CBOIO OYepe/b SBJISIETCS] HEOTHEMJIEMbIM KOMITOHEH -
tom curHanbHoro nytu FGF/ERK (Ying et al.,
2008). MOCK B xoae KyJIbTUBUPOBaHUS B cpene 2i-
LIF o matTepHaM 3KCIIPECCUU OCHOBHBIX MapKEPOB
U MO BMUTCHETUYECKUM MOIMMUKALIUIM SBISIOTCS
in vitro-aHajoraMu TIUTIOPUIIOTEHTHOrO 3mubJacTa
MbImu Ha 4.5 cyt pa3Butus (Boroviak et al., 2014), u
TTO3TOMY TakKxKe HasbIBaloTcd “HamBHBIMM . Takue

KJIETKM XapakTepu3yloTcs akcnpeccueir Rexl, Kif4,
KIf5 u Esrrb (Azami et al., 2018), HapsiLy ¢ OCHOBHBI-
MU (pakTopaMu IropunoreHTHocTH — Oct4, Sox2 u
Nanog (Chambers et al., 2007). Kpome Toro, mmomaBs-
nenue aktuBHocTM FGF/ERK npuBoaut npaktuye-
CKM K MOJIHOMY ynaJleHuio MeTuirpoBaHus B CpG-
ocTtpoBkax reHoma (Habibi et al., 2013), uTo sBasIeT-
csl, TIO-BUAUMOMY, CJIEACTBUEM IOIaBIeHUSI paGOThI
Dmntl — Metmi-TpaHcdepasbl, TTOMIEepKUBAIOIIEH
maTTepHBl METUIMPOBAHUS TP MUTOTHYECKOM IIe-
nenun (Meyenn von et al., 2016). BeposaTHO, UMEHHO
MOCTEIICHHBIM CHIDKCHHUEM IOV METHJIMPOBAHHOM
JAHK B reHOMEe MOXXHO OOBICHUTH TOT (PAKT, UTO IIJIST
MOJIHOTO TIepexoAa K HaMBHOI TIIOPUIOTEHTHOCTH,
MO CK HeobxoauMo KyJIbTUBUPOBaTh B cpene 2i-LIF
OKOJIO 5—7 mHeit.

HawnBabie MOCK MMeOT orpaHM4YEeHHYIO CITOCO0-
HOCTh U depeHIUPOBAThCS B KJIETKU 3KCTPa-dM-
GpPUOHANILHBIX TUIIOB, TAKUX KaK ITepBUYHASI DHTO-
nepma (Martin Gonzalez et al., 2016). I1pu aTom, He-
JaBHO ObLJa TMOKa3zaHa BO3MOXHOCTb PACIIUPUTh
“morenuman” MOCK, ucrnonb3ysa Monyiasauuio Wnt-
n naruobuposanne FGF/ERK-, p38-, INK-, SRC-
curHaJibHbIX IyTeit (Yang et al., 2017; Bayerl et al.,
2021). Mcnonb3oBaHME TaKOTO ITOOXOa ITO3BOJIMIIO
TIOJIYYUTh KJIETKH, CITOCOOHBIE OOpa30BBIBAaTh KakK
TUTIOPUIIOTEHTHBINM 3MUOJIaCT, TaK U MEPBUYHYIO SH-
TOJIEpMY B Oj1acTOMIAX — M Vitro MOJEIISIX, BOCIIPOM3-
BOOSIIIUX pa3BUTHE 3MOPHMOHA OO UMIUIAHTALWU
(Sozen et al., 2019). BaxxHo ormeTuthb, uto DCK ye-
noBeka (uDCK), n3HavyanbHO NOJy4YeHHEIE B KYIBTY-
pe (Thomson et al., 1998), COOTBETCTBYIOT 1IM0OJIACTy
Mocjie UMIUIAHTALIMM, TO €CTh SIBJSIIOTCS “IpaiiMu-
poBaHHEIMU’ (peYb 00 3TOM COCTOSIHUU TLIIOPUIIO-
TEHTHOCTH moiaeT nanee). OTHOCUTEIbHO HEAABHO
OblJ1a MOKa3zaHa BO3MOXHOCTb IIOJydyaThb HauBHbBIE
yOCK (Chan et al., 2013), npuyeM IO IaTTrepHaM
BKCIIPECCUU OHU OKa3aJIMCh CXOXXUMU KaK C KJIeTKa-
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Puc. 2. JluHaMuKa IUIIOPUITOTEHTHBIX coTostHUiA in vitro. PIICK — po3eTkomnono6Hbie cTBOJIOBbIe KieTK; DrullK — snnbna-
cronono6ubie kieTk; DCK — popmaruBHbie cTBOMOBBIE KIIeTKH; DnCK — sanmbactHbeie cTBo10BBIE KiteTku; ITTTK — mep-
BUYHBIE MOJIOBBIE KJIETKN; M/DHI — Me3onepMa/aHTonepMa; HD — Heitposkronepma; E4.5, ES.5, E6.5 — nHU 5MOGpHOHAIb-

HOIo pa3BUTHA MBILIN.

M BKM (Theunissen et al., 2016), tak u ¢ MOCK ¢
pacIIpeHHBIM ITOTEHIIAAIOM.

MEPEXOJ1 OT HAMBHOW
K MPAMMMPOBAHHOM
TUIIOPUTTOTEHTHOCTH

Ilepen mMIUTaHTamueill >MOpHOHA, B 3MMOJIACTE
MPOUCXOOUT P MOP(OJOTUYSCKUX U MOJEKYISIP-
HBIX TePeCTPOeK, MOATOTAaBIMBAIOIINX €ro K Jdalb-
HeitmemMy pa3BuTtuio. I1pu 3ToM, KJIeTKU 31mbjacTa
TTOCTEIIEHHO TIePeXOIsIT U3 “HauBHOTO” B “TIpaiiMu-
pOBaHHOE” COCTOSIHWE TUTIOPUITIOTEHTHOCTH, CTAaHO-
BSICh TOTOBBIMU K TGP EpEeHIIMPOBKE B TPEX OCHOB-
HBIX HaIlpaBJICHUSIX — B 9KTO-, ME30-, M1 SHTOAEPMY
(Bronset al., 2007; Tesar et al., 2007). Takke, Bo Bpe-
MsI 3TOTO MEpeXola BBHIIEISIIOT HECKOJIBKO IPOMEXY-
TOYHBIX COCTOSTHMIA, UMEIOIIMX CBOU OTJIUYUTEIbLHBIC
ocobeHHocCTH (TabJI. 1, puc. 2). KieTki HauBHOTO 311 -
61acTa HEMOCPEACTBEHHO ITepel MMIUIaHTALIMIA CTAaHO-
BATCS OoJIee TTOJIIpPU30BAaHHBIMHU, B €ro IIeHTpe Gop-
MUPYETCS MOJOCTh — JtoMeH (puc. 1) (Shahbazi et al.,
2017). HengaBHsist pabora Jepka bepmka u coaBTopoB
(Neagu et al., 2020) moxkazajia BO3MOXKHOCTb YAEPKI1-
BaTh TaKUe KJIETKU B KyJbTYpe, 0003HaUYeHHbBIE aBTO-
paMu KaK pPO3ETKO-IIOJOOHBIC CTBOJIOBBIC KJIETKU
(PIICK), Ha IpOTSKEeHUMM MHOTUX ITaccaxkei 6aro-
napst komouHauuu JIM®, IWP2 (uHruéutrop Wnt-
nytu) u PD0325901 unrudurop MEK-kuHa3zbI.
Iomynmsmmsa PITCK memMoHcTprpoBaia omHOBpEMEH -
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HYIO BKCIpEcCCHIo “TIpaliMHUpOBaHHBIX” (aKTOPOB
Oct6, Otx2, a Takxe “HauBHBIX” MapkepoB Klf4 u
Esrrb. ITonmepxanue PITCK B KynbpType obecrieun-
BaeTcsI, C OJHOIM CTOPOHBI, MHTMOUpoBaHueM Wnt-
CUTHAJILHOTO ITyTH, OTBETCTBEHHOIO 3a IOIIepXKaHe
HAWBHO TUTIOPUIIOTEHTHOCTH, a C OPYrOii CTOPOHHI,
nHruouposanueM FGF-mytu, orBeuaroliero 3a co-
3peBaHue OJIACTOLIMCTHI.

JlampHeiimee pa3BUTHE SMOpPUOHA CBSI3aHO C UM-
IJIaHTauuei, Mpoucxoasiieit Ha 5.5 cyTKu a3MOpuo-
retesa. DuMOJIACT OKOHYATEILHO YTPAaYMBaeT CBOM-
CTBa HAWBHOM IUTIOPUIIOTEHTHOCTH, W IIOCTEIIEHHO
CTAaHOBUTCS “TIpaliMHMPOBAHHBLIM”, TO €CTh TOTOBBIM
K manpHeiimeit nuddepennuposke. Kpome Toro, Bo
BpeMs MMIUIAaHTallMK B KJIeTKax 3MuoaacTa mpekpa-
maetcs akcnpeccust Kif4, Rex1 u Esrrb. In vitro, pe-
npeccusl 3TUX TeHOB O0OecHeYMBaeTCsl CHIDKCHUEM
aKTUBHOCTH Wnt-CUTHAJIBHOTO MYyTH, YTO BEAET K
OCBOOOXAEHUIO pernpeccupyloliero komruiekca Tef3
u nonasiieHuio ero muieHei (Yi et al., 2011). Dnumb-
JIACT TOJIBKO YTO MMILIAHTHPOBABIIIETOCS SMOpHOHA
o0J1agaeT psIOM XapaKTePUCTUK, TTO3BOJISTIOLINX Bbl-
JIEJIUTD e1lle OMHY IIPOMEKYTOYHYIO “(POpMaTUBHYIO”
craguio TunopunoreHTHocTu (Smith, 2017). Kiroue-
BbIM CBOMCTBOM TaKUX KJIETOK SIBJSIETCSI CIOCOO-
HOCTb JaBaTh HAayvajo 3apOMbIIIeBOM JIMHUU — IIep-
BuYHBIM mojioBbiM KieTtkaM (ITT1K). HMutepecHo,
YTO TaKasl CHOCOOHOCTh Y KJIETOK 3MubJiacTa coxpa-
HSIETCSI JIOCTAaTOYHO KOPOTKOE BpeMs U TepsieTcs
NpUOIU3UTENILHO K 6.5 cyT aMOpHUoreHesa, T.e. K Ha-
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yany ractpyisanuu (Ohinata et al., 2009). IlmaBHbIM
MapKepoM U PeryisiTopoM hopMaTUBHOM TIIOPUTIO-
TEHTHOCTH SIBJISIETCS TPAaHCKPUMNLIMOHHBINA (aKTOp
Otx2, yBeIm4eHNEe SKCIPECCUN KOTOPOIO MPOUCXO-
JIUT TPU BBIXOJE KJIETOK M3 HAUBHOTO COCTOSIHMSI.
Ero ¢dyHKIMOHaIbHAsI POJib BhIpaXeHa B IMEPBYIO
ouepenb B IepepacipencieHnn 6enka Oct4 Ha Opy-
THe peryasTOpHBIe 271eMeHThl TeHoMa (Buecker et al.,
2014; Yang et al., 2014). Y camoro reHa PouSf1, konu-
pytoniero Oct4, IIPOUCXOIUT NEePEKITIOYCHNE SHXaH-
CEPOB C TMCTAJIbHOTO Ha MpoKcuMabHbIl (Choi et al.,
2016). Kpome Oct4, mepekimoueHUe YIIPaBISIONINX
9KCIIPECCUEN PETYISITOPHBIX JJIEMEHTOB ITOKA3aHO
JUIST OOJIBIIIOTO KOJIMYECTBA T'e€HOB, TPAaHCKPUOUPYIO-
IIMXCS KaK B HAUBHBIX, TaK Y IIPaMUPOBAaHHBIX ILTIO-
punoreHTHBIX KieTkax (Factor et al., 2014). Kpome
MEePEKIIIOYEHUS PETYISITOPHBIX ITOC/IEI0BATEIbHOCTEM
IIPOUCXOOUT TIePeCTPOiKa X PErYyJISLUU Yepe3 dIU-
reHeTudeckue moaudukanuy. KieTku HadyuHAIOT
IKCIIpEeCCUpPOBaTh de novo MeTuITpaHcdepas3bl
Dnmt-cemeiicTBa. [IpeanonaraeTcs, 4TO TAKOIO PO-
J1a SIIMTeHeTUIeCKre MOIM(pUKALIUM 00eCIIeYnBaIOT
OIHOHAIIPABJICHHOCTh pa3BUTUsS 3MOpuoHa. Kpome
TOTO, OBLJIO OOHAPYKEHO OOJbIIOE KOJUYECTBO TaK
Ha3bIBAEMbIX OMBaJIEHTHBIX T'€HOB, XapaKTePU3YyIO-
IIMXCS OMHOBPEMEHHBIM IIPUCYTCTBUEM KaK perpec-
cuBHoiT H3K4me3 MeTku, Tak 1 MeTkn H3K27me3,
aCcCOIMMPOBAHHON C aKTWMBalUel TpaHCKPUIILIAN
(Mas et al., 2018). 3HauuTeIbHOE KOJIUYECTBO OMBa-
JIEHTHBIX T€HOB KOIUPYIOT PETYJISITOPHI A depeHI-
poBKU 1 Mop(doreHeza. OHM He SIBISTIOTCSI aKTUBHO-
TPAHCKPUOUPYIOIIMMUCS B ILTFOPUITOTEHTHOM KJIETKE,
IIpA 3TOM Ha HUX IPUCYTCTBYET IrUMo-¢Gochopuin-
poBaHHas (opma PHK-mmonmumepa3ssi-11, BeposiTHO,
JUIST OBICTPOro Iiepexoaa K 3JIOHTalluy TPaHCKPUII-
UM BO BpeMs 3amycKa IporpaMmbl nuddepeHIm-
poBku (Tee et al., 2014). T'unmo-dochompupoBanue
nojauMepasbl IIPOUCXOIUT OJiaromapss akKTHUBHOCTU
ERK-kuHa3bl. Bo BpeMsi nuddepeHIMpoBKU OriBa-
JIEHTHBIE T€HBI IIO-Pa3HOMY YTPaYMBaIOT JIM0O aKTHUB-
HbIE, IMOO PENpPEeCCUBHBIC METKM XpOMaTHHA, 4YTO 3a-
BHCHUT OT BEIOpaHHOI TpacKTopuU 1UdHepeHINPOBKU
(Blanco et al., 2020).

®dopmaTUBHAS TUTIOPUITOTEHTHOCTh MOXET OBITh
BOCIIPOU3BENICHA in Vitro HECKOJbBKUMU CIIOCOOaMMU.
Takue KJIeTKM XapakTepusyeTcs LeJbiM HabopoMm
4yepT, caMOli ITpuMedaTeSIbHOM U3 KOTOPHIX SIBJISIETCS
criocobHocTh auddepenuuponatbes B IITIK mox
neiictreBuem BMP4 (Hayashi et al., 2011; Wang et al.,
2014). OgHUM U3 CIIOCOOOB IMOIyYeHUsI (hOpMaTUB-
HBIX TUTIOPUIIOTEHTHBIX KJIETOK i# Vitro sIBJISIETCS Tie-
peBon ¢ 2i-LIF cpensl, Ha cpeny, cogepxainyio Fgf2
n Activin A. Ha BTopoi1 1eHb TaKOTO ITepexoaa KieT-
KM COOTBETCTBYIOT 3MMOJACTy 5.5 CcyT pa3BUTHUS, U
Ha3bIBAIOTCSI 3MUOJIACTONONOOHBIMU CTBOJIOBBIMU
kietkamu (Dmml1K) (Hayashi et al., 2011). McxonHo,
OnullK gBasIMCh TPAaH3UTOPHON TOMYJISIIUEH, U
MPU MPOJIOHTUPOBAHHOM KYJIbTUBUPOBAHUU B Cpelie
¢ Ffg2 n Activin A mepexonnian B mpaiMUpoBaHHOE
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COCTOSIHHE, XapaKTepHOE IJISI 3MM0JIacTa BO BpeMsI
racTpysiumu (6.5—7.5 CyTKY pa3BUTHUSA), U, KaK CJIE -
CTBHME, TepsUIM ITOTeHLMal K auddepeHIInpOBKE B
IIITIK. HemaBuue pa6otsl (Kinoshita et al., 2021; Yu
et al., 2021) OTKpBLIN BO3MOXHOCTHU TTOJIYUYEHUS KJIe-
TOK, CTAOMJIBHO COXPaHSIOIINX CBOMCTBA (DOPMATUB-
HOM IUTIOPUIIOTEHTHOCTU HAa IPOTSKEHUU IJIUTEIb-
Horo niepuona KyasTuBupoBaHus (30 u 6oJiee macca-
xKeit). B ogHolt U3 3TUX paboOT, CTAOUIBbHYIO JUHUIO
“cdopmaruBHbIX” Ki1eToK (HazBaHHBIX X-I1CK) yna-
JIOCh TOJYYUTh ¢ momolnbio aktuBauum FGF-,
Nodal- 1 Wnt-niyteii Giarogapsi UCMOJIb30BaHUIO
Fgf2 coBmectHO ¢ Activin A u CHIR99021, cooTBeT-
ctBeHHO (Yu et al., 2021). ITomyyeHHBIE pe3yabTaThI
SIBJISIIOTCSI TOBOJIBHO HCEOXMAAHHBIMU, YUWThIBas
CXO3KECTh C IIPOTOKOJIOM KyJIbTUBUpoBaHU DrmllK
U Hajinuue akTuBaTopa Wnt, OTBETCTBEHHOTIO 3a MH-
OYKIUIo g depeHIMPOBKY B SMOPHUOHE ITOC/IE M-
wiaHTauuu. Tem He MeHee, cpelia B JaHHOM IIPOTO-
KOJIe IM€ET HE ITOJIHOCThIO OIpeNeSIeHHbIN COCTaB,
TaK KakK KJIETKU MOMICPKUBAIOTCS HA MUTOTUYECKU
MHAKTUBUPOBAHHBIX 3MOPUOHAJILHBIX (propoOiIa-
crax (MD®), marolmx HEU3BECTHBIN BKJIaJ IUTOKU-
HOB B KVJbTypajlbHyIO cpedy. MOXHO IIpearnojio-
XKUTh, YTO UMEHHO MDD SIBJISIOTCS NICTOUHUKOM TEX
JIMTaHOOB, KOTOPHIE 00ECIIeYNBAIOT yaepKaHue Pop-
MaTUBHOM ILTIOpUIIOTeHTHOCTU. B pabore OctuHa
Cwmura (Kinoshita et al., 2021) u kojer, Ob1a IOIy-
yeHa KyJdbTypa TaK Ha3bIBaeMbIX (HOpMaTUBHBIX
cTtBOJ10BBIX KJleToK (PCK). Cpena mist ux KyJbTUBU-
poBaHUS comepxkaia Activin A B HU3KOM KOHIIEHTpa-
1I1M, a TaKKe MHIuouTopsl XAV939 u BMS493, 6710-
KMpYIOIIYE CUTHAJIbHBIE ITyTh Wnt 1 peTUHOEBOM KHC-
JIOTHI COOTBETCTBEHHO. B0 mokasaHo, uto @CK He
MOTYT BEPHYTbCSI K HAUBHOMY COCTOSIHUIO TUTIOPUITO-
TeHTHOCTU. MTHTEpeCcHO, 4TO MaHHBIE KIIETKU KYJIBTH-
BUPYIOT Oe3 100aBJIeHNS B KyIbTypalbHylo cpeny Fgf2,
YTO, OMHAKO, HE MCKIIOYaeT HAIMYMS ayTOKPUHHBIX
moniekyn Fgf. @CK xapakrepusyet, Kak 1 DnullK,
CIIOCOOHOCTH TEHEPUPOBATh i1 Vitro aHAJIOTU IEPBUY-
HBIX MOJOBBIX KJIETOK. TakuM oOpa3oM, UCITOIb30Ba-
HlE HOBBIX CTAOMJIBHBIX KYILTYP (POPMAaTUBHBIX TLTIO-
PUIIOTEHTHBIX KJIETOK MOXKET BHECTH 3HAYWUTEIbHBIN
BKJIaJl B IOHUMaHUE MPOLIECCOB, BEIYIIUX K pa3aee-
HUIO COMaTUYECKUX JIMHUM M KJIETOK 3apOIbIIIEBOIO

TyTH.

[MTPAMUMUPOBAHHAS4
[UIFOPUITOTEHTHOCTD

Knerku srmmbnacTa Ha 6.5—7.5 cyT SMOpHOHAIIBHO-
IO Pa3BUTHSI SIBJISIIOTCSI TpaliMUpPOBaHHBIMU (puc. 3), a
MX KyJIbTUBUPYEMBIC in Vifro aHAJIOTM Ha3bIBAIOTCS
SMUOJIACTHBIMU CTBOJIOBBIMU  KjeTKamMu  (BnuCK)
(Brons et al., 2007; Tesar et al., 2007). Ilpu aToM, mo
MaTTepHaM »BKCIIPECCUU TE€HOB, KYJIbTUBUPYEMbIE
OnmuCK Haubosee CXOmHBI ¢ AMUOIACTOM Ha 7 CyT
pasButus (Kojima et al., 2014). Kitetkn Ha naHHOM
aTare y>ke KOMMUTHPOBAaHbI B HAITIPABJICHUU Pa3iny-
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Onubnact
JIBD

Ipokc.

Iepen.

5.5 cyTKu pa3BUTHS Tucr.

6.5 CyTKM pa3BUTHSI

T'OPOEEB u np.

Onubnact/HD

3an.

7.5 cyTKM pa3BUTUS

Jucr.

Puc. 3. PazButue sm0puoHa nocie nMmivianraunu. JIBD — nucranbHast BucuepaibHas sHTogepMa; [I1BD — nmepenHsiss Bucie-
pasibHasg sHTonepMa; [TTK — repBrUYHBIE TTOTOBBIE KIETKU; DD — 3KCTpa-3MOpHoHaibHasl 3KTonepma; BD — BucuepaibHas
sHTonmepMa; 1D — neduHuTUBHAS 3HTOAepMa; HD — HeiliposkronepMma; 111 — mepBuyHast nonocka; DM — 3KCTpasMOpuo-
HasbHasa Me3oaepMa; KapnM — kapauanabHas me3oaepma; [TapM — napakucanbHast Me3onepma; [IpM — nmpomeskyTouHast Me-
3onepMma; JITIM — Me3omepMma naTepaabHO# TIacTUHKKM; AKCM — akcuaibHas Me3oepMa.

HBIX KJICTOYHBIX JIMHUI OJlaromapst yCTaHOBUBIIIEMY -
Csl CHTHJILHOMY TpagueHTy BHyTpU aMOprioHa (Ben-
Haim et al., 2006). DTUM haKTOM MOXET OOBICHSATh-
cs1 HectabuiabHOCTh DNMCK mpu MpoJIOHTMpOBaH-
HOM KYJIbTUBUPOBAHNM 0€3 100aBICHMS NMHTUOUTO-
pa curHaibHoro Iyt Wnt. bbu1o npeaIoXeHo OTHO-
CUTh JAHHBII TUI KJIETOK K II€peaHEMY 3MUOIACTy
SMOpUOHA BO BpEMSI TaCTPYJSILIUU, SIBISIOIETOCS
MPEAIIeCTBEHHUKOM HEUPO3KTONEPMbI. DTO, OIHA-
KO, He comtacyeTcs ¢ TeM dakrtoMm, yTo DnuCK nme-
MOHCTPUPYIOT 3KCIIPECCUI0 HEKOTOPBIX MapKepoB
nepBudHoii rmoyocku (Brachyury, Eomes), yTo He Ha-
OnromaeTcs y niepenHero snubiacra (Pijuan-Sala et al.,
2019). OObsICHEHNE MOXKET 3aKJIF0YaThCsl B PA3IUUUSIX
mmanii DmuCK (Kojima et al., 2014). Kak yxe ymo-
MUHAJIOCh paHee, MCXOMHO, KyIbTuBupyeMble 4DCK
TakXe SIBJISIIOTCS MpaliMUPOBaHHBIMU U 00JIamatoT
MHOKecTBOM 001X 4yept ¢ AnuCK mbimu (Morgani
et al., 2017). PaznuuHble TOAXOABI K KYJIBTUBUPOBA-
HUIO MpaiiMUPOBAHHBIX KJIETOK OOECIIeYMBAIOT I10-
JIydeHHe JTUHUI ¢ 0ojiee BBIpaXK€HHOUN TEPPUTOPU-
aJIbHOI CMEelU(UIHOCThIO, YEM Y KJIACCUUYECKMX
OnuCK. Hanpumep, Omaromaps KMCHOJIb30BaHUIO
IWR, 6nokupytomero Wnt-myThb, a Takke Fgf2, ak-
tuBupytomero FGF-curnanbHbIil IIyTh, ObLIA TOJTY-
yeHa KJIETOYHAasl JIMHUS, TIPEUMYIIECTBEHHO BKIIIO-
Jalolascsa B cocTtaB 3amHero smubmacra (Wu et al.,
2015). Kpome Toro, Obuia IOKazaHa BO3MOXHOCTb
nonydenus s OmuCK ¢ GonbIleit mpeapacioo-
JKEHHOCTBIO K HeWpoHajbHO# nuddepeHInpoBKe,
yeM Kimaccmueckre OnmnCK. Dto mocturaaock myrem

nobasnenus FGF-murannos u mnurnouropon Nodal-
oyt (SB431542) (Liu et al., 2018).

ANODEPEHLMPOBKA
TUIIOPUITOTEHTHBIX CTBOJIOBBIX KIIETOK
B HAITPABJIEHUU TPEX
3APOABIIIEBBLIX TUCTKOB

B sMOpuoHe mocie MMILIAaHTAUUMKU MOXHO BbIIE-
JINTh IPOKCHUMAJILHO PACHOJIOKEHHYIO TPO(OIKTOIEeP-
My, COGOUHSIONIYIO IION C MATEePMHCKUM OpIraHM3-
MOM, U AUCTaJbHYIO YacTb dMOPHOHA, TPEeNCTaBIeH-
Hyo armbiactoMm (puc. 3). [1pu aToM, Bech 3MOPHOH,
BKJTIOYast TPO(MPIKTOIECPMY U SITMOIACT, TIOKPHIT BUCIIE-
pajibHOI 3HTOAEepMOii. Ellle 1o MMITIaHTalIMY B BUCLIE-
paJIbHOM SHTOIEPME MOXHO BBIICIIMTDH TIOITYJISILINIO
KJIETOK, 3Kcnpeccupyonux Leftyl — nnruburop cur-
HanbHoro nmytu Nodal (Liu et al., 2018). ITociae um-
IUIAaHTAllM 3Ta TPyIIlia KJIEeTOK oO0pa3yeT Ha KOHIIE
SMOpPHMOHA CUTHAJIBHBIN LIEHTP — IUCTAJIbHYIO BUC-
LepajibHyo 3HTOoAepMYy (JIBD), u BMecTe ¢ TpodhaK-
TONEPMOII CIIOCOOCTBYET YCTAHOBKE MUCTAIbHO-
npokcuMaiabHOl ocu amOpuoHa (Rodriguez et al.,
2005; Takaoka et al., 2006). MUHTepecHO, YTO TO-BU-
JIMMOMY, 3TOT IIPOLECC IIPOUCXOIUT B SIMOPHOHE aB-
TOHOMHO, ¥ HE 3aBUCUT OT MaTe€pPUHCKOM YacTU ILIa-
neHTHI (Bedzhov et al., 2015). JlanbHelillee pa3BUTHE
CBsI3aHO ¢ MUTpanmeit Kietok JABD B Oymymimii me-
peoHUi TTOII0C YMOPHOHA, M ¢ 00pa3oBaHUEM CHUT-
HAJIBHOTIO LIEHTPAa — IMEPEIHEN BUCLEPAIBHON 3HTO-
nepmbl (IIBD). danHbIi mOpoliecc 3aBeplIacTcs K
6.5 cyr sMOpuoHalIbHOro pasButust (Srinivas et al.,
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2004). I1BD ompenensieT nepemHe-3aaHIO OCh M-
6puona, Beimensis Dkk1, Cerl u Leftyl (aHTOroHu-
ctbl Wnt-, BMP- u Nodal-cunanuunra) (Perea-Go-
mez et al., 2002; Kimura-Yoshida et al., 2005), 1 op-
MHUPYET TE€M CaMbIM TPAAMEHT aKTUBHOCTH 3TUX
CUTHaJIbHBIX MyTeii. B 3amHeii yacTu snubiaacTa BbI-
COKasl aKTUBHOCTD BBIIIIEYIOMSTHYTHIX ITyTEi IIPUBO-
IUT K 0oO0pa3oBaHUIO TEPBUYHOI ITOJIOCKM, BCJIEI-
CTBHME Pa3BUTHUS KOTOPOII obOpasyeTcst Me3oaepMa U
nepuHuTuBHAS SHTOoAepMa (puc. 3). Ilepennmii amm-
Onact, npuMbikatonuii Kk I1BD, maetr Havyano Kier-
KaM HEpPO3KTOIEPMHI.

INepBruHas TMoJIocKa — AWMHAMUYECKasl CTPYKTY-
pa, oOpasylomiasics B 3amHell yacTh smnubiiacrta, U
pacmupsIomascs K IlepeagHeMy Kpalo >3MOpuOHa
(puc. 3). Kinetku anmbacTa B fTaHHOI 001acTu Ipe-
TEePIIEBAIOT SIUTEINATIBHO-ME3CHXUMAIbHEIN TIepe-
xon (OMII) u HauMHAIOT MUTPUPOBATH B (hOPMUPY-
I01IyIoCcsl mepBUYHYI0 ToocKky (Francou, Anderson,
2020). Bpems 1 MecTo MUTpaLIK OIIPEAEIISICT BEIOOD
cynp0BI KieTku. KiteTouHast ITOImyJIsiims, pacmioiio-
>KeHHasl Ha 3aJHeM KOHIIe 3MmubJjacTa, B HEIoCpen-
CTBEHHOI OJIM30CTU OT 3KCTpa-3MOPHUOHAILHOM 3K-
TOJIEPMbI, MUTPUPYET IPOKCUMAIbHO OT IEPBUIHOM
MMOJIOCKM M 00pa3yeT 3KCTPadMOPUOHATBHYIO ME30-
nepmy (Saykali et al., 2019). B nanbHeiiliem oHa pas-
BUBAETCS B XOPUOH M anaHTouC. B cocraB mociienHe-
ro BXOOUT Takxke Hebojbinoe unciao ITTTK-kieTok
(Ohinata et al., 2009). IlepBuuHas mojiocka najiee
pacmupsieTcs K nepenHeMy Kpaio, €€ IpOU3BOMTHbBI-
MU SIBJISIIOTCSl KapAualabHas Me30AepMa, Iapakcu-
aJlbHasi Me304epMma, IIPOMeEXYTO4YHash Me3olepMma,
Me301epMa JlaTepajbHOM IJIACTUHKUA 1M aKCHaIbHAas
Mme3onepma (Ferretti, Hadjantonakis, 2019). ITocnen-
HsIsI, KPOME TOTO, CONEPKUT U KICTKU Ae(OUHUTUB-
HOM BHTOIEPMBI, IIpeTepIieBalolIeii Me3eHXMMallb-
HO-3MUTEIUAIbHBIN niepexol. BaxkHO OTMETUTB, YTO
Jajee B 00pa3oBaHUM KUIIKY IIPUHUMAET y9acTre He
TOJIbKO JNe(pUMHUTHUBHASI DHTOIEpPMa, KaK CUYMTAJIOCH
paHee, HO U 3MOpUOHAJIbHAsl BUCILIEpaJIbHASI DHTO-
nepMma (Kwon et al., 2008; Viotti et al., 2014). IToTom-
K1 00e1X JUHUM IIPUCYTCTBYIOT B IEPBUYHOM KUILIKE
BILIOTH A0 CEPEINHBI TTIepuoaa SMOPUOHAIBLHOTO pas3-
BUTHSI, pacCIpeleisisiCh NpU 3TOM HEpaBHOMEPHO
(Nowotschin et al., 2019).

Ha paHHux aTanax pa3BuTusi IEpBUYHOI TTOJIOCKH,
KJIETKW, BXONSIIME B Hee, MOABEPraioTCs BO3IEH-
CTBMIO BBICOKMX KOHIIeHTpaluii BMP4, nponynupye-
MOTO CO CTOPOHBI 9KCTPAdIMOPUOHATIBHON TPOhIKTO-
nepmbl (Ben-Haim et al., 2006). ITo Mepe akTUBHOTO
pocTta 3MOpHOHa U yAaJleHUs] IEPBUYHOM MOJIOCKU OT
9KCTPa3MOPUOHATIBHON TPOMIKTOAEPMbI, AeHCTBUE
BMP4 na mepennune o07aCTH TIEPBUYHON IOJIOCKU
ocyiabeBaeT, a KJIIOYEBBIM perysiTopoM nuddepeH-
HUpoBKU B 3Toi 30He ctaHoButcs Nodal (Costello
etal., 2011). Kpome Toro, B mepemHeil MEepBUIHOM
MOJIOCKE 3SKCIIPECCUPYIOTCS aHTaroHUcTol BMP—
Noggin u Chordin (Pijuan-Sala et al., 2019). BaxxHbI-
MU yYaCTHUKAMM TacTpyisuuu ssisitorcs Wnt- u
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FGF-curnambHBIE TTyTH, HOKAYTHI 110 TTIABHBIM KOM-
IIOHEHTAM KOTOPBIX, IIPUBOIIT K OTCYTCTBUIO IIEp-
BUYHOI OJIOCKHU UJIHN K OBICTPOMY KOJIIAIICYy €€ pa3-
Butus (Guo, Li, 2007; Tortelote et al., 2013). Xopo-
1Ieii MOMIEJIBIO IJ1S U3yUYECHUST PAa3IMUHbBIX TPATUEHTOB
CUTHAJIbHBIX MOJIEKYJI SIBJISIIOTCS 2d MUKpPOIIaTTEPHBI
(Chhabra et al., 2019; Martyn et al., 2019). Hecmotps
Ha HECOOTBETCTBHUE MOP(OJIOTUU U OTCYTCTBUE aK-
TUBHOI MUTpalMY KJIETOK, OHM, OJlarogaps MUKpPO-
GMONITHOM TEXHOJIOTMU, TOYHO BOCITPOU3BOIIT AU~
¢depeHLIMPOBKY pa3UYHbIX JIMHUN KJIETOK BO BpEeMsI
ractpyasiiuu (Morgani et al., 2018).

Ha nepennem Kpae smmbiacTa 1mocjiie OKOHYaHUS
dhopMUpPOBaHUS MEPBUYHOM MOJIOCKHU K 7.5 CYT pa3BU-
s (puc. 3), npoucxoout auddepeHIpoBKa SIN0-
Jacta B HelipoakToaepmy (Liu et al., 2018). Knertku
MepeaHEro 3MuMobacTa, B OTJINYME OT KJIIETOK ME30/Iep-
MbI 1 Ie(DUHUTHUBHOM 3HTOIEPMbI, HE MEPETNTUCHIBAIOT
SIUTeHETUYECUKUE METKU, TaKhe KakK Moauduka-
Ly ructoHoB U MetuiupoBanue JJHK (Mohammed
et al., 2017). Takum oOpa3oM, CUMTAECTCS, YTO HEMPO-
HaytbHas1 TudpPepeHINPOBKA UIET “TI0 YMOTYAHUIO .
HelcTBUTEILHO, HOKAYT IO OCHOBHBIM KOMITOHEH-
Tam BMP- 1 Wnt-curHaiabHbIX ITyTEN BeOeT K ITOTepe
MPOM3BOMHBIX MEPBUYHON IOJOCKU U Tpeodaana-
HUIO HEMPOBKTOAESPMabHBIX MPOU3BOAHBIX. TaKkyo
I EepeHLIMPOBKY “II0 YMOJYaHUIO” MOIYT obec-
MeYruBaTh OUBaJIEHTHbIE T€Hbl, QYHKIIMOHUPOBAHUE
KOTOPBIX 3aBUCUT OT XPOMATUH-PEMOICIUPYIOIIETO
komiuiekca PRC1/2 (Cruz-Molina et al., 2017). Ho-
KayT I10 OOHOMY 13 €ro INIaBHBIX KoMITOHeHTOB (Eed)
MPUBOAUT K (PAKTUYECKOMY OTCYTCTBUIO HEHPOIKTO-
JIepMbl Iaxe B YCIOBUSIX MHTMOUMPOBAHUSI CUTHAIb-
Horo mytu Nodal (Grosswendt et al., 2020). Janb-
Helilllee pa3BUTUE HEHPOIKTOAEPMbBI UAET B HAIIpaB-
JIECHUM HepBHOU TKaHU 1 snunaepMmuca (Cajal et al.,
2012).

MNOTEHLIMAJIbHAA POJIb ®PAKTOPOB
ITUIIOPUITIOTEHTHOCTH OCT4, SOX2
1 NANOG B BbIGOPE HAITPABJIEHUA
ANODEPEHLMPOBKHM

Tpanckpunmmonusie ¢akTopel Oct4, Sox2 u
Nanog SIBISIOTCSI KJIIOUEeBBIMU MapKepaMu TLIIOpU-
IMOTEHTHBIX CTBOJIOBBIX KJIETOK, U JIETEKTUPYIOTCS B
anmbiacTe A0, BO BpeMs (kpome Nanog), 1 mocie
WMIUIAHTAllMM, T.€. Ha CTaausX HauBHOI, (opma-
TAUBHOW Y MNMPaiMUPOBAHHON ILTIOPUIIOTEHTHOCTH,
cooTtBeTcTBeHHO (Morgani et al., 2017). OcHoBHas
YacTb HCCJIENOBAHUIA, KacalolIUXCcs 3THUX OEJIKOB,
HampaBJieHa B IIEPBYIO Oo4yepenb Ha M3YYEeHHE MX
¢GyHKIMI B IOAAepXKaHUU IUIIOPUIIOTEHTHOIO CO-
crosiHus. OgHaKo, B MOC/eaHee BpeMsl TaKKe MOsIB-
JISTIOTCSI CBUAETENILCTBA 00 MX aKTUBHOM yJYacTUU U B
paHHel TuddepeHINPOBKE TUIIOPUITOTCHTHBIX KJIe-
TOK. B aMOpHOHaJIbHOM Pa3BUTUU, C Ha4yajJoM Ta-
CTPYJISLIMU IIpOCTpaHCTBeHHas Jokanu3auus Oct4,
Sox2 m Nanog MeHsIeTcsT: SoX2 3KCIIpeccupyeTcs B
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rnepenHeM anubIacTe, KOTOPbIK BIOCIEACTBUM AACT
Hayajo HeupoakTonepme, a Oct4 u Nanog — B 3al-
HeM 3IMbaacTte, TO eCTh B 00JIacTh (hOpMUPOBaAHUSI
nepBuaHOI rmoocku (Mulas et al., 2018; Barral et al.,
2019). PesynbTaThl in vitro-ucciienoBaHuii (pyHKIIUI
Oct4, Sox2 u Nanog B paHHeil nuddepeHINPOBKe
pa3HSITCS B 3aBUCUMOCTU OT MCITOJIb30BaHUSI HaUB-
HbIx MOCK unu npaliMmupoBaHHbix 4D CK. [laHHbIE
OTJINYUSI BEPOSITHEE BCEro OOYCIOBJICHBI COOTBET-
CTBUEM 3THX KJIETOK pPa3HbIM CTaausIM ILIIOPUIIO-
TEHTHOCTU — HauBHOI 11g MOCK, 1 6osee rmo3gHei
npaiMupoBaHHoi 11 4D CK, Kak yKe ObIJIO cKa3a-
Ho paHee. Tak, Hanmpumep, Ha MOCK 06bBLIO MOKa3a-
HO, 4TO CHIzKeHMe ypoBHS Oct4 BeneT K TpodobaacT-
Hoii muddepenuuponke (Niwa et al., 2000), Torma Kak
YBEJIMUEHUE IKCITPECCUU ITOTO (haKTopa MPUBOIUIO
K crioHTaHHOU muddeperHunposke MOCK B Hampas-
JIEHUU Me30-, 9KTO-, 1 3HTomepMbl (Radzisheuskaya
et al., 2013). B cmyuae ¢ uOCK, oBepakcipeccus
Oct4 naBaja HayaJlo KJIETKaM TEepPBUYHOMN MOJOCKU
(ME303HTOAEPMbI), @ HOKIAyH MPUBOAWI K SKTOIEP-
MaibHOI nuddepeHupoBke (Wang et al., 2012). B
perynsauuu skcrnpeccun Oct4 B mpaliMUpPOBaHHBIX
TUTIOPUITOTEHTHBIX KJIeTKax (B 3MUbIacTe Mocjiae uM-
TUIaHTalMK) OblIa MMPOAEMOHCTPUPOBaHA POJIb CUT-
HaneHoro nytu FGF. Tak, nunruouposanue ERK B
npaiMupoBaHHBIX D CK MBIIINM BIEKIIO 3a cOOOM
nonasieHne Oct4 u, Kak cienctsue, TuddepeHIn -
POBKY BTUX KJIETOK B HEWPOAKTOJEPMAIbHOM Ha-
npasieHun (Yu et al., 2018). Sox2 paccmarpuBaeTcs
Mpexie Bcero kak (hakTop, CrocoOCTBYIONUIMMI Hell-
po3KToAepMaibHOMY TTyTH pa3BuTus. [locine Hokay-
ta Sox2 B MOCK, ciaemoBana nuddepeHInpoBKa B
Tpodakronepmy (Masui et al., 2007), Kak 1 B ciIy4ae
¢ Oct4, B To BpeMsI KaK OBepIKCcIpeccust Sox2 Ipu-
BoIMJa K 3allyCKy HeWposKToaepMaibHOU nudde-
peHnuupoBku (Kopp et al., 2008). Y uBCK mnpu oBep-
BKCIIPECCUU 3TOTO (haKTopa OTMEYaaoCh YCUJIEHUE
BKTOJIEPMAJIbHOTO MYTU Pa3BUTHUSI U MTHTMOMPOBaHUE
I depeHIIMPOBKY B HAllpaBJIeHUM MEPBUYHOI MO-
nocku (Wang et al., 2012). B 2019 rogy 0»110 TTOKa3a-
HO, 4TO, B TO BpeMs Kak B DCK Oct4 u Sox2 B OCHOB-
HOM (bYHKIIMOHUPYIOT B BUJIE TETEpOaAUMEpa, B HEH-
poOsKTOIEpMAIIbHOM nTrdPepeHIINPOBKE MaPTHEPOM
Sox2 aBigercsa 6enok Pax6. Kak cieacTBue, MeHsI-
IOTCSI U OCHOBHbI€ MUIIIEHU SOX2 B TEHOME B CTOPOHY
HeliposKkToaepManbHbIX (Zhang et al., 2019). Oct4 u
Sox2 Takxke paccMaTpUBaIOTCS KaK aHTarOHUCTHI B
BbIOOPE HAYAJIbHOTO ME309HTOAEPMATLHOTO U HEMPO-
SKTOAEPMATLHOIO TIYTU Pa3BUTHSI, COOTBETCTBEHHO.
ITpu 3amycke Me303HTOIEPMAIBHOTO MyTH SOX2 CHU-
Kaet aKcnpeccuto, a Oct4 KojgokanusyeTcsl ¢ MapKe-
poM mepBUYHOIT Tlojocku Brachyury; B HeitposkTo-
nepManbHoOli guddepeHIMpoBKe, Haob6opoT, Oct4 1e-
pecTaeT BKCIIPEeCcCUpOBaThCS, a SOX2 KOJIOKAINU3YETCs C
HelipoakToaepMaibHbIM (pakTopoM Sox1 (Thomson
et al., 2011). B aToM Kiio4e Takke OOHAPYKWINCH
naptHepbl Oct4 1 Sox2 — Nacl u Tcf3, koTopbie BMe-
CT€ KOOPIMHUPYIOT MPOrpamMMy BbIOOpPA JBYX ONMCAH-

IT'OPIEEB u np.

HBIX HanpasieHuil muddepenmuposku (Malleshaiah
et al., 2016). Kpome TOro, ObIIO MMOKa3aHO, 4TO Sox2
SIBJISIETCST aHTaroHUCTOM Brachyury B BEIOOpe ME303H-
tonepManbHOTO Iyt (Koch et al., 2017). XoTst paboThI
Ha KJIETOUHBIX KyJIbTypax yKa3bIBaloT Ha poJib Oct4 B
pPa3BUTUU ME303HTOIEPMBI, in Vivo VCCIeAOBaHUS HE
JIaIOT TAaKMX OTHO3HAYHBIX pe3y/IbTaToB. Tak, momaB-
nenune akcrpeccumn Oct4 mocie 7.5 cyT aMOpuoreHesa
MPUBOAMJIO K HapylLIEHUIO OCU Pa3BUTUSI SMOPHOHA,
YCWICHHNIO Pa3BUTHUS Ae(MHUTUBHOM SHTOAEPMBI Ha
¢oHE CHIDKEHHMS O0pa30oBaHMS Me30JepMbl M, Kak
CJIEICTBUE, K paHHEMY JeTaatbHoMYy (eHoTuny (De-
Veale et al., 2013; Mulas et al., 2018). Nanog, Kak n
Oct4, 6okupyeT HeMpoaKTOAepMaJIbHYIO T depeH-
LIUPOBKY, TP 3TOM CITOCOOCTBYET Pa3BUTHUIO Ae(PUHM-
THUBHOM SHTONEPMEI 4epe3 peryrsinuio reHa Eomes
(Teo et al., 2011). ITogaBneHue axkcapeccuu Nanog B
MOCK mpuBoauiio K TpodaKToAepMaabHOI, Me30-
JIIepMaJIbHOM 1 3KTOAepMajibHOI nuddepeHIIpOoBKe
(Ivanovaet al., 2006), a oBepakcnpeccust 6ejika oTpa-
»Kajach B MOMJIEPXaHUU TIIOPUIIOTEHTHOIO cTaTyca
He3aBucumo oT mobasineHuss LIF (Chambers et al.,
2003). B y©CK oBepakcnipeccusi Nanog nmpuBoauia
K YCUJICHUIO 3KCIIPECCUU MapKepPOB IIEPBUYHOI O~
JIOCKM U K OJIOKMPOBKE 3KTOIEPMAaIbHOTO IIyTH, B TO
BpeMsl KaK HOKIayH, HAa00OpOT, YCUIUBaJI 9KTOAEP-
MaibHYyI0 TuddepeHnpoBky (Teo et al., 2011). Kpo-
Me Toro, Nanog paboTaeT Kak CyIpeccop Helpo3K-
TOJIEPMaJIbHOTO MYTU PAa3BUTUS UYEPE3 PETYJISILIUIO T'e-
Ha Pou3f1 (Barral etal., 2019). B ieiom, BBUIY CBOETO
OoJiee IMO3MHEro, MpaiiMUPOBAHHOTO CTATyCa, KyJib-
Typsl yDCK, MOmullK u MmOmuCK sgBisiroTest 60oee
peJIeBaHTHBIMU MOJIEIISIMHU 1T N3ydeHUsT nuddepeH-
LIMPOBOK B HAIIPABJICHUM TPEX 3apOIbIIIECBBIX JTCTKOB.
Takum obpa3om, 19 aneKBaTHOTO M3yYeHUs HaIlpaB-
JIeHHoM in vitro nuddepeHtmpoBkr MOCK B cTopoHy
9KTO-, ME€30-, M DHTOACPMEBI, UX CJIeAyeT IIpeaBapu-
TETbHO MEePEBOIUTH B “TIpaiiMHUpOBaHHEBIC” YCIOBUS
nepen noodasiieHueM T1udGepeHINPOBOUYHBIX (haKTO-
poB (BMP4, ActivinA u 1.1.). Tak, HampuMep, TOJIy-
yuth [IIIK 3 MOCK ymagoch TOJBKO MoOCie HX
IIpeaBapuUTEIILHOTO MEPEBOAa B Cpeny ¢ J00aBIICHUEM
Fgf2 n Activin A (Hayashi et al., 2011).

DKcrpeccnio (pakTopoB mmopuItoreHTHOCTH Oct4,
Sox2 1 Nanog MoXHO HabJ01aTh 1 Mocje Havyaia ra-
crpymaunn (Pijuan-Sala et al., 2019). B nmocienyromem
Pa3BUTHH Bce TPU (paKkTOopa OOHAPYKMBAIOTCS B IIEp-
BUYHBIX MTOJIOBBIX KJIeTKax (Zhang et al., 2018), Oct4
JIIETEKTUPYETCS B ME30JIepMe, BILIOTh A0 8.25 CyT pa3-
Butus (Yeom et al., 1996; Pijuan-Sala et al., 2019), a
Sox?2 rocie Havaja racTpyyasliuu paboTaeT KakK pery-
JIITOp HEMpPOBKTOAE pMaIbHOTO pa3BuTus (Mittnenz-
weig et al., 2021). Mrpast BaxKHYIO pOJib B IIOAAepKa -
HUU TUTIOPUIIOTEHTHOCTU U TIOCJIEIYIOIIETO paHHETO
paszButus, Oct4, Nanog 1 Sox2, mo-BUIMMOMY, TaK-
XKe MPUHUMAIOT ydacTue B crelr(UKaAIMKM KIETOK
KpaHUaJIbHOTO HepBHOTO rpeOHs. JlaHHbIi TUIT KJTe-
TOK SIBJISIETCSI TIPSIMBIM ITOTOMKOM 3KTOIEPMBI, HO
IpY 3TOM OHM CITIOCOOHBI MU(pPEepPEeHINPOBATLCS B
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ME3EHXUMY WU TIMaJIbHbIe KIETKU. BeposiTHO, Takoe
“penporpaMMupoBaHue” o0ecrIeynBacTCsI KOPOTKUM
BCITJIECKOM 3KCIIPECCUM 3TUX (PaKTOPOB ILTIOPHUIIO-
TeHTHOCTH (Zalc et al., 2021). Borpoc o ToM, UMEIOT JIn
MECTO TTOJIOOHBIE COOBITHSI BO BpEMSI IPYTUX TIEPHOIOB
Ppa3BUTUsA, ITOKA OCTACTCA OTKPbLITBIM.

3AKJIIOYEHHME

HMcxonst U3 MMEIOIIMXCSI HA CETOMHSIIIHMUI JEeHb
JIAaHHBIX, CTAHOBUTCSI OYEBUIHO, YTO KJIETKM TLTIOPU-
MOTEHTHOTO 3MMOJIacTa He SIBJISIIOTCS] CTAOMIILHOM He-
mnddepeHMpoBaHHON TuHKUEN. HarpoTtus, Bo Bpemst
MMIUIAaHTAlMX HaOII0MaeTCsI IMHAMUYECKUIA IIPOLIECC,
KOTOpBIIA MOATOTaBAMBACT 3MMOJACT K JajibHEHIIEH
nrddepeHIINPOBKEe B TPEX OCHOBHBIX HAIIPaBICHUSIX.
Ha nanHBIiT MOMEHT M3BECTHO 10 KpaitHel Mepe o Je-
TBIPEX Pa3IMYHBIX TUMNAX IUIIOPUIIOTEHTHBIX KJIETOK,
KOTOpBIC UMEIOT CTA0WJIBHO KYJIBTUBUPYEMBIE in Vitro
aHaJIOTU. YUuTBhIBasA TO, 4To AuUddepeHIIMpoBKa 3a-
MMyCKaeTCsl U3 MO3IHETo “TIpaliMUPOBAHHOTO” COCTOSI-
HUsI, MHOTHUE pe3y/IbTaThl MPOLLIBIX JIET, [TOJy4eHHbIC
¢ Ucrojib3oBaHueM “HauBHBIX” MOCK, TpebytoT me-
pecMoTtpa. s anekBaTHOro usydeHust nuddepeHim-
poBku MOCK B KyabType U 11 SKCTPAITOJISILINU JaH-
HBIX Ha IIPOLIECChI, ITPOUCXOASIINE in Vivo, HEOOXOIH -
MO MOJIEJIMPOBaTh CUTHAILHOE OKPYKEHUE, KOTOPOE
COOTBETCTBYET TAKOBOMY y 3IIM0J1aCTa ITOCJIE UMILJIaH-
tauuu. K nmpuMepy, nepBUYHBIE OJIOBBIEC KJIECTKU U3
MOCK yrmanoch IOJIyIUTH TOJLKO ITyTEM IIpeIBapu-
TEJIbHOI CMEHBI CTAaHJAPTHOI Cpelbl Ha “IIpaiiMUpO-
BaHHy10”. Takke, Kak BUOHO M3 3aKIIOUYMTEIIHBHOTO
pasnesa, MHOTHE JaHHbIE, HalpuMep, O (YHKIMSIX
Oct4, Sox2 u Nanog oTiIn4yaroTcsi, B 3aBUCUMOCTU OT
HcIioib3oBaHus HauBHBIX MOCK wiu npaiiMupoBaH-
HbeIx yDCK. HecMoTpst Ha OypHOE pasBuTHUE TaHHOM
TEeMBI, OCTaIOTCSI HEBBISICHCHHBIMUY HEKOTOPbIE BOIIPO-
cbl. Hammpumep, Kak UMEHHO TIpoucxoauT auddepeH-
LIMPOBKa B CTOPOHY HelipoakTonepMbl? MI3BeCTHO, YTO
JIAaHHBIIA BEIOOP IIPOUCXOIUT “IIO YMOTYAHUIO” B OT-
CYTCTBUH CUTHAJIBHBIX MOJIEKYJI, HO HE SICHO, YTO 3a-
CTaBJISIET KJIETKM 31TMOJIaCTa BEIXOAUTH U3 TUTIOPUIIO-
TEHTHOTO COCTOsIHUs. Takke HaHHBIE 00 ydacTUU
dakrTopoB Oct4, Sox2 n Nanog B panHel nuddepeH-
LIMPOBKE OCTalOTCs BeCbMa (hpparMeHTapHbIMU. YUu-
ThIBasi, HaIIpuMep, 4To oBepakcripeccust Oct4 u Sox2
HE YCWJIMBAET TUIIOPUIOTEHTHBINA CTaTyc KJIETOK, a
Ha000pOT BeAeT K UX 1uddepeHIIUPOBKE, HEOOXOAU -
MO BBISICHUTb, TPOUCXOIUT JI 3TO MO MIPUYUHE aKTH-
BallMM OIIPEACICHHBIX T€HOB MMILCHEH WJIM MMEIOT
MeCTO crienuduieckrie MoauduKaluy TaHHBIX Oel-
KoB. PellieHne 3TMX BOIIPOCOB YJIYYILMT Hallle ITOHU-
MaH1e MEXaHU3MOB, JIEXKAIIX B OCHOBE pAaHHETO M-
OpmoreHesa, a TakKe ITO3BOJIMT 3(P(eKTUBHEE HC-
MOJIb30BaTh IUTIOPUITIOTEHTHBIE CTBOJIOBBIE KIIETKU B
pereHepaTUBHOMU MEAULIVHE.
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Pluripotency Dynamics during Embryogenesis
and in Cell Culture
M. N. Gordeev!, E. 1. Bakhmet!, and A. N. Tomilin" *

! Institute of Cytology, Russian Academy of Sciences, St. Petersburg, 194064 Russia
*e-mail: a.tomilin@incras.ru

The early embryonic development of mice and humans is characterized by the presence of pluripotent cells,
which give rise to all tissues of the developing embryo. About 40 years ago, these cells were isolated and main-
tained in culture in a stable pluripotent state. Since then, a plethora of data regarding the mechanisms under-
lying the functioning of these cells, key genes necessary for their work, as well as their differentiation into var-
ious cell types. Nowadays, depending on the stage of embryogenesis, multiple types of pluripotent stem cells
can be distinguished, and these types fundamentally differ from each other in signaling, culture condition de-
pendendence, and differentiation abilities. This review summarizes currently available information on the dy-
namics of pluripotency during embryogenesis as well as in cultured pluripotent cells.

Keywords: pluripotency, embryonic stem cells, ESCs, EpiSCs, embryogenesis, Oct4, Sox2, Nanog
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