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1. BBEJJEHUE

1.1. Akmyanvnocms memul uccied006anus

N3ydenne sMOpHOHATBHOTO HEWPOreHe3a YeI0BEKa, KaK U BhIJICIICHNE IEPBUYHBIX
KyJIbTYp HEHPOHOB U HelpaibHbIX cTBOJIOBBIX KiIeTok (HCK) uenoseka, 3aTpyAHEHO 1O
THYECKUM TpudrHaM. B cBsi3u ¢ atum noxyuenne HCK u HelipoHOB in Vitro sBisieTcs
OUYEHb aKTyaJIbHBIM HAIIPaBJICHUEM HE TOJIBKO JJI U3YUECHUS HEUPOTEHE3a, HO TAKXKE [
MOJICJIMPOBAHUS Pa3IMUHbIX 3a00J€BaHUI HEPBHOW CHCTEMbI U IIOHMCKA CIHOCOOOB U

MyTeH UX KOPPEKITUH.

B kmaccuueckoM MOHMMAHUM HEWPOTEHE3 — 3TO MHOTOCTYNEHYATHIM MPOLIECC
pa3BUTHSA HEMPOHOB U3 KIETOK-TIPEAIIECTBEHHUKOB. Hambosnee akTWBHO HeWporeHes
IPOTEKaeT B 3MOpPUOHANIBHOM NEpHOJE, Koraa (OpMHUPYIOTCS BCE THIIBI HEHPOHOB
opraHusMa. TeM HE MEHEEe OH MPOJOJDKAECTCS B TEUCHHE DPAHHErO IMOCTHATAJIbHOIO
[IepUoAa, a TaKKE€ U BO B3pOCIOM Mo3re. B KadecTBe KIIETOK-IPEAIIECCTBEHHUKOB
BbICTynatoT MyJbTUnoTeHTHie HCK, KOoTOpble CcnOoCOOHBI K CaMOOOHOBJIEHHUIO M
nuddepeHIIMPOBKE B pa3IMYHbIE THUIbl KJIETOK, TaKMe KaK HEHPOHBI, aCTPOLMTHI U

OJIMTOAEHIPOLIUTHI.

Heiiporenes in Vitro — MCKycCTBEHHBIH HEHpOTEHE3, KOTOPBIA OTIMYACTCS OT
TaKOBOTO, pOTEKatoIiero B mosre (in vivo). OmHako 00a mporiecca NpUBOIAT K OJTHOMY

U TOMY K€ — MoayueHuto (reneparuu) auddepeHIupoBaHHbIX HEHPOHOB.

Haubonee moaxomsiuium uctounnkom HCK w/umu HeiipoHoB in VIitro sBistorcst
KYJBTYPBI IUTIOPUITOTEHTHBIX CTBOJIOBBIX KieToK (IICK) B vacTHOCTH, MHAYLIMPOBAHHBIC
wrropurnotenTHble ¢cTBoJIoBbIe KieTku (MIICK). MIICK xapaktepu3ytoTcs IJIMTEIbHON
CIIOCOOHOCTBIO K CaMOOOHOBJICHUIO W HAJIMYMEM NOTeHIHala K JudepeHrnpoBKke B
0001 THIT KJIETOK Tpex 3apoisiieBbix cioeB (Hanna et al., 2010). Ilockonbky 31H
KJIETKH O00JIaJIal0T HEOTPAHUYEHHBIM MPOU(PEPATUBHBIM TOTEHIIUATIOM, WX MOYHO

MOACP>KUBATH B KYyJIbTYpE MPHU OMPEICICHHBIX YCIOBUSIX B TeueHne MHOTruX JieT (Hanna

etal., 2010).
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[Tomumo TOTO, TO IN Vitro KyneTypsl HelipoHoB u HCK, nonxyuennsie u3 UIICK,
JTAI0T BO3MOXKHOCTh M3y4daTh (hyHIaMEHTalIbHBIE MPOIIECCHl HEHpOreHe3a, 3TH KIETKU
MOTYT OBITh HCIIOJNB30BAHBl I MOACTUPOBAHUS PA3IMYHBIX HEBPOJOTUYECKUX U
HelpoJlereHepaTUBHBIX 3a00JIEBaHUI, B TOM UKCIIE TeHeTHYeCKU Hacieayembix (Bahmad
et al., 2017; Dashinimaev et al., 2017; de Rus Jacquet et al., 2021; Valadez-Barba et al.,
2020; Okano et al., 2022). Cnegyer OTMETUTH, YTO B HACTOSAIIEE BpeMs IMPOBOASTCSA
MHOTOYHMCJICHHBIEC MCCIICIOBAHUSI, HAPABJICHHBIE HA UCIOJb30BaHUE TAaKUX KIJIETOK JJIs
JCUEHHUsT PA3MYHBIX HEWpOJETreHepaTUBHBIX 3a00JieBaHWM, TaKMX Kak OO0JIe3Hb
Anbureiimepa, ©Oone3nb I[lapkuHcoHa, OOKOBOM  aMHOTPOUUECKUN  CKIIEPO3,
paccesiHHbIN CKIIEpO3, MHOKECTBEHHasl cucteMmHas atpodus u T.4. (Garitaonandia et al.,
2016; Bordoni et al., 2018; Ford et al., 2020). Kpome Ttoro, kymerypsr HCK wmm
HelipoHoB, auddepenunposannbie 3 UIICK oT 310pOBBIX TOHOPOB U OT JIOHOPOB C
3a00JIEBaHUSIMU, MOTYT OBITh HCIOJb30BaHbl B KAauyeCTBE TECT-CUCTEM JUIsl MOMCKa
MOTEHIMATBHBIX JIEKAPCTBEHHBIX BEIECTB, U3YUCHHS UX TepareBTUYECKOro s dexra u

MeXaHU3Ma BO3JICUCTBHSI HAa KJIIETKH HEPBHOM cucTeMbl yenoBeka (Benchoua et al., 2021;

Okano et al., 2022).

OnHolt U3 OCHOBHBIX MPOOJIEM B JaHHOW OOJIACTU SBJISIETCS BBHIOOP MOJX0Na U
npoTokona IudpepeHIMpOBKH HEUPOHOB M CIIOCOOOB MX KyJIbTUBHUpOBaHUs. [loaToMy
BBISIBJICHUE OCHOBHBIX ITPEUMYIIICCTB M HEAOCTATKOB PA3IMYHBIX MTOIX0/IOB, a TAKKE UX

CpaBHEHUE, SIBJISETCS aKTyaIbHOU 3a/1aueil COBPEMEHHOM KJIETOYHOM OMOJIOTHH.

1.2. Cmenens pazpadbomannocmu memolt Ucc1e008aHUs

CymiectByeT OOJBIIOE Pa3HOOOpa3We pPA3IUUYHBIX MMOJXOJOB W IMPOTOKOJIOB
muddepentmpoku UIICK B Heripons! in vitro (Chambers et al., 2009; Galiakberova,
Dashinimaev, 2020; Zhang et al., 2013). [Tockosbky He Bcer/a mojiy4aeMbie KyJIbTypbl
coziep>KaT TOJIBKO HEHpPOHBI, B TaHHON pabdote pe3ynbrar auddepennuporku UIICK B

HEHpaJTbHOM HaIpaBlIeHUU OyAeT 0003HaYaThCsl TEPMUHOM «HEWpalbHas KyJIbTypay.

O,Z[HI/IM 13 HauoOoJee IMOITYJIAPHBIX ITIOAXOJOB Ha Cel“O,Z[H}IH_IHI/If/'I JCHBb SBJIACTCA

meton ¢ DUAL SMAD wunrubuposanuemM, pa3zpabotannbsiii Chambers u xomieramu B
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2009 rony (Chambers et al., 2009). [laHHBIN METOA OCHOBAH Ha HHTHOMPOBAHUH JBYX
nyret aktuBauuu SMAD-curnanunra (Lefty/Activin/TGFB- u BMP-curnanbabix
MyTei) B IUTIOPUTIOTEHTHBIX CTBOJIOBBIX KJIETKAX C TOMOIIBIO MABIX MoJieKys (Smith et
al., 2008; Yu et al., 2008b; Chambers et al., 2009). B pe3ynbrare TaKOro HHrHOMPOBAHUS
npoucxoaut nuddepenimponka [ICK B KIeTKH HEHPOIKTOAEPMBI U UX MPOU3BOIHBIC —
HelipanbHbie cTBOJIOBBIC KieTkd. [lomydennsie HCK MoryT OBITH KYJIBTHBHPOBAHBI B
TEYCHHE HEKOTOPOTO KOJMYECTBA IMAcCaXe WM HampaBJIeHbl B TEPMUHAIBHYIO
muddepeHmpoBKy. Takoi MOAXOM B KAKOM-TO CMBICIIE WUMUTHPYET IMOJTAITHBIC
npoIiecchl HeiporeHe3a. B pesynbraTe MOKHO TOJIYYHTh HEWpalbHBIC KYJIbTYpPHI, B
KOTOPBIX, OJTHAKO, IPUCYTCTBYIOT HE TOJIBKO HEHPOHBI pa3HBIX THIIOB, HO U Pa3IMYHBIC
HelpaJlbHbIE MPEAIIECTBEHHUKH, a Takke riauanbHble kieTku (Chambers et al., 2009).
Kpome TOrO, XOTS NaHHBIA TOJXOA SBJSICTCS TPOCTHIM, OH 3aHUMAaeT JOCTATOYHO

JJIMTCIIbHOC BPCMAI.

Hpyrum nonynsipasiM  noaxoaoMm k auddepenuuposke MIICK B HelipoHbI
ABJIIETCSl HEMpaJIbHAsI UHAYKIUS C MOMOIIbIO SK30T€HHOW THUIIEPIKCIIPECCUU B KIIETKE
TPAHCKPUIILMOHHBIX (PAKTOPOB, OINPEACISIONMX HEUPOHAJIbHYIO CYAbOY, Takux Kak
NGN2 (Zhang et al, 2013; Lin et al., 2021). B mnpoTokojiax »K30T€HHOU
runepakcnpeccun  reHa NGN2  MoryT ucCmonp30BaThCs — IJIA3MHUJBI, BUPYCHI,
cunretnueckas MPHK wnm texnonormm CRISPR-penaktupoBanus reHoMa s
MOJIyYeHHUs] KOHCTUTYTUBHOM, MHAYLMPYEMOW WJIM BpeMEHHOM 3Kcnpeccun. Hanbonee
U3BECTHBIM W HCIIOJIB3YEMBIM IPOTOKOJIOM SIBJISIETCS JICHTUBUPYCHAs TPAaHCHTYKLIMS
HIICK c cucremoirn TetON mnist perynupyeMoi TETpalMKINH-3aBUCUMOMN 3KCIIPECCHU
tpancrena (Urlinger et al.,, 2000; Zhang et al., 2013). Nunykuuss BpeMeHHOMU
runepakcnpeccun NGN2 B UIICK mpuBomur k ux ObicTpoit aud)PpepeHIMpOBKE B
HEHpOHBbI, HE 3aJepKUBasi KJIETKA Ha CTaauu MpeauecTBEHHUKOB. [Ipu sTom
NOJIy4aeMble HEMPAIBHBIE KYJIbTYpPbl B OCHOBHOM COCTOSIT U3 HEHPOHOB M HE COAEPKAT
rIManbHbIX KieTok (Zhang et al., 2013). HecmoTpsa Ha ObicTpoTy M 3PHEKTUBHOCTD,
JAHHBIN METO/ SIBJISIETCS TPYJTOEMKUM BBUY HEOOXOIUMOCTH MOJYYEHHUS TPAHCTCHHBIX

UIICK, skcenpeccupyromux NGN2 B coctaBe cuctembr TetON.
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XoTs1 00a BRIIEYTOMSHYTHIX MOX0a OTYyYEHHUSI HEHPOHOB JJOCTATOUYHO AaKTUBHO
UCIIONB3YIOTCA U U3Y4arOTCsA, HE BCETa Yy MUCCIEAOBATEICH €CTh IOHUMAaHUE, KaKOu
IIOAXOJ CIEAYET MCIOIb30BaTh Uil KOHKPETHBIX 3anad. Kpome Toro, y Kaxuoro us
IOJIXOJIOB CYILECTBYET MHOKECTBO pPAa3jIMYHbIX MPOTOKOJIOB M MOAM(PHUKALUN, OT

KOTOPBIX MOKCT 3aBUCCTh KOHCUHBIN PE3YJIbTAT IPUMCHCHUS JaHHBIX ITOAXOO0B.

1.3. Ilenu u 3a0auu uccneooeanus

L{e/1b10 HACTOSINETO HCCIIEIOBAHNUS SIBIIICTCS N3YUYEHUE U CPABHEHUE IBYX Pa3HBIX
HOIXOM0B K auddepeHIupoBKe HHIYNHPOBAHHBIX ILIIOPUIIOTCHTHBIX CTBOJIOBBIX
KJICTOK YeJIoBeKa B HEHPOHBI B YCIOBHAX IN VItro: moaxoja Ha OCHOBE IMPOTOKOJA C

DUAL SMAD uHruObupoBaHueM M MOJX0Ja Ha OCHOBE AK30TCHHOM THIIEPIKCIPECCUU

NGN2.
3agayu ucciae 0BaHus:

1) Ilonyuuts HelipanbHble KyJabTypbl U3 pasHbix JuHU UIICK yenoBeka mpu
nomomn Mmeroga ¢ DUAL SMAD wuHruOupoBaHuEM, OXapaKTEpHU30BaTh HUX
IE€TEPOreHHOCTh PA3JIMYHBIMU METOAAMU, & TAKKE UCCIIE0BATh BIUSAHUE JUIMTEIBHOCTH
kynapTuBUpoBanusa HCK Ha nosrygaeMble HeMpaJlbHbIE KYJIBTYPBI IIPU MOMOIIM aHAIN3a

JaHHBIX O6H_[I/IX TPAHCKPUIITOMOB M JaHHBIX CCKBCHHUPOBAHUSA PHK CANHHNYHBIX KJICTOK.

2) OntuMu3upoBaTh W3BECTHHIN npoTokod nuddepenimporku UIICK B HelpoHb
c uHayKImen sk3orennon runepakcnpeccut NGN2 Ha ocHOBe IEHTUBHPYCHOM T0CTaBKU
TPAHCTE€HAa B COCTABE TETPALMKIMH akTuBHpyeMon cucrembl TetON u umccinenoBath

KaJIbIIMCBYIO AKTUBHOCTD IMOJIYYCHHBIX HeﬁpaﬂbHBIX KYJBTYP.

3) Ilpu nomomm MeToaoB kohauuectBeHHoM OT-IIP wu  ananwuza
TPAHCKPUNTOMHBIX JaHHBIX CPaBHUTh HEUpAJIbHBIC KYJIbTYPHI, MOJYUYCHHBIC U3 OJHOU
muaun UTICK, HO mpu moMouy pa3HbIX MOJIXOAOB: MOJX0JIa HA OCHOBE MPOTOKOJA C

DUAL SMAD uHruOupoBaHHeM M TOJX0Ja Ha OCHOBE AK30I'C€HHOUN THIIECPIKCIIPECCHH

NGNZ2.
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1.4. O6vexkm u npeomem uccie008anus

OOBEeKTOM HCCIEOBAaHUS JAaHHOM JUCCEPTAllMOHHOW pabOThl  SBISIOTCS
WHyIIUPOBAHHbIC TUIIOPUIIOTEHTHBIC CTBOJIOBBIE KJETKH 4YesjoBeka. [Ipenmerom
HCCIICIOBAHUM TUCCEPTALIUU SBIISIIOTCS KIIETOUHBIN COCTaB M (PYHKIIMOHAJIbHAS 3PEJIOCTh

HEeHpanbHBIX KyIbTYyp, nuddepennupoBannbix u3 UIICK ¢ momoisio pa3HbIXx METOOB.

1.5. Hayunasa Ho6U3Ha NOYYEHHBIX PE3YbmMaAmos

B pesynbrare BBINOIHEHUS TAaHHOM paOOThI BIEPBBIE OBUIO MOKA3aHO BIUSHUE
nnutenbHocTy KynbtuBupoBanus HCK, momydennbix u3z UIICK nmoaxomom ¢ DUAL
SMAD unruOvupoBaHueM, Ha U3BMEHEHHE OOIIUX TPAHCKPUIITOMHBIX IPO(DUIIEH, a TAKKe
KJIETOYHOTO Pa3HOO0Opasus B CIOHTAaHHO AU(PPEpEeHIUPOBAHHBIX U3 HUX HEWPaJIbHBIX
KynbTypax. Hamu ObL10 mOKa3aHO, YTO B HPOLECCE UIUTENBHOIO KYJIbTUBUPOBAHUS
muaun HCK-KYOU na6nrogaeTcst 3HaUMMOE UCTOIICHUE TOMYIISIIUNA MIHAIbHBIX KIIETOK
B HEHpaJbHBIX KyJIbTypaxX, CoHTaHHO nuddepenipoannbix u3 gaHaeix HCK. Ilpu
ATOM, XOTS HEHpalibHbIE KYJbTYphI, MOJTYYEHHbIE TAKUM CIOCOOOM M3 Pa3HbIX JIMHHM
UIICK, oTnuuarorcs Mexay coOoil, umeercss oOIass TEHICHIMS HM3MEHEHUS WX

TPAHCKPUNITOMHBIX MPOQWICH C YBEIMYEHHUEM MAacCCaXeW COOTBETCTBYIONIUX JMHUMN

HCK.

Msbr nonyunimm  NGN2-unaynupoBannbeie Heliponbl u3 UIICK ¢ momomisro
OPUTHHAIBHO MOJUMPHUIIMPOBAHHOTO TPOTOKONA AUDHOEPEHITUPOBKU C JIEHTUBUPYCHOU
TpaHCAyKIME. BrepBble Ha MOJENM C TE€HETHYECKH KOOUPYEMBIM KalbLHEBBIM
unaukaropomM GCaMP6s Hamu ObUIO TOKa3aHO, 4TO KyJIbTypa NGN2-UHIyIUPOBaHHBIX
HEHUPOHOB SABJIsIETCS (PYHKIIMOHAIBHO aKTUBHOM, OTBEYAEeT HAa BO3/EUCTBUE IIIyTaMara u
JEMOHCTPUPYET HAJIMUKE aKTUBHBIX rimyTamaTHbIX NMDA u AMPA u/uiu kauHaTHBIX
penentopoB. [lpy 5TOoM NOpPUTOK Kadbliug B IUTO30J]b OOYCIOBJIEH TOJBKO

HOHOTPOITHBIMHU PCLCIITOPAMU K I''IyTaMary, HO HC MeTa6OTpOHHBIMI/I.

BriepBbie ObL10 TPOBEEHO CPaBHEHUE TPAHCKPUIITOMHBIX PO UIIeH HeMpanbHbBIX
KYJIBTYp, IIOJyUYEHHBIX ABYMS Pa3HbIMM MOAXOJAMU: NOAXOA0M ¢ Ju((HepeHIMPOBKOI

HelpanbHbIX KyJIbTyp uepes craguto HCK, monmyyennsix uz UIICK meronqom ¢ DUAL
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SMAD unrnbupoBanueM, a Takke MOAXO0J0M ¢ dK30reHHOU rumnepakcnpeccueiit NGN2
Ha OCHOBE JICHTUBUPYCHOW JOCTaBKU TPAHCT'€HA B COCTABE TETPAIMKINH aKTUBUPYEMOMN

cucteMbl TetON.

1.6. Hayunasa u npakmuueckas 3Ha4umocms padoomul

JlanHast paboTa pacKpbIBACT MPEUMYIIECTBA U HETOCTATKH OCHOBHBIX MOJIXOOB
maddepentporku UTICK B HeltpanbHbie KyabTypsI IN Vitro. DTH HEJOCTATKU JOJKHEI
YUHUTBIBATBCS HCCIEHOBATENSIMU TPU  BBIOOPE ONTUMAJIBHOTO MPOTOKOJA TOJ
KOHKpeTHble Lenau. Kpome Toro, Obuta paspadorana moaenb NGN2-UHIAYyIIMPOBaHHBIX
HEHpaJbHBIX KYJIbTYp, SKCIPECCUPYIOMMX (IyOpPECUEHTHBI KAJIbLIMEBbIA MHIUKATOP
GCaMP6s, KOTOpbIi TMO3BOJSIET BU3YAJIM3UPOBATh CHELMPHUUECKYIO KaJlbLIUEBYIO
aKTUBHOCTh HEUpPOHOB. Takke NOJIydeHHBIE IaHHbIE BHOCAT BKJIaJ B IOHUMaHUE
dbynnamenTanbHbIXx OcHOB auddepenuupoBkn UIICK B HelipaabHOM HampaBieHHH,
KOTOpBIE€ B JajibHEHIIeM OyayT MOJIe3HbI AJi1 pa3pabOTKU ONTHUMAaJIbHBIX HEWpaJlbHbIX
MOJZIEIEN NIl CKpUHMHIA JIEKAapCTB, a TAK)KE M3Y4EHMs] HeWporeHeza M 3a00JieBaHUN

HEPBHOW CHUCTEMBI.

1.7. Memooonozus u memoowt uccie006anu

HCCJ’IGI[OBaHI/IH, IMpCaACTaBJICHHBIC B I[ElHHOﬁ paGOTe, OCHOBBIBAKOTCA Ha
COBPEMCHHBIX MCTOAOJIOTHMYCCKUX IIOAXOJaX. BBI60p HCIIOJIB3YCMBIX MCTO/0B
000CHOBaH IMpCaABApUTCIIbHBIM dHaJIN30M JaHHBIX JIUTCPATYPBhI, CTCIICHBIO

p33pa60TaHHOCTI/I I[ElHHOﬁ TCMBI, a TAKXKC MMOCTaHOBKOM OcJan 1 3aga4 NCCJICA0BaHMA.

PabGoTa BbINIOJIHEHA C NPUMEHEHHUEM METOJIOB KJIETOYHOM W MOJEKYISIpHOU
Ovonoru. AHanu3 JaHHBIX TMPOBOAWICA C TOMONIbIO PEJEBAHTHBIX METO/OB
CTaTUCTHUYECKOW 00paboTKM maHHBIX. [IpenMyIecTBOM HacCTOSIIEH padOThl TaKXke
ABJISIETCSI UCTOJb30BAHUE COBPEMEHHBIX METOJIOB MOJIEKYJISIPHOM OHOJIOTUM U

OMOUH(OPMATUKH.
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L.8. szoofceuuﬂ, 6blHOCUMbLE Ha 3auiumy

1) Crnonrtannas HeipansHas nuddepennuporka HCK, momyuennsix u3z UIICK ¢
nomonipto moaxoaa ¢ DUAL SMAD wuHruOupoBaHueM, MNPUBOJIUT K MOJTYyYECHHIO
reTepOreHHBIX HEHPAIbHBIX KYJIbTYp, COCTAB KOTOPBIX 3aBUCUT OT U3HAYAIHHOMN JTUHHUU
UIICK. KieTtouHslii CHEKTp MOJydyaeMbIX TakUM 00pa3oM HEHPaIbHBIX KYJIbTYP

AOCTOBCPHO M 3HAYUMO HU3MCHACTCA C YBCIMYCHHUCM AJIMTCIBHOCTH KYJIbTUBUPOBAHHA

HCK.

2) MonmudummpoBannbii  npotokon auddepeniupoku HIICK B HeipambHOM
HAMpAaBJICHUU MPU NOMOIIM JIECHTUBHUPYCHOU AocTaBKkM NGN2 B cocTaBe TETpalMKINH
perynupyemoit cucteMbl TetON mo3BoisieT mnoiydaTth (PYHKIIMOHAIBHO 3pejbie
HelpaJlbHbIe KYJIbTYphl 4eNOBEKa, HEHPO(DU3MOIOrMUECKYI0 aKTUBHOCTH KOTOPBIX

MOJKHO H3Y4YaTb Ha MOACIIN C KAJIbIIUCBBIM HHIAUKATOPOM GCaMPé6s.

3) Pa3nbie noaxoas! k quddepenunporke UIICK B HelipaabHOM HANpaBlIEHUHA UMEIOT
CBOM NpPEUMYIIECTBA M HENOCTAaTKHU, 4YTO OOYCIAaBIMBAET HMX NPUMEHUMOCTb MJIs
onpenesieHHbIX HayuHbIX 3a1a4. [logxonq ¢ DUAL SMAD unrubupoBaHueM mo3BOISET
nojyyatb 0oJiee MIMPOKUN CIEKTP TUIOB HEUPOHOB, a TAKXKE IIMH, OJHAKO HEHPOHBI
TpeOyIOT IJIMTEILHOTO CO3PEBaHUs, a CaMU KYJbTYpPbl SIBISIFOTCS T€TE€POr€HHBIMMU.
[Tongxox ¢ »k3oreHHoi runepakcnpeccuer NGN2 npu nmomMomM JEHTUBUPYCHOU
JIOCTaBKHA TpaHCreHa B cocraBe cucreMbl TetON 1mo3BoJisieT mosy4aTb OTHOCUTEIBHO
YUCTBIE KYJBTYphI O0Jee 3pesblX HEMPOHOB, OJJHAKO MOAXOJ SBISIETCS TPYAOEMKHUM, a

CIICKTP KJICTOYHBIX THUIIOB JOBOJIbBHO CHUJIbBHO OI'PAHUYCH.

1.9. Cmenens 0ocmoseprnocmu pe3yibmamos

PesynbraThl mauccepTalimoHHOW pabOThl XapaKTEPU3YIOTCS BBICOKOW CTETIEHBIO
JIOCTOBEPHOCTU. ABTOPOM pabOThl ObLIT MPOBEAEH ITYOOKHM aHAIU3 OTEUECTBEHHOW U
3apyOeXHOW HAy4yHOM JUTEpaTypbl MO TEME€ UCCIEJOBAHMUS, 4YTO IO3BOJIMJIIO
copMupoBaTh MOHUMAHHE TEMBI, a TaKxke MNoAoOparh Haubonee 3PPEeKTUBHBIC
METOJMKH M MPOTOKOJBI JUIsl MPOBEACHUS dKCIEPUMEHTOB. Bce skcnepuMeHThl ObUIH

IMPOBCACHBI C IPUMCHCHUCM CTAHAAPTUIUPOBAHHBIX MECTOANK, KAUCCTBCHHBIX PCAKTUBOB
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u marepuainoB. [lomydeHHbie qanHbIe ObLTH 00PAaOOTAHBI C TIOMOIILI0 CTATUCTHIECKOTO
aHaJIn3a C WCIOJB30BAHUEM aJIEKBATHBIX KPUTEPUEB, YTO II03BOJIMIO TI'PAMOTHO

WHTEPHPETUPOBATH PE3YIbTATHI.

1.10. Anpoobauus pesynromamos pabomot

PesynbraTel paboTsl ObUTH TpenacTaBiieHbl Ha KoHdepeHInn MONOJBIX yUEHBIX
«AKTYAJIBHBIE TIPOBJIEMbI BUOJIOI' I PA3BUTUS» B UncTuTyTe OHONIOTUU
pazsutusa uMm. H.K. KonsiioBa PAH (Mocksa, 12-14 okta0ps 2021 roaa), a takxe Ha 111
MexayHapoaHo koHbepenuun ‘‘StemCellBi0-2023: TpaHcnsimonHas MeAWIliHA —

cnektp BozmoxkHoctel” (Cankt-IletepOypr, 17-18 nHosiops 2023 roga).

1.11. Ilyoaukayuu

[To Teme u MaTepuagaM paboThI OBLIIO OMYOJUKOBAHO 4 TIEYaTHBIX paOOThI, B TOM
guciae 1 o630pHas crarbs. Bce craThu OmMyOJIMKOBaHBI B PELICH3UPYEMBIX JKypHajax,
PEKOMEHJIOBAaHHBIX IS 3allMThl B JAucCcepTallmoHHOM coBete MIY um. M. B.

JlomonocoBa. Crircok myOJIMKalui mpeIcTaBieH B pasaene 9.
1.12. JIuunwtit 6K1a0 aemopa 6 npoeedeHue ucci1e006aHus

ABTOpY AMCCEPTAlMOHHOIO HWCCIENOBAHUS IPUHAIIEKUT OCHOBHASL pOJb B
aHallM3e JaHHBIX JIUTepaTyphl, (OPMYIMpPOBKE Ieled U 3adad MCCIIEJOBAHMUS,
MOATOTOBKE W TPOBEACHUH HKCIIEPUMEHTOB, CTATUCTUYECKON 00padOTKE TaHHBIX, KPOME
OMoMH(pOPMATHUECKOTO0 aHalIM3a JaHHBIX TPAHCKPUIITOMOB U  CTaTUCTUYECKOU
00pabOTKM JaHHBIX HMMMYHOLIUTOXUMHUYECKOTO OKpallUMBaHUs. ABTOp MNpUHUMA

HCTIOCPCACTBCHHOC YIAaCTHC B HAIIMCAHHUH ITOJATOTOBKEC TC3UCOB U HY6J'II/IKaI_II/H>'I.

1.13. @unancosan noooepiricka

PabGora Obima mommepkana rpantom Ne (075-15-2019-1789 or MwunuctepctBa
HayKl M Bbiciiero oOpaszoBanus Poccuiickoit ®enepanuu, BbiaeneHHoro LleHTpy
BBICOKOTOYHOTO PENAKTUPOBAHMUS T'€HOMAa W TEHETMYECKHX TEXHOJOTMM  JUIA

OMOMEIUIINHEI.
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1.14. Cmpyxkmypa u 06vem ouccepmayuu

JuccepTaiusi COCTOUT U3 BBEACHUS, 0030pa JIUTepaTyphl, MaTEPUAIIOB U METOJIOB
UCCIIEIOBAaHUSI, PE3YIbTATOB, O0CYKACHUS, 3aKIF0YEHHUS, BEIBOJIOB, CIIUCKA MTyOJIMKAIIUM,
CIUCKAa JUTepaTypbl U TmpuioxkeHus. Pabota wusznoxxkeHa Ha 167 crpaHuIax
MalIMHOMKUCHOTO TEKCTa, COACPKUT 29 puCYHKOB U 3 Tabmuisl. [Ipunoxkenue conepxut

6 pUCYHKOB U 3 TaOJIUIIBI.
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2. Ob30P JIMTEPATYPHBI

2.1. Heupocenez u HCK

Ilpu pabGoTe HaJ JaHHBIM Pa3/ENOM JUCCEPTALMH UCIIOIb30BAaHbI CICAYIONINE IyOIMKaLMU aBTOPa, B KOTOPHIX, COrIacHO [10JIojKeHUI0 0 MPHUCYKICHUN
ydeHbIX cTeneHeii B MI'Y, oTpakeHbI OCHOBHBIC Pe3yJIbTAThI, TOOKEHUS U BHIBOJBI HccnenoBanus: Galiakberova A. A., Dashinimaev E. B. Neural Stem

Cells and Methods for Their Generation From Induced Pluripotent Stem Cells in vitro // Front Cell Dev Biol. — 2020. — Vol. 8. — P. 815.

Heiipanbubie ctBonoBsie kieTku (HCK) — 310 00111€€ Ha3BaHKEe MYJIbTUITOTEHTHBIX
HebhepeHIMPOBAaHHBIX KJIETOK, CIIOCOOHBIX K CAMOOOHOBIICHUIO M T'€HEPAIMH BCEX
TUTIOB HEHPOHOB, OJIUTOICHAPOIIMTOB U acTporyivu. HelipoHanbHbIE CTBOJIOBBIEC KIETKH,
uiu HelpoHanbHble mnporeHuTopHsie kieTku (HIIK) — 3To cTBOJOBBIE KIETKH,

KOMMUTHPOBaHHbIE K U (HEPEHIIMPOBKE TOIBKO B HEUPOHHI.
2.1.1. DmbpuoHanvublll HelipoceHe3

HCK wrpator ThaBHYI0 pojib Kak B SMOPHOHAIBHOM, TaK U BO B3pPOCIOM
HEHpOoreHe3e — MHOTOCTYIIEHYaTOM IIPOLECCE pa3BUTUSA HEHUPOHOB M3 KIIETOK-
MPEAIIECTBEHHUKOB. B COOTBETCTBUM € TMINOTE30M, BBIABUHYTOM B 0030pe Alvarez-
Buylla et al., 2001, B meproae sMOpUOHATIHLHOTO HEHPOTeHE3a CYIIECTBYET HECKOJIBKO
TUIIOB KJIETOK, KoTopble MOkHO Ha3BaTh HCK. Heitposnutenuii (HD) — snurenuanbHbie
KJIETKH BEHTPUKYJsipHOW 30HBI (B3) HepBHOU TpyOku, oOiamaromye amuKalbHO-
0a3ajdbHOM TOJSPHOCTHIO. AMNUKAIBHBIA OTPOCTOK DJTUX KIETOK KOHTAKTUPYET C
BEHTPUKYJISIPHOW TOBEPXHOCTHIO, a 0a3albHbIA OTPOCTOK C MPOTHBOIMOJIOXKHOM,
MUAJILHOM MOBEPXHOCTHIO HEPBHOM TpyOKH. CaMOOOHOBIEHUE 3TUX KIETOK MPOUCXOIUT
nyteM cummeTrpuuHoro naenenust (Williams, Price, 1995), xorma reHepupyroTcs 1Be
OJINHAKOBBIE CTBOJIOBbIEC KJIETKU. [Ipn acUMMETpUYHOM XK€ JIeIeHuU 00pa3yloTcs OAHa
CTBOJIOBAasl KJIETKa, a BTopas — Oojee auddepeHInpOBaHHBIN HEHPOHAIBHBIH
npeanecTBeHHUK nbo Heipon (Huttner, Brand, 1997). Jlna HOD kietok xapakTepHbI

Takue Mapkepsl, kak Z0O-1, Sox2, Nestin, Hes1, Hes3 u np.

HetiposrnurenuanbHbie KIETKM HEPBHOW TPYOKH 3areM TpaHC(HOPMUPYIOTCS B
npyroi tun HCK — pamuanenyro ruto (PIN) (Malatesta et al., 2000). PaauanbHbie

INIMaJdbHBIC KJIICTKHM — 3TO I'CTCPOrCHHAA OIS HCK, UMCHOIIAasd B IIUTOILIA3ME
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TpaHylibl TJIUKOT€HAa W MOP(OJIOTHIO, CXOAHYIO C acTPOINIMAIbHBIMU KIETKaMH, HO
OJIHOBpEMEHHO  oOsajaromyro  cBodMctBamu  HD. DT kieTku, Kak H
HEHpOANHUTENHANbHBIE, HMEIOT aluKadbHO-0a3aJbHYI0 IMOJAPHOCTh, OCTaBasCh B
KOHTAaKT€ C MUAJIbHOW U BEHTPUKYJIAPHON MOBEPXHOCTSMU, U IEMOHCTPUPYIOT HATUYUE
KJIACCUYECKUX HEWPOIMUTENUaIbHBIX MapKepoB, Takux kKak Nestin, Vimentin. OgHako
O€JIKM IJIOTHBIX COEAMHEHUN OKKIoAuHBI 1 ZO-1, npucyrcTByromue B HD knerkax, B
PI" 3aMeHnstoTcst 6ekamMu KJIETOUHOM aare3nu, Takumu kak N-kaarepunsl (Aaku-Saraste
etal., 1996), a sxcripeccust Hes3 cMmensieTcst moBbIieHreM 3kcnpeccun Hes5 (Kageyama
et al., 2008a). ITpu 3TOM MOXET 1€TEKTUPOBATHCS HATMYME ITHATBHBIX MAPKEPOB, TAKUX
KaK acTpouuT-crienupuyeckuii tpancnoprep rayramara (GLAST), nunuacBs3pIBatonuii
oenok mosra (BLBP (Fabp7)), rmyramarcunTasa (GS), S100B u npyrue (Akimoto et al.,
1993; Shibata et al., 1997; Gotz et al., 1998; Hartfuss et al., 2001; Patro et al., 2015).
Taroke PI' kiteTkn xapakrepusyroTcs skcnpeccueit S0x2, Pax6, Hesl (Kageyama et al.,
2008a; Malatesta et al., 2008). Ilpu stom npucyrcreue GFAP nerektupyercs iauiib B
Hekotopbix PI' (Pollen et al., 2015). beuio mokaszano, uro PI' KJI€TKH COCTaBISIOT
JIOBOJILHO T€TEPOTCHHYIO MOMYJISINI0, KOTOPas B MPOIIECCE PA3BUTHUS MOXKET U3MEHSTH
CBOM MOP(OJIOTUIO U MPO(UIH IKCIPECCUN T€HOB, TO3TOMY CIIMCOK MapKepPOB MOXKET
OBITh IIMPE U 3aBUCETh OT pEerHoHa paszBuBaroiierocs mo3ra (Malatesta et al., 2008;
Pollen et al., 2015). Kak u HeliposnuTenuaibHble KIeTKH, PI'-kjeTku crnocoOHBI K
ACUMMETPUYHOMY U CUMMETPUYHOMY JI€JICHUI0. ACUMMETPUYHOE JIEJICHUE JJaeT Hayajio
nouepHert PI'-xkimetke u  numbo Oonee auddepeHUHpPOBAHHON MPOMEKYTOUHON

nporenutopHo kinerke (IIIIK), nubo tepmunanbHo audPepeHInpPOBAHHON KIIETKe

(Noctor et al., 2004).

B sm0OpronansHOM HeliporeHese KJISTKH ParaibHON TJIIHH MPSMO UM KOCBEHHO
IIPOM3BOIAT OOJIBIIIMHCTBO HEHPOHOB IIeHTpanbHOM HepBHOU cucteMbl (ITHC) (Malatesta
et al., 2003; Noctor et al., 2004). Tun IIIIK, koTOopbIe ABISIOTCS MpeaNIeCTBEHHUKAMU
HEWpPOHOB, HA3bIBAIOT 0a3ajJbHBIMH WJIM HEUPOHAJIBHBIMU  ITPOMEKYTOYHBIMU
nporenuTopubiMu  kKJjietku (HIIIIK). HIITIK »To kieTku 4acTo ¢ MYJbTUIOJSPHOU

Mop(dosIoruei, KOTOpble B OCHOBHOM 3aCEJSIOT CYOBEHTPUKYISPHYIO 30HY HEPBHOMU
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TpyOku (Noctor et al., 2004). HIIIIK oGmanatoT orpaHu4eHHBIM MpoJudepaTuBHBIM
HNOTEHLUAJIOM U CIIOCOOHBI TOIBKO K CUMMETPUYHOMY JEJIEHUIO C 00pa30BaHUEM JINOO
nByX HelpoHoB, b0 aByx nouepHux HIIIIK. DToT Tum kimeTok XapakTepusyercs
npo(uIeM SKCIPECCHH, OTAUMYHBIM OT PI' KIE€TOK, OJHAaKO OH 3aBUCUT OT pEruoHa
pasBuBatomierocst mosra. Tak, koprukanpHabie HIIIIK mMoryt ObITh OXapakTepu30BaHbI
sKcmpeccueld Takux reHoB kak Thr2, Cuxl u Cux2, no He Pax6 (Hevner et al., 2001;
Haubensak et al., 2004; Noctor et al., 2004; Kowalczyk et al., 2009).

PI' kieTku naroT Hayallo HE TOJIBKO KJIETKaM HeWpoHajabHOro aud@depoHa, HO U
OJIMTOJIEHAPOLUTAM, acTpoUUTaM U ux npenmectBeHHukam (deAzevedo et al., 2003;
Malatesta et al., 2003), a TaxXe 3MEHIUMHBIM KJIETKaM, BBICTUJIAIOUIMM MOBEPXHOCTh

YKETyI0YKOB M CHUHHOMO3roBoro kanana (Spassky et al., 2005) (Puc. 1).

T CuMMeTpuYHoe aeneHue

Knetka
3NeHAUMBI ----3 ACUMMETPHYHOE AieNeHHne
—» [psAMas TpaHchopMaums
Y ATIK
' \ ) ) AcTpoumT
' be ’ ) )
." T
/ N
¥

L5 . U

@l — &
H3 PaHHss PI Mosawss Pr O6wwmi \\(i\ {9) i
KNeTKa KNeTKa KneTka IIMaIbHbINA z
TRSAULSEReR OrK OnuropgeHppoumT

Pucynox 1. Cxemarumueckoe wuzoOpaxenue BeTBeil nudpdepenuuposkn HCK B sMOpuoHanbHOM
Heliporenese. HD — HeliposnurenuanbHas kietka, PI' — kierka paguaneHoit rimum, HIIIK —
HEWpOHAJIbHAs TPOMEXYTOUHAss TporeHuTopHas kietrka, AIIK — acrpouurtapHas mporeHUTOpHAs

kietka, OIIK — onuroaeniponuTapHas HpOreHUTOpHAs KJIETKa.
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Onnako Ha moBeneHue PIT kierok u HampaBieHwe uX auddEepeHIMPOBKU
CYIIICCTBEHHOE BJIHMSHHE MOTYT OKa3bIBaTh BHYTPEHHSS KJICTOYHAS CUTHAIM3AIMS U
JIOKaJIbHBIC CUTHANBI OKpyxatomen cpenbl (Gotz et al., 2002). Curnansl oKpyKaromen
CpeIbl, B CBOIO OYepelb, OMPEICIAIOTCS BpEMEHEM Pa3BUTHSI M JIOKATH3AIUEH KICTKH B
pasBuBaromeiics HepBHoi cucteme (Desai et al., 2000; Shen et al., 2006). Tax, Brosb
JIOPCOBEHTPAIbHON OCH TIEPEIHEr0 MO3ra BBIACIAIOT HECKOJIbKO OCHOBHBIX 30H:

Ieperopoaka, Kopa, a Takxxe HaTepaﬂbHLIﬁ, Kay,HaHLHBIﬁ u MGI[I/IaJ'H)HHﬁ I'aHINIMOHAPHBIC

oyropku (JII'B, KI'b u MI'B) (Bayraktar et al., 2014).
2.1.2. DmbpuonanvHblil enuocenes

N3BecTHO, YTO y IPbI3yHOB OCHOBHOM IJTMOTEHE3 MPOUCXOIUT Ha OoJiee MO3THUX
CTaausIX 3MOPHUOHAIBHOIO PAa3BUTHS MOCIE OCHOBHOW BOJIHBI JU(PEepeHIHPOBKH
HEWpOHOB, Ha ctaauu E16-E17 y mpimeit. [ moreHes y 4enoBeka akTUBHO IMPOTEKAET
nocie 20 neaens 0epemennoctu (Malatesta et al., 2000; Malatesta et al., 2003; Liu et al.,
2022). bonee Toro, mcromeHue myia PI' kieTok coBmagaeT ¢ yBEIMYCHHEM 4YHCIIA
actporutoB  (Noctor et al, 2008). Takum o6pasom, PI' knerku wmoryt
TpaHC(POPMHUPOBATHCS B aCTPOLIMTAPHBIC MPOMEKYTOUHBIE MPOTEHUTOPHBIE KIETKU
(AIIIIK), 1160 B acTPOLMTHI HAMPSAMYIO, YTO TOJITBEPKIAACTCS B3AUMHOM IKCIIPECCUEH
OJIHUX U TeX ke mapkepoB (Mission et al., 1991) (Puc. 1). [Ipuyem onna u ta xxe PT’
KJIETKa, KOTOpas paHee Jenmiachk ¢ oopazoBanueM Heiipona win HIITIK, Bnocneactsuu
MOXeT nudPepeHpoBaThes B acTporiauanbHyto kieTky (Noctor et al., 2008). I'panura
Mexay PI' kneTkoil, KOMMUTUPOBaHHOM B acTporuTapHyto Juauto, 1 AIIIIK goBosibHO
pa3mbiTa. YacTo ux 0003HaYa0T OOIIMM TEPMUHOM aCTPOLUTAPHBIX MPEIIECTBEHHUKOB
(AIIK). ActporuTapHble NPEAIIECTBEHHUKH YacTO XapaKTEPU3YIOT SKCIPECCUEN TaKnX
renoB, kak AldhlL1, Slcla3 (GLAST), Sox9, CD44, BLBP(Fabp7) u ap., xots MHOrHE
U3 HUX DKCIOpPEecCUpyroTcs Takke u B auddepenuupoBanubix actpormrax (Lattke,

Guillemot, 2022).

br110 IMOKa3aHO, 4YTO aCTpOUOUTbl M HMX HNPCANICCTBCHHHUKH SBJIAIOTCA KpaﬁHC

reTCpOrcHHbIMU MOIYJIIHUAMU KIICTOK, CBOMCTBA U JIOKajIn3aluss KOTOPbIX, BEPOATHO,
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OTIPENIETSAIOTCS BpEMEHEM T'eHepalui U Mo3ulMoHupoBanueM Pl kieTok, M3 KOTOPBIX
onu npousonuiu (Hochstim et al., 2008). B pazBuBarorieMcst MO3re MBIIIH HEJJABHO OBLITH
UIeHTU(OUIIMPOBAHBI MOATrPYIIbI KieTok PI', kommutupoBantsie B actporiuto: SPARCY
u SPARCL1" (Liu et al., 2022). Ilpeanonaraercs, yto SPARC" 310 KieTKH, KOTOpBIE
00ECreUnBaOT paHHWE BOJIHBI aCTPOTJIMOTEHE3a B TIO3MHEH 3MOpHOHAIBHON
BeHTpUKYIsIpHO# 30He. SPARCL1" kieTku, BEeposATHO, 00ECIIeUnBaAIOT 00Jiee O3 THIOH0
BoiHy. Kpome Toro, oHum umMerT BbIpakeHHYH skcrpeccuro EGFR u OLIG2, uyto
MO3BOJIACT TMPEANONOKHUTh, YTO OTH KIETKH, BEPOSATHO, HMEIOT TIOTEHIUH K
muddepentmpoke B onuroneHapouuts! (Fu et al., 2021; Liu et al., 2022). bonee Toro,
nonyssiiuio PIN kiterok SPARCL1T EGFROLIG2 * Beienniiin Kak OCHOBHYIO TPYIIITY
KJIETOK—TIPEIIIECTBEHHHUKOB aCTPOIMTOB B Pa3BHUBAIOIICHCS KOPE TOJOBHOTO MO3ra

yenoseka (Fu et al., 2021).

OMOpHOHAIBHBIN OJIUTOJEHAPOLUTOT€HE3 MPOUCXOJUT B HECKOJIBKUX MECTax
pa3BUBaIOIIErocss Mo3ra B Tpu  BOJHBL.  OOBIYHO  OJMTOACHAPOLUTAPHBIC
MPOMEKYTOUHBIE TPOTCHUTOPHBIE KJICTKM HE BBIACIAIOT OTIEIHHO, a 0003HAYAIOT
OoOLIMM  TEPMUHOM  OJIMTOJIEHApOUUTapHble nporeHuTopHble  kieTku  (OIIK).
[Ipeanonaraercs, uro nepsbie OIIK obpasyrorcs uz Nkx2.1-nonoxurtensubix PI” kiierok,
pacnoyioxkeHHbIX B MI'b, BO BpeMsi OCHOBHOW BOJIHbI HEMPOTE€HE3a — IMPUMEPHO HA
craguu E9-E10 pa3sutus meim (Kessaris et al., 2006). Bnociencteuu nosisiaenue OINTK
U oauroaeHapoiuTos mnpoucxoaut u3z Gsh2® mpemmecreennukoB B JII'b u KI'b, a
nocienusss BosiHa reHepanmu OIIK mpoucxoautr ot Emx1™ mpesinecTBEeHHUKOB B
JOpCabHOM 3apoIbIieBOM 30He mocie poxxacHus (Kessaris et al., 2006). OITK o0br4HO
xapakTepu3yercs skcnpeccueit Takux reHoB kak NG2, PDGFRa, Oligl, Olig2 u Sox10
(Britsch et al.,, 2001; Takebayashi et al., 2002; Rivers et al.,, 2008). OIIK
nponudepupyrot, MmurpupyrotT 1o Bceit [THC, a 3arem, mo mepe nuddepeHnupoBku u
CO3pEBaHUs, MPETEPIEBAIOT Psi CTPYKTYPHBIX M OMOXMMUUYECKHX M3MeHeHu (Spassky
et al., 1998). B xone atoro mpouecca kierku Tepsitor OIIK-cnenuduueckue Oenku u
HAaYMHAIOT AKCIIPECCUPOBATH MOBEPXHOCTHBIE AQHTUTEHBI, TaKue Kak

onuroAeHApounTapupli  anturen  O4, onuroaenaporurtapHas CNP  (2°,3’-
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MUKIIOHYKJIeoTH -3 -hochoamdcrepaza) 1 MBP (ocHoBHOM Genok muenmna) (Dimou,

Gotz, 2014).
2.1.3. Hetipocenes 60 83pociom mo32e MAeKONUMAOUWUX

Bo B3pocioM  Mo3re  MJIEKONUTAIOMIUX  HEUpPOreHe3  NPOUCXOIHUT B
CyOBEHTpUKYJsipHOM 30HEe OokoBoro xkemynouka (CB3) u cyOrpanymnsipHOil 30HE
syouaroit m3BwmHB Tunmokammna (CI'3) (Kempermann et al., 1997; Imayoshi et al.,
2008). bpio mokazaHo, 4TO y HEKOTOPBIX BUJIOB, HAIIPUMED, Y TPHI3YHOB, HEHPOTEHE3 B
JIAHHBIX O0JIACTSX aKTUBEH Ha MPOTSHKEHUU Bcell sku3HM (Altman, 1965; Altman, Das,
1969). Bompoc o cymectBoBanuu aktuBHbIX HCK W reHepannn HOBBIX HEHMPOHOB B
MO3T€ B3pOCJIOTO YeJI0OBEKa OCTACTCS OTKPBIThIM. Ha ceroaHsHmii IeHb UMeeTCss MHOTO

pa3IMYHBIX IPOTHBOPEYMBBIX TaHHBIX Ha 3TOT cueT (Boldrini et al., 2018; Sorrells et al.,

2018; Moreno-Jimenez et al., 2019).

B CB3 u CI'3 pacnonoxenst HCK, mpeacraBieHHbIe KIeTKaMH, MOJA0OHBIMU
KJIeTkam paauanbHoi riauu. Kak u PI” kneTku pa3zBuBaromerocs 3MOpUOHaIbHOTO MO3Ta,
HCK B CB3 u CI'3 xapakTepusyloTcs TakuMu Mapkepamu, kak Pax6, Glast, Nestin,
Vimentin, Hes5, Blbp (Fabp7), Aldh1L1, Sox2 u ¢yHkimoHaibHO 1 MOPGHOIOTHIECKH
MOXO0KU Ha acTpouMThl, X0TsA uMmu He saBisitores (Ferri et al., 2004; Urban, Guillemot;
2014). DTu KIETKH TakKe CIOCOOHBI M K CHMMETPUYHBIM, U K aCUMMETPUYHBIM
JEJICHUAM, HO OTiIn4arTcs oT PI' KIIETOK CKJIOHHOCThIO UMEHHO K CHMMETPUYHBIM
JeJeHusIM U 0oJiee HU3KOU mposirdepaTuBHON akTUBHOCTHIO (Simons, Clevers, 2011;
Obernier et al., 2018). Kak u PI' knerkn, HCK B CB3 u CI'3 Takke NOpOSBISIOT
IE€TEPOreHHOCTh B OTHOIICHUU CBOETO MPOUCXOXKICHUSI U TUTIOB KJIETOK, KOTOPHIM OHU
JTAI0T HAyaIo.

HCK B CB3 Ha3bIBatOTCA KJIE€TKaMU TUMA B ¥ COCTOAT U3 ABYX MOXOXKHUX APYT HA
apyra nonyJsiiui: kietok Bl u B2. [Ipu aTom kiietku B2 SBIAIOTCA MOTOMKaMu KIIETOK
B1 (Obernier et al., 2018). Knetku tuna B penko nensitcs 160 caMOOOHOBIISISICH, JTHOO
JlaBasi Ha4yaJlo MPOMEXKYTOYHBIM MPOIU(GEPUPYIOIIUM MPEAIIECTBEHHUKAM HEHPOHOB,

uMmenyeMmbiM TAC (Transit-Amplifying Cells) unu C-xknetkamu (Doetsch et al., 1999)
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(Puc. 2). Knerku tumna C xnetku mogo6usr HIITIK B sMOprnoHaIbBHOM HEWporeHes3e u
CIIOCOOHBI K HECKOJIBKUM CUMMeETpuuHbIM feneHusMm (Ponti et al., 2013). 91o GFAP- u
Vimentin-orpumarenbHble KJICTKH, KOTOPBIC XapaKTEpHU3YIOTCS JKCIpeccHuell T'eHOB
TaKUX TPAHCKPHUIIIIMOHHBIX (pakTopoB, kak Ascll (Mashl), Pax6 u DIx2 (Doetsch et al.,
1997; Ponti et al., 2013). Knetku tuna C, B CBOIO o4epeib, JAIOT Ha4ajao Helpooiactam
(xknetkam THma A) (Lois et al.,, 1996). HeiipoOiacTel sBIAIOTCS OIMKANIIAMU
NPEIIECTBEHHUKAM HEHWPOHOB, HO BCE €Ill€ MMEIOT CIOCOOHOCTh K HECKOJIbKUM
nenenusm (Ponti et al., 2013). DtoT Tunm kieTok ocraercs Nestin-moaoKuTeaIbHbIM U
GFAP u Vimentin-oTpuuaTenbHbIM, HO OTJIMYAETCA OT CBOMX MPEAIIECTBEHHHKOB
DKCIIPECCUEN TOJUCUIUIMPOBAHHON MOJIEKYJIbl KJIETOYHOW HEWPOHAIBHOM aJare3uu
(PSA-NCAM), madnkoptuna (DCX) u TuJl- (B-Ill-ty0oynuua) (Doetsch et al., 1997;
Francis et al., 1999). ¥V 0onpIIHHCTBA MICKOIUTAIOIIMX, B T.4. MBIIIH, HCHPOOIACTHI
[EMOYKOM  MUTPUPYIOT B  00JacTb OOOHSTENBHOW  JIYKOBUIIBI, TlIe€ 3aTeM
mudGepeHIUPYyIOTCS B HHTEPHEUPOHBI, KOTOPBIE CITOCOOCTBYIOT Pa3IMUCHUIO 3araxa u
accolanuu «3amax-sosHarpaxkzacaue» (Doetsch, Alvarez-Buylla, 1996; Grelat et al.,
2018). IIpu »stom kierku Bl uMeEOT pervoHanbHble MATTEPHBI HKCIPECCUU
TPAHCKPUIIIMOHHBIX (HaKTOPOB, AaAHAJIOTHYHBIE TEM, KOTOpbIE HAOMIOAAIOTCS MPHU
AMOPUOHATILHOM Pa3BUTUM, W B 3aBUCUMOCTH OT PACMOJOXKEHHUS TEHEPUPYIOT IIO0
MEHBIIIEH Mepe IECATh PA3TMYHBIX IMOATUIIOB HHTEPHEUPOHOB OOOHSATEILHOMN JTyKOBHUIIBI
(Delgado, Lim, 2015). Kpome Toro, kierku Bl B CB3 Takxke mnpoaynupyot
OJIUTOCHIPOLIUTHI U uX mpenmectBeHHUKoB (Nait-Oumesmar et al., 1999).
PT'-monpo6ubie HCK B CI'3 Ha3bIBalOTCS KJIETKaMH TUIA 1, B HUX JETEKTUPYIOTCS
Takue Mapkepsl, kak Pax6, Nestin, Blbp, Sox2 u ap. DT ki1eTKH, Kak ¥ KJIeTKH Tuia B B
CB3, vacro paccmarpuBatot kak nokosimuecs (Urban et al., 2016). Ouu npereprieBaroT
penaKrMe CHUMMETPUYHBIE WJIM aCUMMETPUYHBIC JIeJICHUS W JalT  Havalio
poJudepupyOMUM MPOMEKYTOUHBIM MPOTEHUTOPHBIM KJIeTKaM (KJIeTKaMm Tuma 2),
ananornuabiM kietkam tuna C B CB3 (Filippov et al., 2003). Knerku tuna 2 aenarcs
CUMMETPUYHO, CaMOOOHOBIISIAICH WM TeHepupys HeWpoOmacTel (KiIeTku Tuma 3)
(Goncalves et al., 2016) (Puc. 2). HeitpoGaactel co3peBatoT 1 momumo DCX HaunHaroT

AKCIIPECCUPOBATh MapKep 3penbix HelpoHOB NeuN u Kanmbluid CBSI3BIBAIOIINN OEI0K
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KanbONHIMH. OHU MUTPUPYIOT B TPAHYISAPHBIA CIIOM 3y04aTON M3BHIIMHBI TUIITIOKAMIIA.
Korma monoable HEMPOHBI TOCTUTAIOT KOHEYHON TOUKH, HAUMHAETCS] POCT JIEHIPUTOB U
aKCOHA B HANPaBJICHUU K MOJIEKYJIIPHOMY CJI010 B HampasieHuH K oo CA3 (Sun et al.,
2015). beuio mokazano, uyto y B3pocibix IpbizyHoB HCK B CI'3 npator Hauwano
BO30Y>K/IaIOIIMM HEMPOHAM, KOTOPhIE MOTYT OBITh BOBJICUEHBI B (POPMUPOBAHUE MAMSITH

u ciocoOHocTH K 00ydenuro (Ming, Song, 2011).

3M6p. PI K/1€TK3 HIMK HelpobaacTbl HEMPOHBI
HEWpOreHes
CB3 0 —> e -
NHTEPHEMPOHBI
KNeTku Tuna B KneTku Tnna C KNeTku Thna C 0BOHATENBHOI YKOBULLbI
— L = ——
cr3
HelpoHbI rpaHyNAPHOTO
KneTku Tuna 1 KNETKM TMNa 2 KNeTKM TMna 3 €08l 3y64aTON U3BUMMHBI

rMnnoKammna

Pucynox 2. CxemaTuueckoe MpeJCTaBlIeHHE HeHpoHaidbHBIX BeTBel muddepeniuposku HCK B
HEHPOTreHHbIX HUIIaX B3POCIOro MO3ra M UX COMOCTABIIEHUE C SMOpUOHAIBHBIM Helporenezom. CB3 —
CyOBEHTpUKYJsIpHasi 30Ha OOKOBBIX kenyaoukoB, CI'3 — cyOrpanynspHas 30Ha 3y0uaToil M3BUIMHBI
runnokammna, PI" — knetka pagnansHoit riun, HIITIK — HeifiponanbHas npoMeKyToYHasi IPOr€HUTOpHAs

KJICTKA.

2.1.4. Kommponv akmuenocmu HCK
Xotst HCK u cniocoGHBbI K JymuTensHOMY (HO He O€CKOHEUHOMY ) CAaMOOOHOBIICHUTO
U reHepauun Oojee IudGepeHIUPOBAHHOTO TMPEAIISCTBEHHUKA HEHPOHOB JHMOO

NpCAIMCCTBCHHUKA aCTPOIHUTOB /U OJIMTOACHAPOIIMTOB, 6OJ'H>H_IYIO 4aCTb BpPCMCHU
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OHM HaxomgTcs B mokosmiemMcs coctosgauu (Calzolari et al., 2015; Urban et al., 2019).
NMeHHO 3TO COCTOSIHME CIOCOOCTBYET COXpaHEHUIO Au(depeHIIMPOBOYHOTO
noteHnuana HCK u obecniedeHnto pe3epBHOTO MTyJia KJIETOK J1JI1 HEUPOTeHe3a B TCUEHUE

Bceit sxu3HM )kuBoTHOTO (Ribeiro, Xapelli, 2021).

AxtuBHocTh HCK KOHTposnmpyeTcs: pa3iudHbIMUA (akTopamMu, B TOM YHCIIE
CUTHaJIaMHU HelporeHHoi Huinu. HeilporenHas Huia — crneurduyueckass MUKpOCpena,
okpyxkatomas HCK, Bkiatouaromiasi B ce0s1 pa3iMuHbIe KIETOYHBIE MOMYJISIIUN, 4 TAKKe
BHEKJICTOYHBI MAaTPUKC, CUTHAJIbHBbIC (PAKTOPbl KOPOTKOTO M JaJbHEro JEeUCTBUS
(KOTOpBIE MOTYT TIOMAaaTh B HUIIY W3 KPOBEHOCHBIX COCY/IOB) M MEKKJICTOUHBIC
koHTakThl (Alvarez-Buylla, Lim, 2004). Cpena numm perymupyetr coctosiuue HCK,
yAEPKUBASI UX B COCTOSTHUU TIOKOSI WJIM >K€ TepeaaBas CUTHAIBI JJI MX aKTHBAIUU.
CurHanel OT HEWPOTCHHOM HUIIM TaKXE OKAa3bIBAIOT BIHMSHUE HAa KICTOYHYIO
mudpepeHIupoBKy, Aenas 3TOT MPOIECC CHeNUGUYHBIM JJii KOHKPETHOTO PEruoHa
(Alvarez-Buylla, Lim, 2004; Ribeiro, Xapelli, 2021). Konrpons aktmBHOcTH HCK

HanOoJIee BaKeH UMEHHO BO B3POCJIOM MO3rIc.

OgHrMHM W3 KIFOYEBBIX BHYTPEHHUX peryssitopoB cocrossaus HCK sBisrorces
paznuunbie ¢pakTopsl Tpanckpurnimu (Td). Hanpumep, Obu10 mokazaHo, YTO IKCIPECCUS
NFIX Obuta moBbimeHa umeHHo B nokosimmxcds HCK, a ero rumepskcnpeccusi B
nponudepupyromux HCK npuBoauna Kk 0CTaHOBKE KJIETOYHOTO IUKJIA 0€3 WHAYKITUU
mudpepernmporku (Martynoga et al., 2013). NFiX — 3To TpaHCKpHUIIIMOHHBINH (akTop,
KOTOPBI KOHTPOJIUPYET SKCIPECCHI0 TE€HOB OEIKOB MEXKKIETOYHOIO MAaTpPHKCA,
PEEnTOPOB K MEXKJICTOYHOMY MATPUKCY, OCJIKOB KJIETOUYHOW W MEXKKIECTOUHON
aare3un. Takum oOpazom, nepexon HCK B cocrosiHue mnokos BKIOYaeT B ceds
W3MEHEHHE UX aATe3UH K MEXKIETOUHOMY MaTPUKCY ¥ COCETHUM KJIIETKaM, Kak 3TO ObLIO
npeanonokeno panee (Kazanis et al., 2010). B mommep:kaHuu ITOKOS TaKXKe
3ageiictBoBaH T® REST. OH uHrubupyer OuoreHes puOOCOM, KJIETOYHOE JICJICHUE U
OKCIIPECCHIO TPOHEHpanbHbIXx reHoB (Takumx kak Ascll, NeuroD1), a Takke reHos
BHeKkJIeTouHoro matpukca (Gao et al., 2011; Mukherjee et al., 2016). [Tepenaua curaanos

BMP Ttaxke cnocooctByer mnokosmemycs coctosHuio HCK HeMporeHHbIX HUII


https://www.sciencedirect.com/science/article/pii/S156816372100194X?via%3Dihub#bib0640
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B3pOCJIOTO MO3Ta, HECMOTPS Ha TO, 4TO B SMOpPHOHAIBLHOM HEHpOoreHe3e mepenadya
curHasioB BMP kputnuecku BaxHa s nponudepanuu (Urban, Guillemot, 2014).
[Toka3zaHo, uro HapyueHue nepenayn BMP npuBonut k upe3aMepHoil nposmdepanuu u
ucroniennto nyna HCK runmokamma (Mira et al., 2010). Tak, BMP4 cnocoGcTByer
HKCIIPECCUU TE€HOB CeMeNCcTBa MHTHOUTOPOB AU OEpEHIMPOBKUA, KOTOPHIE, B CBOIO
ouyepe/b, UHTUOUPYIOT aKTUBHOCTH TPAHCKPUMIMOHHBIX (pakTopoB bHLH, B T.4. Ascll u
Olig2. Ascll sBisietcst peryssitopoM Heiiporenesa (Castro et al., 2011). B nokosimuxcst
HCK on nopaBnen, Ho npu nepexojne HCK B akTMBHOE cOCTOSIHUE OH CHOCOOEH
MIOBTOPHO JKCIPECCHUPOBATLCSA U CIOCOOCTBOBaTh MX mposudepanuu (Andersen et al.,
2014). B aktuBabix HCK Ascll mocrteneHHO MOABepraercs Aerpagalii, YTO B MTOTE
nepesoaut HCK oOpatHo B cocrosiHue nokost (Urban et al., 2016). Oxaum u3 haktopos,
nojepxuBaroux aktuBHyto nponudepanuo HCK sBasercs Sox2. U3BecTHO, yTO
Sox2 skcmpeccupyercs B HOposdepUpyONINX HEHpOHAIBHBIX MPEAIIeCTBEHHUKAX
AMOPHOHATILHOTO MO3ra U HeMporeHHbIX 30Hax B3pocioro mosra (Ellis et al., 2004). Orot
(dakTop NONABISET CUTHAJIbHBIE IyTH, BEAYLIME K TIOKOIO, ITyTE€M TIOBBIIIECHUS
sKkcnpeccun saepHoro pernenropa Tlx (Shimozaki et al., 2012). CHD7 ygactByer B
nojaepxanun nonyiasaunu nokosimuxcest HCK mytem pemonenupoBaHusi XpoMaThHa B
OTIpE/IETICHHBIX T€HETUYECKUX MECTOIOJIOKEHUAX, objeryas JocTyn Ju00 K TeHam
KJIETOYHOTO IIMKJIa B TOYKE BBIXOJIa M3 COCTOSIHUSA MOKOSI, JINOO K IPOHEHpaIbHBIM FeHaM,
takuM Kak SOx4 u Sox11 (Feng et al., 2013). Ilokosmmecs HCK ornuyaroTcst ot
AKTUBHBIX HE TOJBKO TO SKCIPECCHH T€HOB, HO M MO METa0OINYECKOMY MPOQHIIIO.
Hanpumep, B aktuBHbiXx HCK 1O CpaBHEHHIO C MOKOSIIMMHUCS YBEIWYCHBI YPOBHH
majoHui-KoA, koropeie cuHTesupyetrcs u3 anetwi-KoA depmentom amnerun-KoA
kap6oxkcunazoit (Knobloch et al., 2017). AKTUBHOE COCTOSIHUE CBSI3aHO C CHHTE30M OeJika
U MHULUUPOBAHUEM AUPPEPEHUNPOBKH, B TO BPEMs KaK COCTOSIHHE MOKOSI CBSI3aHO C

BBICOKMM TJIMKOJMTHYCCKAM M aunuaHbiM Metaboamsmom (Llorens-Bobadilla et al.,

2015).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chd7
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proneural-genes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proneural-genes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proneural-genes
https://www.sciencedirect.com/science/article/pii/S156816372100194X?ref=pdf_download&fr=RR-2&rr=788cc4068dee7b7b#bib0415
https://www.sciencedirect.com/science/article/pii/S156816372100194X?ref=pdf_download&fr=RR-2&rr=788cc4068dee7b7b#bib0415
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2.2. CuznanvHole nymu, 3a0eiiCme08anHble 8 HellpozeHe3e

B nacrosiiiee BpeMs MexaHU3Mbl HEMpOTeHEe3a MIIEKOITUTAIOIIMX U B OCOOEHHOCTH
YeJloBeKa JI0 CHX TMOp OcTaroTcd HescHbIMU. OcTaeTcss MHOIO BOIPOCOB O
MOCJIEIOBATEIBHOCTSIX ~ HEUpOHAIbHOM U (EpeHUUpOBKY U JUHUAX  KIIETOK-
MPEAIIECTBEHHUKOB, 0 mpoucxoxaeHun u paziauuusx tunos HCK. Tem He mMeHee Ha
CETOIHSIITHUMN JIEHb W3BECTHBI HEKOTOPHIC (PAaKTOPHI U CUTHAIIBHBIE ITyTH, BOBJICYCHHBIC

B HEUPOTEHE3.

Notch-curHajauHr  sBISETCS  OJHUM M3  MEXAaHHW3MOB  IMOJJIEPIKAHHUS
camooOHOBiIeHHsT HCK © MX WIAEGHTUYHOCTH, a TakKe€ KOHTPOJII HEUpOHAIbHOU
nuddepennupoBku. Ilpeanomaraercs, urto ocHoBHas (pyHkuus nyta Notch B HCK
3aKJII0YaeTcsl B NOAJEpPKAaHUM HMX NpoiudepaTUBHOTO W Heau(depeHUupPOBaHHOTO
cocrosinug (Kageyama et al., 2008b). AxruBarus penenropa Notch na HCK npoucxoaut
IIpH €ro B3aMMOJCHCTBHUM C JIMraHaaMu, Takumu kKak Jaggedl, Delta-like 1, 3, 4 (DII1,
DII3, DIlI4), pacnofio)XeHHBIMH Ha KJIETOYHBIX MeMOpaHax OKpYXKaroIux KieTok. B
npoliecce HeWporeHesa MPOAYKThI MPOHEHpalbHBIX I'eHOB, Takux kKak ASCIl (Taxxke
n3BecTHbI kak Mashl) u Ngn2, zamyckaror sxcnpeccuro aurangoB DI, DII3 w/mmm
Jagged] Ha kierouHol MemOpaHe HEWpalIbHBIX MPOTEHUTOPHBIX KJIETOK M uX Oosee
i pepeHInpPOBaHHBIX TOTOMKOB. JIUTaHAbI B3aUMOJIEHCTBYIOT C TPAHCMEMOPAHHBIMU
Notch-penenropamn Ha HCK, aktuBupyst Notch-curnammar (Lindsell et al., 1996;
Kageyama et al., 2008b). B cBoro ouepensn, aToT myts naaynupyeT B HCK akxcnpeccuto
TEHOB OCOOBIX TPAaHCKPUMIIMOHHBIX (DAaKTOPOB — OCHOBHBIX CIHPATBbHO-TIETICBBIX
(bHLH) daxTopoB — Hes1 u Hes5. Hesl u 5 nogaBansitor skcnpeccuto urangos Notch u
MPOHEHUPATBHBIX  TPAHCKPUIIIMOHHBIX  (DAaKTOPOB,  BBI3BIBAS ~ MHTHOWPOBAHUE
HelpoHaNbHON MU GEepeHIMPOBKA W TOIACpKAHUE CTaTyca MPOTEHUTOpa KIIETKU
(Ohtsuka et al., 1999). Takum oOpa3zom, KJIE€TKa MPEIOTBpAIIACT TpaHCHOPMAIHIO
COCEIIHEW KJIETKH B KJIETKY TOTO K€ THMa. DTOT MEXaHU3M Ha3bIBACTCS <«IaTepaIbHBIM
MHTMOMPOBAHMEM» W Y4YacTBYeT B TOJJEPKAaHUM pa3HOOOpas3usi KieTok (Artavanis-
Tsakonas et al., 1999). Te kieTku, KOTOpbIE UMEIOT BBHICOKYIO SKCIPECCHUIO JTUTaHAO0B

Notch u nmpoHelpalbHBIX T'eHOB, OyayT mojaBeprarbcs AudPepeHIInpOBKe, a KIETKH,
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skcrmpeccupyromue Notch-penienTop U  uMerome akTUBHYIO Tmepeaayy Notch-
curnanuzanuu, ocranytcst HCK (Kageyama et al., 2008b). Kpome Toro, B3aumoiericTpre
mexnay aurangamu Ha HIIIIK u Notch-penentopamun va HCK QyHkumonupyer kak
MEXaHu3M OOpaTHOW CBs3H, mojiaepkuBaromuii cocrosue nokos HCK, tem cambim

npenoTBpaiias npexaespemenHoe ucromenue myna HCK (Imayoshi et al., 2010).

N3BecTtHO, uTo Jagl (Jaggedl) skcnpeccupyeTcsi aNeHANMAIbHBIMUA KIIETKAMU U
actporuramu CB3 B3pociioro rojoBHoro Mosra, skcripeccust DII1 3ameTHa B kieTkax
tuna C, a peuentopsl Notch skcnpeccupytores kinetkamu tuna B (HCK) (Stump et al.,
2002; Nyfeler et al., 2005; Basak et al., 2012). B CI'3 3yOuaroii U3BUJIMHBI TUIITIOKaMIIa
B3pocioro yenoBeka Jagl skcmpeccupyeTcss MPeuMyIeCTBEHHO aCTPOIIMTAMM HHIIIH,
xietkamu tuna 2 (HIIIK) u nefiponamu. B To ke Bpems akTuBHBIN Notch-curnanusr u
skcrpeccust HesS Bripaxkensl B kiietkax Tuna 1 (HCK), Ho oTCYyTCTBYIOT B KJIETKax THUIIA
2 (HIIIIK) (Stump et al., 2002; Basak, Taylor, 2009). YpoBuu 0enkoB Hes B kierke
KOJIEOMIOTCST ¢ 4acToToM 2-3 4. DTu KojeOaHusi, 0OyCIOBIEHHbIE MX COOCTBEHHOM
OTpULIATEIHLHON 00paTHOM CBSI3bIO U OBICTPOM Jerpaaaiueii, 00ecneunBalOT BPEMEHHbBIC
KOJICOaHHUs SKCIIPECCHU NpoHerpanbHbix TeHOB (ASCI1 u Ngn2), koTopbie MoaaBsSIOTCS
oenkamu Hes. bbuio mokaszaHo, 4To nepuoanyeckas skcnpeccust Hesl npucyrcTByeT B
mudpepeHIUpyONIMXCsl CTBOJIOBBIX M TMPOTCHUTOPHBIX KJIETKAX, a IMOCTOSTHHAs
sKkcrnpeccus xapakrepHa s camooonosisromuxcss HCK (Imayoshi et al., 2010; Shimojo
et al., 2011). UuTtepecHo, uto 3¢ dexT oT Ascll 3aBUCUT OT XapakTepa ero IKCIPEeCCUH:
KojebaTrenbHass ~ JOKCIPECCUs  CIOCOOCTBYyeT — mpoiudepalud  HEUpPOHAIBHBIX
NPEAIIeCTBEHHUKOB, B TO BpeMsl KaK €ro craOujbHas »dKcIpeccHs, HaoOOopoT,
uHayuupyet auddepenuupoBky (Imayoshi et al., 2013). Bo B3pociiom roloBHOM M0O3re
skcrpeccust Ascll wHe nerektupyercss B mokosmmxcs HCK, HO ero muHamudeckas

sKcrpeccus HabmogaeTcs B HekoTopbix akTuBUpoBaHHBIX HCK (Andersen et al., 2014).

WNT-B-kaTenuHoBblii nyTh (KaHoHuYeckuid myTb WNT) yuactByer B
perymsiiuu nposmdepanyu, nuddepeHimpoBke u murpanuu kietok (Clevers, 2006). B
yacTHOCTU, WNT-B-kaTeHMHOBBIN NTyTh BOBJIEUEH B HEUPOTEHE3 KaK 3MOPHUOHAIIbHBIH,

TaK U MOCTHATAJIbHBIN, 1 B3pocibiii (Wrobel et al., 2007; Varela-Nallar, Inestrosa, 2013).
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B-KaTeHWH — aKTHBATOp CIEIUAIbHBIX TPAHCKPHUIITMOHHBIX (akTopoB. B oTcyTcTBHE
WNT-curnanuzanuu [IUTOIJIA3MATUYECKUM  [-KaTeHUH CBSI3aH C  KOMILUIEKCOM,
COCTOSIIIIUM M3 OCJIKOB aJIeHOMaTO3HOUM noumo3Hou nanouku (APC), mpoTenH-KuHa3bI
GSK-3 u 6enka Axin, KOTOpbIE CIIOCOOCTBYIOT YOMKBUTUHUPOBAHUIO U Jerpajaiuu [3-
kareHnHa. B pesynprare B3aumopeiictBus WNT-nmuranma ¢ penenTopHbIMU
komruiekcamu  Frizzled-LRP5/6 wa moBepxHoctH kietku mpoucxoaut Dishevelled-
ornocpenoBanHoe pazpyuieHue komiiekca APC-GSK-3-Axin, HakorieHue -KkaTeHuHa
B IIMTOIIa3ME€ U €ro MEPEeHOC B SAPO, T OH 3aIyCKAeT DKCIPECCHI0 T€HOB-MHUIIICHEH
WNT (MacDonald et al., 2009; Li et al., 2012). Kanonunueckuii mytb WNT MoKeT uMeTh
paszable 3(h(EKTh B 3aBUCUMOCTH OT KJIETOYHOTO KOHTEKCTa W BPEMEHU Pa3BUTHS:
CI0COOCTBOBATh MOJACPXKAHUIO Tpoinudepani MpeAneCTBEHHUKOB W, HAa000poT,
muddepennpoBke B HeWpoHbl. Tak, BO BpeMs paHHEr0 HeHporeHe3a B KIIETKax
paguanbHOW MM cUTHaIbHbIM  myTh  WNT-B-karennHa cnocoOCTByeT — HX
CaMOOOHOBJICHUIO, TEM caMbIM TojjepxkuBas nonyisauuio PI' kierok (Wrobel et al.,
2007). B CB3 mo3ra B3pocioi Mbiu kaHoHndeckuii WNT-curnanunar 8 HCK u HITTIK
criocoOcTByeT ux nponudepanun, a 0opadotka Dickkopfl, HanpoTuB, momaBisieT 3TOT
nporiecc (Adachi et al., 2007). Onnako B 6onee nmo3auux HIITIK wmm PI” kanHoHnueckuii
WNT-cUrHaJIMHT CTUMYJTHPYET Iporpeccuto ux audGepeHInpoBKH B HEHPOHBI iN VItro
u in vivo (Hirabayashi et al., 2004; Munji et al., 2011). DtoT 3¢ dexT peanusyercs 3a cueT
TOTO, YTO [-KaTeHWH CMOCOOEH AaKTUBUPOBATH MPOMOTOPHI T€HOB IMPOHEUPATBLHBIX
TPaHCKPUNUMOHHBIX (hakTOpoB HelporeHnHOB 1 u 2 (Ngnl u Ngn2), NeuroD1 u Proxl1,
KOTOPBIE UTPAIOT POJIb B HEWPOHAIbHOU U PepeHIInpoBKe, a Takke B (POPMUPOBAHUU
CUHATCOB U co3peBanuu HelpoHoB (Hirabayashi et al., 2004; Kuwabara et al., 2009).
OpnHako mokaszaHo, uTo akTtuBaius NeuroD1 [B-kaTeHWHOM 3aBHUCHUT OT MPHUCYTCTBUS
TpaHCKPUMNIIMOHHOTO (akTopa Sox2, XoTa cam 1o cebe Sox2 cmocoOCcTByeT
nponudepatuBHoit  cmocooHoctu  HCK  w  uHrubupyer  HEMpOHATBHYIO
nuddepentiupoBky mnporenutopoB [[HC (Graham et al.,, 2003). Kpome Toro, ecrtb
npeanoioxenne, 4to WNT-B-KaTeHWH-CUTHAIMHT KOHTPOJUPYET MNPOH(Epannio U

nuddepenuiupoky HCK He Hanpsimyto, a yepe3 akTupaiuio Tpanckpumniuu Pax6 (Gan

etal., 2014).
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CurnanbHblii 0esok sonic hedgehog (SHH) wurpaer ponp B 3MOpuoHATBEHOM
GbopMHpPOBAaHUU IIEHTPAJIHLHOM HEPBHOM CHCTEMBI, PEryJIUPYyeT KIECTOYHBIA MK
HEHpaTbHBIX CTBOJIOBBIX M HEUPOHAIBHBIX MPOTEHUTOPHBIX KiIeTok (Dahmane et al.,
1999; Wallace, 1999). B wuactHocTH, curHamuar SHH xputhuecku BaxkeH s
KOPTUKOT€HE3a, MOCKOJIbKY OH YYaCTBYET B PETYJISAIMU Npoiudepalui KOPTUKAIbHBIX
HIIIIK (Machold et al., 2003). Curaanuzanust SHH Takoke BoBiaedeHa B mpoHQeparmio
u nogaepsxkanne HCK B3pocinbix CI'3 1 CB3 (Machold et al., 2003). bsiio nokasaHo, 4to
B TUIIOKaMII€ HOBOPOKIEHHbIX nepefava curHanoB SHH 3aBucur ot Sox2 (Favaro et
al., 2009). SHH peiictByer uepe3 TpancmemOpanHble peuentopsl Patched (Ptch). B
orcyrctBun SHH Ptch wunrubupyer tpancmeMOpaHHbli G-CBSI3aHHBIA pEIENTOP
Smoothened (Smo). IIpu cBsa3eiBanuu SHH ¢ Ptch npoucxoaut cusatre HHrMOMpPOBaHUS
Smo, KOTOpHIi, B CBOIO OYepeab, aKTUBUPYET TPAHCKPUIILMOHHBIE (DAaKTOpBI Ki1acca
nuHKoBbIX TanblieB Glil, 2 u 3, xoTopble W uHTEpnpeTupyroT curHaasl SHH B
3aBUCUMOCTH OT KOHTEKCTA, AEMCTBYS KaK aKTUBATOPHI WJIK PENPECCOPBI TPAHCKPHUIILIUU
pasanunbix TeHoB (Ruiz 1 Altaba, 1998). Beiio mokasano, uto sk3orenusiii SHH in vitro
i ero ceepxdkcrpeccust B CI'3 in Vivo criocoOCcTByeT mpoudepaluy mporeHUTOPHBIX
kierok (Lai et al., 2003). [lomaBnenne SHH-curnammuzanuu B kierkax CI'3 2-ro Ttuna
NPUBOAUT K CHIDKEeHUIO uX mponudepanuu. [loreps SHH-curnanuzamum BcneacTBue
yaanenus peuenrtopa Smo B B- u C-knetkax CB3 npuBOINT K UX MPEXKIEBPEMEHHOU

muddepenunponke (Balordi, Fishell, 2007).

KoctHbie Mmopdorenernueckue oeaxu (BMPs) — 310 hakTops! pocra, BXOASIINE
B MOATPYNIY CyHepceMelcTBa CUTHAIBHBIX JIMTAHJ0B TpaHchopMupymoiiero daxkropa
pocta B (TGFp). CymecrByer Oosbmioe konudecTBo BMP, neiicTByromux uepes
CBSI3bIBAaHUE C JAByMs ThUnamu peuentopoB BMP ¢ kumnaszHoi aktuBHOCTHIO: BMPR 1
TUIA, TPEACTaBJICHHbIC aKTUBUH-TIOA00OHBIMM KMHa3amu 2, 3 u 6 (ALK?2/3/6), u BMPR

IT tTuna (Massague, 1998; Hegarty et al., 2013).

B kanonmueckoit BMP-curnanmzanuum ydactBytor Oenku SMAD: peuenrtop-
perynmupyembie SMAD (SMAD 1, 5, 8), oomue meauatopusie SMAD (SMAD 4) u
uaruoutopasie SMAD (SMAD 6 u 7). AxrtuBauuss SMAD mnpoucxoauT mocie
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cea3biBanus BMP co ceonmu penientopamu: BMP-nurannel, ceaseiBascs ¢ BMPR tumna
I, akTUBUPYIOT HUX KHUHA3HBIE JOMEHBI, KOTOpblie (HOCHOPUTUPYIOT U TEM CaMbIM
aktuupyiorT BMPR Ttumna I. B cBoto ouepens, BMPRI (ALK2/3/6) dbochopunupyrot
SMAD-6enxu (SMAD1/5/8) (Heldin et al., 1997; Zhang et al., 1997). BMP-curnanuur
y4acTBYeT B PETYISIUU Pa3IMYHBIX MPOIECCOB HelpopazBuTus (mpoaudepanus,
mupdepennuposka, amonrto3) (Hegarty et al.,, 2013). Pempeccuss BMP-SMAD-
CUTHAJIM3AIIMU HEO0X0UMa JIJIsi IEPBUYHON MHAYKIIUU HEMPOHOB B HAMBHOM IKTOZEpPME
Bo Bpems 3mOpuorene3a (Hegarty et al., 2013). D10 mocturaercs MyTeM CHIDKCHUS
perymauuu - SMAD ¢  nomombio ¢aktopa pocta ¢dudbpodmacto (FGF) wu
uHcynuHonoao0Horo (akropa pocra (IGF) u, cooTBeTCTBEHHO, WHTHOMPOBAHUS
skcripeccun BMP4 u BMP7 u camoit BMP-curnaimzanun (Pera et al., 2003; Liu,
Niswander, 2005). Ilocime 3akpbiTusi HepBHOW Tpyoku BMP4 wim BMP7-
akTuBUpoBaHHbIE BMP-SMAD-curnaavar HeoO0X01uM JJ1sl UHIYKITUH HEPBHOTO IpeOHs
(Liem et al., 1995). Noggin sBisieTcss oCHOBHbIM uHruouropom BMP u perynstopom
BMP-curnammzanuu B Heliporerese (Smith, Harland, 1992; Pera et al., 2004; Bonaguidi
et al., 2008). Curnanuzauuss BMP-SMADI1/5/8 urpaer ponas B nuddepeHiupoBke,
CO3PEBAaHUU U CHECIUPUKANUA HEHUPOHOB B 3MOPHOHAIBHOW ILEHTPAIbHOW HEPBHOU
cucteme (Hegarty et al., 2013). BMP Takxke y4acTBYIOT B HEKOTOPHIX HEHWpaTbHBIX
mpoIreccax BO B3POCIOM MO3Te, HO MX JCHCTBHE MOXKET OBITh pa3UYHBIM B Pa3HBIX
ycnoBusix. Curnanuzanus BMP-SMAD nonnep:xuaer nokosieecsi coctosinue HCK
3yO4aToi M3BWJIMHBI THIIOKaMIIa, 0OpaTUMO CHIKAsl MPOJU(pepaluio U COXpaHss UX
HeauddepenunpoBanHoe coctostnue (Mira et al., 2010). C apyroi crtoponsi, BMP
y4acTBYIOT B nuddepeHIupoBKe HeWpoHOB. Takue mpoTuBOpeunBbie dHPEKTH MOTYT
o0BbsICHATBCS paznuuHoi skcnpeccueir BMPR u ux neiicrBuem: HCK skcnpeccupyror
BMPRIa, xotopeiii mnomaepxuBaeT ux HeaudepeHIIMPOBAHHOES COCTOSHHE, a
HeHpoOIacTsl U HeWpoHbI FKcnpeccupytoT BMPRIb, koTopslii cmocoOCTBYET OCTaHOBKE
nukia u quddepenuuponke (Mira et al., 2010). Kpome Toro, BepositHo, BMP moryt
OKa3bIBAaTh Pa3HOE JIEWCTBHE B 3aBUCUMOCTH OT KOHIICHTpaIuu. Takxke oKa3ajoch, YTO
BMP-curnammzanus aktuHa B HCK u B kitetkax tumna C Bo Bpems HeliporeHesa B CB3

B3POCJIOTO I'OJIOBHOI'O MO3ra, OJHAKO AJAHHBLIC IMPOTHBOPCYMBLI. beiio IIOKa3aHO, 4YTO
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ycwiienne curHanuzauny BMP B CB3 B3pociioit 0co0u NpUBOIMIO K HHTHOUPOBAHUIO
Heliporenesa In vitro u in vivo, a uHrn6ompoanue BMP ¢ momompio Noggin
criocoOcTBoBajo Herporenesy (Lim et al., 2000). B To xe Bpems naruouposanne BMP
nyteM nenernn SMAD4 unu no6asiernst Noggin mpuBoIniI0, HA000POT, K MOAABICHUIO

Helporenesa u aktuBaiuu onuronenaporenesa (Colak et al., 2008).

Hpyroii unen cynepcemerictea TGFB — Nodal, no-Buaumomy, ydacTByeT B
KOHTpOJIe crenupuKanuy HEHpOHATBHOW CyIbObl B 3MOPHOHAIBHOM Ppa3BUTHH.
Antaronuctsl Nodal — Leftyl u Cerberus-1, HeoOXomumbl JUisi HEWPOHAIBHOU
naTTepHU3ANMU TepeaHel dvactu HepBHou TpyOku (Perea-Gomez et al.,, 2002).
OtcyrctBue Nodal-curHanuzainuy  BbI3BIBACT MPEKIACBPEMEHHYIO HEUPOHAIBHYIO
muddepeHnnpoBKy kieTok snubiacta mpimu (Camus et al., 2006). Nodal cBsa3siBaeTcs
¢ oOnamaromMMKu KuHa3HOW akTuBHOCTHIO penentopamu TGFBR tuna I (ALK4/7) u 11
(axtuBuHOBBIE penientopbl ActRIla u ActRIIb), koTopbie aKTHBUPYIOT CUTHATBHBIHN Ty Th
SMAD 2/3 (Schier, 2003). ITyts TGF/Activin/Nodal Heo6xoaum 1151 caMOOOHOBIICHUS
OCK u noanepxanus ux miopunoreHTHocTH (James et al., 2005). [Tostomy naHHBIN

IyTh TOTCHIMAILHO HWHTHOMpYyeT HehpolakToaepMainbHyto auddepennupoBky ICK
(Vallier et al., 2004).

dakTopsl pocta pudpodaacToB (FGF) — 310 cemeiicTBO cUrHanbHBIX (PaKTOPOB
pocTa, MUTOTEHOB, KOTOPbIE, B YACTHOCTH, YYaCTBYIOT B SMOPHOHAIILHOM Pa3BUTHU
HepBHOM cuctemsl (Vaccarino et al., 1999). FGF neo6xoaumsl 11s nponudeparmn HCK
u g HehporeHesa. FGF2 skcnpeccupyercs Ha BCEX CTaAMSX Pa3BUTUSL MO3ra
(Kalcheim, Neufeld, 1990; Gomez-Pinilla et al., 1994; Raballo et al., 2000). FGF2
UHAYIUPYET TOpoiudepanuio  HEUPOINMUTEIHATbHBIX  KIETOK W HeHWpalbHBIX
MPEAIICCTBEHHUKOB,  BBIICICHHBIX W3  OMOPHOHAIBHOTO  CIOUHHOTO  MO3Ta,
teneHnedanona u mezennedanona meimm (Murphy et al., 1990; Raballo et al., 2000). A
BBefeHUEe dk3oreHHoro FGF2 B kemymodyku B3pOCIOro TOJOBHOTO MO3Ta MBIIIN
npuBoaniao k ycuienuto npoiudeparmn HCK u meiiporenesa B CI'3 (Rai et al.,
2007). Kpome Toro, FGF2 cniocoben ctumynupoBaTh BebkuBanre HCK B nmpucyrcrBun

uHcyauHonoaooHoro ¢akropa pocra-1 (IGF-1) (Drago et al., 1991). FGF2 raxke umeet
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JIOTIOJIHUTENbHBIE poi B Tu((EepeHIIMPOBKE U CO3PEBaHWU HEHPOHOB: B OTBET Ha
BBezicHre FGF2 Moo0/1p1e HEeHpOHBI IGMOHCTPUPOBAIIN YCHUIICHHBIH pocT AcHapuToB (Rali
et al.,, 2007). bemo mokaszano, yto FGF2 yuactByeT B HeHpOHAIBbHOW WHIYKIIUU
IUTFOPUITOTEHTHBIX CTBOJIOBHIX KjeTok in vitro (Kunath etal., 2007; Stavridis et al., 2007).
Heckonbko uccienoBaHuid Ha HM30JUPOBAHHBIX AMOpUOHANBHBIX M B3pocibix HCK
nokazanu, 9yto FGF2 wu smunepmaneneiii daktop pocra (EGF) cmocobctByror mux
nposmdeparuu (Reynolds et al., 1992; Vescovi et al., 1993; Gritti et al., 1996; Reynolds,
Weiss, 1996). Oxkazanock, uTo uyBcTBUTENHHOCTh K FGF mosiBisieTcs yke Ha craguu
HepBHOU 1utacTuHkM, a K EGF — Ha Oonee mo3aneil craguu. O6a ¢akTopa MOryT

HE3aBUCHUMO BBI3bIBaTh paHHIO0 npoiudepanuto HCK (Tropepe et al., 1999).

2.3. IInrwopunomenmmuovie cmeonoevle KiemkKu Kak UCHOYHUK 0134 NOJIYYEeHUSA
HelpanbHbIX KyJabmyp in vitro
Hawubonee noaxonsmum uctouHukoM s nmonyderans HCK w/wnm HedipoHoB in
VItro siBiisseTcs KyJabTypa IUTFOPUIOTEHTHBIX CTBOJIOBBIX kietok (IICK). TICK
XapaKTEPU3YIOTCS IJIUTEIBHOM COCOOHOCTHIO K CAMOOOHOBJIEHHIO U MOTEHIIMAJIOM K

i pepeHInpoBKe B OO0 TUI KIETOK TPEX 3aPOJIbIIIEBBIX JIUCTKOB.

CymiectByer nBa ocHoBHbIX Tumna [ICK: smOpuoHaibHBIE CTBOJIOBBIE KIIETKH
(OCK) u unaynupoBaHHbIE TUTIOpUNIOTeHTHBIE cTBOJIOBBIe kieTku (MIICK). Otu aBa
tuna [ICK Bo MHOTOM CXO0H MEX]1y CO00#: MpodUIN SKCIIPECCHH TeHOB, MOp(hOIoTHs,
akTUBHOCTH Tesomepasbl U T.4. (Okita et al, 2007). Uctounukom DCK sBISIIOTCS KIETKU
BHYTPEHHEH KJIETOYHOM Macchl SMOpHoHa Ha ctaauu Osactouuctsl (Evans, Kaufman,
1981). Tlockonmpky mnomyuenne DCK CBsA3aHO € MaHUMYJSIUAMH C SMOPHUOHAMH,
noyueHue u ucnosibzoBanue ICK denoBeka 3aTpyAHEHO MO STUYECKUM COOOPaKEHUSIM.
UIICK ke MOoryT ObITh TOJY4EHBl MYTEM T€HETHYECKOTO MepernporpaMMUPOBAHUS
COMAaTHYECKHUX KIIETOK, M03TOMY OHM sABJIsit0oTCS anibrepHaTtuBoi DCK. Ilepseie UTICK
MBIIIIK ¥ YeJIOBeKa ObUIM MoJydeHbl U3 ¢GulOpodiiactoB B JlabopaTtopun SIMaHaku ¢
MIOMOIIIBIO PETPOBUPYCHOM TpaHcekiuu reHoB mropunoTentHoctr (OCT3/4, SOX2, C-
MYC u KLF4) (Takahashi, Yamanaka, 2006; Takahashi et al., 2007). B ato xe Bpems

rpynna y4eHsix, Bodrasisemast [x. Tomconom, nomyumna UIICK u3 ¢pubpobractos
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qelioBeKa, Hcroiib3ys apyroid Habop renoB (OCT3/4, SOX2, NANOG wu LIN28) u

JICHTUBUPYCHYIO mocTaBkKy (Yu et al., 2007).

B nanpheiimem TexHonoruu monmydeHus HWIICK  Oblii  HEOJHOKpATHO
ONTUMHU3HUPOBAHBI, YTO MO3BOJIMIIO MOJIyYaTh UX HE TOJNBKO U3 (HUOPOOIACTOB, HO U U3
JPYTUX THUIOB KJIETOK: KEPaTHHOIIMTOB YEJIOBEKa, KIETOK IMepupepruIecKorl KpPOBH
YeJIoBeKa, aJUIIOLUTOB, TeMaToOlUTOB, KIETOK >kemyaka W jp. Kpome Toro, Obuin
NPEVIOKEHbl  PA3JIMYHbIE METOJbl WHAYKIUU IUTIOPUIIOTEHTHOCTH KIIETOK 0e€3
HCIOJIb30BaHUs BUPYCHBIX BEKTOpoB, uTto ciaenano takue UIICK npuromnsiMu s

kierounoi tepanuu (Karagiannis et al., 2019).

HIICK Bo MHOrOoM siBiisitotTcst aHasioroM DCK. OHM UMEIOT CX0XKYH0 SKCIIPECCHUIO
I'€HOB CTBOJIOBOCTH, CKJIIOHHBI K 0Opa30BaHUIO TEPAaTOM U dSMOPHUOMIHBIX TEJIell, a MpHU
HHBEKIIMK B OJacToluCTy o00pasyroT xumep. OmgHako TpopuiId METHIMPOBAHUS U
skcnpeccuun reHoB DCK n UIICK HeckonbKO pa3nuyHbl, OHU TAKXKE MOTYT OTJINYATHCA
mexay UTICK pasmeix mmaHi (Doi et al., 2009; Nazor et al., 2012; Nishizawa et al.,
2016). Kpome Toro, kaxkaas JUHUS MOXET UMETh HWHJUBUAYaJIbHbIC OJMHOYHBIC

HYKJICOTU/IHBIC HOJ'II/IMOp(l)I/ISMBI, KOTOPBLIC MOI'yT BJIMATL Ha OKCIIPECCUIO I'CHOB M

nosenenne UIICK (Kajiwara et al., 2012).

2.4. Memoowt oughgpepenyupoeku Heiponos in vitro u3z naOPpUNOmeHmHbIX

CmeoJ106blX KiiemokK

Ipu paboTe Hax AAaHHBIM PA3JENIOM JUCCEPTALMH HUCIIONb30BAHBI CIENYIOIIHE MyOIUKAIMU aBTOPA, B KOTOPHIX, COrIacHO ITONOKEHHIO O MPHUCYXKASHHI
ydeHsIX cTeneneit B MI'Y, oTpaskeHbl OCHOBHBIE Pe3yJIbTaThl, MOJIOKEHHUS U BBIBOABI HccnenoBanus: Galiakberova A. A., Dashinimaev E. B. Neural Stem

Cells and Methods for Their Generation From Induced Pluripotent Stem Cells in vitro // Front Cell Dev Biol. — 2020. — Vol. 8. — P. 815.

Cy1liecTByeT MHOKECTBO pa3IMUHbIX MpoTokosioB auddepenunpokun HCK u3
[1CK. B 3aBucumoctu ot ycnoBuii onu fgatot Hadano HCK ¢ paznooOpa3HbIM crieKTpom
mudGepeHIUpPOBKH B pa3inHyuHble TUIBI HeWpoHoB u rimu (Watanabe et al., 2007,
Chambers et al., 2009; Kim et al., 2011; Fedorova et al., 2019). Hanpumep, B pe3ynbTate
UCITIOJIB30BaHUS OJTHUX MTPOTOKOJI0B noinyueHHbie HCK nuddepeniupyrorcs B HEHpOHbI

nepeHero Mosra (TeneHuedanndyeckue npeamectseHHuku) (Watanabe et al., 2007, Shi
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et al., 2012), B Apyrux — B IpeIICCTBEHHUKOB 3aHero mim cpeanero mosra (Koch etal.,

2009; Patani et al., 2009).

Paznuunbie monxoapl BkIOYalOT B cebs 2D wm 3D  KynbTUBHpOBaHHME,
KYJbTUBUPOBAHME HA MAaTPUKCE WU B KO-KYJIbTYpPE C UCIOIH30BAHUEM MAJIBIX MOJIEKYJI

u pakTopoB pocTa unu 6e3 Hux (Puc. 3).

KyabTtypa HCK
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MNcK BbicTpoe GpopmupoBaHme 3T SFEBq Mosrogble
opraHouas!

Pucynox 3. VmporineHHoe mpeacraBienue ooOmmx mnpuHimnos Heipounaykimu (Galiakberova,
Dashinimaev, 2020, ¢ u3menenusimu). HelipanpHas waaykums [ICK moxer mpoBoauthes B 2D
YCJIOBHSX (MOHOCIIONW M KO-KyJbTypa) Wi B 3D ycrnoBusix (SMOpuonIHbIE Tenbla). B To ke Bpems,
nanbHelmas reaepanus u/nian KynptusupoBanue HCK moryt Ob1Th JOCTUTHYTH B 2D MOHOKYNBTYpE
U KyJbType HelpanbHbIX po3erok uiud B 3D kymbrypax (SFEB u SFEBq, opranouasl mosra,
Heipocdepst). [ICK — mmopunorenTasie cTBosoBble KieTki; HCK — HelipanbHble CTBOJIOBBIE KIETKH;

OT — smb6puonanoe rensie; SFEB(q) — (6bicTpast) 6ecchIBOpOTOYHAS KYJIBTYpa SMOPHOUIHBIX TeJell.

Tak, 2D ko-kynbtuBupoBanne OCK co cTpoManbHBIMH KJIE€TKaMU B
OECCHIBOPOTOYHOM  cpefie  MPUBOAWIO K  TMOJYYEHUIO  HEHPOINUTETHATBHBIX

(HelpanbHBIX) PO3ETOK, JAeMOHCTpupyromue Hamuuue mapkepoB HCK (PAX6, SOXI,
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NESTIN u NCAM) (Kawasaki et al., 2000; Perrier et al., 2004). Fedorova et al. moryganu
HelposnuTenuanbHbie po3eTku pu 2D-kynpruBupoBanuu [ICK B HU3KOH MIIOTHOCTH Ha
0ecCchIBOPOTOYHOM cpefie 0e3 Bo3aercTBrs MaiasiMu MoJiekynamu (Fedorova et al., 2019).
3D kyneruBupoBanue [ICK B Buie aMOpHOUTHBIX Telel] B OECCHIBOPOTOUYHOMN Cpefie ¢
nobasnenrem FGF2 nmmubo 6e3 Hero Takke MOXHO HCIOJIh30BaTh B KaueCTBE METOJa
nonydernss HCK u neiipono u3 [ICK. Takoit merox momyunn va3Banus SFEB (serum-
free culture of embryoid bodies) (Nakayama et al., 2004; Watanabe et al., 2007; Koch et
al., 2009). Momudukanus merona SFEB (SFEBq) Bkirowaer B ceOst ObicTpoe (quick)
KOHTpOJHpyeMoe (pOpPMHUPOBAHUE IMOPUOUTHBIX TEJCIl B JIYHKAX ¢ KOHHYECKUM JTHOM

(Eiraku et al., 2008; Mariani et al., 2012).

Onnako SFEB u SFEB(Q B cpaBHEHUU C IpyTUMU HOIX0AaMU OKa3aJIUCh HE OUYEHb
3 ()EKTUBHBIMU METOJAMU TIOJIYYEHHS] HEWpaIbHBIX KYJIbTYpP WM OPraHOUOB.
HccnenoBanre HEMpAbHBIX KYJIbTYp, OMy4eHHbIX MeTo10M SFEB(Q U3 yenoBeduecknx
UIICK, nokazano HaduuyMe B HHUX 3HAYUTENBHOrO 4YHcia Heau(hepeHIUPOBAHHBIX
KJIETOK, Y TIOJICA/IKA TaKUX HEHUPAIbHBIX KYJIBTYP XMBOTHOMY MPUBOJNIIA K PA3BUTHUIO

teparom (Koyanagi-Aoi et al., 2013).

B 1menoM B HacTosiiee BpeMsi MOKHO YTBEpKIaThb, YTO B KA4ECTBE OCHOBHOIO
merona nonydeHuss HCK wu3 IICK ucnons3yercsi Tak Ha3blBaeMblidi METOJ JABOHWHOIO
unruoupoBanus SMAD (DAUL SMADi) ¢ uCHOiIb30BaHUEM MAaJIbIX MOJICKYJI-
UHruouTOpoB SMAD-curHanu3aiuu, KOTopslid BriepBbie ObuT pazpadboran Chambers u

ap. B 2009 rogy (Chambers et al., 2009).

2.4.1. Memoo ¢ DUAL SMAD uneubuposaruem

MCTO,Z[ OCHOBAH Ha I/IHFI/I6I/IpOBaHI/II/I MaJIbIMH MOJICKYJIaMHU JIBYX HYTCﬁ aKTHBall1

SMAD: Lefty/Activin/TGFB- u BMP-curnanbubix myteit (Puc. 4 A).
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Pucynox 4. ITpuanun padotst DUAL SMAD nnrunGupoBanus.

A — muddepenuupoBka [ICK npu umHrubmpoBanuu nByX nyred aktuBanuun SMAD-curnanuxra
(Imaizumi, Okano, 2021, ¢ u3MeHEHUSIMHU).

b — Mexanu3M MHrHOMPOBaHUS MAJIBIMM MOJIEKYJIaMU JIBYX IyTel aktuBauuu SMAD-curnanuira Ha

YPOBHE PELENTOPOB.

Lefty/Activin/TGFB-nyts mnpuBogut k axtuBauuun SMAD 2/3 curnaiuHra,
koTopbiii Hampasisier nuddepenmupoky [ICK B meszonepmy (Jones et al., 1995).
brnokupoBka peuenrtopoB mnsa Lefty/Activin/TGFB ¢ noMmomnipio MasibIx MOJIEKYJ
SB431542, LY364947 wmu REPSOX wunrubupyer SMAD-2/3-curHaiusr, 49TO
ciocooctByeT auddepenimponke [ICK B sxToaepmy (Smith et al., 2008). Haubosee
yacTo HUcnojib3yercss uMeHHo SB431542. Orta wManas MosieKysla HHTUOMpPYET
Lefty/Activin/TGFPB curnanunar nyrem OmoxupoBku (ochopunupoBanus ALK4/5/7-
penientopoB (penientopoB TGFP mepBoro tuma). B pesynsrate ALK4/5/7 xuna3wl He

criocoOHbI (hochopuIrpoBaTh U aKTUBUPOBATH CBOI cydcTpar — SMAD 2 u 3 (Inman et

al., 2002) (Puc. 4 B).

SB431542 B oauHouky cmnocodeH HampaBuTh [ICK B  HeipangbHytO

nuddepentupoBky (Smith et al., 2008), ognako >pdeKTUBHOCTH MpU ATOM OYAET HE
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oueHb BbIcOokas. [loaToMy B momoiiHeHHWE K WHTHOMpOBaHHUIO 3TOW BeTBU SMAD-

curHajauHra ¢ nomoinbio SB431542 nob6apmnstoT uHrnouTOophl BMP-crurnansHoro mytu

(Chambers et al., 2009).

BMP-curnanbublii myth padotaer yepe3 SMAD-1/5/8-curnanuur u Gi10KkupyeT
nocyenyonyo nuddepeHupoBKy 3KToAepMbl B HeliposkToaepmy (Wilson, Hemmati-
Brivanlou, 1995). IToatomy no6asienne Noggin 1160 manbix Mojiekys1 LDN193189 unu
Dorsomorphin mpuBoaut k noxasineHuto BMP-mytu SMAD-curnanuara Ha ypoBHE
petienitopoB BMPR I tuma (activin receptor-like kinase ALK?2/3/6) u, Takum obpaszom,
crocoOcTByeT nudpepeHunpoBke KiIeTku B HeiposkroaepMy (Chambers et al., 2009;

Kim et al., 2010; Zeltner et al., 2016) (Puc. 4 B).

HNHTepecHo, 4TO MO HEKOTOpbIM JaHHbIM Dorsomorphin pabotaet nyuiie, yem
Noggin, u yBenuuuBaeT BbbkuBaeMocTh kosonuit [ICK (Kim et al., 2010; Morizane et
al., 2011). Dorsomorphin npencrapisieT co00i HEOOIBITYI0 MOJIEKYTY, KOTOpasl Jierye
MIPOHUKAET B KJIETKH U, B oTuimune oT Noggin, uzduparenbno uarudupyer SMAD1/5/8
yepe3 cenekTuBHy0 010kupoBky ALK?2/3/6, ne Bnusia npu stom Ha MAPK p38 (Yu et
al., 2008a; Yu et al., 2008b). Ognako Dorsomorphin Bce ke 00jagaeT HEKOTOPHIMU
HeneneBbIMU - d(pdexrtamu, Hampumep, OH HHTuOupyer AMD-akTUBHpPYyEMYIO
nporenHkuHazy (Zhou et al.,, 2001). Manas wmonekyna LDNI193189 sBusercs

npou3BoaHBIM Dorsomorphin, Ho o6nagaet myumeit aktuBHOCThIO (Cuny et al., 2008).

B opurunansHom mnporokosne Chambers u np. kyastuBupoBaimu IICK Ha
HOKPBITHIX MaTpureieM vamkax lletpu B GecChIBOPOTOUHOM KyJNbTYypajdbHOU Cpelie ¢
nobasnenuem SB431542 u Noggin. [locne Heckonpkux AHeil Bo3aeiicTBusi Noggin u
SB431542, 9CK muddepennupoBanucy B SOX1, PAX6, ZIC1-mo3uTuBHYI0 paHHIOIO
HEHPOATIUTETHANBHYIO TTOMYJISAIUI0, CIOCOOHYIO K OpraHU3aIllii HEHpaTbHBIX PO3ETOK
(Chambers et al.,, 2009). D3rtor mporokon mokazan 80% 3hPEeKTUBHOCTH
muddepennuporku ICK u UTICK B PAX6-nonoxurtensasie HCK. B manbnetiniem stu
HCK B omnpeneneHHBIX YCIOBUSIX ObUIM CcrocoOHBI auddepeHupoBaTbcs B

nopaMUHEPTUYECKIEe HEMPOHBI, & TAK)KE B MOTOHEHPOHBI.
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JlaHHBI TIPOTOKOJ MPUOOPET MHOXKECTBO MOIU(PUKAINNA, ONTHUMH3UPOBAHHBIX
NoJ T€ WM WHbIE 3aJay, a TakXKe MOJI KOHKPETHBIC YCIOBUS KYJIbTUBUPOBAHUS B
KOHKPETHBIX J1aboparopusix. Hampumep, Morizane et al. ucrionp3zoBann DUAL SMADi
Ha OCK u UIICK, KynbTUBUPYEMBIX Ha CTPOMAIIbHBIX (PUAEpHBbIX KieTkax PA6 wiu B
BUJIC KYJIBTYPhI SMOPHOUIHBIX TEJIEl B OecchIBOpoTOUHOM cpene (Morizane et al., 2011).
Shi et al. cooOumin, uro goOaBiICHHE PETUHOUIOB K OPUTHHAIBHOMY MPOTOKOIY C
DUAL SMAD:I 3HauuTensHO noBbIcHIO 3G dekTuBHOCTE (> 95%) nuddepeHmpoBku
OCK u UIICK B Pax6-nozutuBHbie kopTukanbabie HCK u nporenutopusie knetku (Shi
et al., 2012). B HEKOTOpBIX HCCIIETOBAHUAX OJJHOBPEMEHHO C MAJIBIMU MOJIEKYJIaMU IS
DUAL SMADi noGapnsiiv paznuyHbie (akTopbl U BEIIECTBAa JJIA MATTEPHUPOBAHUS
HEeHpaNbHBIX KyIbTyp, Takue kak SHH, CHIR99021, FGF8 u mp. (Liu et al., 2013;
Nilsson et al., 2021). Kpome Toro, 6sutn pa3zpaboTaHbl CHEIUATbHBIE KOMMEPUYECKUE
Habopel s auddepenuuposku [ICK B HCK, koTopbie akTHBHO HCHOJIB3YIOTCS

yueHbIMH 10 BceMy mupy, Hampumep, PSC Neural Induction Medium ot kommanuu
Gibco (#A1647801) nmu xommannu Merck (#SCM110).

[Tocnenyroiue MaHUMYJISIUHN C KYJIbTypaMu, MOJIYYEHHBIMU C TOMOLIBIO METO/1a
¢ DUAL SMADi, MoryT ObITh pa3iIUYHbIMU. B LleTOM HMMEIOTCS NaHHbIE, YTO MIpPH
ucrnonbzoBanuun metoga ¢ DUAL SMADi, nonyuennsie HCK moryT craOuibHO
KyasTHBUpOBaThes A0 30-ro maccaxka (Chambers et al., 2009; Li et al., 2011; Reinhardt
et al.,, 2013). Jlna monyuenuss Oonee umcroit ymann HCK m ynaneHus ocraBHIMXCS
neauddepennmpoBanneix MIICK B  HekoTOpeix paboTax HeWpandbHbIE PO3ETKH
M30JUPOBAIIA U3 OOIIEH KYJIbTYphl U 3aT€M KYJIbTUBUPOBAIM OTAENIBbHO B 2D KynbType
umu B 3D Heipochepax (Puc. 3). DUAL SMADi Takke MOXHO MPUMEHSTh U K
AMOPHUOUIHBIM TEJIbIIAM C TIOCIIECAYIOIINM UX aare3upoBanueM Ha matpukce (Pauly et al.,
2018; Munoz et al., 2020). K nonxyuyenusim kynbrypam HCK 3atemM MOXHO 100aBISTH
pa3iuuHble BeulecTBa U (aKTOpPhI 7Sl UX HANpaBJeHHs B OoJiee crieluain3upOBaHHbIC
npenmecTBeHHUKU. Hanpumep, nobGasnenne mnypmopdamuna (aronucrta SHH-
curHanvara) unu camoro SHH mnpuBoguT k 00pa3oBaHUIO KIETOK MEAUAIbHOIO

TaHTJIMO3HOTO BO3BBIIICHHUS — MPEANIECTBEHHUKOB TOpMO3HbIX ' AMK-Heiiponos (Liu et
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al., 2013; Vigont et al., 2021). Bosneticteue onpenencHapiMu go3amu FGF8 na HCK,
nonydeHHbix u3 uenoBedeckux [ICK, ¢ mocnemyromum wmHruobupoBanuem Notch c
MOMOIIBI0 MHTHOWTOpa ramma-cekperasbl (DAPT) mo3Bomsiio mosiydaTh HEUPOHHBI,

AKCTIPECCUPYIONINE TUITOTATAMUYECKUI TOHAI0TPONUH-pHiIM3UHr-ropMoH (Poliandri et

al., 2017; Lund et al., 2020; Yellapragada et al., 2022).

CTOUT OTMETHUTH, YTO ISl MOTYUYECHUS KYJIBTYPhI 3pEJIbIX HEHPOHOB MPOTOKOJIBI C
HCIIOJIb30BaHUEM MAaJIBIX MOJIEKYJI, B 4aCTHOCTH, ITpoTokoil ¢ DUAL SMADI, 3anumarot

JIOBOJIBHO JyiutenbHoe Bpems (oT 21-30 queit u 6onee).

2.4.2. Memoovwl oughghepeHyuposKku ¢ nomMowbo 2UNEPIKCNPECcut mpancKPUNYUOHHbIX

¢axkmopos

B Hacrosimiee BpeMss Bce OOJBIIYIO NOMYJISPHOCTh HAOUPAIOT METO[BI
HanpasieHHoU quddepenimpoBku [ICK B Tak Ha3pIBaeMbIe WHAYITUPOBAHHBIC HEHPOHBI
IIpU TIOMOIIHM TPHHYAWTEILHOW aKTHUBAIMK WM SK30TEHHOW IKCIPECCHU B KIIETKaX
TpaHCKpHUITIHOHHBIX (hakTopoB (Pang et al., 2011; Zhang et al., 2013; Busskamp et al.,
2014; Sagal et al., 2014; Ng et al., 2021). [Tomumo nuddepenimpoku [ICK B xenaembie
TUNBl  KIETOK, THUIEPIKCIpPEcCHsl  ompeneneHHbix Td  wcmomedyercs s
tpancauddepeHnupoBkr  kiaerok Mexay Tumamu (Davis et al, 1987) wu
penporpammupoBannio comatudeckux kietok B IICK (Takahashi, Yamanaka, 2006;

Takahashi et al., 2007).

B 2011 romy wenoBeueckne DCK Obutn nuddepeHIupoBanbl B HEHPOHBI TIPH
nomortny runepakcnpeccun kokrersst Td: BRN2, ASCL1 u MYTLL (Pang et al., 2011).
[Tozxke cranmu nondbupats T, skcnpeccusi B IICK kotoppix crmocobHa B OAMHOYKY
3allyCTUTh HANpaBJICHHYIO HeHpanpHyo auddepeHupoBky. bbuto mokaszaHo, yTo
runepakcnpeccust reHa ASCL1, pgocrarouna piusi mosiydeHHs (YHKUIHOHATBHBIX
HEHPOHOB 13 GUOPOOIACTOB MBIIIHU U YeJIOBeKa, a Takxke DCK, uto yka3piBaeT Ha TO, 4TO

ASCL1 sBnsercs KiIr04eBbIM (PAKTOPOM HEPEPOrpaMMUPOBAHUS PA3IUYHBIX KIETOK B

Heiipons! (Chanda et al., 2014).
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Eme onHMM WHTEpeCHBIM TPaHCKPUMLIUOHHBIM (akropoMm sBisiercss ATOHL
(taxoke m3BecTHbI kak MATH1). ATOH1 npunagiexuT K nmpoHelHpanbHbIM (paKkTopam
tpanckpunimu cemerictea bHLH (Klisch et al., 2011). Ucxonno mansbpii hakTop OBLI
ormucad kak Td, HEOOXOMUMBIN A1 Pa3BUTHS U BBIKUBAHUS BOJIOCKOBBIX KJIETOK —
peLIeNTOPHBIX KJIETOK, PACIOI0KEHHBIX BO BHyTpeHHEM yxe (Bermingham et al., 1999).
Ho Beisicuunock, uto ATOHI sBasieTcs 0AHUM U3 KITFOUEBBIX PETYIISITOPOB HEUpOTreHes3a,
KOTOpbI HeoOxonuM Juisi IUPQGEpeHIIMPOBKH HE TOJBKO BOJIOCKOBBIX KJIETOK
BHYTPEHHETO yXa, HO ¥ Pa3IMYHBIX JAPYTUX THUIIOB HEUPOHOB, TAKMX KAaK TPaHYJISAPHBIC
HEHPOHBI MO3KEUKA, HEHPOHBI CTBOJA MO3Ta M MHOTOYMCICHHBIE KOMIIOHEHTHI
MPONPHUOIIENTUBHON ¥  HMHTEPOIENTUBHOM CHCTEM, a TakKe HEKOTOpble He-
HelpoHalibHbIe THIBI KJIeToK (Ben-Arie et al., 2000). bpuio noka3zaHo, 4TO 3K30reHHast
runepakcnpeccust ATOH1 moxer 3amporpammupoBath uenoBedeckue WIICK B
WHYIIUPOBAHHBIE HEHUPOHBI, KOTOPBIE OCTAIOTCA (PYHKIIMOHAIBHBIMU MPHU JJITUTEITEHOM

KynpTUBUpOoBaHuHM (Sagal et al., 2014; Ng et al., 2021).

CaMpIM  TIOMYJSIPHBIM ~ TPAHCKPUIIIIUOHHBIM  (AKTOPOM,  DK30TCHHAS
TUIEPIKCIPECCHS] KOTOPOTO UCTIONB3YETCs i HarpaBieHHOU nuddepennmrpoBku [ICK
B HelipoHsl, sBisieTcs HeriporennH 2 (NGN2) (Thomaetal., 2012; Zhang et al., 2013; Lin
et al., 2021; Schornig et al., 2021). NGN2 — oaun u3 4iIeHOB CEMECTBAa HEHPOTEHUHOB,
KOTOpOe TpencTaBisier coboi kiacc dakropoB tpanckpurnuuu bHLH, cmoco6HBIX

cBs3biBaThes ¢ JJHK mist perynsiunu tpanckpuniuy reHoB. CeMencTBO BKIIIOUAET B ce0s

Tpu pakropa: NGNI1, NGN2 u NGN3 (Bertrand et al., 2002).

br110 moka3aHo, YTO HEMPOTEHUHBI CIIOCOOCTBYIOT AU HEePEHITUPOBKE HEUPOHOB
MyTeM WHTHOWPOBAHUS TIIMAJBLHOTO HampaBicHUS JAUPGEPESHIIUMPOBKU, WHIYKITUU
Kackaga maHHeupoHHBIX (akTopoB B HCK, a Takke crmocoOCTBYs WX BBIXOIY W3
kierounoro nukia (Farah et al., 2000; Sun et al., 2001). B neiiporenese moctostHHas
skcrpeccusi NGN2 criocobcTByeT nudpepeHImpoBke HEMPOHOB, TOT/Ia KaKk BpeMEHHas
ociwuisiTopHas  akcnpeccuss  noanepxkuBaer HCK B HeguddepeHmpoBaHHOM
coctostHuu (Shimojo et al., 2011). bosnee Toro, HeipoHanbHas nuddepeHIpPOBKa OTHON

KJIETKH HHrubupyer aud@PepeHIrpOBKY COCEAHUX KIETOK B KJIETKH TOTO K€ THUIa
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(TaTepanpHOE€ WMHTHOMpPOBaHUE), YTO TakuM oOpa3zom moxanaepxkuBaer myn HCK wumum
npeamecTBeHHUKOB (Shimojo et al., 2011). Hezanonro no navana quddepeHunpoBku B
NPEAIIECTBEHHUKAaX HEHPOHOB MOBTOPHO akKTHUBHpYyeTcs 3Kcrnpeccus Pax6. JlaHHbIN
daktop aktuBupyeT NGN2, KOTOpbI U 3amyckaeT JaibHeimyo auddepeHuupoBKy
(Scardigli et al., 2001; Scardigli et al., 2003). Ilpu sTom xe cam NGN2 mnopaBisieT
sKcrpeccruio Pax6 mo MexaHu3My OTpUIIATENIbHON 0OpaTHOW CBSI3M, IOCKOJBKY caM IO
cebe Pax6 ynepxxuBaeT HeWpaigbHbIEe MPEANIECTBEHHUKA B MpoiudepupyromeM
cocTosiHMM U HHrHOHpyet ux nuddepenuponky (Scardigli et al., 2001; Bel-Vialar et al.,
2007). UzsectHO, uTo 3kcmpeccusi NGN2 momaBisieTcss Ha 3aKIIOYUTEIBHBIX CTAIUASX

nudGepeHIUPOBKH, YTO 3aT€M CIIOCOOCTBYET crieludukaiuu noaruna Heiipona (Hulme

etal., 2022).

NGN2 perynupyer aud@depeHIMpOBKY pa3JIMYHBIX THUIIOB HEUPOHOB: MO
epruyHocTH  (TIyTaMaTepruyeckux, JopamMuHEpruyeckux) u  (QYHKIHMOHAIBHBIM
cBOMcTBaM (CeHCOopHbIX W MoOTOpHBIX) (Scardigli et al., 2001; Zirlinger et al., 2002;
Scardigli et al., 2003; Kele et al., 2006), Ho npu 3TOM HHTUOUpPYeT AU HEPEHIUPOBKY B
["AMKepruueckue HeHpoHbI, a Takke TUh(HEPEHIIMPOBKY B TJIMATLHOM HaIpPaBICHUU
(Jo et al., 2007; Sun et al., 2019; Jiang et al., 2020). Takoe obmmue 3¢dhekToB NGN2
0OBsSICHSICTCS pa3HOM posibl0 JaHHOTO TM B 3aBUCHMOCTH OT KJIETOYHOTO KOHTEKCTA, a
TaKkke mepuoja, JUMTeIbHOCTH U ciitbl ero skcnpeccun (Hindley et al., 2012; Hulme et
al., 2022). Ins nuddepenunpoBku nodpamunepruyeckux HeiiponoB NGN2 He KpuTHYEH,
OJTHAKO HauOOJIBIITYIO POJIb OH UTpaeT il Tu(PepeHITMPOBKH B TITyTaMaTepruieckue, a
TaKk€ MOTOpPHBIC HEUpOHBI. Bo Bpemsi pa3BuTHs 3yO4UaToi WM3BWJIMHBI THIIIOKaMIIA
KJIETKU-TIPEIIECTBEHHUKA BO BceX MpoiuepaTuBHbIX ciosix skcnpeccupyror NGN2
(Galichet et al., 2008). NGN2 skcnpeccupyercs B amOpronansubix HIITIK B paiione
3y04aToOl W3BWIMHBI TUIMOKAMIIAa U WUTPaeT CYIIECTBEHHYIO POJIb B Pa3BUTUMU ITOMU
ctpykrypsl. B CB3 B3pocnoro mo3ra NGN2 skcnipeccupyercst moaAMHOKECTBOM KIIETOK
tuna C, KoTopsle B AaibHeeM OyayT nudgdepeHpoBaThCs B riIyTaMaTepruiecKkue

uHTepHeiiponsr (Brill et al., 2009).
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['mmepakcnpeccus 3x3oreHHoro NGN2 B ¢ubpobmactax HWHIyIUpOBaJia HX
npsmyto nuddepennuposky B Heriponsl (Vierbuchen et al., 2010; Zhao et al., 2015).
[IpsiMoe pernporpaMMUpOBaHUE COMATUYECKUX KJIETOK B HEUPOHBI SBISICTCS KpanHe
MPUBJICKATEILHBIM HAIPaBJICHUEM, IIOCKOJbKY COMATHUYECKHE KIETKH 4YeJIOBeKa
NOJIyYUTh HaMmHOro rmpoine. OpHako MpsMOe penporpaMMHUpPOBAHHWE B HEHPOHBI
MOCPEACTBOM  THUMEPIKCIPECCHU B  COMATHYECKUX  KJIETKaX  MPOHEHpambHBIX
TPAHCKPUIIIIMOHHBIX (PaKTOPOB UJIM MCHOJB30BAHUS MAJIbIX MOJIEKYJI 00J1ajlaeT HU3KOU
spdexktuBHOCTRIO. [losTOMY B mapamiens K TONbITKaM  aud@epeHrupoBKu

(¢ubpo6IaCTOB B HEWPOHBI, AHAJOTUYHBIA MPOTOKOJ THUIEPIKCIPECCUN HK30TE€HHOTO

NGN2 6su1 mpumenén ais OCK (Thoma et al., 2012) u UTICK (Zhang et al., 2013).

[Ipu sTOM, HCcnONB3ys 3k30reHHyI0 runepakcnpeccuto Toabko NGN2 B [ICK 6e3
JIOTIOJTHUTEIHHBIX TEHOB WJIM HAMIPABIIAIOMNX (PaKTOPOB POCTA, MOIYIaETCs CMEIIaHHAS
KyJbTypa HEHPOHOB, B KOTOpPOM NpeodsafaroT KOpPTHKalIbHBbIE BO30YXAarolue
IIIyTaMaTeprudecKue HEWPOHBI, XApaKTEPU3YIOIIKNECS TaKUMHU Mapkepamu, kak DCX,
MATHS3, NEUN, OLIG2, SOX1, TUBBIII, MAP2AB u VGlutl /2 (Thoma et al.,
2012). Kpome TOro, ObUIM OOHApPYKEHBI M MapKepPhl CEHCOPHBIX HEHPOHOB KOPBI
rosioBHOTO Mo3ra (Schornig et al., 2021). UnaTepecHo, uto Mapkepsl ' AMKeprudeckux
HEWPOHOB B TAKUX KyJIbTypax 0OHApYKEHO HE OBLIO, YTO COTIIACYETCS C TEM, UTO IN VIVO
skcnpeccuss NGN2 Bo Bpemsi HeliporeHesa HEraTUBHO peryiupyeT auddepeHIupoBKy
topmo3Hbix '’ AMKeprudeckux HeripoHoB (Schuurmans et al., 2004). NGN2, a takxe
ero Hmkecrosmue g hexTopsl penpeccupytoT Ascll u ngpyrue rensi, nogasisis Ascll-
3aBucuMbIe 1 ASCl1-He3aBrCHMBIC PETYJISITOPHBIC MTyTH, HEOOXOIUMBIE JIJIsl TCHEpaIluK
['AMKepruueckux HeriponoB (Schuurmans et al., 2004; Roybon et al., 2010). B cBoem
HKCIIEPUMEHTE MYTEeM aHajlKM3a JIaHHBIX TpPaHCKpUNTOMOB Lin et al. mokasamu, 4To WUX
NGN2-unaympoBaHHble HEHPOHBI HE UMEIOT YETKUX aHAJIOTOB MOIYJISIIIUM HEHPOHOB
in vivo. Bce kimacTepsl TMOJYYEHHBIX HMH HHAYIUPOBAHHBIX HEHPOHOB HMEIOT
CMEIIaHHBIE CHUTHATYPbl PA3JMYHBIX THUIOB HEWPOHOB W  ILEHTPAIBHOM, W
nepudepuueckoit HepBHBIX cucteM (Lin et al., 2021). Ucnons3ys e AOMOTHUTEIbHbBIC

TpaHCTEHbl W/WJIM  ONpENeNeHHble yciaoBHs cpenbl, rumnepakcnpeccuss NGN2
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UCHoNb30Banach A JAUGGEepeHIUPOBKHM HEHPANbHBIX KYyJIbTYp, OOOTAIEHHBIX U
IPYTMMHM TUIIAMU HEUPOHOB, HAIpUMEP, KOPTUKAIBHBIX CEPOTOHUHEPIUYECKUX,
noamunepruueckux (MO EpruyHOCTH), a TaKkke Nepuepuuecknx MOTOPHBIX,

ceHcopHbIx (1o ¢pynkiusam) (Hulme et al., 2022).

Mexanuszm, mo kotopomy NGN2 3amyckaeT NOpsiMO€ pernporpaMMUpOBaHHE
¢bubpobracto uiu [ICK B HelpoHBI, UcCIeI0BaH HE 10 KOHIIA. TeM He MeHee U3BECTHO,
yto 3kcnpeccuss NGN2 BrocneacTBun ctumynupyeT reHsl HeiipoHanbHbix Td (ISL1,
PAX6, POU3F2, POU4F1 u np.). I[Ipu »TOM OpOMCXOAMUT IOJABJICHHE aKTUBHOCTH
MHTUOUTOPOB HelporeHesa, Takux kak HES1 u REST. Takum o6pazom NGN2 3amyckaet
COIJIACOBAaHHBIN MTPOLIECC Pa3BUTHS KJIETKH B HAIPaBICHUH HEWPOHaIbHOrO quddepoHa
(Busskamp et al., 2014). [Iyrem cpaBHCHHS TPACKTOPHI MCEBIOBPEMEHH, TOTYYCHHBIX
Ha OCHOBE JAaHHBIX TPAHCKPUIITOMOB €IUHUYHBIX KIETOK (SCRNA-seq) B KymbTypax
NGN2-uHa1yMpoBaHHBIX HEWPOHOB M HEWPAIbHBIX KYJIBTYpP U3 OPraHOMJIOB MO3ra,
OBLJIO MPEANOJI0KEHO, YTO Takas HampaplieHHas Iud@epeHInpoBKa 00XOAUT paHHUE
MEPEXOIHBIE COCTOSHUS, CTAAUI0 WHAYKIHMA HEHPOIKTONEPMBI M HEUPOIMUTENHS,
KOTOpbIe OOBIYHO HaOMOmaroTCs IN VIVO i JTOCTHXKEHHS — TEPMHUHAJIBHO

muddepennupoBannbix HeripoHos (Lin et al., 2021).

['unepakcnpeccuio 3K30reHHbIX Td, HEOOXOIMMBIX ISl 3alycKa HeHpalbHON
mudGepeHIPOBKH, MOKHO OCYIIECTBISATH Pa3sHBIMH crioco0amMu. MOKHO pa3ienuThb
cnioco0sl JoctaBku Td Ha MeToab! ¢ nHTErpanueit rena T B reHOM TpaHCPUIUPYEMBIX
KJIETOK W MeroAbl 0e3 wuHrerpauuu. K mepBoil rpyme OTHOCSITCS METONbI C
WCIIOJIb30BAaHUEM TPAHCIIO30HHBIX CHUCTEM, a TAaKX€ METOAbl C HCIOJIb30BAHUEM
JeHTUBUpYcHOU paoctaBku. I[lockonbky mia uuaykuuu auddepeniuposkun WIICK
MOCTOSTHHAS! SKCIIPECCHsI TPAHCTeHA HE HY>KHa, ObIN pa3paboTaHbl pa3uyHble CHCTEMBI,
B KOTOPBIX TPAHCKPHUIILUA TPAHCI€HA IPOUCXOIAUT TOJBKO B ONPEIAEIECHHBIX YCIOBUSAX.
HaubGonee u3BecTHOW M MOMYJSPHOM CHUCTEMOM pEryJsilud JKCIPECCUU TpPaHCIeHa
ABJsICTCS TeTpalukinH aktuBupyemas cuctema TetON (Urlinger et al., 2000). Cucrema
COCTOMT M3 JABYX BEKTOPOB. B OZHOM BEKTOpe 3aKOAUPOBAH TI€H TETPALMKIIVH-

3aBHCHMMOIo  Oenka-TpaHcaktuBatopa  rtTA  (reverse  tetracycline-controlled
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transactivator) (Gossen et al., 1995) o KOHCTUTYTUBHBIM IPOMOTOPOM, YTO TIPUBOTUT
K mocTosiHHOM aKcmpeccun 1tTA. Bo BTOpOM BEKTOpe 3aKOIUMpPOBaH T'eH MHTepeca (B
nanHoM ciydae NGN2) nox nmpomoropom TetON, KOTOPBIN aKTUBUPYETCS TOIBKO MPH
B3aMMOJICHCTBHH ¢ HUM ItTA, CBSI3aHHOTO ¢ aHTUOMOTHUKOM TETPAITMKIMHOBOTO psifa. B
orcyTcTBuM aHTHOMOTHKA ItTA He crnocoben aktuBupoBath [etON-npomoTop,
ClIeIOBATEeNIbHO, TE€H WHTEpeca JKcmpeccupoBatbes He Oyaer. Ilpu poGaBnenun
anTubunoTHka rtTA akruBupyet TetON-poMOTOp, YTO MPUBOAUT K IKCIPECCHH TAHHOTO

I'CHa HHTCpPCCA.

Taxue cuctembl yI0OHBI TeM, 9TO Jyis 3amycka skcrpeccun NGN2 (rena nnrepeca)
B TPAHCT'€HHOM JIMHUM KJIETOK JIOCTAaTOYHO JIMIIb JOOABUTh B KYJBTYpabHYIO CpPEy IJIs
KJIETOK HEOOXOAMMBIN aHTUOMOTHK. [lociie OTMEHBI aHTUOMOTHKA SKCIIPECCHS TPAHCTEHA
npekpaiiaercs. B kauecTtBe aHTMOMOTHKA OOBIYHO HCHOJB3YETCS JIOKCUIUMKIIMH,

ITOCKOJIBKY OH ABJIACTCA HauoOoJiee YCTOﬁqHBBIM aAHaJIOroM TCTPAIHKIMNHOB.

JloctaBka M wHTErpauusi BEKTOpPOB cUCTEMBl TetON B TI'eHOM KJIETOK MOKET
OCYUIECTBJIATBCSA pa3HbIMU crocobamu. Tak, cooOmanock 00 YyCHEIMIHOM MNOJyYEeHHH
MOTOpHBIX HeWpoHOB myTem rumnepakcnpeccun NGN2, ISL1 u LHX3 mocpencrsom
TetON cucTembl, JOCTaBIEHHON C IOMOIIBIO TPAHCIO30HHON cucteMmbl PiggyPac
(Garone et al., 2019). Emte ogaum 1 Hanbosee Moy asspHbIM criocobom goctaBku TetON
CUCTEMBI JId Turnepskcrnpeccud dk30reHHbix Td (B T.u. NGN2) saBasercs
JeHTHBHpYCHas TpaHcaykius (Zhang et al., 2013; Ng et al., 2021; Schornig et al., 2021).
JleHTUBUPYCHBIE BEKTOpa CIOCOOHBI BCTPAMBATHCS B TEHOM XO3SIMHA, YTO JIETACT
BO3MOXXHBIM TIOCTOSIHHYIO JKCIIPECCHIO TpaHCTeHa (B 3aBHCHUMOCTH OT IMPOMOTOPA).
[TockonbKy JEHTUBHPYCHl TPOHUKAIOT B SJIPO KICTKH-XO3SMHA ITyTEM AaKTUBHOTO
TpaHCIIOPTa W MPHU 3TOM HE TPEOYIOT KJIETOYHOTO JIeJICHUSs, JICHTUBUPYCHBIE BEKTOpa
aKTUBHO WCIOJIB3YFOTCS I TPAHCAYKIIMM KaK JACISIINXCS, TaK M MOKOSIIUXCS KICTOK
(Lois et al., 2002; Zhang et al., 2016). I'nnepakcnpeccus NGN2 ¢ momoIsio cucTeMbl
TetON u JeHTUBUPYCHOW AOCTaBKHM MNpuBoauia K sddextuBHON audpepeHImpoBke

NIICK ¢ ¢pyHkumoHansHble HEHPOHBI Beero 3a 7-14 nneit (Zhang et al., 2013; Frega et
al., 2017).
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K meromam noctaBku reHoB Td 0Oe3 mHTErpanmuu B T'€HOM MOXKHO OTHECTHU
pasznuyHble BUABI TpaHC(HEKIUH, B T.4. SJICKTPONOpAIUIO, JTUMOGEKINI0, a TaKKe
TPAHCIYKIMIO Ha OCHOBE HE HWHTETPUPYIOMIMX BHPYCHBIX BEKTOPOB, TaKUX Kak
ajieHoaccolMupoBaHHbie BUpycHble BekTopa (AAV). Coolmanock, 4To JUNOGEKIUs
(tpancdexnus ocHoBanHas Ha junuaax) MPHK remoB ATOH1 u NGN2 B UCIIK
NPUBOIMIIA K TIONYyYeHHUIO nodamuHeprudeckux Heiiporos (Xue et al., 2019). Tolomeo
et al. cooOurmm, uro B pesynbprare nunopexknuu MIICK momudunmrpoBannoit MPHK
NGN2 nomyuyanuch reTeporeHsble KyabTyphl, coaepxamue kak HCK, Tak u HelipoHbI
(Tolomeo et al., 2021). ABtopsl oTmeTunu, uro noiaydeHue HCK, mo-Buaumomy,
XapaKTEepPHO TOJIBKO Juid AaHHOTO MeToAa noctaBk NGN2, mockosbKy pu NpuMEHEHUH

IIPOTOKOJIA C ICHTUBUPYCHOM JI0CTaBKOM Takoro He Habmoanock (Tolomeo et al., 2021).
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3. MATEPUAJIBI U METO/bI

3.1. Cocmagnuie cpeovl, uCnO1b306aHHbIE 6 padome

Cpeoda ona nponugepayuu HelpaibHblx cmeonosbix kiemok yeaogexa (NPM). DMEM +
DMEM / F12 (1:1) (ITauDxo, Poccus), B27 supplement (1x) (Carpicorn, 'epmanus), 1
MM Glutargo (Corning, CIIIA) 1 MM nupyBat Hatpus (Gibco, CILIA), 25 ar/min EGF, 25

ur/mn bFGF, nennmmun-ctpentomunivd (50 EJI/mon; 50 mxr/mon) (Gibeo, CITA).

Cpeda 01 mepmunanvhou ouddepenyuposku 6 neuponwvl (N2B27): DMEM [ F12 +

Neurobasal Medium (1:1), N2-supplement (Carpicorn, I'epmanus), B27-supplement
(Carpicorn, I'epmanusi), 0,1 MM B-Mercaptoethanol, 1 MM Glutargo (Corning, CIIIA), 1
MM nupysar Hatpus (Gibco, CIIA), nenummmuH-ctpentoMutud (50 EJl/mir; 50

mkr/mi) (Gibeo, CIIIA), ¢ no6aBnenuem 10 ur/ma BDNF unu 6e3 Hero.

[TpuroroBiaeHWe pacTBOpa JuUIsd TOKpbITHS MatpureneM: Matrigel cmemmBamm ¢

MEM/F12 (Corning, CIIIA) B cootHomiennu 50 : 1 (Bce MaHUMYIISIAN TPOU3BOIUIN HA
JbAY, TIOKa BCE PACTBOPHI XOJOHBIE, T.K. MATPUTENh MTOJIMMEPU3YETCS TP KOMHATHOMN
TEeMIlepaType), aajee KOHIEHTPUPOBAHHBIA PACTBOP pa3IMBAIM IO aJIMKBOTAM U
3amopaxkuBaiu npu -20°C. Pa3MopoxkeHHYI0 AIMKBOTY XpaHwiu npu 4°C, nomyckaercs

MHOTOKpPaTHOE PUMEHEHHE pacTBOPA.

HDI/IFOTOBHCHI/IC KYJIBTYPAJIbHOI'O IIJIAaCTHMKA, IIOKPBITOI'O MATpPHUICIICM: PaCTBOp

MaTpUTresisi HAHOCHIIM Ha TOBEPXHOCTH KYJIBTYPAIBHOM MOCYABI HCXO/S U3 COOTHOLIEHUS
0,1 M Ha 1 cM?, uEKYOUpoBamu B TeueHue 30-60 MunyT npu 37°C, TIOCIIE YEr0 MaTPHUTEIh

YAASIIN.

Bce manunymsiiuy ¢ KUBBIMH KIIETOYHBIMU KYJIBTYpaMH ITPOU3BOJMIINCH B
CTEpWJIbHBIX YCJIOBUSAX BHYTPH JaAMUHAPHBIX IKAPOB 2-TO ypOBHS OMOOE30MACHOCTH,
co0JII0/1ast MPUHSATHIE MPaBUJIa aCENTUKU PU paboTe ¢ KyJIbTypaMH KJIETOK YeJIOBEKa U

JKHUBOTHBIX.
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3.2. Kynvmueuposanue HIICK

B ,HaHHOﬁ pa60Te HCIIOJIB30BaJIUCH cicayromue  JIMHHUHA HHAYLHHUPOBAHHBIX

IUIIOPHUIIOTCHTHBIX CTBOJIOBBIX KJICTOK YCJIOBCKA!

1) UTICK-KYOU, wusHayanpHO mToJydeHHas B Jjaboparopuu Illuubs SImanaka
(Yuausepcutet Kuoto, SAnoHus) myreM peTpoBUPYCHOTO MEPENPOrpaMMHUPOBAHHUS
bubpobiactoB Koxku B3pocioi xkeHmuHbl. Knerounas nunusa MITCK-KYOU
opma mpuodperena B 6anke kineTok ATCC (KYOU-DXR0109B, ACS-1023™,
ATCC®, CIIIA)

2) UTICK-KYOU-GCaMP6s, nonydyennas Hamu paHee u3 kietok jguauu MIICK-
KYOU ¢ nomorpio TpaHCo30HHOM cucTembl Sleeping Beauty.

3) UIICK-AFS17, nony4eHHas MyTeM JICHTHBHUPYCHOI'O IEPENPOrpaMMHPOBAHHUS
CTBOJIOBBIX KJICTOK aMHUOTHUYECKON KUIKOCTH IO MeTo ke JlarmmaumMaea u aip.
(Dashinimaev et al., 2017).

4) WUIICK-DP, noiy4eHHas myTeM JCHTUBUPYCHOTO MEPerporpaMMHUPOBAHUS KIETOK
nepmanbHoi namuuiel (Muchkaeva et al., 2014).

5) UTICK-DYPO0730, monydeHHast myTeM 3MHCOMAILHOIO MEPENPOrpaMMHUPOBAHHUS
nepManbHbIx GuopodaactoB (ATCC CCL-54 Detroit 532) monopa-naiueHTa ¢
cuaapomom Jlayna. JIuaus kinerok UTICK-DYP0730 Obuta npuobpereHa B OaHke
kietok ATCC (ACS-1003™, ATCC®, CIIA).

NIICK kynpTHBUpOBanuch B 4amkax [leTpu, MOKPBITBIX MAaTpUrEIeM B CpEle
mTeSR1 wimm mTeSR Plus (Stem Cell Technologies, Kanana) npu 37°C B CO»-
unkybatope ¢ 5% CO; u mnpu Braxaoctu 100%. Ilpu moctmwxennn 70-80%
KoH(po3HTHOCTH KieTku maccupoBanu. Jns sroro UIICK cuHumanu akkyTtazoi
(Corning, CIIIA), pa3oasnsuin B pactBope Jlynsoekko (DPBS) 6e3 kanblis U Maraus
(ITanDko, Poccus) u nenrpudyruposanu npu 400 g B Te4eHUE 5 MUHYT B IIEHTpUQyre
Eppendorf Centrifuge 5702. CynepHaTaHT ynamsuid, a KICTOYHBIA OCaI0K
pecycnieaaupoBanu B cpeae mTeSR1 mwimm mTeSR Plus, conepxameir 5 mxkM ROCKi
(Y27632, Sigma-Aldrich, CIIIA).
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[Toxcuer xietok mnpoms3Bomwm cuerdnke Bio-Rad TC2 ¢ wumcnonb3oBaHuem

OPpUTIHHAJIBHBIX CJI&fII[OB.

JIIst KPHOKOHCEPBUPOBAHHUS KIIETOK HCIONB30BanK cpexy Bambunker ™(Nippon

Genetics, Anonus).

3.3. Illonyuenue HIICK-KYOU, skcnpeccupyrouwgux TetON-NGN2. Ilpuzomoesnenue

JIeHMUBUPYCO8 U JICHMUBUDPYCHAA MPAHCOYKYUS

st nonmyuenust UTICK-KYOU, skcnpeccupytonux cucremy TetON u ren NGN2,
MbI ucnoib3oBain tiasmuasl rtTA-N144 u TRET-hNgn2-UBC-PuRo, nmony4yennbie u3
nenosutapusi Addgene. [1nasmuna rtTA-N144 Obuia mr00€3HO MpeaocTaBiieHa DHJIPIO
FO. (mna3muaa Addgene # 66810; http://n2t.net/addgene:66810; RRID:Addgene 66810).
[Tnasmuga pLV _TRET hNgn2 UBC Puro Obuta nro0e3Ho mnpenoctaBieHa PonHom
Baiicom (mazmuaa Addgene # 61474; http://n2t.net/addgene:61474;
RRID:Addgene_61474).

llpucomosnenue  nenmusupycnozo  cynepuamauma. JIEHTUBUPYCHI  ObLIU
nonydensl B knetkax HEK293T (10° xmerox B d=6 cm wamke Iletpm) myrem Ko-
TpaHchekuu Tpemsi xenmepHeimu Tiazmugamu  (pLP1, pLP2, pVSVG) B
koHueHTpauusax: 4 mxr JJHK nentuBupycnoro Bekropa, 4 Mmxr pLP1, 2 Mxr pLP2, 1 Mkr
pVSVG u ynakoBanwl ¢ nmomoieto pearenra Lipofectamine2000 (Invitrogen, CIIA),
COIJIACHO MPOTOKOJY, MPEUIOKEHHOMY MPOU3BOAUTENEM B OECCHIBOPOTOUYHOM Cpejie
OPTI-MEM. Knerku HEK293T TtpanchuuupoBanu B TeueHue 4 4acoB, 3aTEM CpEIy
acupHupoBaIu u 106assii 4 mit mosiHOM poctoBoit cpeast (DMEM (ITan3ko, Poccus),
10% deranpuas Obrubs cbiBopoTka (Capricorn Scientific, I'epmanus), 1 MM Glutargo
(Corning, CIITIA), 1 MM nupysat Hatpus (Gibco, CIIA), neHUITUIUIMH-CTPENTOMUIIUH
(50 Ed/mm; 50 mxr/min) (Gibco, CIIIA)). Cpeny ¢ JE€HTUBUPYCHBIMH KOMILJIEKCAMHU
cobupanu yepe3 48 u nocne tpaHchekuuu, nenrpudyruposanu (100 g) B Teuenue 5

MUHYT NpU KOMHATHON TEMIEepaType U cTepuiinzoBainu yepe3 Guibtp 0,45 MKM.
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Jlenmusupycnas mpancoykyus UIICK. CoOpaHHbIM cynepHATaHT, COJIEepXKallui
ynakoBaHHble JieHTUBUpYChl, HamuBanu Ha MWIICK-KYOU wmum UIICK-KYOU-
GCaMP6s, cMemmBasg B COOTHOIIEHHH 2 MJI CylepHaTaHTa + 2 MJ POCTOBOW Cpelpbl.
[TonuGpen ObLT 100aBlIeH B KOHEYHOM KOHIIEHTpaluu 5 MKr/mil. Ha ciegyronuii n1eHb
Cpelly MEHSUIM Ha mojHyio poctoByio cpeny mTeSR1 wnu mTeSR Plus, conepxariyro
ROCK:i (5 MmxM). [Tocne Tparcaykuuu u 1o Hadana quddepennupoku UTTCK-TetON-
NGN2 KyJIbTUBHpPOBaJIM Ha POCTOBOM cpeie, JOMOJHEHHOW CEeJIEKTUBHBIMU
anTuonotukamu: mypomurHoM (0,5 mkr/mit; Sigma, CIIA) u rurpomunuaom B (50

MKr/mi; Serva, I'epmanmus).

Knonuposanue mpanceennvix UTICK. UTICK-TetON-NGN2 Obuti KJIIOHUPOBAHbI
METOJIOM MpPENEIbHOr0 pa3BeAeHUs g 0TOOpa HanboJiee MOAXOASIINX KIOHOB. Jlis
storo KyneTypy UIICK- TetON-NGN2 cHumanu pacTBOPOM aKKyTa3bl M PaCCaKUBAIU B
KoHUeHTpamuu 1-2 kinerku/cm? Ha d=10 cm yamky IleTpH, IOKPBITYI0 MAaTPHUIEIEM B
cpenry mTeSR1 ¢ ROCKi (5 mkM). Uepe3 10-14 nueit, korma €IUHUYHBIC KIETKU
o0Opa3oBaju KOJOHHMM, KOJIOHUM CHUMAIU C Yamku [leTpy ¢ moMoOIIbI0 AHCHa3bl
(Invitrogen, CIIIA) u DMEM/F12 (ITan3xko, Poccusi) B nporopuuu 1:1 npu 37°C B
TeyeHue 15 muHyT. BplOpaHHbIE KIOHBI COOMpaId MEXAHHMYECKHUM CIOCOOOM IpHU
MOMOIIM CTEPWIBHOTO HaKOHEYHMKAa Ha 10 MKJI MO BU3yaJbHBIM KOHTPOJEM Ha
mukpockorie EVOS XL Cell Imaging System (Life Technologies), mepemerianu B
AMmeH10p¢bI CO POCTOBOM Cpeoi U OYEHB THIATEILHO pecycneHAnpoBain. CyCreH3UI0
KJIETOK U3 KaXKJIOT0 KJIOHA JEIWIHN Ha JIBe YacTh. Kakplii KJIOH BBICEBAIM B JIBE JTYHKU
IBYX 12-X JyHOYHBIX IUIAHIIET, HOKPBITBIX MAaTpUreieM, B pocToByto cpeny mTeSRI,
conepxkaiein S MkM ROCKI: minanmiet Nel — i1 BeJieHUs KIETOK, TuiaHimeT Ne2 — s
muddepennuporku. Jlanee B manmere No2 3amyckanu HelpanbHYIO 1udGepeHInpOBKY
JUIS KQXJ0TO KJIOHA TyTeM Jo0aBiieHus gokcurukivHa 1 mkr/min (Sigma, CIIA) B
teueHnue 5 nueit. YUepes 3-5 mueir B muanmiete No2 ¢ moMomibio Ga3oBO-KOHTPACTHOM
MUKPOCKOTIMY ObUTM BBIOpAaHBI U OTMEYEHBI HOMEpPA KJIOHOB, B KOTOPBIX MPOM3OIILIA
HauOonee >hdexruBHas nuddepenunponka. Hanbonee moaxonsmue kiaonsl MIICK

3aTeM ObLIH Pa3SMHOKCHBI C IIJTAHIICTA Nel pInIb | I[ElJ'IBH@fIHIHX OKCIICPUMCHTOB.
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Hs UTICK-KYOU-GCaMP6s knoHBI OBLTM JOMOJTHUTEIBHO TMPOBEPEHBI Ha

skcnpeccuto GCaMP6s 1o ¢uryopeciieHIINM B 3€JIEHOM CIIEKTpE.

3.4. Heupanvnan ougpgpepenyupoexa UHIICK memooom ¢ DUAL SMAD

unzuﬁupoeauuem

3a nenn nmo Haudana HewpansHOU AuddepenmmpoBku UIICK Oblmu mocakeHbI B
d=60 mm yvamku [letpu B cpene mTeSR1 wiu mTeSR Plus. TTo nocTimkennu KyabTypsbl
KoH(pro3HTHOCTH 0KO0JIO 30% cpena Obluia 3aMeHEHa Ha HEeWpalbHYI0 MHAYKIIMOHHYIO
cpeny (PSC Neural Induction Medium, Thermo Fisher Scientific). Kierku
KyJIbTUBUPOBAIKCH B 3TOH cpejie, nonoiHenHoi 5 MkM ROCK{, B Teuenue 3-x naccaxei
B vamkax Ilerpu, MOKpBITBIX MaTpureneM. 3aTeM MOJy4EHHbIE HEUPAJIbHBIE CTBOJIOBBIC
wietku (HCK) nepeBoaunu Ha cpeny st nponudepanun HCK (NPM) ¢ nobasienuem

ROCK:I1 (5 MKM) 1 KyJIbTUBUPOBAJIA UX KAK MUHUMYM B TE€UEHHUE 3 Maccaxei.

Jist repmuHanbHOU 1uddepeHupoBku HelipoHoB n3 HCK kieTku nepecaxxuBanu

Ha IOKPBITBIE MATPUTENIEM YallKM WIM JIyHKM IUIaHOIeTa B KonuuectBe 20%103
2 (V)

kietok/cM. KieTku KynbTHBUpOBaiu 0e3 mepeceBa B auddepeHInpoBOYHON cpefe

N2B27 ¢ no6asnennem ROCKI1 (5 MxM) Ha nipoTsikeHuu 14-tu u 21-ro mHs.
3.5. NGN2-unoyuyuposannasn neiipanvnasn ougpghepenyuposxka HIICK

B nenp 0 UTICK, skcnpeccupyroniue TetON-NGN2 (unmu GCaMP6s u TetON-
NGN2), O6bun mocakeHbl Ha TOKpBITIE MaTpureiaem d=35 mm yamku [letpu B
xoHueHTpamuu 3x10% knerox/cm? B cpene mTeSR1, nonomuennoit ROCKi (5 MkM) u
MbIIIMHBIM JJaMUHUHOM (0,5 Mkr/mi) (Corning, CIIIA). Jokcunuknua (Sigma, CIIIA) B
KOHIIeHTparuu | MKr/mut 1o6aBmsiu ¢ 0 1o 5 1eHb 1 HHAYKIIMH YKCIIPECCUU TPAHCTeHA
NGN2. Cpeny MeHsJIU €XKEIHEBHO B TeueHue 6 maHeil. [ Toro 4ToObl OCTAaHOBUTH
nponudepanuto HenuddepernupoBanubix UIICK, B kynbTypansHyto cpeny Ha 2-i u 3-
1 nHU no6aBisuid uTo3uH-apabuno3u] (Ara-C) (Sigma, CIIIA) B xonunentpauuu 0,1

MKTI/MII.
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He6omnpime ydacTku HOBBIX KYJIbTYpaJIbHBIX Yaliek (auamerpom ~10-15 MM umu
14 MM Ha 35-MM yamikax co CTEKJISHHBIM JHOM) ObUIN HPEABAPUTEIBHO MOKPHITHI TIOJIH-
D-musurom (Gibco, CIIIA), passenennsim B DPBS 1:1, B Tewenune 1 1 mpm 37°C.
YyacTkn TpwKIbl NpoMbIBaIM CTepwibHBIM DPBS, BeIcymmBanu, He 3akpbiBas, B
Te€4YeHUE 2-3 4acoB B JAMUHAPHOM IIOTOKE, a 3aT€M ITOKPBIBAIM PACTBOPOM MATPUTEIIS U

uHKyOupoBaiu B TedeHue 30-60 munyt npu 37°C.

Ha 4-i1 nens nuddepenuupyrommecs KylabTyphl epeceBaid Ha HOBBIA CyOCTpar.
Jlnst sToro kietku oOpadaTblBajid pacTBOPOM akKyTasbl, mpombiBain B DPBS wu
BBICCBAIM B BHJAE JUCCOLMHMPOBAHHBIX KIETOK B KAl Ha MPeIBAPUTEIHHO
MOJITOTOBJICHHBIE YYaCTKU HOBBIX yaiiek [letpu (kinetku ¢ oguoit d=35 mwm yamiku [letpu
BbIceBaIM B ABe Kamu (~200 mxi) B cMemanHyto cpeny N2B27 u mTeSR1 (1:1),
nononHeHHyo yenoBeueckum BDNF (10 ur/mi; Petrotech, Benuko6purtanus), NGF (20
ur/mi; Petrotech, Benukoopuranus), ROCKi (5 MkM), mpimuaeiM tamuHuHOM (0,5
MKr/Mi1) U pokcunukianHoMm (1 mxr/mi). Ha 5 nens cpena Oblia 3aMeHEHa Ha cpeny
N2B27, nononnennyto uenoBeueckuM BDNF (10 ur/m), NGF (20 ar/mi), ROCKi (5
MKM), MBIIIMHBIM JIJaMUHUHOM (0,5 MKr/mit) u fokcuuukianHoM (1 mxr/mi). [ocne 7-ro
JTHSI TIOJIOBUHY KYJIbTYPaJIbHOUM Cpeabl MEHSIIN JABAXbl B Heneno. Jlanee HelipaibHbIe

KyJbTYpBI KyJIbTUBHPOBaU O€3 IiepeceBa B TeUeHHE elle 7-14 nHei.
3.6. Bvioenenue PHK

Buvioenenue PHK. Kietku cHumanu ¢ akkyTa3oi, nmpomeiBasiu B DPBS wu
uentpuyruposamu. s Beigenaenus TotanbHoi PHK u3 ncenenyemsix knetok (2x10°
KJIETOK) MCIOJIb30BaIu ToToBbIi Habop «ExtractRNA kit» (EBporen, Poccust) cornacho

WHCTPYKLIMU IPOU3BOUTEIIS.

Onpeoenenue konyenmpayuu PHK. Konnientparuio PHK B mosrydenHOM pactBope
U3MEPSUTH  C TIOMOIIBIO CHEKTPOPOTOMETPHUYECKOTO aHajgu3a C MCIOJb30BaHUEM
cnexkrpodoromerpa Implen NanoPhotometer P-Class P360. Onpenensinu onTrHdecKyro
m10THOCTH pactBopa PHK mnpu obnydenuu ynbprpaduoneTom ¢ IIuHON BOIHBI 260

HaHOMCTPOB. KOHTpOJIB 3a YUCTOTOM 06pa3ua OCYIICCTBJIAIN C IMOMOIIBIO U3MCPCHUA
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ONTUYECKOW TUIOTHOCTH HCCIEAYEMOTO pacTBOpa MpHU OOIyUYeHUH YIbTPadUOIETOM C

JnnvuHamu BoJiH 230 u 280 HaHOMETPOB.

3.7. Obpamnaa mpanckpunyus u konuvecmeennasn I[P ¢ peanvnom epemenu

Obpamuas mpanckpunyus. Jlist cunre3a k/IHK ucnonb3oBanu 1 mkr o0meid PHK.
OOpaTHYIO TPAHCKPHUIITUIO TTPOBOIMIIH C UCITOIH30BAaHUEM TOTOBOTO Habopa «O6paTHast
TpaHckpunTtaza MMLV» ¢bupmsl «EBporen». B kadecTBe mpaiiMepoB MCIOJIb30BAIIMCH
olig(dT) u Random mpaiimepsl. J[sis Toro yto0sl ynanuth npumecu reHomuoi JTHK,
nepej peakiue oOpaTHOM TPAHCKPUMIIMU MPOBOAMINA MPEABAPUTEIBHYI0O 00pabOTKY
PHK [IHKas3oit ¢ ucnons3oBanneM Habopa DNasel, RNAse-free (Thermo scientific,
CIIA).

JIns omHOM peakuuu ucrnonb3oBam okoio 1,5 mxr PHK, k pactBopy xoTopou
nobapisimi o 1 mxn 10x Oydepa, 1 mxn JIHKa3el, a 3aTeM mnonydeHHBIH 00BEM
nooauau Boaord mQ a0 10 mxn. Cmeck nnkyouposanu ripu 37 °C B Teuenne 30 MUHYT.
[Tocne atoro B peakiuto go6asisin S0 MM DJITA B o0beme 1 MK 1 HTHKYOUpPOBAJH MPU

temrepatype 60 °C enie 10 MUHYT 151 ”THAKTUBALIMKU (pEpMEHTA.

JJ1ist mpoBeieHusl peakiuu 0OpaTHON TPAHCKPHUIIIIUUA TOTOBWIH aBe cMecu: MIX1

u MIX2. MIX1 roroBuiu B coorBeTcTBUHA ¢ Taoi. 1.

Tabmuna 1. PactBop MIX1:

PeakTuB O0beM 11t OTHOM NPOOBI
5x Oydep a1t CHHTE3a MEPBOI 11enu 5 MKJI

Cwmecs ANTP 2,5 MKJI

DTT 2,5 Mxn
MMLV-peBepraza I Mk

MIX2 cocrout u3 pacrsopa PHK, nomydennoro nocie odpaborku J{HKa3oii, k
KoTtopomy aobasuiu 1o 1,5 Mk mpaiimepoB oligo(dT) u Random ¢ konnenTparueit 20

MM. [locne no6asnenus npaiimepa k PHK, cmech unkyOuposanu 2 munyThl mipu /0°C
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JUIsL pacnpasiieHus: BTopuuHou cTpykTypsl PHK u cpa3zy nomemanu B nen. [Tocie atoro
K oxJyaxaeHHon cmecu MIX2 npumBanun MIX1 B o6beme 11 M. ITomydueHHbIN pacTBOp
uHKyOoupoBasu npu 37°C B Teuenue 1 yaca, a 3ateM B Tedenue 10 munyt npu 65°C nns

ocTaHOBKM cuHTe3a komrieMenTapuon JJHK (xk/IHK).

I[P 6 peanvnom epemenu. Jna mnposenenus II[P B peasbHOM BpeMeHHU
ucrosib3oBamu S5X peakinuoHHyto cmech «qQPCRmix-HS SYBR» ¢upmbr «EBporen».
[M[[P-ananu3y noxasepranack k/IHK, momyueHHas B xoxe oOpaTHON TpaHCKPUIILUU.
PeakunoHHasi cMech COCTaBIISIIACH IO CIEAYIOIIEMY IPOTOKOIIY: CTEPUIIbHAS BOJA 2 MKII,
5x cmecs s [P B peansHom Bpemenn HS-SYBR 2 mxi, pactBop k/IHK 5 Mk (oxono
15 nanorpamm PHK 1151 Hepaz6aBieHHOro pacTBOpa), mpaiMepsl (IIpsiMoil 1 0OpaTHBII)
o 0,5 MKy (KOHIIEHTpalus npaiMepoB coctasisuia 10 MkM) — Ttakum oOpa3zoM o0mui
00bEM peaKIMOHHON cMecH cocTaBisil 10 M. AMIUTMGUKAIIKS POBOIUIACH COTJIACHO

CJHEYIOIEN TPOrpamMMe:

1. 95°C - 10:00

2. Jlanee 40 1uKIIoB:
1. 95°C- 0:15
2. 60°C- 1:00

[Tocne mpoxXoXJIeHHs COpPOKa IMKIOB CTPOWJIM KpuBYW. B nanHoi pabote
ucnonb3oBanu amruupukatop «CFX96 PCR System» ¢upmbr «Bio-Rad». Jlannbie o
UCIOJIb30BAaHHBIX MpaiiMepax npeacrasieHbl B Tabmnuie 2. [Ipaitmeps! nogdupamuce no
Marepuajiam CHEAYIOIIUX 0aHKOB MpariMepoB:

http://pga.mgh.harvard.edu/primerbank/index.html u http://medgen.ugent.be/rtprimerdb,

a TaKXe C MOMOIIbI0 Tporpammbl Primer Blast.

Onpedenenue OmMHOCUMENLHO20 YPOGHA OdKcnpeccuu 2eHa. Jns ompeneneHus
OTHOCHUTEJIbHBIX YPOBHEH HSKCIPECCHM HCCIEIYEMbIX Te€HOB ucnoiab3oBaics -AAC
MeTo. [ HOPMHPOBKM pPE3yJbTaTOB HCIIOJIB30BAJIOCH JBa HOPMHUPOBOUHBIX T'€HA:
EMC7 u PSMB4, cTabuibHOCTh AKCHPECCHMU KOTOPBIX B HMCCIEAYEMBIX KJIETOYHBIX
oOpasmax Oblma MOATBEpKAeHa ¢ momolnslo aiaroputMa geNorm. [Ipaiimepsi,

UCIOJIb30BaHHBIC B JAHHOW paboTe, MEPEYUCIICHbI B Ta0uIIe 2:


http://pga.mgh.harvard.edu/primerbank/index.html
http://medgen.ugent.be/rtprimerdb
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Ta6muua 2. ITocnegoBarensHocTy npaiimepos («EBporeny).

I'en ITocnenoBaTeabHOCTh 5°— 3°

ATCCTAACCAGTTCGGGGAT
1. ASCL1

TGGTGGCCTCTTGATCTCAC

CTCAGCACCGCTAACAGAGG
2. MAP

CATTGGCGCTTCGGACAAG

CCGAAGCCAGCAGTGTCTAA
3. TUBB3

AAGACAGAGACAGGAGCAGC

AGGTCCATGTGGAGCTTGAC
4, GFAP

GCCATTGCCTCATACTGCGT

ACAGATTTGCAATGGCTGGC
5. NEUROD1

CAGGTGAAATTCCCACAGCC

AGTGCCCGTCCATCTTTGC
6. PAX6

CGCTTGGTATGTTATCGTTGGT

GAAGGGAGGGAGACAAGCAC
7. S100B

TCGTGGCAGGCAGTAGTAAC

AAATACTGGAGACGAACGCC
8. SOX1

AACCCAAGTCTGGTGTCAGC

GCCCTACCAAGACCAGACGTA
9. TH

CGTGAGGCATAGCTCCTGA

GGGGGAAAACCCTAGACCTT
10. BRN2

GTCCACCTAGTTCCACTGATGT

GAGTTTGCAGAGCGGACTGA
11. NGN2

GGCATTGTGACGAATCTGGG

ACCCACACTGCAGCAGATCA
12. OCT4

CACACTCGGACCACATCCTTCT

TGCGAGCGCTGCACAT
13. SOX2

GCAGCGTGTACTTATCCTTCTTCA

TTTGGTGGTGGTTAGAGATATGC
14, MAPT

CCGAGGTGCGTGAAGAAATG

CAACAGCGACGGAGGTCTC
15. NES

GCCTCTACGCTCTCTTCTTTGA

ATGAGTAAGGCCAGTTGAGCA
16. ZIC3A

AAACCTAGAGCATTGCCCCTT
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GCATGTGCATACCTCGGACA
17. ZIC3B

ACCAAGCAGGACAACACTTCA

GGGAAGCAGAGCATGTCCTA
18. PTN

ACAAATGCTTCTGCCAAAGTGA

TCAGAGCACACCCTTCCTCT
19. CD44

CCAATAAGTGCTTTCAACTCAGCA

GCCAGATGGGCAGGTTATCA
20. ACTG2

CAGCGGACTCCATGCCAATA

ATACTGCCCTAGTGTCTCCATG
21. PTPRZ

AGAAAACTGGTAGAGTAAGACCAGC

TGGAGAACTGCAACGCCTAC
22. SOX3

CTCCCCACTACCCAAACGAA

AGGCTGCATAGAAGGAGGAGA
23. PLP1

TGCATGTGAGGTTTTCAGGGA

TTTGACAGGCTGGAGATAGACT
24. VCAM

TCAATGTGTAATTTAGCTCGGCA

TGCCATGTGTGTAAGGTGCT
25. DCX

GCTCTTTGGCTGCCTGGTAT

CCGGGAACTCAGACCTGATC
26. NSE

CTCTGCACCTAGTCGCATGG

CATTCCGTCCACTCCCGATT
217. PSMB4

CGAACTTAACGCCGAGGACT

AAAGGAGGTAGTCAGGCCGT
28. EMC7

GTTGCTTCACACGGTTTTCCA

3.8. Cexeenuposanue PHK

AHanuz mpancKkpunmomHulx OaHHbIX HelipanbHuix Kyromyp. bubmmorekn k/IHK
obui nosryuensl U3 1 Mmxr PHK ¢ momomsio Habopa NEBNext Ultra II Directional RNA
Library Prep (New England Biolabs, CIIIA) u mTpux-KOAUPOBAaHBI WHACKCHBIMU
npaiiMepaMu JUisl MyJOBOTO CEKBeHUpoBaHUA. (CEKBEHUPOBAHUE MPOBOJUIIOCH ISt
noyueHust Menuansl 20,9 MiTH. npouTeHui (nuamna3on 11-34 mutH. mpouteHuit) mo 2x150

map OCHOBaHWMI Ha OuOnmoTeKy. JIJIss OIEHKM KOJIMYeCTBAa TEHOB HCIIOIh30BAIN
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uHCTpyMeHT "salmon" (Bepcust 1.2.1). Ananuz nuddepeHimanbHo 3KCIpecCuPOBaHHBIX

reHoB MpoBoAwIM ¢ nomoibio naketa R "DESeq2" (Bepcust 1.30.1).

AHanuz mpaHcKpunmomHulx OaHnuwix HeupanvHulx Kyavmyp N-KYOU p5 u iN-
NGN2. B xome mNOArOTOBKM [aHHBIX ObUIM yJald€Hbl TEHbl C HEIOCTATOYHBIM
KOJIMYECTBOM PUJIOB (HE SKCIPECCUPYIOUIMECS B AaHAIM3UPYEMbIX KIETKaX) C
ucnonas3oBanueM (Qynkiuu filterByExpr u3 makera R edgeR. Jlasee BbwimosHeHa
KBaHTWJIbHAs HOpPMalM3alus C HCIOJIb30BAHMEM COOTBETCTBYIOLIETO METOJA,

peanm3oBanHOTO Ha matdopme Genome Enhancer (https://ge.genexplain.com).

AHanu3 TIaBHBIX KOMIIOHEHT U MCTOA MHOI'OMCPHOI'O HIKAJIHMPOBAHUA ObLIN

BBIIIOJIHEHBI C UCMOJb30BaHHEeM QyHKIUI R prcomp u cmdscale cooTBeTCTBEHHO.

Jns  xnactepusanuu  oOpa3lioB U T'€HOB OBLIM MCIOJIb30BaHbl BEIUYUHBI
ko3 durmenta koppensiunu [lupcona B kauecTBe Mepbl CX0ACTBa U MeToll Bapna. [{ns
NOCTPOEHHUS TEIUIOBOM KapThl KilacTepU3aluu UCroib3oBanachk GyHkuus heatmap.2 u3

naketa gplots.

JuddepeHunanbHO-3KCIPECCUPYIOIIUECS TeHbl ObUIM HMIECHTU(DHUIIMPOBAHBI C
MIOMOIIBIO TIOJIX0/Ia, peann30BaHHOTO B (pyHKuuax makera edgeR. [Ipu sTom o6pasiisi
IN-NGN2 cpaBuuBaiimch ¢ obpasmamu N-KYOU. Jlnsg OLEHKH TUOep- W THIIOo-
IKCIIPECCUPOBAHHBIX TEHOB OBLIIM OTOOPAHBI T€HBI, TPAHCKPHIIIUS KOTOPHIX H3MEHSIIACh
B 1Ba pa3a (|logFC| > 1) co ckoppexkTupoBannbiM 3HaueHueM p < 0,0505 (3nauenue p,

CKOPpPEKTHpPOBaHHOE 110 MeToAy benbsimuuu-Xoxoepra).

Amnaym3 oboraieHus CUTHaIbHBIX U MeTabosmueckux myteit (Khatri et al., 2012)

OBbLT BBITIOJHEH TpHU momorm Bed-cepsuca g:Profiler (https://biit.cs.ut.ee/gprofiler/gost)

C wucmoJib3oBaHueM wuHbopManuu 1O myTaM w3 0a3el  gaHHbIx  KEGG

(https://www.genome.jp/kegg/pathway.html), a Taxxe urGOpMaIIUK MO OHOJOTHUESCKUM

nporeccam Gene Ontology (http://geneontology.org). AHaTU3UPOBAIUCH TOIBKO ITyTH U

MPOLECCHl C CKOPPEKTUPOBAaHHBIM 3HaueHweM p < 0,05. B kauecTBe mompaBKku Ha
MHOKECTBEHHBIE CpaBHEHHUS ObLT uCHoib30BaH MeTon g:SCS, mpemyioKeHHBIH 1o

ymonmyanuto. Ilpum anamuze mnpomeccoB Gene Ontology He HUCHONB30BAIUCH


https://ge.genexplain.com/
https://biit.cs.ut.ee/gprofiler/gost
https://www.genome.jp/kegg/pathway.html
http://geneontology.org/
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HEJIOCTOBEPHBIE JIAHHBIC II0 CBA3SIM MEXIYy T€HaMH W IPOLECCaMU, ITOTyYECHHBIE
METO/IOM AJIEKTPOHHOM aHHOTAIMK. [ BU3yanu3auu uIeHTU(PUIIMPOBAHHBIX ITyTEH U
IIPOLIECCOB HCIOJIB30BAJICA METOJ treemap, peanu3oBaHHbBIM B makere R treemap.
CurnanpHple W MeETa0OJMYECKHE NYTH OBbUIM CrPYNIUPOBAHBl B COOTBETCTBUM C
KJaccudukayen IIyTEeH, IIPEICTABICHHOU B KEGG

(https://www.genome.jp/kegg/pathway.html). [Tpomeccer Gene Ontology ObuTH pa3ouTHI

Ha KJIACTEPHI C HMCIOJIb30BAaHWEM HHGPOPMALMU IO MX MOJOXKEHHUIO B AIlMKINYECKOM
HaIpaBJICHHOM Trpade |, CIeAOBATCIIBHO, CEMAaHTHICCKOMY CXOJCTBY TEepMHUHOB. J[iis
OIICHKH CXOJICTBA TEPMHUHOB OBLIT MCITOJIB30BaH MeTO] BaHa, peann3oBaHHbIN B (DyHKIIHH
calculateSimMatrix u3 nakera rrvgo. Kiacrepuzarius rnpoiieccoB Obljia BHIIIOJHEHA TIPU
noMoIM Meroaa cpenneit cBs3u (pyukuus hclust), a knactepsl UIeHTUDUIMPOBAHBI C

ucnosb3zoBanueM (pyHkuuu cutreeDynamic n3 makera dynamicTreeCut.
3.9. Cexeenuposanue PHK eounuunvix knemok (scRNA-seq)

Cozoanue oOubauomex. KynbTypel HEHPOHOB I aHaNIW3a CHUMAIHd C
MCIIOJIB30BaHUEM aKKyTa3bl U cycrienaupoBaiu B DPBS. 3arem npowusBoauimn nojacuer
KJIETOK Ha cueT4yuke. 1 moaAroroBku 6mbnamoTek ucrnonp3zoann 12 800 kneTok B 12,8
Mk DPBS. Bubnnorekun MOAroTaBIMBalnCh ¢ MOMOIIBIO Habopa «10x Genomics
Chromium Single Cell 3' Reagent Kit» («Chromium Single Cell 3' GEM, Library & Gel
Bead Kit v3») B COOTBETCTBUY C MHCTPYKIUSIMU Mpou3BoauTENsA. Beero ObLI0 MoaydeHo

425 muH. yteHuit (23 254 npouTeHui Ha KJIETKY).

Obpabomka ucxoouvix Oauubix. OuUIbTpanus MPOUYTEHUH TO KavyeCTBY
OCHOBBIBAJIaCh Ha CIICIYIONIUX YCJIOBHSAX: T'€H JKCIPECCUPYETCS KaKk MUHUMYM B 3
KJIeTKaX, KJeTka cofepkut He MeHee 300 paznuunbix reHoB (min.cells = 3, min.features
= 300). 3aTteM ObuTH O0TOOpaHbI KiIeTKH, conepxkamme meHee 15 000 UMI u menee 10%
mutoxoHapuanibHol PHK (nCount RNA < 15000 & percent.mt < 10). ITaket nmporpamm
Seurat (Bepcus 3.1.1) B mporpamme R (Bepcus 3.6.3, R-Foundation, Bena, ABctpust) Ob11
UCITOJIB30BaH I CO3JaHMS MaTPUIBl TEH-IITPHUX-KOJ, COACpIKaIleH IMTPHUX-

KOJUPOBAHHLIC KJIICTKH W KOJIMYCCTBO 3KCIIPECCCHUHU I'CHOB. (DYHKHI/IH Hp€06p330BaHI/I$[


https://www.genome.jp/kegg/pathway.html
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SCT wu3 3TOro makera MCHOJIb30BAIACH I HOPMAIW3alMU JIAaHHBIX O KOJIMYECTBE

MOJIEKYJI K pa3Mepy OMOIMOTEKH B KaXKJIOM KIIETKE.

Knacmepuzayus, eusyanuzayus u amHomupoeéanue. AHAINA3 KIacTepU3alUU U
cyOKJIacTepu3anuy KJIETOK mpoBoawics ¢ momornisio (pyuakmuu FindClusters makera
nporpamm Seurat (paspemienue = 0,1). Jlng anmpoxkcuManuu MU MPOCIUPOBAHMS
KJIacTepHOr0 MHOT000pasus npumeHsiicas UMAP — anroputm cHUXKEHUSI pa3MEPHOCTH.
Krnacreps! keTok ObUTH aHHOTHPOBAHBI HA OCHOBE HanboJiee paHKUPOBaHHBIX TeHOB DP

n3 scCRNA-seq u RNA-seq 1 KaHOHHYECKUX HEMPOHAIBHBIX MAPKEPOB U3 JTUTEPATYPHI.

Ananuz noxazameneu KiemoyHo20 Yukia. AHamu3 KIETOYHOI'O IHMKJa
ananusupoBain ¢ nomomplo (yHkuu CellCycleScoring makera mporpamm Seurat,
KoTopasi XpaHuT oreHKH S U G/M B MeTalaHHBIX 00BEKTa BMECTE C IMpeICKa3aHHOM
Kiaccudukanen kaxaon kiaeTku B dazax Go/M, S umu Gi. OleHKH OCHOBaHBI Ha

sKcrpeccuu MapkepoB ¢a3z Go/M u S.

Ananuz  nceBO0O8peMeHHOU  MpaeKmopuul. Huddepennuposky  HCK
aHANMM3UPOBAIM C TIOMOIIBIO Takera mporpaMMm Monocle 3 (Bepcus 0.2.3.0;

https://coletrapnelllab.github.io/monocle3/).  Kmerkm  Obuth  OpraHM30BaHBl B

MPEPHIBUCTHIE TPACKTOPUHU BJIOJIH OOIIEH TPACKTOPUU, COOTBETCTBYIOIICH KIJIECTOUHOMN
mudepenunpoBke. neHTHPUIMPOBaHHBIE HA TUX TPACKTOPUAX F€HbI PA3IUYAIUCH 110
skcnpeccuu. [l ompenenieHMss  mporpecca  KJIETKM — MCIIOJIB30BAJICA  CIIMCOK
mudpepeHnanbHO  AKCIPECCUPOBAHHBIX TI'€HOB, KOTOPBIE SIBISUIUCH OOIIMMM ISt
naccaxei 5 u 25 u cBsi3aHHbBIE C MPOLECCAMU KJIETOUHON Ipojudepaluu, BbKUBAHUS
KJIETOK, KJIETOYHOI'O pPOCTa, KJIETOUYHOM AU(PPEPEHUHUPOBKH U KIETOUHON MUTpAIUH.

Krnacrep 8 6b11 BEIOpaH B KaueCcTBE HYJIEBOM TOUKHU VISl CTPYKTYPHI AepeBa Monocle.


https://coletrapnelllab.github.io/monocle3/
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3.10. HmmyuouumoxumuueCKoe OKpauitueéanue u KoniuuecmeeHHblU aHaau3

dyopecuyenmnuix pomoczpaghuii

JIns  npoBeneHUST UMMYHOIMUTOXMMHYECKOTO  OKpallMBaHHUS  HEUpalbHBIC
KyJlbTYphl quddepenunpoBanu B yamkax [leTpu co CTeKISIHHBIM JHOM JMOO B JIyHKax

24-TyHOYHBIX TUIAHIIIET.

Hetipansabie kynbTypsl pukcupoBanu B 4% mnapadopmaibiaerujae B TedeHue 15
MUHYT IIPM KOMHAaTHOM TeMIiepaType. 3aTeM KyJbTypbl nmpombiBasid B DPBS (1o 5 mun
IPY KOMHATHOM TeMIepaTrype) U THKYOUpOBaliu ¢ EpBUYHBIMU aHTUTEIaMu B 200 MK
onokupytromiero pactsopa (PBS, 10% FBS, 0,1% Triton-X-100) Bo BnaxHO# Kamepe B
tedyeHue Houum (16-18 wacoB) mpu 4°C. Ilocne wuHKyOanuu, KyJlabTYphl JIBaXKIbI
npombiBaiii B DPBS 1 nHKyOHUpOBaIn ¢ COOTBETCTBYIOIIMMU BTOPUYHBIMUA aHTUTETIAMU
(Alexa Fluor 488, mu6o Alexa Fluor 546, nu6o Alexa Fluor 660) pa3BeneHHbIMU B
osokupyromiem pactsope B cooTHomreHuu 1: 1000 B Teuenue 1 gaca Bo BIaxHOM Kamepe
npu temrepatype 37 °C. [locne uHkyOauuu KyiabTyphl CHOBA JBaXKIbl TPOMBIBAJIUCH B
DPBS. 3arem siipa ki1eTOK KOHTpacTupoBainu npu nomouu kpacutenst DAPI (1 mr/mn B
DPBS). ®nayopecleHTHYI0O  MHKPOCHEMKY  TPOBOJIWIM C  HCHOJb30BaHHUEM
dbayopecuentHoro mukpockorna (EVOS FL AUTO, Life Technologies), o6pabotka
M300pakeHnit mpou3Boauiiack B mporpamme Imagel. [lepBuuHbie aHTHTENA TPUBEICHBI

B Tabmure 3.

Tabmua 3. AHTHTENa, UCIIOJIE30BAHHBIC JIJISI HMMYHOIIUTOXHUMHYECKOTO OKPAITHBAHHS

Ne | AuTHreH Ipoussoaurens | Kar.Homep KusorHoe | PazBenenue
1. | Nestin Millipore Mab5326 Mpiiiib 1:200
2. | NSE Dako MO0873 Mpiib 1:200
3. | S100b Abcam Ab7852 Mpblitib 1:200
4. | bllltub Millipore Mab1637 Mpimib 1:200
5. | GFAP Millipore 04-1031 Kponuk 1:200
6. | ANCAM Abcam Ab75813 Kponuxk 1:200
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7. | NeuN Abcam Ab104225 Kponuk 1:200

8. | PAX6 Cloud-Clone #PAH446R01 | Kponuk 1:200
Corp.,

9. |SYN Abcam Ab8 Kponuk 1:200

10.| SYP Abcam Ab32127 Kpomuk 1:200

Bce nporieypbl KOJIM4eCTBEHHON OLIEHKH OBLIM BBITIOJIHEHBI B mporpamme Fiji.
[Ipouecc ananuza n3zo0paxeHuil ObUT peain3oBaH B Makposi3bike Imagel (Bepcus Fiji-
ImagelJ 1.53t) (Schindelin et al., 2012). Mbl HCHOIB30BAIA CUCTEMY HHTETPATbHOMN
OLICHKM JIJIsi KaXJoro kaHana (iyopecuieHuu, pazpadotannyto Illwioseiv b. B. u
3agopoxHbiM A. JI. (kadenpa ououndpopmatuku, PHUMY wum. Iluporosa). Cucrema
BKJIIOYAJIa KOJIMYECTBEHHYIO OLIEHKY SIPKOCTH THUKCEJed Ha OCHOBE THUCTOTPaMMBbI
nu3zo0paxenwus. s yBenmudueHus BKIIaga SPKOCTH, €€ 3HaY€HUE BO3BOJMIOCH B KBaJpaT

JJI KaXXKJO0I'0 IMMKCCIIA I/I306pa>KCHI/ISIZ

HNunekc kaHaina = X KOJIMYECTBO MUKCEIIEN X SIpKOCTBZ.

B mapax kaHanoB (KpacHbIM-CHHHMA M 3€JICHBI-CUHUI) HUCCIEI0BaJIOCh OTHOLIEHUE
MHJIEKCa KaHaJla OKPAIEHHBIX aHTUTEJIOM CTPYKTYp (KpacHBIN MU 3€JI€HBIN) K UHIEKCY
kaHasna okpamieHHbIXx DAPI spep (cuHuii). DTO OTHOIEHWE MPEACTaBIsSET COOOM
ypoBeHb (QuiyopecueHunu aHtutena. lIpomecc ObLT aBTOMATU3UPOBAH C IMOMOILBIO
CKpHUINTa, HaNWCaHHOrO Ha Makpos3bike Imagel. C ero mnomompio ObLIO
NpoaHanu3upoBaHo 362 mapbl U300pakeHUN HeWpanbHbIX KynbTyp. Kaxkmoe
OKpallleHHOE M300pa)K€HHWE CPABHUBAIU C OTPUILIATEIIHBIM KOHTPOJEM, OKpAlICHHBIM
TOJILKO BTOPUYHBIMHM aHTHUTENaMHU. Pe3ynbTarhl aHanmu3a W300paKeHWH BKIIOYAIOT
pacyeTHOE COOTHOUIEHUE MJIs KaXJI0oM mapbl M300paxkeHuid. JlJI1 CTaTUCTUYECKOTO
aHanW3a W BU3yaJdu3aluHM ucmoib3oBaics R Bepcunm 4.2.2 ¢ makeramu tidyverse
(Wickham et al., 2019) u arsenal. Ananu3 nmpoBoAWIICS B ABYX OMOJOTUYECKUX TTOBTOPaX

(KaXKIbIil UMEN ABa TEXHUYECKUX MMOBTOPA), pa3J€IECHHbBIX BO BPEMEHHU.
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3.11. Mukpocvemka 6 pazoeom Kkonmpacme

MuxkpocbeMka mnpousBoamiach Ha (ayopecuentnom mukpockore (EVOS FL

AUTO, Life Technologies). KieTku npu 3ToM HaX0AUIUCH B MOJTHONW POCTOBOM CpeJie.
3.12. Kanvuueslit umuoicunz

Usmepenns [Ca?']i npoBoauian ¢ IOMONIBIO TeHETHYecKH Komupyemoro Ca?-
uaaukaropa GCaMP6s. Jlns usmepenus [Na']i wcmonb3oBamu  (QuyopecieHTHBIH
unaukarop SBFI (ThermoFisher, CIIIA), xoTopbiii BBOAWJIM B KIETKH B BHUJE
anetokcumeruioBoro 3¢upa (8 MkM) Ha 50-60 mun npu 37°C. CTOKOBBIE PacTBOPHI
a¢upoB AM B JIMCO mnpenBapuTeIIbHO CMEIIMBAIN ¢ HEHOHHBIM JieTeprenToM Pluronic
F-127 (0,02%; Molecular Probes, Operon) st o6ierdeHusi NpOHUKHOBEHUS d(PUPOB B

KJICTKH U 3aTCM I[O6aBJ'IHJII/I B I/IHKY6aHI/IOHHy1-O Cpcay B YKaSaHHOﬁ BBIIIIC KOHOCHTPAIIWUH.

N3mepenns nposoaunn nipu 26-29°C B 0ydepe, cogepxamiem (MM): 135 NaCl, 5
KCI, 2 CaCl, 1 MgCl;, 20 HEPES, 5 D-riroko3sl. pH 7,4 ycTaHaBIMBaIX C MIOMOIIBIO
IM NaOH. HomunanbHO GeckanblueBbie pacTBopbl coaepxanu 2 MM MgCl, u 0,1 MM
EGTA u ne conepxanu CaCly. g uzydyenus Bnusinua rayramara (Glu), ”HruGuTopoB
pPELENTOPOB U IPYTUX areHTOB IPEABIAYIIME PACTBOPHI B KaXKJIOM YallIKe C KIETKAMHU
3ameHsuin HOBbIMH (4 x 1 mu) B Teuenue 40 c. Bydepbl rotoBuiIn HEMOCPEICTBEHHO

nepea nCroJb30BaAHUCM.

Usmepenus nzmenennii [Ca®*]i u [Na']; mpoBoaumm ¢ moMoIbio CUCTEMBI aHATM3a
n300paxkeHnii Ha ocHoBe Mukpockorna Nikon Ti2 (SlnoHust), CBETOIMOAHONW CUCTEMBI
ocemienust (PE-340-fura, CoolLED, CIIA), ¢ uCHoib30BaHUEM TPEXIIOJIOCHOTO
3epkasia ¢ nenuteneM dyda DM468/526/596, nabopa Bo3Oyxmaromux GuiasTpoB 442 +
21 am ga GCaMP6s u 387 + 6 um SBFI. ®nyopecuenuus GCaMP6s u SBFI
peructpupoBaniock npu 544 + 12 amM. CBeTOPMIBTPH U KyOMK OBUIM W3TOTOBIICHBI
Semrock (Thorlabs, CIIIA). Bpems skcnosumuu cocrapisuio 200-500 mc, mpu 3ToM
WHTEHCUBHOCTh M3JyY€HUs] CBETOJAMOJA Haxojauiach B aAuanazoHe 5-20% ot

MAaKCHMAJIBbHOT'O 3HAYCHHMS.
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Bce pearentsl, 3a MCKIIOYEHHEM WHIMKATOPOB Kajblus M Hatpus u Pluronic,

ObLTH proOpeTeHsl y koMmmaanu Sigma (CILIA).

Peructparus, xpanenue u 00paboTKa Moay4yeHHON HH(POpMAIIUU OCYIIECTBIISIIACH
C MOMOIIBIO TTporpaMMHOTro odecrieuenust NIS, moctaBiasieMoro ¢ OMMCaHHOW CUCTEMOM
aHanu3za uzooOpaxkenui. [locrpoenne rpadkoB UBMEHEHUN M CTATUCTUYECKUN aHaIU3
MPOBOJIMIIM C TOMOIIBIO porpaMMsbl Prism 8.1. Paznuuus ¢ p < 0,05 B mapHbIX t-Tectax

CUUTAJINCh 3HAYNMBIMU.



61

4. PE3YJIBTATDI

HpPI pa60Te HaJ JaHHBIM pa3feiioM JUCCEpTAllUU HUCIOJIb30BAHBI CICAYIONINE HyGHHKaHI/II/I aBTOpa, B KOTOPHBIX, COIIaCHO TTomoxxeHuio o TMIPUCYKACHUN
Y4€HBIX CTEIICHEH B MFY, OTpaX€HbI OCHOBHBIC PE3YJIbTATHI, TIOJIOKEHUS U BBIBOJAbI UCCIICIOBAHUSA:

Galiakberova A. A., Brovkina O. I., Kondratyev N. V., Artyuhov A. S., Momotyuk E. D., Kulmukhametova O. N., Lagunin A. A., Shilov B. V.,
Zadorozhny A. D., Zakharov I. S., Okorokova L. S., Golimbet V. E., Dashinimaev E. B. Different iPSC-derived neural stem cells shows various spectrums
of spontaneous differentiation during long term cultivation // Frontiers in molecular neuroscience. — 2023. — Vol. 16.

Galiakberova A.A., Surin A.M., Bakaeva Z.V., Sharipov R.R., Zhang D., Dorovskoy D.A., Shakirova K.M., Fisenko A.P., Dashinimaev E.B.
IPSC-Derived Human Neurons with GCaMP6s Expression Allow In Vitro Study of Neurophysiological Responses to Neurochemicals // Neurochem Res.
—2022. — Vol. 47, no 4. P. — 952-966.

Crenanos, A. U., Iyrnsesa, JI. B., Quaery, . A., TamunakGepoa, A. A., I'ypekas, H. T'., JIykpsno, K. A. Dxcnpeccust hakropa ATOH1
nHaynupyer osicTpyro auddepennuposky ullCK B Heiiponnom Hanpasnenuu // Bectauk PTMY. 2023. NeS. C. 4-9.

4.1. Tucpgpepenuyuposxa HIICK ¢ neitponvt ¢ nomouvio memooa c DUAL SMAD

uuzuﬁupoeanuem

[Tonyuyenue Hepanbubix KynbTyp u3 UIICK ¢ momomsio metoga ¢ DUAL SMAD

unruouposanuem (DUAL SMAD:I) Bkitouaet B ce0st Tpu dTamna:

1)

2)

3)

Nunyxuusa neriposkronepmanbHoit quddepennuposku UTICK ¢ momortibio
BO3JCHCTBUSI MAaJIbIX MOJIEKYJ, WHTHOUPYIOIIUX JBa IMYTH AaKTUBAIUU
SMAD-curnanunra. [lo okoH4aHUM TTIEpBOM CTAANH MOTydaeTCs KyJIbTypa
npoiudepupyronux HCK. Dran 3anumaet okono 10-14 queit
[Tonyuennsle HCK KynbTUBHpPYIOT B TE€UEHHE HECKOJIBKMX MACCa)Xeu Ha
cpene NPM (cpena nnst mponudepaii HelpaabHbIX CTBOJIOBBIX KJIETOK),
comepkamiet ¢akropbl pocta FGF2 u EGF (koTopele moaaep:KuBaroT
camoobHoBieHre HCK u ux HemuddhepeHIupoBaHHOE COCTOSHHE), HO HE
CoJIeprKalllei MaJIbIX MOJIEKYJI-UHTuOuTOpoB SMAD. DTamn 3anumaer ot 14
JHEH u OoJee.

Tepmunanbnas nuddepennuporka HCK B HelipanbHbie KyJIbTyphl MyTEeM
sanuMuHaMu u3 cpenbl (aktopoB pocta FGF2 u EGF. Ha stom stane
BO3MOXKHO  JIOOABJICHHE Pa3IUYHBIX  (PAKTOPOB, CIIOCOOCTBYIOIIUX
mupdepenniupoeke HCK B TOT mnm wHOM Tum KIeTok. Ecmm ke
Hampassitomue (HakTopbl He A00aBlIEHbI, TO Takas Iud@epeHIrpoBKa

CUMUTAETCI COOHTAHHOI. DTal 3aHuMaeT ot 14 quei u 0oJiee.



MHrMBUpoBaHKue TEPMWHANbHAA
DUAL SMAD andpodepeHUMpoBKa

Pucynok 5. Orans! nonydenus HerpanbHblx KynsTyp u3 UIICK ¢ nomompero meroga ¢ DUAL SMAD

MHTMOMPOBAHUEM.

4.1.1. Obwuii ousaiin sKcnepumenma

Mpsr nonmyannu kKynetypbl HCK u3 5 auamii UTICK (KYOU, KYOU-GCaMPG6s,
AFS17, DP u DYP0730) ¢ nomomisto metona ¢ DUAL SMAD:i. CrienyeT oTMETUTD, YTO
muaus UTICK-DYPO0730 nosydeHa u3 KJIETOK ManueHTa ¢ cuHapomoM JlayHa u umeer
JUMIIHIOW 21 XxpoMocoMy. MBI Iipeamonaraiy, 4To KyJbTypbl HEMPOHOB, ITOJTYYEHHBIE U3
NIICK-DYPO0730, nomkHbel OynyT OTIMYATBCS OT KYJIbTYp, MU PepeHIMpOBaHHBIX U3
apyrux muauit (Mollo et al., 2021; Giffin-Rao et al., 2022), u mo3ToMy BBEIH TaHHYIO

JMHUIO KJIETOK B aHAIN3 B KAY€CTBE KOHTPOJISI CIBUTA CIIeKTpa AU PepeHInpoBKH.

[Taccaxxem 0 MBI CUMTaJM MOMEHT, KOI/Ia KJIETKU pPa3BUBAIM MOP(OJIOTHIO,
cootBercTByOIY0 HCK, 1 Ob111 iepeBeieHb! Ha cpeay NPM B aare3uBHOM COCTOSIHUM.
C sroro momenTa Mbl KyinbTuBupoBain HCK B Teuenue 5 maccaxeit. Ha 5-m maccaxe
HCK Obutn HanpaBlieHbI B CIIOHTaHHYIO HelpalbHyto nuddepenuuposky. [lomyuennbie
TakuM oOpa3oMm HeWpanbHble KyabTypbl (N) mommepxkuBaiu B cpene N2B27 ¢
nobasnenrem 5 MKkM ROCKIi. Ha 14-if nenp nuddepeHuupoBKH U3 4aCTH KIETOK BCEX
KynbTyp, kKpome N-KYOU-GCaMP6s, Boinensum obmyto PHK mns kommuecTBeHHOM
[IIIP c oOpatHOW TpaHckpumniuen, a Ha 21-i geHb nuddepeHIUPOBKU MPOBOAWIH
UMMYHOIIUTOXMMHYECKOE OKPAIIMBaHUE HeMpaIbHBIX KyIbTyp. HelipanbHbie KyIbTyphl

N-KYOU-GCaMP6s na 21-ii nenp audpepeHImpoBKy ObLIN UCCIICI0BaHbl HA HATUYUE
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CH@HH@HHBCKOﬁ K&HBHHCBOﬁ AKTUBHOCTH C IIOMOIINBKO KaJbIHMCBOI'O HMMHUKHMHIA IIO

(bIyopeceHTHOMY CUTHATY OT KaiblreBoro naankaropa GCaMP6s.

Hns  wuccnenoBanuss  guddepenuupoBkn  HCK  npu  gonrocpounom
kynbTuBupoBanuu mnaccupoBanne JuHuH HCK-KYOU wu HCK-AFS17 0Obuio
npoaoipkeno a0 30 maccaxa (Puc. 6). Ha 5-m, 10-m, 15-m, 20-M, 25-M (st KYOU u
AFS17) u 30-Mm (Tonbko mnst KYOU) maccaxkax yacts kKynbTyp HCK ObuTH OTIpaBiieHbl
B CIOHTaHHYIO HeHpanpHyio auddepenimpoBky. Yepes 14 nHelt crnoHTaHHOU
mupdepeHIMpoBKM U3 KIeToK Bbygemsuin  obmyro PHK g mpoBenenus

xosmyectBeHHoro OT-ITLIP u TpanckpuntomHoro ananusa (bulk RNA-seq).

Dual SMAD uHru6upoBaHune naccm pOBaHme
™
2P\
—& B —® — & —-

UMCK %> %t B BN N N
HCK HCK HCK HCK HCK HCK
p5 p10 p 15 p 20 p 25 p 30

Mponudepaumns

HelipanbHble
KyNbTypbl

MuUP

bulk RNA-seq
scRNA-seq
nLx

Pucynox 6. JluzaiflH  sKcmepuMeHTa ¢ JIONTOCPOYHBIM  KynbTuBHpoBanuem  HCK.
NTICK — uHaynmpoBaHHbIE TUTIOPUIIOTEHTHBIE CTBOJIOBBIE KIeTKH; HCK — HepBHBIE CTBOJIOBBIE KIIETKU;
p — naccax; bulk RNA-seq — ananu3 oOmmx tpanckpuntoMoB; scCRNA-seq — cexBenupoanne PHK

eaMHUYHBIX KIeToK; UIX — uMMyHOIUTOXUMHSL.

B kadecTBe OCHOBHBIX TOYEK CPaBHEHHS OBUTM B3SATHI S5-M M 25- maccaxw:
HelpanbHble KyabTypsl, nuddepenmpoBannbsie n13 HCK-KYOU u HCK-AFS17 va 5 u
25-m maccaxkax (N-KYOU p5/25, N-AFS17 p5/25), Obuid mpoaHaIM3HpPOBaHbI Ha
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IKCIPECCHI0 OCHOBHBIX MapKepOB MeTojgamMu HMMyHoruroxumuu, a N-KYOU p5/25
OBUIM JTOMIOJTHUTENILHO UCCIIEIOBAHBI HA KJIIETOUYHOE pa3HOOOpa3ue ¢ MOMOIIBIO aHaIn3a

naHHbIX cekBeHupoBanus PHK enunuunbix kierok (scRNA-seq).
4.1.2. Mopghonoeusa cnonmanno oughgpepenyuposannvix us HCK netipanvnuix xyromyp

Bo Bpemsi kynbruBupoBanus HCK OOJBIIMHCTBO KIETOK B KYJIbTYypax HMENU
cragpaptayto ansi takux HCK wmopdonoruio — okpyriyio ¢opMy ¢ KOPOTKHUMH
OTPOCTKaMH U BBICOKUM SIIEPHO-IIMTOILUIa3MaTHUECKUM cooTHoweHueM. [locie Hauana
CTIOHTaHHOU JU(GEPSHITMPOBKHA MBIl HAOIIOJAIN TUIUYHOEC H3MEHEHHE MOP(OIOTHH
KYJBTYpbI: TIOSIBIICHUE KJIETOK C HEOOJIBIION COMOM U TOHKUMU JITMHHBIMUA HEHPUTaAMU,
obpasytomumu  cetd  (Puc. 7), YTO MBI HMHTEPNPETUPOBANM KAaK HMHUIIMAIUIO

nudGepeHIupOBKHA B HEUPOHBI.

Pucynok 7. Helipanbubie kynpTypbl N-KYOU p20 (A) u N-AFS17 p20 (b) na 14-ii neHp cioHTaHHOM

muddepenipoBku. Pa3oBbIil KOHTpACT, yBenuueHue 20x, mkana 200 Mkm

Onnako BaxxHO oTMeTuTh, YTO0 U1 HCK, u HelipanbHbIe KyJIbTYpPhl, MOTYYEHHbBIC
NyTeM CIOHTaHHOU IudPepeHIIUPOBKH, UMEU OYeHb HEOJHOPOIHBIN 110 Mop(dosIoTun
KJIeTouHbld coctaB. Hanpumep, B kymbrypax HCK ™Mbl uyacto Habmoganu
PO3ETKONOJO0HBIE CTPYKTYpBl, COCTOSIIIME U3 MEJIKUX KJIETOK C BBIPAXKCHHOU
nosisipHocThio (Puc. 8 A; cuHue cTpenku), a TakkKe PEerysipHO BCTpEeyYald KpyIHbIE
VIUIOIICHHBIE KJIETKU ¢ oOmmpHou nurorasmoit (Puc. 8 B; xpacuele ctpenku). B
HelpanbHbIX KyJlbTypax (N) XOTs Mbl ONpeneiawyid OOJBIIMHCTBO KJIETOK Kak

Heriponononoousie (Puc. 8 J1, E; 3enensie ctpenku), HEKOTOPHIC KISTKU SIBHO COXPAHSIITU
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mopdororuto, mogooHyro HCK (Puc. 8 /1, E; xenteie cTpenku), 1, moXoxe, MPoI0 DKaTH

npoauQeprupoBaTh.

Pucynoxk 8. I'ereporennocts nonyyenubix HCK u neiipansubix KyasTyp (N) Ha npumepe iuaun KYOU.
A, B, — kynstypst HCK-KYOU,

b, I, I, E — xyneTypbl N-KYOU Ha 14ii nenp nudpepeHnnpoBK;

CuHue CTpenku yKas3blBalOT HAa HEWpalbHbIE PO3ETKH, KPAaCHBIE CTPEJIKH YKa3blBAlOT HA KPYIIHBIE
YIJIOUICHHbIE KIJIETKH He-HeHpOHANbHOM MOpQOIOTHH, XKenTble cTpeiaku ykaspiBatoT Ha HCK-
N0J00HBIE KIIETKH, 3€JIEHbIE CTPEIIKU YKa3bIBAIOT HA HEHPOHO-TIO0OHbIE KIETKH.

®a3oBeIil kKoHTpacT, A — mkana 200 mxm, b-E — mixana 100 MxM.
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Kpowme Toro, kak u B KynpTrypax HCK, B HelipaJIbHbIX KyJIbTypax Mbl HAOJO 1IN
YIUIOIIEHHBIE KJIETKH HENPaBUIBLHOU (OpPMBI C OONBIIUM AIpOM, O€3 HEHPUTOB U C
BKJIIOUEHHUsIMU Bakyosned B nuroriasme (Puc. 8 /I, E; kpacHble cTpenku), a Takxke

po3eTkonoao0HbIe CTPYKTYpHI (Puc. 8 b, cuaue cTpenkn).

4.1.3. Kanvyuesas AKMUGHOCMb HeUupantbHblX KyJIbmyp, CNOHMAHHO

ougpepenyuposannvix uz HCK-KYOU-GCaMP6s

MBI mpoBenM CEepUI0 SKCIEPUMEHTOB 110 PETUCTPAIMH  BHYTPUKICTOYHOTO
KaJibliueBoro curxaia B 21-gHeBHbIX KyiabTypax N-KYOU-GCaMP6s npu Bo3aeiicTBuu
pPa3TUYHBIX BEIIECTB — CTUMYJIATOPOB W HHTHOMTOPOB HEUPODU3HOIOTHUECKON
aKTUBHOCTHU (MMMKPOTOKCHHA, TIIyTaMaTa U KHHYPEHOBOHM KHUCIIOThI). I3MeHeHue ypoBHS
Kanplug peructpupoBasii ¢ nomoimbio GCaMP6s — reHeTuyeckd KOAUPYEMOTO
KaJbI[MEBOTO MHAWKATOPA, CUHTE3UPOBAHHOTO HAa OCHOBE 3€JIEHOTO (hIyOpecCleHTHOTO
oenka GFP u xampmomynuna. Ilpu cBszeiBanun GCaMP6s ¢ noHaMu KaibIus
npoucxoautr ycwienue ero (ayopecuenimu (Chen et al., 2013). MHTeHCHBHOCTB
(rayopecrieHIUM OTpakaeT KOHIEHTpanuio noHoB Kanbiud ([Ca?']i) B muro3omnm kieTky,
OJIHAKO BEPXHUU Tmpeen (IIyOpeclCHIIMH OTPaHUYMBACTCS KOJUYECTBOM Oeka

GCaMP6s B kIieTKE.

[TukpoTokcuH — HeKOHKYpeHTHbIN antaronucT I'”AMK-peuentopos (Akaike et al.,
1985), ¢ ero momobio Mbl cHUMaIH poroBoe I'’AMK-onocpenoBanHoe HHTHOUPOBAHUE
aKTUBHOCTU HEWpoHOB. ['nmyramar (riayraMMHOBass KHCIOTa) —  BaKHEHUIIUHN
BO30YXKIAIOMINN HEeHpoMeauaTop, KOTOPBIM MPU B3aUMOJEHCTBUU C HMOHOTPOITHBIMU
rimyraMatibiMu - NMDA-, AMPA- u kauHaTHbIMH pelenTtopamyd MNPUBOIUT K
MOCTYIJICHUI0O HMOHOB KaJlbI[Msl M HATPUS B LUTO30JIb U BO30YXKJIECHHUIO HEHPOHOB.
KunypeHoBasi KHCJI0Ta — aHTarOHUCT MOHOTPOIHBIX PEEenTOpoB K rimyramaty: NMDA-,

AMPA-, kaunaTtabix perentopoB (Elmslie, Yoshikam, 1985).

Jlo noGaBieHMs] BEIIECTB B KYJbTUBUPYEMBIX KIIE€TKaX HAOIIOAAIUCH Cia0ble
CIIOHTAHHBIE KaJbLIMEBbIE OCLUMWIUISAIMH, KOTOPhIe Ha TpauKe BHIPAKAIOTCI B PEAKHX

nukax Bozpactanus ¢uyopecuenimn GCaMP6s. [Ipu noGaBneHnr TUKPOTOKCHHA (Pic)
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B CpeIHEM MBI HE HAONIOJAM 3aMETHOTO W3MEHEHHUS YacTOThI WJIM WHTCHCHUBHOCTH
nukoB ¢uyopecuenuu. [Ipu nob6asnenun riyramara (Glu) B xonmnentpauuu 10 MxM
MOYTH BO BCEX BBHIOPAHHBIX KJIIETKAX MPOUCXOIUIIO PE3KOE YBeIndeHUe (IyopeCICHITUN
C TIOCTICAYIOIINM MEIJICHHBIM cHIKeHHeM. [loOaBnenne kunypeHoBoid KucaoThl (KYN)
B HEKOTOPBIX KJIETKAX BBI3BIBAJIO XaoTH4HbIe ocuwuranuu [Ca®]; ¢ mocnenyromum ee

cumkenuem (Puc. 9).

KYN

3 : . Glu KYN : Glu Glu KYN

IS

£
B,
o

pic

pic

w
[

[Ca?*]. (GCaMP6s, F/Fo)

[Ca?*]. (GCaMP§s, FiFo)
N

[Ca?*], (GCaMP6s, FiFo)
N

-

-

0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Bpewms, c Bpewms, ¢ Bpewms, ¢

PucyHok 9. Pe3ynpTaThl TpeX HE3aBHCHMEIX JKCIIEPUMEHTOB 1o m3MeHenuio [Ca']i B HeifpanbHBIX
kynbTypax N-KYOU-GCaMP6s npu no6asnenuu pa3nuyHbix BemecTs: Pic — nukpoTtokcus (10 MxkM),
Glu — royramar (10 MmxM), KYN — kunypenoBast kuciora (1 MM). I'paduku npeacraBisior codoit
3aBUCUMOCTh MHTEHCUBHOCTH (uyopecueHTHoro curHaia GCaMP6s or Bpemenu. l3menenue
(iryopecueHTHOTO cUrHana KIeTKH oTpaxkaeT n3menenns [Ca®']; B neit. Kaxnas xpuBas nmpeJicTaBiseT
co0OH OJHY KIETKY, HW3MEHSIOUIYI0 HWHTEHCHUBHOCTh ()IyOpeclEeHIIMM B TEYEHHE BPEMEHHU.
VHTEeHCUBHOCTh CHTHaNA JJIsl KaXJOW KJIETKH HOPMHpOBaHa Ha ee (IIyOpeCHEHIMI0O B Hadaie

DKCIIEPUMEHTA U NpUHsATA 32 1.

HexoTopsle KIeTKH He oTBeTUIH nosbimenreM [Ca®*]i Ha riyraMar, 4To roBOopuT
O MIPUCYTCTBUU B KYJIbTYpE KJIETOK, HE 00JIa/Taf0IIHX IITyTaMaTHBIMU PEIETITOPAMH, TNOO
HECIOCOOHBIMU K KaJIbIIMEBOMY OTBETY Ha TJIyTaMat B JaHHBIX YCIOBUAX. YacTh KIETOK
MPOSIBIIIA KATBITUEBYIO0 aKTUBHOCTH MPHU JOOABICHUN KHHYPEHOBOUW KUCIOTHI, HECMOTPS
Ha TO, YTO OHA OJIOKHUPYET MOHOTPOMHBIC PEIENTOpPhl. BeposiTHO, B TaKUX KIIETKaX
YBEJIMYEHUE KOHIICHTPAIMU KaJIbIIUsl B IIMUTO30JM BBI3BAHO €r0 NPUTOKOM U3
BHYTPUKJIETOYHOTO JAENO0 (SHIOIUIa3MaTUYECKOrO0 PETUKYIyMa). OTHU Pe3yJIbTaThl

TOBOPAIT O ICTCPOIrCHHOCTHU KJIETOYHOM KYJIbTYPHI.
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B nenoM Ha 0CHOBE MOJYYEHHBIX JAHHBIX MBI MOKEM YTBEPKIATh, YTO METOJ C
DUAL SMADI no3BoisieT MoJIy4YuTh HelpadbHble KYyJIbTYPhI, B KOTOPBIX YaCTh KJIETOK

ACMOHCTPUPYIOT KAJIBIIUCBYIO dAKTUBHOCTDL B OTBCT HA I[O63BJ'I€HI/I€ riryramMara.

4.1.4. Cpasnenue HeUparvbHbIX KYIbMyp, CHOHMAHHO OUP@ePeHyYupoBarHHbIX U3 PAZHBIX

aunuu HCK

Hetipansabie kynabTypbl (N-KyJIbTyphl), monydeHHble U3 pasHbix jguHuil HCK,
3HAYUTENbHO OTIMYAIUCH IPYT OT Apyra. Bo Bcex HelpanbHbiX KynbTypax (N-KYOU,
N-AFS17, N-DP u N-DYP0730), nuddepeHImpoBaHHbIX U3 COOTBETCTBYIOIIUX JIMHUN
HCK Ha 5-mM mnaccaxe, METOJAOM HWMMYHOLIMTOXMMHUYECKOIO OKpallMBaHUs ObLIN
oOHapyKeHbI MapKepbl HEHPOHAIBHBIX MpeamecTBeHHuKoB — Nestin, Pax6 (He mokazan
Ha Qororpadusix), a Takxke Mapkepsl HelHpoHOB — PB-111-TyOynuH, cunantopusun (SYP)
u tuposunruapokcuiaza (TH) (Puc. 10 A, b). Onqnako Menbiiie Bcero TH-o3UTUBHBIX
KJIeToK 06110 006HapyxeHo B N-DYP0730 (Puc. 10 A, b). Mapkep rimanbHbIX KIETOK,
GFAP, na6monasncs Bo Bcex HelipalnbHbIX KyJIbTypax, kpome N-DP. [Ipu a3ToM KynbTypbl
paznuuanuck 1o koandectsy GFAP-nonoxurensubix kiaetok (Puc. 10 b). B N-KYOU u
N-AFS17 nabmonamucs 1-3 rpynmner GFAP' kierok, Torna kak kysisTypa N-DYP0730
Obu1a 3HaUMTENHHO OOoTanena GFAP™ kiieTkaMu 1o CpaBHEHHIO C IPYTHUMH KYJIbTYpaMu
(Puc. 10 A). Croutr ormeruth, uto B-lll-TyOynun* kietku B kynbrype N-DYP0730
OKa3aJIMCh JIOBOJIHHO HEOJAHOPOHBIMU 1O MOP(HOIOTHU: ObUTH U HEMPOHOTOIO0HbIE, U
HCK-nonoOHble KIETKH, U Jaxe KIeTKH, MOP(OJIOTHs KOTOPbIX OYEHb HAllOMUHaIa
GFAP* xnetku Toi e kynbTypsl (Puc. 10 A). Bonee Toro, HekoTopbie Nestin® KiaeTku
umenn cxoxyr mopdosoruto ¢ GFAP' kierkamu (Puc. 10 A). DTu HaOIIOACHHS
cornacyrores ¢ teM, yto HCK, nomyuennsie n3z UIICK ¢ tpucomuein 21 XxpomMocomsl,

UMEIOT TOBBIIIEHHYIO CKJIOHHOCTh K AU(GEPEHIIMPOBKE B aCTPOTIUAIBHBIC KICTKU

(Mollo et al., 2021).
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A

N-AFS17 N-DP N-DYP0730

Blll-Tub (SN |

+ ot

DAPI SR

TH ot

* - :

DAPI ., T A o

DAPI W _ ALa
Nestin

+

DAPI
GFAP - ) ‘

DAPI AL

E Blllitub GFAP Pax6 SYP TH Control Nestin(R) Control(R)

5 L B i
BIAFS17 ' % ll :

g3 0P i . |

B3 DYPO730 ﬁ _ e D -
1 s E .

Mpynnki Pa3mepbl rpynn  p-value |

AFS17 p5 vs KYOU p5 52/52 0.003 (< 0.05)

DP p5 vs DYPO730 p5 51/57 0.351

DP p5vs AFS17 p5 51/52 0.039 (< 0.05)

DP p5 vs KYOU p5 51/52 0.585

DYPO730 p5 vs AFS17 p5 57/52 0.289

DYPO730 p5 vs KYOU p5 57/52 0.112
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Pucynox 10. Pe3ynbTaThl HMMYHOITUTOXMMHUYECKOTO OKpaIIuBaHus HelpanbHbIX KyabTyp N-KYOU,

N-AFS17, N-DP u N-DYP0730 na 21-ii nenb cnoHTaHHOW IuddepeHIINPOBKH, MOTyUYCHHBIC W3
cootBercTByronmx nuauii HCK Ha 5-m nmaccaxe.

A — O@nyopecueHTtHas Mukpockonus, Imkaga 200 M. Snpa oxpamenst DAPI  (cuHwif).
b - KonuyecTBeHHbI aHanW3 AaHHBIX MMMYHOIIMTOXMMHYECKOTO OKpAIIMBAHHS HeWpallbHBIX
KyJIbTyp. Pasmepsl rpynn — KOJIMYECTBO NPOAHATIU3UPOBAHHBIX CHUMKOB, BKJIFOYAET BCE 6 aHTUT'€HOB.
p-value — 1ocToBepHOCTH pa3Iuuuii MEKIY TPYIIIaMU, pe3yabTaT Tecta MaHHa-YUTHU € ONPaBKOi Ha
YacTOTY JIOKHBIX OOHAPYKEHH MTPH MHOKECTBEHHOHN MPOBEPKE TUIOTE3.

BIII-Tub — B-111-ry0ynun, TH — Tuposunruapokcuiasza, SYP — cunantopusus, control — KOHTPoJIb 6e3

MEPBUYHBIX aHTUTEI TI0 3eJICHOMY CHTHaITY, control (R) — KOHTpOJIb 110 KpaCHOMY CUTHAIY.

AHanu3 ypoBHEH DKCIIPECCUU MapKEPHBIX T€HOB METOJOM KoJinuecTBeHHOM OT-
[TIP Takxe mnoka3aJl 3HAYUTENIbHBIE PaA3IUuUsg MEXAY HEHpadbHBIMU KyJIbTypaMu
yetpipex jmaANA (N-KYOU, N-AFS17, N-DP u N-DYP0730) (Puc. 11). B mieiom, Mbt
OOHApYyXWJIM  KOPPEJSILUI0  MEXAYy JaHHBIMH, TOJYYEHHBIMH C  [OMOUIbIO
UMMYHOIIUTOXUMHYECKOTO OKpAIllMBaHUS W HW3MEPEHHBIMU YPOBHSIMH HKCIPECCUU
reHoB. Hampumep, HelpanbHble KyJIbTYphl C XpoMocoMHOUN anoMmamuedr T21 (N-
DYP0730) skcnpeccupoBaiiu reHbI-Mapkephbl TuaibHbIX KieTok (GFAP, CD44, S100B)
3HAYHUTEBHO CWJIbHee, a TeHbl-Mapkepbl HewponoB (MAP2, NEUROD1, TUBB3)
3HAYUTENIbHO cjabee, UeM TpU APYTUe KyJIbTYpbl. DKCIPECCUS Pa3IUUYHBIX MapKEPHBIX
redoB (Hampumep, ASCL1, MAP2, NGN2, OCT4, PTN, SOX3) takxe 3HAYMTEILHO
OTAMYajIach MEXAy Tpems KyJlbTypamu ¢ HOpMainbHbIM Kapuotunom (N-KYOU, N-
AFS17, N-DP), uro, mo-BuaAMMOMY, yKa3blBa€T Ha PA3UYHBIA KIJIETOYHBIH COCTaB,

00pa30BaBIIMIACS B pe3yIbTaTe CHOHTAHHOU AU ()epeHITUPOBKH.
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Pucynok 11. YpoBHM OTHOCHUTENBHOM HKCHPECCHHM MAapKEpPHBIX T'EHOB, OIpPE/EIeHHBIE METOAOM
kosnmdyectBeHHON OT-IILIP, B 14-nHeBHBIX HelipanbHbIX KyiabTypax N-KYOU, N-AFS17, N-DP u N-
DYPO0730, nonyuenusix u3 coorBercrBytomux juanii HCK Ha 5 maccaxe.

ITo ocu Y moka3zaH ypoOBEHb SKCIPECCHUM, pacCcUUTaHHbIA MeToaoM -AACt, HOpMalIM30BaHHBIA K
JKCIpeccun TeHoB gomainHero xossiiictBa (EMC7 u PSMB4). Kaxnas Touka mpencraBisier coOoi
O6uonornyeckyro peruky. CTonOuKN OmMOOK YKa3bIBalOT Ha CTaHAAPTHOE OTKJIIOHEHHE TEXHUYECKHUX
periK. 3BE3/I0YKH YKA3bIBAIOT HAa CTATUCTUYECKYI 3HAYMMOCTH Pa3lIMuMil MEXIY YKa3aHHBIMHU
rpymnmnaMu o0pasiioB, pacCUMTaHHYIO C TOMOIIBIO TecTa Yamua (* — p-value <0,054; ** — p-value<0,01;
*** _ p-value<0,001).
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4.15. Ananuz uszmenenus uetipanvuvix xyaemyp KYOU u AFSI7 npu onumenvrom

kynomuguposanuu HCK

Jlanee Mbl HCCIIeIOBAIU, KAK TPOIOKUTEIHLHOCTD KylbTuBUpoBanus HCK Brnuset
Ha Ux JudepeHInpPOBOYHBIN MOTEHIIMAT U CHEKTP KJIETOYHBIX TUIIOB B HEHpaIbHBIX
KyapTypax. ns sroro mel KynetuBupoBanu HCK-KYOU um HCK-AFS17 no 30-ro

naccaxa. Kaxnple 5 maccaxeir wacte HCK HampaBiasiii B CHOHTaHHYIO
G hepeHIIPOBKY.

B mponecce kynpruBupoBanns HCK-KYOU u HCK-AFS17 ¢ 5-ro mo 30-it
maccakxu B TedyeHHe 168 mHel MBI He HAOMIOHAIW 3HAUYUTEILHBIX H3MEHEHHU HU B

ckopoctu nposudepanuu KynbTypsl (Puc. 12), Hu B Mopdoioruu KyJIbTUBHUPYEMBIX

KIJICTOK.

4 90 I

HCK-AFS

o]
o

HCK-KYOU

N w B v )] N
o o o o o o

CpepgHee yasoeHue nonynaymm

[HW KyNbTUBUPOBAHUA
- J

Pucynox 12. Temmsr npomudepannu kynbtyp HCK (monyuennsix nz UTICK-KYOU u UTICK-AFS17)

B TE€UYEHHUE KYJIbTUBUPOBaHUs ¢ 5-r0 1o 30-i naccaxu.
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NMMyHOIIMTOXHUMHYECKOE OKPALLIMBAHUE MOKA3AJI0, 4YTO 21 -THEBHBIE HEMPAIbHBIE
kynbTypel N-KYOU u N-AFS17, nonydennsie u3 HCK nHa 5 u 25 maccaxax (N-
KyJIbTypbl pS / p25), 6bun nonoxurensabiMu Ha Mapkepsl HCK (Nestin u Pax6) u
HeiponoB (B-111-ryoynun, cunanropusun (SYP) um tuposunruapoxcunazy (TH)) B
oboux ciyyasx y obeux mmaui (Puc. 13 A, B). OnmHako aHanmu3 pe3ysbTaToOB
OKpalIMBaHUs TMoKa3an cHwkeHue ypoBHell mapkepoB HCK Nestin u Pax6 B N-
KyJlbTypax p25 no cpaBHeHuto ¢ N-kynbrypamu pS B 0oeux mmHuax (KYOU u AFS17)
(Puc. 13 b). B-1ll-ry0ynuH, XOTA U AETEKTUPOBAJICS HA TOCTATOYHO BBICOKOM YPOBHE,
UMEJ Pa3INYHyI0 TUHAMHKY B ABYX JIMHUAX: B N-AFS17 p25 o0muii guryopectieHTHbIN
curdai cHmkascs, a B N-KYOU p25, nHao6opoT, BozpacTai, o cpaBHenuto ¢ pS (Puc. 13
b). 3MeHeHue konuuecTBa KJIETOK, MOJOKHUTENIbHBIX Ha riavaibHblii Mapkep GFAP,
Takke umeno uHtepecHyro nuHamuky. B N-KYOU p5 npucyrctBoBano HeOoibIIOE
kosmdectBo GFAP'-kierok, a B N-KYOU p25 onu npaktudecku He 0OHAPYKUBAIUChH
(Puc. 13 A, B). B N-AFS17 p5 Tarxke HaOmomanochk HebombIinoe kommyectBo GFAP™-

KJIETOK, HO B N-AFS17 p25 ux xoaudyecTBo 3HaUUTENbHO yBenuuuiock (Puc. 13 A, B).
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BllI-Tub
+

DAPI

DAPI

Nestin
+

DAPI

PAX6
+

DAPI

GFAP
+

DAPI

N-KYOU N-AFS17

GFAP Nestin(R) Pax6 GFAP Nestin(R) Pax6

4 14 4
3 (p<005) (p<005) 5 (p<0085) 4 (p<008) | 13 (p<005) 7 (p<005)

. - = . m

2 : 10
9
5- 3 2 : 5
|
T

|

4 | ~ 2- ;

. B2 | Twm] |t B2 H

T 1

H Bllltub SYP TH Bllltub

0

|
| (p<0.05) (p <0.05) 13 (p <0.05)

6 1
10
9
5 8
. 7 |
. 6- |
B 5 :{
] 4
T . 3

N W e e N ® ®
W B N ® ©

M p5 B3 p25

Pucynoxk 13. Pe3ynpTaTel MMMYHOLIUTOXUMUYECKOTIO OKpalIMBaHUs HelpanbHbIX KylabTyp N-KYOU n
N-AFS17 p5 u p25 Ha 21-i1 nenb cioHTaHHOU TU((HEePSHIIMPOBKHY.
A — O@nyopecueHTHas Mukpockonus, mkama 200 Mxkm. SAnpa oxpamenst DAPI  (cunwmii)

b — KonnuecTBeHHBIN aHAIN3 TaHHBIX MMMYHOLIUTOXUMHUYECKOTO OKpAIIMBaHUs HEUPATbHBIX KYJIbTYD.
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Pazmepsl rpynm (Bkitouaet Bee 6 anturenoB): N-KYOU p5 n =52, N-KYOU p25 n = 53, N-AFS17 p5
n =52, N-AFS17 p25 n =52;

p-value — 1ocToBepHOCTH pa3Iuuuii MEKIY TPYIIIaMU, pe3yabTaT Tecta MaHHa-YUTHU C MONPaBKOi Ha
YaCTOTY JIOKHBIX OOHAPYEHHUI IIPU MHOKECTBEHHOH mpoBepke runotes. I'pynmsi: N-KYOU p5 vs. N-
KYOU p25 p-value = 0.07; N-AFS17 p5 vs. N- AFS17 p25 p-value = 0.006

BIII-Tub — B-1l-ryoymun, TH — tuposunrumpokcunaza, SYP — cunantopusun, R — o6o3HaueHune

KpaCHOI'0 CUriajia OKpaCKHu.

Pe3ynbrarel aHann3a ypoBHEW OTHOCHUTEIBHOW 3KCIIPECCHUM MAapKEPHBIX I'€HOB C
nomotibio kommuectBeHHo OT-IILP B Heipanpabix KynpTypax N-KYOU u N-AFS17,
MOJIYYEHHBIX HA Pa3HbIX MAcCa)ax, MOATBEPINIIN 3HAUUTEIIbHBIE Pa3Inyusl KaK MEXIy
0o0euMH KyJIbTypaMH Kak Ha OJTHOM IIacCa)ke, TaK M MEXKJ1y Pa3HbIMU MacCa)KaMu B OJTHOM
kynbType (Puc. 14). YpoBHuU sKkcnipeccun TeHOB rimanbHou nuddepenmuposku (CD44,
GFAP, S100b) camxkanuck ¢ yBenmuuenueM naccaxxa HCK B kyasType N-KYOU, B TO
Bpems Kak B KynbType N-AFS17 Habmromanoch MX yBEIMYEHHUE, UTO KOPPEIUPYET C

PE3yJIbTaTOM HMMYHOLIUTOXUMHUYCCKOI'O OKpAIlIMBAHMA.

Mp1 Takxke HaOmro1au, uTo ¢ yBennuenueM naccaxkxa HCK skcnpeccus psia reHoB
uMena TeHACHIMIO K cHUXeHuto B obeux kyibTypax (TH, PTN, ZIC3A, ZIC3B), B To
BpeMs Kak dKcrpeccus Takux reHoB, kak ASCL1, NEURODI, PLP1, SOX3, VCAM (mns
N-AFS17) u MAP2, NES, PAX6 (niis N-KYOU) Bo3pacrana (Puc. 14).

Takum o00pa3oM, Mbl YCHEITHO MOJYYUJIA HEUpalbHbIC KYJIbTYpPbl, CIIOHTAHHO
muddepenuupoannpie 3 HCK Ha pasmuuHbIX Taccakax TMpU  JJIUTEIBHOM
KyJIbTUBUPOBAaHUU. MBI HAOJIIO1aTTN CIIOKHBIM MOP(OIOTUUECKH HEOJHOPOIHBIN COCTAaB
ATUX KJIETOYHBIX KYJIBTYpP, COCTOSIIMNA M3 MHOKECTBA SIBHO PAa3JIMYHBIX MOIMYJISAIUH,
aHaJu3 KOTOPBIX ObLI BEChbMa 3aTPyAHEH U3-3a OTPAaHUYEHUM METOJI0B (PIIyOpeCIieHTHOM
mukpockonuu u kommuectBeHHoU OT-TILP. [TosTomy cneayromum marom ObUT aHATH3

JTAHHBIX TPAHCKPUIITOMOB IOJIYYEHHBIX HEMPAIBHBIX KYJBTYP.
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Pucynok 14. YpoBHM OTHOCHUTEIBHOW JKCIPECCUU MApPKEPHBIX IN€HOB B 14-THEBHBIX HEWpabHBIX

kynbrypax (N-KYOU u N-AFS17), nonyuenHsix u3 coorBerctByromux quauid HCK na 5, 10, 15, 20,

25 maccaxax, u Ha 30 maccaxe (tonpko ast N-KYOU), onpenenennsie MeTo1oM KonrndectBeHHOM OT-

TILIP.

ITo ocu Y moxa3zaH ypoBEHb JKCIPECCUHU, pAacCUUTaHHBI MeTogoM -AACt, HOpMalIM30BaHHBIN K

JKcIpeccHu reHoB jomarnHero xo3siictea (EMC7 m PSMB4). Kaxknmas Todka mpeacTaBiseT COOOM

OMOJIOTHYECKYI0 PEIUINKY, COOpPaHHYIO OTIEIhHO B pa3Hble BpeMeHHbIE TOYKH. CTOJIOMKH OMIMOOK

YKa3bIBaAlOT HA CTAHAAPTHOC OTKIIOHCHUC TCXHUUCCKHUX PCIIIUK.

3BC3I[O"IKI/I YKa3bIBarlOT Ha

CTaATUCTUYCCKYIO 3HAYUMOCTD pa3111/1q1/1171 MCKAY YKa3aHHBIMH TpPYIIIIaMU 06pa3u03, pacCUnTaHHYIO C

oMoIIkIo Tecta Yamua (* — p-value <0,05; ** — p-value<0,01; *** — p-value<0,001).
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4.1.6. Pesynomamol ananuza cexgenHuposanus momanvroti PHK Helipanvuwvix Kyiemyp

KYOU u AFS17 npu onumenvrom kyromusuposanuu HCK

Ms1 cobpain 00pa3usl TotanbHO PHK 13 HellpalbHBIX KyJIbTYp, MOJTYYEHHBIX B
pesynbTate cionTanHou 14-nueBHo nuddepennnpokrn HCK-KYOU u HCK-AFS17
Ha pa3HbIX maccaxkax: 15 o6pasios ¢ 5-ro nmo 30-i augs HCK-KYOU u 8 06pa3ios ¢ 5-

ro no 20-it nis HCK-AFS17 (¢ marom B 5 maccaxeit).

AHanu3 TPaHCKPUIITOMHBIX JAaHHBIX METOAOM riaBHbIX KommoHeHT (PCA) mokasadn,
4TO JAIUTENBbHOCTh KyJabTuBUpOoBaHUd HCK (konmuecTBO maccakeil) BHOCUT OCHOBHOM
BKJIa]l B paznuuus quddepennnpoBannbix u3 3Tux HCK neitpansubix kynstyp (Puc. 15
A, B). U sTo cipaBeuinBo aiist ooenx auHuil: 1 KYOU, u AFS17. Ilpu aToM HelipalibHbIE
KyJbTYPBI pa3HbIX JUHUN oTian4daroTcs: Ha rpaduke PCA BunHo, uto N-AFS17 pa3ubix
MaCCAKEN IPyNIUPYOTCS OTAeAbHO OT TakoBbIX N-KYOU mo ocu mepBoro riaBHOro
komnoHeHTa (ocu X) (Puc. 15 A). BeposiTHO, 4TO OCHOBHBIM UCTOYHHUKOM BapHualvid B
HKCIIPECCUU TEHOB sBisieTcsl pa3Hulia B McxoaHbIX JuHUsAX MIICK, u3 xoTopbix Obuin
nonyyensl HCK. Tem He MeHee pasHble Maccaku s 00euX JIMHHUA XOpOILO
TPYNIUPYIOTCS BAOJL OCH BTOPOTO TJaBHOTO KomroHeHTa (ock Y) (Puc. 15 A), uro
MOKET O3Ha4yaTh HAJIMYUE OOLIMX TEHACHLHMA B U3MEHEHHH KYJIbTYp MpPH yBEIUYECHUU

MPONOJKUTENBLHOCTH KyiapTuBupoBanus HCK.

Mpbl Takke OOHApYXWIHM, YTO TPAHCKPHUIMILMS MHOTUX CIEHH(PUYECKUX TEHOB,
UCIIOJB3YEMBIX B KAYECTBE MAPKEPOB IS PA3IIMYHBIX KIECTOYHBIX ITOITYJISALNAN, 3aBUCUT
oT KoJmyecTBa naccaxeil (Puc. 15 B). Hanpumep, kak mpaBuiio, 3KCIpeccusi Te€HOB,
CBSI3aHHBIX CO 3PEJIBIMUA HEUPOHAMHU, UX KOHKPETHBIMU TUIIAMU U 3PEJIBIMU TINAJIbHBIMA
MOATUIIAMH, TAaKUMU KAaK aCTPOLMTBI W OJIMTOJAEHAPOLMTBI, MMeEJa TEHIACHLUHIO K
CHI)KEHUIO ¢ yBennueHrneM koiundectna naccaxxkeit HCK. B To jxe BpeMs Mbl HaOJt01a11
YBEIIMYEHHUE DKCIPECCUU TE€HOB, XAapaKTEPHBIX i1 HEUPOIIUTEINAIBHBIX M He-

HeﬁpOHaHBHBIX THUIIOB KJICTOK.
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Pucynok 15. Pe3ynbTarsl aHanu3a JaHHbIX cekBeHUpoBaHus TotainbHOM PHK HelipanbHbIX KyJIbTyp.

A — AnHamu3 TIaBHBIX KOMIIOHEHT, NPHUMEHEHHBIH K CTAaOWIM3HPOBAHHBIM TIO JHCIIEPCUU
npeoOpazoBaHHbIM AaHHBIM 3kcnpeccuu i KynbTyp N-KYOU u N-ASF17. Ocu X (PCl) u Y (PC2)
— TTIaBHBIE KOMIIOHEHTHI 1 ¥ 2 COOTBETCTBEHHO, 0OBsicHstoIMe 48 1 17 % aucnepcun (variance).

b — AmHanu3 TJIaBHBIX KOMIIOHEHT, NPUMEHEHHBIH K CTaOWJIM3UPOBAHHBIM IO JIUCHEPCUU
npeoOpa3oBaHHBIM NaHHBIM dKcnipeccun st KyabTyp N-KYOU. Ocu X (PC1) u Y (PC2) — riaBHbIe
KOMIIOHEHTHI 1 ¥ 2 COOTBETCTBEHHO, 00BsicHsoIMe 62 1 11% aucnepcuu (variance).

B — Temnnosas kapra U3MEHEHHUS KCIPECCUM HEKOTOPBIX KIETOYHBIX MAPKEPOB B 3aBUCHUMOCTH OT
naccaxa HCK ms kyneTyp N-KYOU u N-ASF17. Ilokazanbl TOJBKO T€ T€HBI, KOTOPBIE JOCTUTIN
YCIIOBHOM CTaTHCTUYECKOM 3HAYMMOCTH B aHanu3e nuddepennunansaoii sxcnpeccnn (* — p < 0,001; **
—p < 1e-04; *** — p < 1e-05). [IBerom 0003HAYEHO KOJIUYECTBO TPAHCKPUNTOB HAa MIIITHOH (TPM) oT
CaMOoro BBICOKOTO (MKENTHIN) 10 CaMOro HU3KOT0 (CHHUIT) ISl KaXKJJOT0 FeHa Ha Beex rnaccaxkax. L{BeTHas
1oJjioca clieBa YKa3blBaeT HAa (PYHKIIMOHAJIbHYIO aHHOTAIMIO JUIsl KOHKpPETHOro Mapkepa. I'pymma
«Cnenuduyeckre THIBI HEHPOHOB» BKIIOYAET MapKephl TMOJHOCThIO Au(QepeHInpOBaHHbIX
HeiipoHoB: GAD65 u SLC6A1 mns '’AMKepruueckux, LMX1B u TH ans nodamuHepruyeckux.
I'pynma «/Ipyrue» BkItouaeT Mapkepbl Mpoiu(epupyronnx, CTPOMAIbHBIX, dHIOTEIHAIBHBIX WU

COCYAMCTBIX KIIETOK.

NuTepecHo, 4YTO MHOrMe wu3 OOWMX s O00euX HEHpaIbHBIX KYJIbTYD

muddepeHIaTbHO  AKCIIPECCUPOBAHHBIX T'€HOB, KOTOpPBIE HUMENIH TEHACHLHUIO K
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CHWXCHHUIO C YBCIIMYCHUCM UINTCIIbHOCTU KYJIBTUBUPOBAHHA HCK, B aHAJIN3€ I'CHHbIX

onronoru#t (GO) Obun o6oramieHsl curHanbHbiMU yTsiMA WNT u BMP.

4.1.7. Pezynomamul ananuza cexeenuposanusi PHK eounuunvix Kiemox HeupaivHulx

kynomyp KYOU npu onumenvnom kynomueuposanuu HCK

Yro0Osl 10Ka3aTh, YTO JAIUTENbHOE KynbTHBUpoBaHMe HCK npuBoauT He mpocTo K
U3MEHEHUIO OOIIEro TPAaHCKPUIITOMHOTO mpoduis B au(QepeHIMPOBaHHBIX U3 HUX
HEHpaJIbHBIX KYJIbTYpax, & K M3MEHEHHIO COCTaBa CaMUX KJIETOYHBIX MOMYJSALHMA, a
TaKk)Ke€ 4YTOOBbI MOJTBEPAUTH I€TEPOT€HHOCTh HEUPAIBbHBIX KYJIBTYp, MOJYYCHHBIX W3
UIICK ¢ nomorisio metoga ¢c DUAL SMADI, mbl ipoBenu ananu3 cekBeHupoBanust PHK
eMHUYHBIX KIIEeTOK (SCRNA-seq) ninst 14-1HEBHBIX HEWPaATbHBIX KYJIbTYP, TOJTYYEHHBIX
n3 HCK-KYOU nHa 5-M u 25-m naccaxax. st cozganus oudanorek kK IHK equanyanbIx
KJIETOK MBI MCIOJIb30BAIM KIETKH W3 ABYX oOpasnoB: N-KYOU p5 u N-KYOU p25,
UCIIOJIb3Ysl JIBa HE3aBUCHMBIX OMOJIOTMUECKMX MOBTOpa ISl Kaxkaoro oOpasua. Ilocne
bunbTpanyy KayecTBa B aHaIU3 JaHHBIX ObuUTH BKIFOYeHBI 8105 kinetok u3 N-KYOU p5

n 6341 knerka u3z N-KYOU p25.

[lepBrYHBI aHANTK3 [TOKA3a]1, YTO 00€ KJIIETOUHbIE KYJbTYpPbl ObUIA T€T€POTr€HHBIMHU.
CoryacHO aBTOMaTU3UPOBAHHOMY aHHOTaTopy SingleR, Obu10 aentuduipoano 22
OTJENbHBIX Ki1acTepa (MOMYJISIUHN KIETOK) C XapaKTepHbIMU I'€HaMH, MepeUHCIECHHbIMU
B JIOTIOJTHUTENbHOU Tabnuie 1 npusnoxeHus. bolbIIMHCTBO U3 HUX MBI ONPEACIIUIN KaK
HelpanbHble TporeHnTopHbie/cTBoIoBbIe KieTku (HCK), ocranmbHbie KiacTepbl ObLIN
OTpeJeNieHbl KaK aCTPOLUTHI, IpeauiecTBeHHUKH acTporuToB (AIIK), 3penbie HeHpoHBI,
HEHUpPOHBI U NpeauecTBeHHUKN HelpoHoB (Puc. 16 A). Ilpu cpaBHeHuu pacnpeneneHus
KJIACTEPOB MEXy HeHpaJabHBIMU KYJIbTYpPaMH JIBYX Macca)xeil Mbl HaOJIIOadN pe3Koe
cHKeHne mnpeacrasiieHHoCcTH KiactepoB 0 n 2 B N-KYOU p25 no cpaBHenuto ¢ N-
KYOU p5 (Puc. 16 A, yepuble cTpenku). Mbl uAeHTUGUIIUPOBAIH 3TU KJIACTEPHI KaK
actpouuTsl U AIIK, NOCKOJIBKY KJIETKH U3 3THX KJIACTEPOB IKCIPECCUPYIOT TIIMATIbHBIE
Mapkepbl. Hanbonee xapaktepasiMu mMapkepamu s kiactepa 0 Obutn SCLE6AL (ren
['AMK-tpancnoprepa GATl wu Mapkep TOPMO3HBIX HEHPOHOB, AacTPOUUTOB U

omurozieHapouuTos), a takxke SPARCL1 (ren BHekaeTouHoro marpukcHoro Ca?'-
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CBSI3BIBAIONIETO Oenka, 3Kcrpeccupyemoro actpomutamu) (Minelli et al., 1995;
Kucukdereli et al., 2011). Mapkepamu knacrepa 2 6buti reHbl S100B (reH xaibruii-
cBs3bIBatomiero 6enka S100B, mapkep onmroaeHaporuToB u actpouutoB), CLU (ren
KJlacTepuHa, Mapkep MM Mioisiepa M, B MEHbIIEH CTENEeHHU, acTPOIMTOB) U TI'eH
TpaHckpunuuoHHoro ¢akropa ZIC3. Kpome TOro, kiactep 2 xapakTepH30BajCs
BBIPQXEHHOM SKCIPECCHE TreHa pelentopa ruanypoHoBod kuciotel CD44 u rena
merorpoduna (PTN), koTopsie Takke SIBISIOTCS HESIBHBIMU MapKepaMH acTpPOIIMTOB
(ITpunoxenwne puc. 1) (Yeh et al., 1998; Liu et al., 2004; Cai et al., 2012; Dzwonek et al.,
2015; Linnerbauer et al., 2022). UuTepecHO, 4TO COCETHUN MaJbli MIHAIBHBIN KJIacTep
20, koTopslii siBisieTcs equHcTBeHHBIM TAGLN' kimactepom (reH TpaHcreanHa, Mapkepa
TJIAIKOMBITIICYHBIX ~ KJIETOK), OCTaBajJCs TIOYTH HEU3MCHHBIM C Tacca)kaMH, HO
CTaHOBWJICS 00Jiee aKTUBHO MPOJIUGEPUPYIOIIUM 10 MEPE YBEIWYEHUS JIOJIU KIIETOK B
dazax S u G2 B N-KYOU p25. Ananoruynasi cUTyalus oTpakeHa B SKCIIPECCUU MHOTUX

T'CHOB, XapaKTCPHBIX IJIA OTOT'O KJIAaCTEpa.

[IpencTaBiIeHHOCTH KJIACTEPOB, KOTOPHIE MBI OMIPEACIININ KaK HEHPOHBI Ha pa3HBIX
CTaausx co3peBaHus (kinactepsl 5, 16, 1, 17, 14), 6b11a Heckosibko yBenndeHa B N-KYOU
p25 no cpaBHeHuo ¢ N-KYOU p5. Takxke ObUIO OTMEUEHO 3HAYUTEIHHOE YBEIUUCHUE

npeactaBiaeHHOCTH KiactepoB 6 u 8§ B N-KYOU p25 no cpaBHEHHIO € p3.

AHanu3 MapKepoB KJIETOYHOTO IIUKJIa B KJIAaCTEpax MoKa3aj, YTO MOIMYJISIIIUU KIETOK
OBLITM YETKO pasiesieHsl 1o dazam kieroyroro rukia (IIpunoxenune puc. 2). B N-KYOU
pS MbI 00Hapy)kuiu 13 KiacTepoB, B KOTOpbIX 0osiee 80% KIETOK HAaXOAWIUCh B paHHEN
daze G1. B N-KYOU p25 yucno takux kjactepoB cokpatuiioch 1o 11. ITockonbky (aza
Gi sBisieTcst crapTtoBoil st da3el Gg, CTaauy TOKOS, MBI pacCMaTPUBAIM KIIETKH,
Haxomsamuecs B (1, Kak TepMHHaIbHO auddepeHuupyromuecs. COOTBETCTBEHHO,
KJIeTKH, onpenernsieMble B hazax Go/M u S, MbI paccMaTpUBaIHM KaK aKTUBHO JIETISTITECS
MIPOTEHUTOPHBIC W/WJIM CTBOJIOBBIE KJIETKH. DTO TMO3BOJIMJIO HAM OMPEACIUTh TPYIITy
KJICTOYHBIX KJIACTEPOB, paCOJIOKEHHBIX B HIKHEW yact UMAP (knactepsr 10, 12, 13,

15, 18, 19), kak HUKIMPYIOLIME HEMpaIbHbIE CTBOJIOBBIE MM NPOr€HUTOPHBIE KIETKU

(mHCK).
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Pucynoxk 16. Pesynbrarel ananuza nanabix sSCRNA-seq u3 Heltpanbabix kyasTyp N-KYOU pS u p25.
A —22 knactepa, BBISIBJICHHBIE B pe3yJIbTaTe COKpalleHus pasmepHocT anroputMa UMAP 11 naHHBIX
SCRNA-seq B N-KYOU p5 u p25. UepHble cTpelKu yKa3blBalOT Ha JIBa KJIacTepa, KOTOpble Hanboiee

cymectBeHHO oTimdaroTcst B N-KYOU p25 mo cpaBHeHuro ¢ pS.

b - Hampasnenus (BerBu) nuddepentupoBkn HCK, pacnpoctpansiomuecs oT obiactu
nponudeparnBao akTuBHBIX HCK k rrumanpHOM wim HEHMpOHATBHOW BETBSM, BBISIBICHHBIC aHAIU30M

Tpaektopuii Monocle.

CornacHo aHanu3y TpaekTopun Monocle, B TMONMy4eHHBIX HaMH HEHpPaAIbHBIX
KyJbTypax CYIIECTBYeT HECKOJbKO HampaBleHUH audQepeHIMpoOBKH CTBOJIOBBIX
KJIETOK, TOYKa OM(ypKaluu KOTOPHIX HAXOAUTCS B KiacTepe 4, KOTOPBIA HAXOAUTCS Ha

nepecedeHnu kiactepon nponudepupyronmx THCK (HukHss BETBb) aaiiee JeIUTCs Ha
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JIBE T100aJIbHbIE TPYMIBI KIACTEPOB, «JieByto» Tpymmy (3, 17, 14, 1, 16, 5) u «BepXHIOIO»
rpymny (9, 20, 0, 2) (Puc. 16 B). «JleBas» rpymnma KiIacTepoB XapaKTepHU3yeTCs
akcripeccuert HelpoH-criennduaeckux renoB: STMN2, DCX, GAP43, TUBB3, SYP,
BASP1, RTN1, NCAM1, SOX3, SOX11, yro moATBep:KAaET HAIILY THUIIOTE3Y O TOM, YTO
aTa BETBb AUDPEPEHIIMPOBKH BEIET K 3peibiM HelipoHaM (kiactep S) (IIpunoxkenue puc.
3 A). Knacrepsl 7 n 11, KoTOpble HAXOAATCS HA MYTH K <JIEBBIM» KJIAacTepaM, TaKkKe
coJiep)KaT Mapkephl HelpoHanbHbIX TpeamecTBeHHUKOB (ASCL1, SOX3, PAX6, NEST,
POU3F2, SOX1, NEUROG2) wnapsmy ¢ MapkepaMd HEHPOHOB U TIOITOMY
UACHTH(DUIUPYIOTCS KaK paHHUE MpeAIecTBeHHUKN HeiipoHoB ([Tpumokenue puc. 3 B).
[To skcnpeccuu reHoB, cueUGUYHBIX IS aCTPOryiuU U ee npeamectBeHHukoB (S100B,
CD44, ITGAG6, CLU), MBI omipeieTiIN «BEPXHIOI» TPYIMITY KJIACTEPOB KAaK TIHATHHYIO

BeTBb nuddepennuponku (IIpunoxkenue puc. 4).

HNuTtepecHo, uro auddepeHnrnanbHO SKCIPECCUPOBAHHBIE TE€HBI, CBSI3AHHBIE C
curHasibHbiMU TIyTsiMU WNT u BMP, koropbie ObUiM OOHapy’>KEHbl MpU aHAIU3e
tpanckpunTomMoB N-KYOU u N-AFS17 Ha pannux n no3gnux naccaxax HCK, cornacno
HamuM naHHbIM SCRNA-seq N-KYOU wumeror crnenu@uyeckyro mis TUMa KIETOK
noxkanu3auuto Ha rmpoctpanctBe UMAP. Kak u oxuganocs, reHsl, SKCIPECCUst KOTOPBIX
CHU3MJIACh C YBEIIMUEHUEM Taccaka, JIOKAJIM30BaHbl B TIHAbHEIX KiaacTepax 0 (GDF7,
RSPO3, TPBG, WNT1) u 2 (BMP5, MSX2, RNF43), a Takxe B knactepax miHCK (MSX2,
RNF43, RSPO3, TPBG). EnuHCTBeHHBI T€H, KCIPECCHS KOTOPOTO IOBBICHIACH,

SHISA3, taxke nokamusosan B kiaactepe HHCK (IIpumoskenue puc. 5).

Kak cnenyet u3 Hamero ananusa rncesaoBpemenu (Puc. 16 b), kietku u3 kiacrepa
20 sABISIIOTCS TPEAUIECTBEHHUKAMHU KJIETOK KjacTtepa 2, MO3TOMY H3MEHEHUs
IF€HETUYECKUX MPOrpaMM B 3TOM KJIacTepe, BEPOATHO, OTBETCTBEHHBI 32 HAOJII0/1aeMOe
ucromienue kiaacrepa 2 B N-KYOU p25. AranornyHas KapThuHa HaOJr01anach U IS
KJIacTepa 8, KOTOPBIl HaXOAUTCA BbllIe No TeueHuto kinactepos 0 u 20. [Ipu yBennyenun
naccaxkeit ¢ 5 1o 25 ero mpeacTaBICHHOCTh yBeqnumiach B 3 pasza (¢ 2,5% 1o 7,5%),
npuyeM OOJIBITMHCTBO KJIETOK KiacTtepa 8 Haxoauiuch B (pazax GoM u S. D10 ykaszbIiBaeT

Ha TO, YTO OH COCTOHT, INO-BHMAMMOMY, U3 ITOCTOAHHO I[GJI}IH_IGI\/’ICH monyJrsinuunu HCK,
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KoTopass coBepmraetT aud(PepeHIUpPOBKY B TIWAIBLHOM HAMpaBIEHWH, HO TEPSIET
CIIOCOOHOCTH K MOJIHOM aud PepeHITupPOBKE MO Mepe MPOXOXKACHHS 25 maccaxei (6osee

130 mHe# KyapTUBHPOBaHUS U Oosiee 70 yCpeJHEHHBIX IUKIIOB Mpoideparim).

[TomyueHHble pe3ynbTaThl TO3BOJSAIOT HaM yTBEp)KIaTh, YTO HeHWpalbHbIE
KyJnbTypbl, cnoHTtanHo auddepenuupoBannbie u3 HCK, mnpencraBmsior coboit
reTepOreHHbIe KYIbTYPHI, COCTOSIIIME W3 PAa3IMYHBIX KIETOYHBIX OIS,
COOTHOIICHHE KOTOPBIX M3MEHSETCS C YBEIWYCHHEM JJIUTEIbHOCTH KYJIbTUBUPOBAHUS

HCK.
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4.2. Tupgpepenyuposxa UIICK ¢ neiiponsl ¢ unoykyueit IK302eHHOU
cunepakcnpeccuu NGN2 Ha 0cHO6e U36eCMHO020 RPOMOKONA C IEHMUBUPYCHOT

00CMaeKoil u ceeKkyueil

s uccnenoanust noaxooB auddepermupoku UIICK B HepoHBI ¢ TOMOIIBIO
WHIYKIMU B HUX TUNIEPIKCIIPECCUN FK30T€HHOTO IPOHEHPATBHOTO TPAHCKPUIILIMOHHOTO
daxTopa NGN2 Hamu Obl1 BEIOpaH HauOoJIee U3BECTHBIN MPOTOKOJ C JICHTUBUPYCHOMN
JIOCTAaBKOM TPAHCTEHOB W cHUCTEeMbl TpaHcakTuBauuu TetON moj HOKCUIMKIMH-
aKTUBHPYEMBIM MPOMOTOpOoM. JlaHHBIM MeTo nuddepeHIIMPOBKH MPOUCXOIUT B TPU

OCHOBHBIX JTalla.

1) Co3manme tpancrennoit ymuun WIICK, umeromeit tpancren NGN2 mop
JTOKCULMKIIMH-aKTUBUPYEMBIM TPOMOTOPOM M CTa0MJIBHO 3KCHPECCHPYIOUIEH
reH TpaHcakTuBaropa I'TA, ee cesexius 1 KIOHUpOBaHUE. DTar 3aHUMaeT oT 14
JTHEH.

2) Nnunuanuss  HeWpanbHOW — AudQepeHIUPOBKM  MHAYKIHUEH  3K30TCHHOMN
runepakcnpeccur NGN2 8 UTICK myrem nmo6aBiaeHuUs B KyJbTYPaIbHYIO CpEIy

JOKCHUIIMKJINHA. JTan 3aHuMaet 4-5 qHen.
3) CospeBanne NGN2-uHIynHpOBaHHBIX HeWpadbHBIX KyJIbTyp (iIN-NGN2) Ha
cpene N2B27 ¢ no6asnenuem 5 MkM ROCKIi u 10 ar/min BDNF. Dtamn 3anumaer

oT 5-7 nueu u Ooee.

4.2.1. Obwuti ousaiin sKCnepumMenma

Ha mepBom stame mbr BeiBenu juHuio MIICK-KYOU c tpancrenamun NGN2 u

cuctembl TpancakTuBauu TetON (MTICK-KYOU-TetON-NGN2).

Ha BTOpOoM »3Tame Mbl  ONTHMHU3UPOBAIM  OPUTHHAIBHBIA  MPOTOKOJ
muddepennupoBku Zhang et al., 2013 nobGaBieHHeM MOMOJHUTEIHLHOTO IIara —
nepecaaku audPepeHIUpyommMxcsl KIETOK Ha HOBBIM CyOCTpaT ¢ yBEITUYCHHEM

MJIOTHOCTH KYJIBTYPBI.
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U3 nuddepennmpoBanHbix B TedeHue 14 nHel HeWpallbHBIX KYJIBTYp Ha cpefe
N2B27 3atem Obla Beizieniena odmas PHK miist tpanckpuntomuoro ananusa (bulk RNA-
seq).

Jlis mpoBepku crienn(UYECKOr KanblIMeBOM aKTUBHOCTH HAa OCHOBE YXKe paHee
nosyaerHon ymHIE UIICK-KYOU-GCaMP6s, skcnpeccupyrorieii (ryopeciieHTHbBIN
KanbuueBbid nHANMKaTOp GCaMP6s, Ha TpeTheM 3Tare Mbl BbIBEJIM TPAHCTEHHYIO JIMHUIO
NIICK-KYOU-GCaMP6s-TetON-NGN2. [Tomy4yennas JTUHUS ObLIa
mupdepennupoBana B IN-GCaMP6s-NGN2 no mnomobpaHHOMYy paHee MPOTOKOY.
HeiipanpHbie KyJIbTYphl 3aTEM ObUIH UCCIIEI0BAaHbI HA 3KCIPECCUIO Pa3IMUHbIX MapKEPOB
MerogaMu KoamdecTBeHHOM OT-IILP m mMmMyHOLIMTOXMMHMH, a TakKe€ Ha HAJIWYHE

KaJIBHI/ICBOﬁ AKTHUBHOCTHU C IIOMOIIBIO KAJIbIIXUCBOI'O UMHI’KHHT A.

4.2.2. llonyuenue mpanceennvix aunuii MIICK-KYOU-TetON-NGN2 u onmumuszayus

NPOMOKOA HeUpaibHoU OupdepeHyuposxu

Panee namu Obuta BeiBeAeHa TpaHcreHHas JuHus UIICK-KYOU, crabunbHO

aKcTpeccupyromas  GayopecueHTHbIM KanbiiueBbli nHaukatop GCaMPo6s (MIICK-
KYOU-GCaMP&6s).

Jlmanun UTICK-KYOU wu UIICK-KYOU-GCaMP6s Obut TpaHCIyITUPOBAHBI C
MTOMOIIBIO JICHTUBUPYCHOU J0cTaBku TpoHelipanbHoro reHa NGN2 moa qOKCHITMKITAH-
akTuBUpyeMbIM poMoTopoM TetON u rena TpancaktuBaropa rtTA. [TosrydeHHbIE HOBBIE
muann UTICK-KYOU-TetON-NGN2 u UTICK-KYOU-GCaMP6s-TetON-NGN2 (mns
MPOCTOTHI Jjajiee B Ha3BaHUAX OyJeT omyckarbest ¢ioBo TetON) ObUTH KIIOHUPOBAHBI
METOJIOM TIPENEIbHOTO Pa3BEICHUS C TOCIEAYIONIMM OTOOpPOM KJIOHOB, KOTOPBIE
s dextrBHO MU dEpeHIIMPOBAIUCE B OTBET Ha J00aBiieHHE TOKCUIMKIWHA. Kpome
TOTO, HJis JOTMOJHHUTEILHOTO OTOOpa M BO HM30€kKAHUE CIYYAHOTO 3aMaTdydBaHUS
TPAHCTEHOB JIMHUU TOJJIEPKUBAJIMCHh HA CEJICKTUBHBIX aHTUOMOTHKaX (mypomuiivH (1

MKT/M1) 1 turpomMuitut b (50 mMxr/min)).

JloGaBiieHne  JOKCULMKIMHA  OPUBOAMIO K  HEMEUIGHHOMY  Hadaly
muppepenumupoBkn UIICK (Puc. 17). Ve Ha 2-if AeHb HHKYyOallMM KIETOK C

JOKCUITMKJIMHOM MBI MOTJIM HaOmroaTh npotecc Tpanchopmanuu UIICK B orpocTyaThie
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HelipoHononoOHble  KiIeTku. [loGaBnenne AraC (ApabuHo-(ypaHO3UI-IIUTO3WH-
tpudocdar, uarudupyer cunres3 JJHK) na 2-it u 3-it nuu auddepeHnpoBKY MO3BOISIO0
HaM 3¢ dexTuBHO M30aBUTHCS OT octaBmmxcsa nponudepupyromux UIICK (Puc. 17 A,

B, B).

Pucynox 17. Ilporpecc muddepentupokun HNIICK B HEWpoHBI MOA BIMSHHUEM JTOKCHITUKIIWH-
3aBucumoint skcrpeccun NGN2: (A) — 2 a; (B) — 3 an; (B) - 5 o (1) — 8 anm; (A) — 14 nn; (E) — 21 nn.

11 — neHb quddepenunpoku. a3oBeiit KOHTpACT, mikaiza 200 MKM.

[Tockonmbky  muddepennupyrommecss u3 WIICK  welipanbHble  KyJIbTYphI
OKa3bIBAJIMCH JIOBOJIBHO Pa3pEKEHHBIMU W3-3a THOEIM YacTH KIJIETOK, Mbl MPHUILUIA K

HEOOXOJMMOCTH TEPECaJKU U KOHIEHTPUPOBAHUSA IU(PDHEPESHIHUPYIOMUXCS KYIbTYP.
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OnTuManbHBIM TEPUOJIOM ISl Tepecaaku okazaics 4-il neHbp AudQepeHIUpPOBKY.
[lepecagka KJIETOK € COKpalleHHWEM IUIOLAAM KYJbTypaldbHOIO cocyna B 2-3 pasa
obecrneunBasia JOCTaTOYHYIO IUIOTHOCTh HEMPANIBbHBIX KYJIBTYp AJISL UX JOJITOCPOYHOTO

BbIDKMBaHUA.

Kpome TOro, OoTpoCcTKM HEHpPOHOB MJIOXO AATrE€3UPYIOTCS HAa MATPUTENE U JIETKO
OTIEJSIIOTCS OT cyOcTpara MpU CMEHE KYJIbTYpPaJbHOM Cpeabl, MO3TOMY OBLIO
HE00X0MMO TTOA00paTh CyOCTpaT, KOTOPBIM ObI oOecreunBall OoJiee TIIOTHYIO aTre3nI0
KJIeTok. B xauectBe cyOcTpaTtoB /i nepecaiku TupdepeHIUPYIOMUXCS KyJIbTYp, MBI
IPOTECTUPOBAIN PACTBOPHI NOIK-JI-TM3UHA U oAK-/-TM31HA KaKk B YUCTOM BUJE, TaK U
B KoMOMHanuu ¢ Marpurenem. [locnenoBaTrenbHOE MOKPHITHE HOBBIX KYJIbTYPaTbHBIX
COCY/IOB CIIEpBa pacTBOPOM I0JIK-/I-TU3MHA, a 3aTEM PACTBOPOM MATPUTENs 0Ka3aJl0Ch
Hambosnee onTuMaiabHBIM. Ha Takom NBOMHOM CyOCTpaTe HEWpPOHBI MMETH TYYIIYIO
aare3vio, B OTIMYME OT cyOcTpara u3 oaHOro Tonbko matpurens (Puc. 18). Ecom Ha
MaTpurese OTPOCTKM MEXAy TpylnnaMu KIETOK OCTaBaJUCh HATAHYTHIMHU (ILIOXO
aJre3upoBaJICh), TO Ha IBOMHOM cyOcTpare u3 moJyiu-J{-mu3uHa u MaTpuresisi, OTPOCTKU

IJIOTHO K HEMY ITPHJICT AJIN. B Takux YCIIOBUAX HeﬁpOHLI OCTaBaJIMCh YKU3HECITOCOOHBIMHU

B T€UCHHUE 2 MecAIeB 0€3 KaKuX-TH00 SBHBIX H3MEHECHUI B MOP(OJIOTHH.

Pucynox 18. CpaBuenue mopdonorun iN-NGN2 na 21i geHp audQepeHIMpPOBKH Ha pa3HbIX

cyOctparax. @azoBblif koHTpacT, mkana 200 MxM. A — matpurens; b — monu-/I-nu3un + MaTpurens.

B mony4eHHBIX ¢ MOMOIIBIO ONITUMHU3UPOBAHHOTO HAMH MTPOTOKOJIA HEUPaThHBIX
KynbTypax iIN-NGN2 mbr HaOmI01a11 OUMTOSPHYIO U MYJIBTHIIOJISIPHYIO MOP(OIOTHIO

HEUPOHOB C BETBAIIMMUCS JCHAPUTAMHU U OYCHb JUIMHHBIMM aKCoHamMu. Bce HeMpuThl
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IJIOTHO aATE3UPOBAIUCH K CyOCTpaTry W 00pa3oBBIBAIM CBOE€OOpa3HbIe y30pbl. COMBI

HEKOTOPBIX HEUPOHOB OBUIH yBeIMUEHBI W/uiu crpynnupoBansl (Puc. 17 E, Puc. 18 b).

4.2.3.  Anamz  NGN2-unOyyupoamHulX  HEUpPANbHLIX — KYIbMYP  MemoooM

UMMYHOYUMOXUMUYECKO20 OKpawueanus u koauvecmeennou I[P

AHanu3 DSKCOpeccMd TeHOB MeTojaoM KohuudecTBeHHoM OT-IIHP mnoxka3zan
3HAYMTEJIFHOE TOBBIIIIEHUE YPOBHEM HSKCIpecCHMu HeWpoHalbHbIX MapkepoB (TUBB3,
TH, MAP2, MAPT u NSE), a Taxke MapKepoB HEUPOHAIBHBIX MPEIIICCTBEHHUKOB
(DCX, ASCL1, BRN2 u NEUROD1) B moyiyueHHBIX HEHPaJIbHBIX KYJIbTYpax IIO
cpaBHeHMt0 ¢ ucxonHou Kynbrypoil WIICK (Puc. 19). Ilpu sTOoM Habmomaioch

JIOCTOBEpPHOE MajieHne MapkepoB rurtopunoreHTHoctd SOX2 u OCT4.

SOX1 PAX6 NES NEUROD1 ASCL1 NGN2
1
L] 125] * *%
12 —_—

BRN2 DCX TUBB3 MAP MAPT NSE

: 52 8

g

relative expression —AACT

TH GFAP 51008 CD44 0oCT4 SOX2

iy
Pucynox 19. YpoBHM OTHOCHTENBHON HKCIIPECCMM MAPKEPHBIX T'€HOB, OIPEACIICHHBIE METOIOM
KOJIMYECTBEHHOMN OT-IILIP B 17-nHEeBHBIX HEHpalbHBIX KYJIbTypax iN-NGN2.
[To ocu Y mokas3aH ypoBEeHb JKCIPECCHH, paccUMTaHHBIH MeTonoM -AACt, HOpMaIM30BaHHBINH K
JKCIIpeccur TeHoB gomainHero xossiiictBa (EMC7 u PSMB4). Kaxnas Touka mpencraBisier coOoi
Oonosnornyeckyro peruuky. CTONIOMKH OMMOOK YKa3hIBAIOT HAa CTaHAAPTHOE OTKIIOHEHUE TEXHUYECKUX
periK. 3BE3OYKM YKa3bIBAIOT HA CTATHCTHYECKYIO 3HAYMMOCTh pa3IM4yUil, PACCUYMTAHHYIO C

noMoIpio Tecta Yamua (* — p-value <0,05, ** — p-value<0,01).
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Ha 21-i nenp guddepeHUUpOBKH TMOMYYEHHBIE KYJIBTYPhl MOJOXKUTEIHHO
OKpalmuBaiuch Ha Mapkepsl HelipoHoB PIII-TyOynun, cunantopusun (SYP), cunancun
(SYN) (me moxaszan), NeuN, hNCAM wu NSE, a Ttakke Ha Mapkep KJICTOK-
npenamecTBeHHUKOB HeHpoHoB — Nestin (Puc. 20). I'muanbubiit Mmapkep GFAP He Obn
oOHapykeH. Ha n300pakeHHsIX, MOTYyYEHHBIX MPH OKPAIIMBAHUHM AHTUTEIOM IPOTHUB
CUHANTO(MU3NHA, YETKO BU3YAIU3UPOBATNCH OOMIBHO BETBSIIUECS JCHAPUTHI, KOTOPHIE
He ObUTH BUJIHBI IIPU UCTIOIB30BaHUH (Da3oBo-KOHTpacTHOM Mukpockomnuu (Puc. 20 b). A
n300pakeHne, TMOJYyYEeHHOE Ha MajoM YBEIWYCHHH IPH OKPAIIMBAaHWU AHTUTEIIOM
npotuB PII-TyOynnHa, 1eMOHCTPUPYET y30pbl, 00Opa30BaHHbBIE OTPOCTKAMU HEHPOHOB

(Puc. 20 B).

Takum 0Opa3oM MBI MOKEM YTBEpP)KIaTh, YTO HMCIOJIB3YEMBIH HAMH TIPOTOKOJI
NGN2-unnynupoannoit  nuddepennmpokn  UIICK  mo3Bossgser  MOIy4YuThH
OTHOCHUTEJIHLHO TOMOT€HHYIO KYJIbTYPY HEHPOHOB UENIOBEKA, HE COJIEPIKAIILYIO TJINaIbHBIC

KJICTKH.
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A Nestin+DAPI NeuN+DAPI NCAM+DAPI
NSE+DAPI Blll-Tub+DAPI GFAP+DAPI
SYP+DAPI Blll-Tub+DAPI

Pucynok 20. PesynpTaThl uUMMyHOIMTOXMMHYecKOro okxpamuBaHus IN-NGN2 na 21-ii geHb

muddepennrpoku. diayopecieHTHass MUKpocKonus, siapa qokpamensl DAPI (cunnii). A, b — mkana

200 mxm, B — mixama 400 MKM.

4.2.4. Kanvyuesas akmugnocmv NGN2-unoyyuposanusix HeUpaibHblX Kya1bmyp

Jist  monaTBepkaeHus Hanmuyus  (QYHKIHMOHAJIBHBIX HedWpoHoB B NGN2-
WHIYLIUPOBAHHBIX HEHUPAIbHBIX  KYJIbTypaX, IIOJYYEHHBIX ONTUMHU3UPOBAHHBIM
IPOTOKOJIOM, MBI MPOBEIH KCHEPUMEHT MO MCCIEAO0BAHUI0 HEUPOPHU3UOIOTHUECKON
KaJbllueBOM akTUBHOCTH Ha KyiabType 1N-GCaMP6s-NGN2, »skcenpeccupyromeit

TeHETHYCCKU KOIUPYeMbIit KanbineBbiii nHaukarop GCaMP6s (Chen et al., 2013).

Jlo6asnenue rimyramata (Glu) B konuentpauuu 100 MkM (B mpUCyTCTBUM TIUIHA

¥ OTCYTCTBMH Mg?") NpMBOAUIO K YBETMYEHHIO KOHIEHTpanuy noHoB Kanbuus ([Ca?'];)
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B kieTkax KynbTypsl IN-GCaMP6s-NGN2 na 23-it nenp auddepentmporku (Puc. 21).
[IpucyTcTBE HMOHOTPONHBIX TIyTAMAaTHBIX PELENTOPOB OBUIO  MOATBEPKICHO
camwkenneM [Ca®]i B orBer ma Glu B NIPHUCYTCTBMM HMHTUOMTOPOB TIJIyTaMAaTHBIX
peuentopoB: CNQX (unrubutopa AMPA- u kamHaTHbIX peuentopoB) u MK-801
(uarnouropa NMDA -penentopos) (Attwell et al., 1999; Madsen et al., 2001). [Ca?*];
OTIPEETISUTH TI0 MHTEHCUBHOCTH (DITyOPECLIEHTHBIX CUTHAJIOB KaJIbLIMEBOTO MHIUKATOPA
GCaMP6s, xotoppie ObBUIM HOPMHUPOBAHBI OTHOCUTEIBHO MCXOAHOTO 3HAYCHUS
¢ayopectennun B nokosuxcs kinerkax (F/Fo). IMockonsky nmpodumu otsetos [Ca?);
Ha Glu pazmuanuce mexay kierkamu (Puc. 21 A, B), nnd KoJIMYeCTBEHHOIO
COIIOCTABJICHUSI KaJIbLIUEBBIX OTBETOB KJIETOK Ha aeWctBue oaHoro Glu u Glu B
npucyrctBur HHruOuTopoB MK-801 1 CNQX ucnonb3oBaiy mIoNiaan 1moj KpUBbIMU
m3Menenuii [Ca?*]; (Puc. 21 B, I') (Aria Under Curves, AUC, oTH. ef1.). [ KanuOpoBKH
MakcumanbHoro curHana GCaMP6s B KOHIIE KaXKJIOTO SKCHEpUMEHTa J00aBIISIIU

KaJbIHEBbI nOHOGOP HoHOMUIMH (2 MKM B npucyrctBun 5 MM CaCly).

M3mepenue curnanoB GCaMP6s (Puc. 21 A, b) mnokazamo, uro Glu-
MHIyIUpoBanHbli nogbeM [Ca®']i B mpucyrcteun CNQX (9 MkM) okasaics HHXKE Ha
8,7£7,0% (n=27, p=0,0015, mapHuslii t-TecT) mo cpaBHeHHIO ¢ noabeMoM [Ca?*]; npu
nobasyiennu Toibko Glu. OTH nanHbIe yKka3biBatoT Ha Hanmnune AMPA n/unu kauHaTHBIX

pPELENnTOPOB B UCCIEAYEMOM KYJIBTYpE.

Jlamee MBI TPOBEPWIM HAJIMYME B KIETKaX META0OTPOMHBIX TIIyTaMaTHBIX
pELENTOPOB,  CBSA3aHHBIX ¢  BhICBOOOXkAeHMeM Ca?* M3 BHYTPHKIETOYHBIX
kommapTMeHTOB (mGIluRs Tuma 1). Jlmg atoro mer mo6aBmsum Glu k kieTkam B
HOMHMHAJILHO OecKamblueBoM Oydepe, B KoTopoM KoHueHtpanus Ca?* Gblia cHMKeHaA
no6asnenneM xematopa EGTA (100 MxM), a mamumume Mg?* GnokmpoBano paboTy
NMDA-peuenropos. B takux ycnosusx Glu He muxynmposan nossimenue [Ca?']; B
kierkax. [locnenyromas 3amena 0ydepa na Ca?*-conepsxkamuii (6e3 Mg?") u nobasnenue
Glu npusenu k otueTuBoMy yseanuenuto [Ca?']i (Puc. 21 B). DTo roBopHT 0 TOM, 4TO
ysennuenue [Ca?']i He cBA3aHO ¢ ero BHICBOOOXKIECHUEM U3 BHYTPHUKIETOUHBIX JIETIO, a

peanu3yeTcs TONIBKO 3a cueT npuToka noHoB Ca?* u3 Oy(epa (U3BHE KIETKH).
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Ho6asnenne unruouropa NMDA-penienropoB MK-801 (9 mMxM) BbI3bIBaIO
uaruouposanre  Glu-ungynmposannoro ysenmuenus [Ca?']i (49,144,6%, n=21,
p<0,0001, mapusiii t-rect) (Puc. 21 B, I'). 13 3Toro cnexyer, 4To HEWPOHBI B HAIIMX
KyJIbTypax UMEIOT (PYHKIMOHAIbHBIE HOHOTPOIHBIE pelenTopsl K riyramaty NMDA-
tuna. [loutn nBykpatHoe cHukenue curnaioB or GCaMP6s cornacyercst ¢ Tem, 4To
NMDA penenTopsl o6ecnieunBaroT ocHOBHOM nputok Ca®* Bo Bpems neiictus Glu B

KyJIbTHBHpYeMbIX Heliponax [IHC (Brittain et al., 2012).

JUist nanpHeWInel MpoOBEPKU TOTO, YTO KIIETKH IKCIPECCUPYIOT (PYHKIMOHAIBHO
aKTUBHBIC TTyTaMaTHBIE PELENITOPHI, CIOCOOHBIE POYCKATh BHYTPh KJIETKH HE TOJIBKO
Ca%*, mo u Na', Mbl npoBemu oxHoBpeMmeHHble m3Mepenus [Ca?']i u [Na']; myrem
peructparmu  QiyopectieHTHbIX curHaaoB otT GCaMP6s u cuaTeTMdeckoro Na®
nnpukatopa SBFI. Jlo6asnenue Glu npuBoauno k 6bIcTpoMy yBenudeHuto kak [Ca?');
(byopecuienmu GCaMP6s), Tak u [Na']i (bayopectiennnu SBFI) (Puc. 22 A, B). 3atem
HaOmoaanock camkenne [Ca*]i 1o ypoBHs, onpeaensieMoro 6aaancoM MeX Iy IPHTOKOM
Ca®** u ero ynajeHueM U3 KIETKH, a TAKXKE €ro MOIJIOMIEHHEM DHIOIIIA3MATHIECKUM
petukynymoM (Verkhratsky, 2004) u muroxonnpusimu (Szabadkai, Duchen, 2008) (Puc.
22 A). Konuentparust Na®, HanmpoTHB, Npoao/Kaja PacTH, XOTS M C MCHbIICH
CKOPOCTBI0, JI0 TeX 1op, oka Glu e Obu1 yaanen u3 6ydepa (Puc. 22 b). Y aanenue Glu
owIcTpo Boccranapnueano [Ca?']; mo 6asampHOrO ypoBHA, Torna kak [Na']i camkancs
3ameTHO MemiieHHee (Puc. 22 A, B). [TonoOHbIe pa3nuurs B TMHAMUKE MOCTIITyTaMaTHBIX
msmenennii [Ca?]; m [Na']i mabGmoganuce B INEpBUYHBIX KyJIbTYpax HEHPOHOB,
BBIJICJICHHBIX U3 Mo3ra Kphickl (Sharipov et al., 2018). BepositHo, oHM 00YCIIOBJICHBI
ropasao GomsmmMm norpednenrneM AT® Na'/K*-AT®daszoii mo cpasHenmoo ¢ Ca?'-
AT®dazamu mia3zMaTHUeCKOH MeMOpaHbl U SHIOIIA3MAaTHYECKOTO PETUKYIyMa Ha (poHe

3HAYUTEILHOTO CHIKEHUS BHYTpUKIeTOUHOTo AT® (Surin et al., 2014; Sharipov et al.,

2018).
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Pucynok 21. Pe3ynbTaThl KaablUEBOT0 MMHUKHUHTA B HelpalbHbIX KynbTypax IN-GCaMP6s-
NGN2. Glu — rayramar (100 MmxM), CNQX — unruourop AMPA w/uim kauHaTHBIX penentopos (9
MKM), MK 801 — uaru6urop NMDA-penentopos (9 MkM), lono — monomurus (2 MmkM), EGTA- Ca?*
— Oydep 6e3 KanbIHs ¢ XenaTopom, p — p-value — pe3yabraT napHoro t-recra.

A, B — rpaduku 3aBUCUMOCTH MHTEHCHBHOCTH (iayopecueHTHoro curHaia GCaMPo6s,
HOpMaJM30BaHHOIO Ha QuyopecueHuuio kietku B mnokoe (F/Fo), or Bpemenu. M3meHeHue
ITyopecIieHTHOTO CHTHANA KIeTKH oTpaxaeT n3MeHenus [Ca®']i B meit. Kaxxaas kpuBas npeicTapiseT
co0OM ONHY KIETKY, HW3MEHSIOUIYI0 HWHTEHCUBHOCTh (IYyOpPECUEHIIMM B TEUYCHHE BPEMEHHU.
b, I' — xonmuuecTBeHHasl OLIEHKA W3MEHEHHsI KaJbIIMEBOTO OTBETA, pacCUMTAHHAsI HA OCHOBE IJIOLIAIN

10l KPHBBIMH M3MeHenu# dmyopecuentroro curaana ([Ca?*]i) (AUC, otH. ex.) rpaduxos A u B.

Jlobasiaenne Glu B NPUCYTCTBUM KOKTEWIS HWHIHOMTOPOB HOHOTPOITHBIX
riayramMatHeix penentopos MK-801 m CNQX BeibiBano cHmkenue kak [Ca?']i ma
74,243,7% (Puc. 22 A, B), tak u [Na*]; Ha 33,9+0,7% (n=47, p<0,0001, mapHbIii t-TecT)
(Puc. 22 b, I'). IlomobHoe paznuune B >dPekre HHTHOMTOPOB HOHOTPOIHBIX

IJIyTaMaTHBIX penentopoB Ha mnoxbeM [Ca?*]i um [Na']y mabmopmamoce u B
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KyJbTUBUPYEMBIX HEMPOHAX THIIIIOKaMIIa KpbIChkl npu aktuBaumu NMDA -penientopos

(Brittain et al., 2012).
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Pucynok 22. Pe3ynbTatel oqHOBpeMeHHOT0 n3Mepenus [Ca®']i u [Na']i B HefipanbHBIX KynbTypax iN-
GCaMP6s-NGN2. Glu — rayramar (100uM), CNQX — wunaruoutop AMPA w/miau KauHATHBIX
peuentopos (9 MkM), MK801 — uarudutop NMDA -peuentopos (9 MkM), lono — nonomunus (2 MxM),
SFBI — ¢nyopecieHTHBI HaTpHEBbI HHAWKATOp, p — P-vValue — pesynbrar mapHOro t-Tecra.
A —rpaduKu 3aBUCHMOCTH HHTEHCUBHOCTH (hryopecuenTHoro curtaiga GCaMP6s, Hopmain3oBaHHOTO
Ha ¢uyopecuennuio kinetku B mokoe (F/Fo), ot Bpemenu. M3MeHnenne (ayopeclieHTHOTO CHUTHaIa
GCaMP6s orpaxaer m3menenus [Ca?']i.

b — rpaduxu 3aBrcuMocTH HHTEHCUBHOCTH (piryopectienTHoro curiaina SBFI ot Bpemenu. M3menenune
¢ayopecrentroro curnana SFBI otpaxaer usmenenus [Na']i. Usmenenus [Na']i npencraBieHbl Kak
otHomenue curHajgoB SBFI mpu Bo3Oyxnenuu dayopecuennnu Ha 340 m 380 am (F340/F380).
B, I' — xonmuecTBeHHBIC OICHKM HW3MeHeHWH KanbimeBoro (B) m HarpueBoro (I)) oTBeTOB,
paccuMTaHHbIC Ha OCHOBE IUIOIIA/IM O KPUBBIMHU U3MeHEeHHH (uryopectieHTHbIX curHanoB (AUC, oTH.

en.) GCaMP6s u SFBI ¢ rpadukoB A u b coorBeTcTBEeHHO.



95

YToOBl OATBEPAUTh HAIMYUE B UCCIEAYEMOU KyJIbType MOTCHIINAT-3aBUCUMBIX
Ca?*-xananos (Lacinova, 2005), MbI BBI3BIBAIIH JCTIONSPH3ALUIO MEMOPAH KJIETOK ITyTEM
CHW)KCHHUS TPAaHCMEMOPAHHOTO TpajueHTa KOHIIGHTpAIlMd HWOHOB Kamwms. [lpwm
no6asienuu B 0ydep 50 MM KCl Mb1 Habmr0o1amu OBICTPBIN KpaTKOBPEMEHHBIN MOIBEM

[Ca?*]; B kieTkax (n=83) (Puc. 23).

Jo6asnenne AT® (100 MmxkM) — aronucra P2Y- u P2X- perentopoB, npuBeso K
noseimrennto [Ca?*)i Tonsko B ~20% kiaetok (Puc. 23). DTo TOBOPUT 0 TOM, Y4TO TOIBKO
YacTh KJIETOK B TOJIYYCHHOM HaMU HEHPaAIbHOW KyJNbType MMeEeT (PYHKIIMOHAJIbHBIE

MypUHEPTUYECKUE peuenTopsl P2-tumna.

KCI 50mM
104 | m————] :ATP 100uM -
: : ]

[Ca®*]; (GCaMP6, FIFo)

600 800 1000 1200 1400
Bpems, c

Pucynox 23. Pe3ynbTaThl KaJbIIEeBOr0 MMHUDKUHTA B HEWpalmbHBIX KynbTypax iN-GCaMP6s-NGN2
npu nob6asnennu SOMM KCl u 100 MM AT® (ATP).

I'paduxu mpeacTaBiasioT co0oi 3aBUCUMOCTH MHTEHCUBHOCTH (piryopecrieHTHOro curnana GCaMPo6s,
HOpMaJIM30BaHHOTO Ha QuyopecueHuuio kinetku B nokoe (F/Fo), or Bpemenu. M3meHenue
ITyopecIieHTHOTO CHTHANA KIIeTKH oTpaxaeT n3MeHenus [Ca®']i B meit. Kaxxaas kpuBas npeicTapiseT

coboit OIHY KJIICTKY, U3MCHAIOIYIO NHTCHCUBHOCTD (I)J'IyopCCLICHL[I/II/I B TCYCHUC BPCMCHHU.

Takum oOpazoM, monuduirpoBansbiii HaMu PoTokod NGN2-unnynupoBanHon
mudpepennnpoku UIICK no3BosseT moaydnTh PYHKIHMOHAIBHO aKTUBHBIE KYJIbTYPHI
YeJIOBEYECKUX HEHPOHOB, KOTOpBIEC Ha T0OABJIEHUE IITyTaMaTa pearupyroT MOBBILICHUEM
xoHuentpauuii Ca** u Na* Baytpu knerku. [Ipu 5TOM, OTCYTCTBHE MOBBIILEHHS YPOBHS
[Ca*']i B OeckanmbuueBom Oydepe B orser Ha rayramar (Puc. 21 B) m nopasnenme

nosslieHus yposHs [Ca?*]i na ~74% npu no6asnennu cmecu MK-801 u CNQX (Puc. 22
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A) yka3pIBaeT Ha JTOMUHHUPYIOIIYIO POJIb MOHOTPOITHBIX TIYyTaMAaTHBIX PEIENTOPOB B
nepenaue curHanoB Ca?* B NGN2-MHIyLUpPOBAaHHBIX HEHpaNbHBIX  KYJIbTypax.
[Mocrymnenne Ca?* u3 6ydepa obecneunsaercs penenropamu NMDA -Tuna u B MeHbLIEH

crenenu peuentopamu AMPA/kanHaTHOTO THIIA.
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4.3. Cpasnenue neiipanvuvlx Kyavmyp, noayuenuvix uz UIICK-KYOU memoodom ¢
DUAL SMAD unzubupoeanuem u Memooom ¢ UHOYKyuell IK302eHHOl

cunepikcnpeccuu NGN2

B naHHOM »SKcliepuMEHTE MBI TPOBENM CPABHEHUE HEUpaIbHBIX KYJIBTYD,
noyuyeHHbIX U3 ofaHoi u To ke auHuu UITCK-KYOU, Ho pa3sHbiMu MeTomamu: iN-
NGN2, nonyuyennble u3 MIICK-KYOU wuHaykuueil 3K30r€HHOM THIIEPIKCIPECCUU
NGN2, u neitpansubie KynbTypsl N-KYOU p5, cnontanno nuddepeHunnpoBaHHbIe U3

HCK-KYOU (koropsie 0butn nonyuyensl u3 UIICK-KYOU meronom ¢ DUAL SMAD

MHTMOMPOBAaHMEM) Ha 5 Maccaxe.

Jnst 3TUX 1enei ObUIM MPOBEAECHBl aHAIU3bl JTAHHBIX CEKBEHHPOBAaHUS OOLIEH

MPHK, a taxxe nannbix konuuectBeHHol [P ¢ oOpaTHoO# TpaHCcKpUIIIHEH.

Pe3ynpTaTel aHamu3a ypoBHEW OTHOCHUTEIBHOM 3KCIPECCHMM MAapKEpPHBIX I'€HOB
meroaoM koimdectBeHHOM OT-IILP B Helipansabix KynbTypax N-KYOU p5 u iN-
NGN2, a taxxe auaun UTICK-KYOU, koTopas siBisieTcs 0OIMM UCTOYHUKOM 00X
HEHpaIbHBIX KYJIbTYpP, MOKA3aJId MOBBIIEHHYIO 3Kcrpeccuto mapkepoB HCK (SOX1,
PAX6, NES) u meliponansabix npeamectBenHukoB (NEUROD1, ASCL1, NGN2) N-
KYOU p5 no cpaBaennto ¢ UTICK u iN-NGN2 (Puc. 24). Kpome Toro, B N-KYOU p5
MOBBIIIICHA DKCIIPECCHS TIHAIBHBIX MapkepoB, Takux kak S100b, CD44, VCAM1, PLP1,
PTN u PTPRZ. Heiiponansusie xe mapkepsl (TUBB3, MAP, MAPT, NSE), a takxe
Mapkep HeilpoOiactoB U paHHUX HelipoHoB DCX, mampoTuB, uMenu 0ojiee BBICOKHI
ypoBeHb dkcrpeccuu B IN-NGN2 no cpaBaenuto ¢ N-KYOU p5 (Puc. 24). Otu nanHbie
yKa3bIBatoT Ha TO, 4TO B N-KYOU pS npyrue ne-ueriponanbubie Tumnbl kietok (HCK u
TJIMabHBIE KJIETKW) MPeo0IalatoT Hall HEHPOHAMH.

B TpanckpunToMHBINM aHaIu3 BOIUH 4 oOpasna (OMoJIorudecKux mopropa) 14-tu
JTHEBHBIX HeWpanbHbIX KyJbTyp IN-NGN2, u 6 00pa3iioB HEHpabHBIX KYJIbTYyp N-

KYOU p5 na 14i1 newp qudpepeHnpoBKH.



98

SOX1 SOX3 PAX6 NES NEUROD1

12
* ‘ . *k *kk *%
1.0 —_— e— —
084
- i 08 08
06 06 06 06
2
04 0 0.4 " 04
1 L
02 02 0.2
02
.
0.0 . 0 . 0o . " 00 .
ASCL1 NGN2 BRN2 DCX TUuBB3
12 > |
» ekok Fkk ¥ _* 301 *
rm— 10 1 10 25
o8 - 3
0.6 06 06 2 vel
104
1
0.2 02 02
0s
00 . 0.0 . 0.0 . 0 . L]
6 MAP MAPT NSE TH GFAP
g 3.0 100 *% * gl @
5 » 2.04 g . PS-KYOU
A ™ 3 N-KYOU-PS
4 IN-NGN2
2 a0 20
Q 10 1.04 20
o
2 o 0 g o] #
=]
©
T oof e of . of @ aal 8 5
S$1008B CD44 VCAM PLP1 sa PTN
12 12
124
- *kk *% 10 *% *kk ™ *kk
08 08 o8 o8 08
0 06 0 0.6 06
04 04 DA 04 0.4
02 02 ‘ 02 0.2 ' o.
.
e ! 00 0.0 . 0.0 = H
PTPRZ oCT4 SOX2 ZIC3A ZIC3B
16 1400 oci 144
* *k
- _ - AR *% 5o *kk ll *%k%k
1000 - + 25 1.0 +
1.0 800 . 20 08
08
500 1 4 06
{ o *
02 00 . 0

Pucynox 24. VYpoBHM OTHOCHTEIBHOH 3KCIPECCMM MAapKEPHBIX T'E€HOB, OIpPE/EIeHHBIE METOA0M
kosmyectBeHHoM OT-TILP, B o6pazuax munauu UTICK-KYOU, 14-n1HeBHBIX HeMpallbHBIX KyJIbTypax N-
KYOU p5 u 17-nHeBHbIX HelpanbHbIX KylnbTypax iIN-NGN2. OOe HelpanbHble KYIbTYpbl OBLIH
nonydensl 3 UTICK-KYOU, HO pa3HbIMU MOJIXO1aMHU.

[To ocu Y moka3aH ypoOBEHb 3KCIIPECCHH, paccCUUTaHHBIA MeTogoM -AACt, HOpMaIM30BaHHBIA K
JKCIIpeccur TeHoB gomainHero xossiiictBa (EMC7 u PSMB4). Kaxnas Touka mpencraBisier coOoi
Oononornyeckyro peruky. CTONOMKH OMMOOK YKa3bIBAIOT HA CTAHJAPTHOE OTKIOHEHHE TEXHUYECKIX
peruuk. CTaTuCTHYECKas: 3HAYMMOCTh, PACCUUTAHHAS C MMOMOIIBIO TeCTa Y3J4a, yKa3zaHa TOJIBKO JUIs
cpaBuenust N-KYOU p5 u iN-NGN2 u o603HaueHa 3Be3noukamu (* — p-value <0,05, ** — p-value<0,01,
*** _ p-value<0,001).

Or1eHKa CXOJICTBA U pa3andus oOmUX TpaHCKpunToMHbIX Tpoduiei N-KYOU p5
u IN-NGN2 npousBomunach C HCIOIB30BAHUEM METOJOB CHIDKCHHSI Pa3MEPHOCTH

IMPpOCTpaHCTBA. KJIaCTepHBIfI aHaJIM3 C TEIJIOBOM KapTOﬁ, dHaJIn3 I'IaBHBIX KOMIIOHCHT
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(PCA) u mHoromepHoe mkaiaupoBanue (MDS). Pe3ynbrathl npecTaBiIeHbl 10 TeHaM,
KOTOpbIE pa3inyaiiCh B CpaBHUBAeMbIX rpynnax B /Ba pasa (|logFC| > 1). Pe3ynbrathl
M0 BCEM BBISBICHHBIM TE€HAM, KOTOPHIE WMEIH JOCTATOYHYIO OJKCIPECCHI0 B

UCCIIeNyEMBIX KYJIbTypax, Npe/cTaBieHbl B npuioxkenuu ([Ipunoxenue puc. 6).

TernnoBas kapta rudQepeHmanbHON SKCIPECCHH € pe3yIbTaTaMU KIaCcTepU3aluu
I'€HOB JIEMOHCTPUPYET pa3inyusi B TPAHCKPUNTOMHBIX npoduisix Mmexay N-KYOU pS u

IN-NGN2 (Puc. 25 A, [Ipunoxenue puc. 6).

Ha rpaduke PCA o6pasusl N-KYOU p5 u iN-NGN2 rpynnupyroTcst o pa3HbIM
KOHIIaM OCH TIEPBOTO TJIaBHOTO KOMMOHEHTa (och X), KoTopas oTpaxkaeT 88% oOmiei
nucnepcun (u3MeHunBocTH). XoTa oOpasubl IN-NGN2 nmojgenunuch Ha JiBa Kiactepa u
pacnoJiaratoTcs 1o pa3HbIM KOHIIAM OCH BTOPOTO IIABHOTO KOMITOHEHTA (0Ch Y ), TaHHBIN
KOMITOHEHT oTpaxkaeT juilb 4% oOmei mucniepcuu (Puc. 25 B). Ha rpaduxe MDS
rpynmsl 06pasioB N-KYOU p5 u iN-NGN2 Takke pacrnoiararoTcsi Ha pa3HbIX KOHIIAX
ocu X (Puc. 25 B). Pa30poc B pacnoyioxkeHUH OMOJIOTUYECKHUX TOBTOPOB BHYTPU 00EUX
rpyni Baojb oceil Y Ha PCA u MDS MoXeT roBopuTh 0 €CTECTBEHHBIX Pa3IMUUsAX
HEUpaJIbHBIX KYJIbTYp, MOJYUYCHHBIX OJHUM U TEM XK€ METOA0oM. Takxke BHUIHO, YTO
ounonornyeckue moBTopsl iIN-NGN2 pazaenunucs Ha 2 kiactepa (Puc. 25 A, b). Ha sto
MOXXET BIUSATH OTPOMHOE KOJIMYECTBO Pa3HbIX (DAaKTOPOB, B TOM YHUCJE Bapualuid B

UCXOJIHBIX KJIETKaX, U3 KOTOPBIX HEHpAJIbHbIE KyJIbTYphl ObH AU )epeHInpOBaHBI.

[Ipu cpaBHenuu HelpanbHbiX KynbTyp N-KYOU p5 u iN-NGN2 Bcero ObLI0
uneHtuduimpoano 5253 rena (|logFC| > 1 u ckopp. 3Ha4. p < 0,05), U3 KOTOPBIX MO
nauaeiM Ensembl (https://www.ensembl.org/index.html) 4974 rena (95%) sBustoTcs
oenok-kogupyomumu. [Ipu cpaBHeHun xe nByx kiactepoB iIN-NGN2 mexay coboii
obuT0 HaeHTUUIMpoBaHo jumb 910 reHoB. [loaTromy paznmuuus BHyTpH Tpymibl iN-
NGN2 Ha ¢one cpaBHeHus N-KYOU p5 u iN-NGN2 He cTONb CYIIECTBEHHBI W,

BEPOSITHO, HE OYIyT BIMSTH HA KOHEUHBIN pe3yJbTar.

Takum o00Opa3oM, Ha OCHOBE MOJYYEHHBIX rpa)MKOB MOKHO YTBEPXKIaTh, UTO

HelpanpHble KynbTypbl N-KYOU p5 u iN-NGN2 3HauuTeNnbHO OTIMYAIOTCS JIPYT OT

pyra.
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PI/ICYHOK 25. PCBYJ'IBTaTBI NPpUMCHCHUA MCTOAOB CHMKCHHUSA PASMCPHOCTU MPOCTPAHCTBA IJIA

JAHHBIX OOIIMX TPaHCKPUNITOMOB HelpambHBIX KyabTyp N-KYOU p5 u iN-NGN2 mpu |logFC| > 1 n

ckopp. 3HaueHuu P < 0,05.

A — XJacTepHBI aHauHW3, BHU3yaJIM3HPOBAHHBIA B BHUJAE TEIUIOBOW KapThl AU(QepeHIIHaTbHO

9KCIPECCUPOBAHHBIX T'€HOB.
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b — anamu3 rnaBHbIX KommoHEHT (PCA), mpuMEHEHHBIH K CTAOWIM3HPOBAHHBIM [0 JUCIEPCUU

npeoOpa3oBaHHbIM AaHHBIM 3Kcripeccun. Ocu X U Y — rJlaBHbIe KOMIOHEHTHI 1 U 2 COOTBETCTBEHHO,
oOwscHstomue 88 u 4 % nucnepcuu (variance).
B — meton muHoromepHoro mkamupoBanus (MDS). B kauecTBe Mephl CXOJICTBA HCIIOJIB30BaHbI

BenMUMHbl Kodpduimenta koppensiuuu [lupcona. Ock X omuchiBaeT MakKCUMyM DPa3IUYUN MEXKIY

00BEKTAMHU.

s ouenku auddepenunanbHon sxkcnpeccuu ([2) reHoB HelipanbHbIE KYIbTYPHI
IN-NGN2 cpaBHUBAIKCH 110 OTHOIICHUIO K HelpanbHbiM KyiabTypaM N-KYOU p5. Ha
pucyHkax 26 m 27 mpenacTaBi€Hbl TEIUIOBbIE KapThl aOCOJIOTHOM M OTHOCHTEIIbHOMN
HKCIIPECCUU BbIOPAHHBIX T€HOB-MApKEPOB pa3HbIX TUIIOB HEHpoHOB (Puc. 26), a Takxe
Pa3IMYHBIX HEHpaJbHBIX MPEAIIECTBEHHUKOB U JPYruX KieTouHblXx TunoB (Puc. 27).
OTHocHTeNbHAsT 3KCOpeccHs T'€HOB IMpeACTaBieHa B IKane Z-SCore. Z-score reHa
pacCUMTHIBACTCS IyTEM CpPAaBHEHHUS YPOBHS €ro SKCIPECCHUM B JAHHOM 00pasle co
CPEIHUM YPOBHEM JKCIPECCHUHU 3TOr0 reHa BO Bcex oOpasuax. COOTBETCTBEHHO, MpHU
HYJIEBOM 3HAYEHUM OKCIIPECCHsI T€Ha B CPEOHEM HE OTJIMYAETCA OT OCTaJbHBIX,
IIOJIO’KATENIBHOE 3HAYEHNE TOBOPUT O TMIIEPIKCIIPECCUU T'€HA OTHOCUTEIBHO OCTAJIBHBIX

O6p213HOB, a OTPULIATCIIbHOC — O TMIIO3KCIIPECCHUH.

Ha pucynke 26 A BUIHO, 4YTO 00€ KYJIbTYPbl UMEIOT BBICOKHI YPOBEHb a0COJIIOTHOM
aKcTrpeccur MapkepoB Hespenbix HelipoHoB (TUBB3, DCX, NCAM1, STMNL1), a Taxxke
HEKOTOPBIX MapkepoB 3penbix HeliponoB (MAP2, MAP1B, MAP1A, MAP1S). Oanako iN-
NGN2 oranuaercs ot N-KYOU p5 Oonee BbICOKOW 3Kcmpeccuei Oonbllieid 4YacTu
BBIOPAHHBIX T'€HOB-MapKepoB 3peibix HerpoHoB, Takux kak SYP, SYN, ENO2(NSE),
NFEL u np. (Puc. 26 A). bonee Toro, OTHOCUTENIbHBIN YPOBEHb SKCIIPECCUU MAPKEPOB U
3penbiX, U He3penbix HelipoHoB B iIN-NGN2 namHoro Beiie, 4eM B N-KYOU pS5 (Puc. 26
b).

Taxxe HelipanbHble KyIbTypbl IN-NGN2 0T/IHYaOTCS MOBBIILIEHHOW 3KCIpeccruei
I€HOB-MApKEPOB  XOJIMHEPIrMYECKUX U IIIyTaMaTepruuyeckKux HEHUPOHOB, HO HE
['’AMKepruueckux. Kpome Toro, orMeueHa 3KCIpPECCUsi MapKepoB MepudepudecKux

CEHCOPHBIX HEWPOHOB (HEYyTOYHEHHOM epruyHocTH) (Puc. 26).



O
|

NR4A2 **
] LMX1B **

TH *

||
JEN2 ™
PBX1

DDC **

| GABBR1
GAD2 **
GAD1 *

SLC17A7 **
SLC17A6 **
SLC1A6 **

GRIA1 **

| GRINA

TUBB3
STMN1
NCAM2 **
DCX
NCAM1

MAP2
MAP1B
RBFOX3 **
GDAP1L1 **
SYN3 **
PSD **
SYP*
ENO2 **
SYN1 **
SNAP25 **
TRAPPCEB **
SYN2 **
NEFM **
NEFL **
MAP1S
MAP1A

WO craTe

ACHE **
ISL1 **
SLC18A3 **

SSTR2
PHOX2B **
SCNOA **

- 6d NOAM
- 5d NOAM
- 6d NOAM
- 6d NOAM
- 5d NOAN
- 9d NOAM

««««««

12
€
S.
l
C
9

SLCBA1 **
SLC32A1 **
ABAT **

\

102

:

5
S
:
1

S0 NN ..
H [ ] [ ‘
[ [
L[]
L] ER
|

TEETEEEE 2222
REREREZX

RRRRXLE555
000000 2229
EEECcCC S5588
58T TY L4
Vol @R3IR

S
2
€
P
4
9

LMX1B ** JodamuHepruyeckue HelpoHb!
TH =

DDC **

EN2 **

PBX1 0

GABBR1
GAD2 **
GAD1 ** .
SLCBA1 **

SLC32A1 **
ABAT **

SLC17A7 **
SLC17A6 =
SLC1A6 **
GRIA1T **
GRINA

TUBB3
STMN1
NCAM2 **
DCX
NCAM1

MAP2
MAP1B
RBFOX3 **
GDAP1L1 **
SYN3 **
PSD **

SYP **
ENO2 **
SYN1 **
SNAP25 **
TRAPPCEB **
SYN2 **
NEFM **
NEFL **
MAP1S
MAP1A

CHAT *
ACHE *
ISL1
SLC18A3 **

SSTR2
PHOX2B **
SCNOA **
GAL *
PRPH **
NTRK2 **
PIEZO2 **
TAC1
POU4F1

TPH1

NRAA2 ** 2 cell_type
I FAMKepruyeckue HeitpoHbl

[nyTamaTtepruyeckue HelipoHbl

Hespenble HelipoHb!

3penble HepOoHbI

XonuHepruyeckne HempoHbl

MNepudepuyeckne n CEHCOpHbIE HEMPOHbI

CepOoTOHUHEPrHUYECcKUe HeNpOHbI

PI/IcyHOK 26. TemnoBsie KapTbl U3BMCHCHUA SKCIIPECCUNU T'CHOB-MApPKCPOB pPA3HBIX THUIIOB HCﬁpOHOB.

JByms 3Be3moukamu (**) o60o3nauensl rensl ¢ |[l1ogFC| > 1 u ckoppektupoBanHbIM 3HadeHUEM P < 0,05.

Jlerenna (KI€TOYHBIE TUTIBI) SBISETCS OOIIEH /UIsi 00€MX TETUIOBBIX KAapT M MPECTaBIeHA Ha PUCYHKE

b.

A —Kapra ¢ aOCOMIOTHBIMH 3HaYEHUSMHU YPOBHEH TPAHCKPHUIIIUU T€HOB

b — Kapta ¢ oTHOCUTETbHBIMU 3HAYE€HUSIMU YPOBHEW TPAHCKPUIILIMK T'€HOB MO IIKaje Z-SCOore

B 10 ke Bpems B HelipanbHbIX KynbTypax N-KYOU p5 npexncrasieHa noBbllIeHHAS

IKCTIPECCHSI

MapKepoB

I'AMKepruueckux,

CCPOTOHUHCPTINICCKUX

n

nopamuHepruueckux HelpoHoB (Puc. 26 A, b) otHocutenbHo iN-NGN2, X0Tst Mapkepbl

rIIyTaMaTepruueckux HEHPOHOB Toxe NMpucyTcTBYIOT (Puc. 26 b).
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Pucynok 27. TernnoBble KapThl U3MEHEHHUS SKCIIPECCUU T€HOB-MAPKEPOB pa3IMYHbIX He-HEeHPOHAIBHBIX
TUTIOB KJIETOK. J[BymMs 3Be3moukamu (**) oGo3naueHwl reHbl ¢ |logFC| > 1 U ckoppeKTHpOBaHHBIM
3HaueHueMm p < 0,05. Jlerennma (KJIe€TOYHBIC THIIBI) SBISIETCS OOIIECH JJis 00EWX TEIIOBBIX KapT U
MpEeACTaBlIeHa HA PUCYHKE b.

HCK — neitpanshabie cTBosioBbie kineTku, OIIK — onuronenapouurapuslie npeamectseHHUKH, MITCK —
MHAYUUPOBAaHHBIE ITIOPUIIOTEHTHBIE CTBOJIOBBIE KIETKU

A —Kapra ¢ aGCoMOTHBIMU 3HAYEHUSMH YPOBHEH TPAHCKPHUIIIMK F€HOB

b- KapTa C OTHOCUTCIIbHBIMH 3HAYCHUAMU ypOBHCﬁ TPaAHCKPUIIIUU I'C€HOB 110 IIKaJie Z-SCOore

DKcrpeccusi TeHOB-MapKepPOB HEUPOAMUTENUS U HEUPATIbHBIX MPEAINIECTBEHHUKOB
paznuuHbIX craguil cuwibHO BbipakeHa B N-KYOU p5 u B aOcConOTHBIX, U B

OTHOCUTENHHBIX 3HaueHUsX 1mo cpaBHeHHIO ¢ iIN-NGN2 (Puc. 27 A, b). Ot nannbie
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coryacyrores pesynbraramu [P 1 HMMyHOIIMTOXMMHYECKOTO OKpPAlIMBaHUs, & TAKXKE
ScCRNA-seq mi1st N-KYOU p5, nonyyennsie Hamu panee. UTo roBoput o NpUCyTCTBUU B
HelpanbHbIX KynbTypax N-KYOU p5 3HauntensHOM monu HeaudhepeHITMPOBAHHBIX

HeWpaJbHBIX MpeaIIecTBEeHHUKOB B cpaBHeHUH ¢ IN-NGNZ2.

B ormmume ot iN-NGN2, nelipambabie KynbTypel N-KYOU p5 3HaunTenpHO
oboratieHsl 3kcrnpeccueit MapkepoB actporutoB (S100b, GFAP, SPARCL1, SLC1A3,
ITGAG u np.), omuronenapouutoB (PTPRZ1, PLP1, OLIG3), a xpome TOr0, MapkepoB
JPYTUX TUIOB KIJIETOK, Takux Kak sHporenuanbHeie (PDGFRB, CLDNS), cocyauctsie
nentomenuHransueie (DCN, COL1Al, PDGFRA), ¢bubpobaactsl (TAGLN), MuomuTs
(COL6A3). B iN-NGN2 ke mossinieHa dkcrpeccust 18yx MapkepoB UITCK (LIN28A,
POUSF1), wme3enxumanpHoro wmapkepa THY1 ©u  HEKOTOpBIX  MapKepoB

omuronenaponutoB (ALCAM, MBP) (Puc. 27 A, B).

3areM MbI IPOBEHN UACHTU(UKALIMIO CUTHAIBHBIX U MeTabonueckux nmyreid KEGG
151 IIPOLIECCOB Gene Ontology, «HACBIILIEHHBIX) b depeHunanbHO-

HKCIIPECCUPYIOMMUMHUCS TeéHaMU B HelpanbHbIX KynbTypax IN-NGN2 no cpaBHeHuto ¢ N-

KYOU p.

AHanu3 oboranieHusi CUTHaJIbHBIX U MeTtabonmnueckux myteit (Khatri et al., 2012)
3aKJII0YAETCsl B IOMCKE MyTel, B O0JbILIEH CTENEHN «HACBIILIEHHBIX» UccaeayeMbiMu 1D
reHaMH 10 CpaBHEHHIO C pedepeHTHBIM HabopoM TeHoB. HelipanbHbie KylabTyphl 1N-
NGN2 Ob11M 3HaUUTENTBbHO 000TaIIeHbl MyTAMU, XapaKTEPHBIMU JJIsl HEPBHOM CHUCTEMBbI
(myTH, CBSI3aHHBIE C CHHAICAMHM PAa3JIMYHOM E€pPrUYHOCTH, CUTHAJIBHBIA IIyTh
HEHPOTPO(UHOB, JOITOBPEMEHHAs MOTEHIMALINS, TOJITOBPEMEHHAs JENpPeccus U Jip.) U
SHAOKPUHHOW CUCTEMBI (CHUTHAJbHBIE MYTH SCTPOT€HA, OKCUTOLIMHA, TOHAJOTPOIUH-
pummsuHr-ropmona (I'PIV), a Takxke cekpeunst uacynuna, ['PI, anbnocrepona u peHuHa)
(Puc. 28 A). Kpome Toro, B iN-NGN2 BbIpakeHbI MyTH, CBA3aHHBIE C aKCOHAJIbHBIM
POCTOM, pa3IMYHBIMU BUJIAMU TPAHCIYKIMHU, HaripuMmep, kanbuueBoi (Puc. 28 A). [lpu
sToM, 10 cpaBHeHHIO ¢ N-KYOU p5, 31ech rUno-3KCnpeccupoBaHbl 'eHbl, CBSI3aHHBIC

nporpeccneﬁ KJICTOYHOI'O IHUKIJIA, peFYHHHHCﬁ IIIOPUITIOTEHTHOT'O COCTOSAHUSA KIICTOK,
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peruukanuen u penapauuit JJHK, a taxke curnanpasiMu mytsimu WNT u TGF (Puc.

28 B).
A

Pucynox 28. Curnanbieie u MetaGonuueckue nytd KEGG, wuaeHTHGHIMpPOBaHHBIE IS
maddepenimanbHo dKcpeccupoBanHbix TeHoB B iIN-NGN2 o cpasaenuto ¢ N-KYOU p5 (|logFC| > 1
npu ckopp. 3HaueHuu p < 0,05).

A —nytu KEGG n7st runep-sKkcpeccupoBaHHBIX TEHOB

b — nytu KEGG a1 rumno-3kcrnpeccupoOBaHHBIX T€HOB

Ton 100 mpouieccoB Gene Ontology, uaeHTU(UIUPOBAHHBIX JJIsl TUIIEP- U THIIO-

JKCIPECCUPOBAHHBIX I'€HOB, MPEACTaBICHbl Ha pUCYHKE 29. IlosHble criucku myTel u
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MPOIIECCOB MpeCTaBiIeHbI B Tabmuiax 2 u 3 npuioxenus. [Ipomeccsr Gene Ontology
ObuTM  pa30oWTBl HAa KJIAacTephl IO CEMAaHTHYECKOMY CXOJICTBY  TEPMHHOB.

Hetipanpasie kymbTypsl iN-NGN2, mo cpaBaenuto ¢ N-KYOU p5, obGoramieHb
MPOIECCaMH, CBSI3aHHBIMH C MEKKJICTOYHBIMH B3aUMOJCUCTBUSMH W CHUTHAJHHTOM,
OpraHM3alMii CHHAICOB, HEWPOHAJIBHOW CHHANTHYECKOW  TUIACTUYHOCTHIO U
TPAaHCMUCCHEH, Pa3TUYHBIMA CHUHANTHYCCKUMHU IPOIECCAaMU, BKIIOYAs SK30IMTO3 M
CEKPEIMI0 HEHPOTPAHCMUTTEPOB, TEHEpAIlMe TMOTEHIMAIOB JCHCTBHS, a TaKkkKe

akcoHoreHezom (Puc. 29 A).

B 1o xe Bpemsa B N-KYOU p5 Oonee BbIpakeHbI MNPOLECCHI, CBA3AHHBIE C
peryysiued M NpOrpeccuer KIETOYHOIO0 IUKIJIA, MUTOTUYECKUMM IIPOLIECCAMU MU
JeJIEHUEeM, peryisiuded TpaHckpunuuu, Meradboinusmom PHK u  makpomonekyi,
AMOPHUOTEHE30M, PA3BUTHEM HEPBHOU TPYOKU U HEPBHOW CHCTEMBI, a TAKKE KJIETOUHON

aaresuent u murpanueit (Puc. 29 b).
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Pucynok 29. buonormueckue mporeccel Gene  Ontology, wuaeHTU(UIIMPOBAHHBIE IS

nuddepeHimanbHo skcnpeccupoBandbix reHoB B iIN-NGN2 mo cpasuennio ¢ N-KYOU p5 (|logFC| > 1
npu ckopp. 3HaueHuu p < 0.05).
A —nponeccel Gene Ontology i1 runep-3KCIpeccupoOBaHHBIX TEHOB

b — mporecesr Gene Ontology 111 THIIO-9KCIIPECCUPOBAHHBIX T€HOB
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5. OBCYXJAEHUE PE3YJ/IbTATOB

Hpn pa60Te HaJ JaHHBIM pa3feiioM AUCCEPTAllUU HUCIIOJIb30BAHBI CICAYIONINE Hy6J'H/IKaI_II/II/I aBTOpa, B KOTOPHBIX, COIIaCHO TTomoxxeHuio o TMPUCYXKAEHUN
Y4€HBIX CTEIICHEH B MFY, OTpaX€HbI OCHOBHBIC PE3YJIbTATHI, TIOJIOKEHUS U BBIBOJAbI UCCIICIOBAHUSA:

Galiakberova A. A., Brovkina O. |., Kondratyev N. V., Artyuhov A. S., Momotyuk E. D., Kulmukhametova O. N., Lagunin A. A., Shilov B. V.,
Zadorozhny A. D., Zakharov I. S., Okorokova L. S., Golimbet V. E., Dashinimaev E. B. Different iPSC-derived neural stem cells shows various spectrums
of spontaneous differentiation during long term cultivation // Frontiers in molecular neuroscience. — 2023. — Vol. 16.

Galiakberova A.A., Surin A.M., Bakaeva Z.V., Sharipov R.R., Zhang D., Dorovskoy D.A., Shakirova K.M., Fisenko A.P., Dashinimaev E.B.
IPSC-Derived Human Neurons with GCaMP6s Expression Allow In Vitro Study of Neurophysiological Responses to Neurochemicals // Neurochem Res.
—2022. — Vol. 47, no 4. P. — 952-966.

5.1. Hccneoosanue cnonmanno oughghepenyuposantvlx HeupaIbHbIX KYIabmyp,
noayuennuix uepes cmaouto HCK ¢ nomoupto memooa c DUAL SMAD
uHZUOUpOBanuem

Meton ¢ DUAL SMAD wuHruOupoBaHUEM SIBISETCA MOMYJSAPHBIM MOIXOJI0M
noJiyuyeHus: HepanbHbIX CTBOJIOBBIX Ki1eTOK (HCK) u3 mimopUnOTEHTHBIX CTBOJIOBBIX
KJIETOK B YCJIOBHUSX IN Vitro. Meros OCHOBBIBaeTCS HAa MHTHOMPOBAHUM JIBYX ITyTCH
SMAD-curnanuara (BMP u TGF) npu moMomm majibIx MOJEKYJ, T00aBIsEMBIX B
KyJaeTypasibHyto cpeny (Chambers et al., 2009). B panbnaeiimiem HCK Moryt ObITh
KyJIbTUBUPOBAHBI B TEUEHHE HEKOTOPOTO KOJIMYECTBA MACCAXKEil, a 3aTEM HaIlpaBJICHBI B
HEHPOHAIBbHYIO WU IHAIBHYI0 AU depeHIUpoBKY. B 11e10M M3BeCTHO, YTO Takue
HelpanbHble KyJbTypbl, auddepenuupoannsie n3 HCK, ngaxe npu HampaBlieHHON
muddepeHnupoBke sBISIIOTCA 10BOJIbHO reteporeHHbIME (Nilsson et al., 2021). bonee
TOT0, COOTHOILIEHUE THUIIOB KJIETOK B KYJIbTYpax, NOJy4eHHbIX U3 pa3Hbix JuHuid HCK,
Takke MoxkeT otinuatbes (Wu et al, 2007; Hu et al, 2010). Taxxe ecTb
NPEANOJIOKEHNE, YTO CIEKTP THUIOB KJIETOK B  HEWpalbHBIX  KYJIbTypax,
mupdepenuupoBannbix u3 Takux HCK, MokeT MeHSTbCS B 3aBUCUMOCTH OT

mmtensHocty KyabTuBupoBanus HCK (Viero et al., 2014).

Mg uccnenoBaii BapuabENbHOCTh HEUPATBHBIX KYJIBTYP B 3aBUCUMOCTH OT
muaun UIICK - wucrounuka HCK, a Takke B 3aBHCHMOCTH OT JJIATSIBHOCTH
kynbTuBUpoBaHuss HCK wna mnpumepe crnontanHoit nuddepenumpokun HCK,
noyiydeHHbIx ¢ momotnipio Merona ¢ DUAL SMAD unru6bupoBanuem. CrioHTaHHas
nuddepenuiupoBka HCK mpoBogumnace nyTeM yaajieHUss U3 cpelbl  (aKTOpoOB,
Hampapisgomux  IuGQPepeHupoBKy, a Takke (aKTopoB, MOAJEPKUBAIOIINX

nposmdeparuo HCK.
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Kak u oxwupganocb, npu oaWHAKOBOM mporokosne mnoiaydenus HCK u wux
CIIOHTAHHOM i depeHupoBKe c OJIMHAKOBOM POIOJKUTEIBHOCTBIO
KyJapTUBUpOBaHus (5 maccaxeit) pazubie tuanu UIICK (KYOU, AFS17, DYP0730, DP)
00pa3yloT TeTepOreHHble HEHpaJIbHbIE KYJIbTYPhl C pa3HOW CTEMEHbIO IeTePOTreHHOCTH.
VCTOYHUMKOM TaKuxX pasiInuuid, BEPOSITHO, SBJISIIOTCSI TEHETUYECKUE U SIIUTEHETUYECKUE
cpoiictBa nuHuil MIICK. HeonHokpaTtHO oTMewanock, 4uto paziauusble JuHuM [ICK
MOTYT OTJIMYaTbCS OPYr OT Jpyra W, Kak CJIEACTBHUE, AEMOHCTPUPOBATh B IPOLECCE
i pepeHIUPOBKH Pa3IMYHbIN CIIEKTP KJIETOYHBIX TUIIOB. Hampumep, Ob110 TOKa3aHo,
yto pasnble quHun UIICK denoeka auddepenuupyrorcs B HCK ¢ noBblieHHON
BapuadeIbHOCTHIO 10 cpaBHEHUIO ¢ pa3HbiMu JInHusIMU DCK (Hu et al., 2010; Kim et al.,
2010; Bock et al., 2011). Tem He MeHee, HENB3s CKa3aTh, 4To pasHble JuHUU JCK Bcerna
JEMOHCTPUPYIOT OJMHAKOBBIM crnekTp auddepennupoBku. Hampumep, cpaBHeHHe
HelpanbHOU AuddepeHurnpoBkH 1ByX duHUM DCK nmoka3ano CyluiecCTBEHHOE pa3inyue B
COOTHOIIIEHHH THUIIOB KJIETOK B Au(depeHumpoBaHHbix Kyabrypax (Wu et al., 2007).
[Ipennonaraercsi, 4TO IMHUU MTO-Pa3HOMY ITpOrpaMMUpYIOTCs yxke Ha ctaguu [ICK. OTo
BBIPAXKAETCS B TOM, YTO, XOTS KieTKU paszHbix JuHUN [ICK noreHuuanbHO criocoOHbI
mudpepeHIupoBaTHCS B KIETKU TPEX 3apPOJBIIIEBHIX JUCTKOB, HO 1a)K€ B OJIMHAKOBBIX
YCIOBUSIX OHM MOTYT OTJaBaTh MPEANOYTEHHE K AUPPEpEeHUNPOBKE B ONPEICICHHBIH
THI KJICTOK, MPUYEM JIJIs KaXKJI0M JTMHHH OH MOXKeT ObITh cBoi (Wu et al., 2007; Hu et
al., 2010). Takoe «mpeaBapUTEIbHOE MNPOTPAMMHUPOBAHUE», BEPOSTHO, CBSI3aHO C
SMUTCHETUYECKUMU PA3INUMUSIMU KJIETOYHBIX JIMHUW, TAKUMU Kak MeTtunupoBanue JJHK,
Moaudukanuu TUCTOHOB U 3kcnpeccuss MUKpoPHK. beuto mokazano, 4to crartyc
METUJIMpOBaHus psana reHoB pazmmuaercs Mexay JCK u UIICK (Bock et al., 2011;
Koyanagi-Aoi et al., 2013). O0bIuHOE perporpaMMHPOBAHNE COMATHYSCKIX KIIETOK MPH
MTOMOIIY KOKTEWJI TeHOB ILUTFOPUIOTEHTHOCTH MPUBOIUT K MOTYUYECHHIO TaK HA3bIBAEMBIX
npaitmupoBanabix UIICK, koTopeie HecyT B cebe ANUTCHETHYECKYIO MaMsITh O
COMATUYECKUX KJIeTKaX, U3 KOTOpbIX OHU ObuIM moyuyeHbl (Kim et al., 2010; Ohi et al.,
2011; Buckberry et al., 2023). Dtum xe ¢akToM OOBSCHSIETCS W TIOBBIIICHHAS
BapuabenbHocTh Mexay JuHussMu UIICK mo cpaBHeHuto ¢ pazHpiMu JuHusmu JCK.

COOTB@TCTBCHHO, B IIOTCHIMAJIBHBIC pasimmuns BHOCHUT BKJazj MECTOJ
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penporpaMmmupoBanusi. Tak, penporpaMMHUPOBAHHUE C TOMOIIbIO TPAHCKPHUIIIIMOHHBIX
(akTOpOB IUTIOPUIOTEHTHOCTH MOXET MPUBOJUTh K HECTAOMJIBHOCTH TE€HOMa U
MyTareHe3y, 4TO MOXKET MPHUBOAUTH K rereporeHHocTy nonydaembix UIICK (Zheng et
al., 2013; Ma et al., 2014). Takum o6pazom, nuaun WIICK, monxyueHHbIe OT pa3HBIX
JIOHOPOB WJIM W3 pa3HbIX THUIOB KIETOK, MOTLYT JAEMOHCTPUPOBATh pa3Iuuus WU
OTrpaHUYEHUS B ceKTpax auddepeHIUpPOBKY NMPpU oAMHAKOBBIX ycioBusax (Ohi et al.,
2011; Kajiwara et al., 2012). Bosee Toro, ObLIO0 3aMEUEHO, YTO IPH HEHpaIbHON WM
sHTONepMaibHOM  nuddepenuupoBke  UIICK,  penporpaMmMupoBaHHBIX W3
¢ubpobiacToB, B Ka4eCcTBE MOOOYHBIX JTUHUHN U )epeHInPOBKHA HAOIIOAAINCH UMEHHO

budpodaacTonomodubie KieTkH (Godoy et al., 2018; Buckberry et al., 2023).

Jlanee MBI UCCIEIOBAJId U3MEHEHHUE CIIEKTpa CHOHTAaHHOW AU(EepeHLUPOBKU
HCK ¢ yBenuueHHEM JJIMUTENBLHOCTH UX KyJbTHUBUpPOBaHMS (10 25 u 30 maccaxeil) Ha
neyx muHUsIX (HCK-KYOU u HCK-AFS17). B nutepatype umerorcs gannasie, uto HCK,
nosnyyeHHsie MerogoMm ¢ DUAL SMAD uHrubupoBaHueMm, MOTyT OBbITh CTaOWIJIBHO
KyJbTUBUPOBaHbI BIUIOTH 10 30-ro maccaxka (Chambers et al., 2009; Li et al., 2011;
Reinhardt et al., 2013). bonee Toro, CymecTByrOT HCCIIEIOBaHUS, B KOTOPHIX aBTOPbI
NOCTYJUPYIOT pa3pabOTKy MPOTOKOJIOB, MO3BOJSIOMIUX IMOIYy4YaTh U KYJIbTHBUPOBATH
HCK B Teuenune 150 maccaxkeit 6e3 CyIECTBEHHBIX M3MEHEHUNW MOP(OJIOTUYECKUX U
UMMYHOIIUTOXUMUYECKUX CBONCTB KyIbTyp (Koch et al., 2009). Onnako panee Taxxe
OBLJIO TIOKAa3aHo, YTo (hu3uosornyeckas kanpluenass akTuBHOCT, HCK, nmosmydeHHbIX U3

[1CK, 3nauntenpHo n3Mensiercs B reuenue 10 maccaxeii (Forostyak et al., 2013; Viero et

al., 2014).

Hamm pe3ynbTaThl MoKaszaiu, 4TO MPHU ATUTENbHOM KynbTuBHMpoBanun HCK B
CHOHTaHHO Ju((dEepeHIMPOBAHHBIX M3 HUX HEHPaJbHBIX KyJIbTypax HaOII0Jat0TCs
U3MEHEHHUSl TPaHCKPUIIMOHHOTO npoduisd. [lpuuem auHaMuka 3TUX W3MEHEHUN He
OJIMHAKOBAa B HEWPAIbHBIX KyJIbTypaxX [BYX pa3HbIX JMHUN. B wacTHOCTH, OBLIO
3aMEUYeHO, 4TO C yBeiauueHueM anmutenbHocTH KyibTuBUpoBaHus HCK B N-KYOU
IIPOMCXOUT CHIDKEHUE YPOBHS dKCIpeccuu rnanbHbix Mapkepos (GFAP, CD44, S100b

u Jip.), B TO Bpems kak B N-AFS17 ypoBeHb uX 3KCIpeccuu Bo3pacTaeT. TeM He MeHee,
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o0e JMHUU MOXHO OOBEIUHUTH CXOJHOM JUHAMHUKON HEKOTOPBIX MPOIECCOB.
COBOKYIIHBIN aHAJIN3 ABYX KJIETOYHBIX JIMHUW ITO3BOJISET MIPEANIOIOKNATH IPUYACTHOCTD
MCTOLIEHUs DKCIPECCUU HEKOTOpbIX TI'eHOB curHanbHblx Iyred WNT um BMP k
OUYEBHJIHBIM DPa3Iu4MsIM MEXAY HEUpaIbHBIMM KyJIbTYypaMH C PaHHUX M IO3JHUX

naccaxenn HCK.

[Tyt WNT wurpator BaxkHylo poib B (OPMUpPOBaAHMM TOMEOCTa3a MEXKIY
HEHpOHAIBHBIMU M THalbHbIME KiIeTkamu (Lie et al., 2005; Moreno-Estelles et al.,
2012). B mpoiiecce HOpManbHOTO pa3BUTHs Mosra curHaibl WNT uepe3 MHIYKIIHMIO
BMP-curnanuzanuu mocTerneHHo UCYe3ar0T, B Pe3yIbTaTe Yero HEHPOreHe3 CMeHsIeTCs
TJIMOT€HE30M, KOTOPBIH, B CBOIO OYEPE/lb, CTAHOBUTCS 00Jiee MEPEKOIICHHBIM B CTOPOHY
OJIUTOJIEHAPOIUTOB TIpoTuB acTporuToB (Kasai et al., 2005; Gamez et al., 2013). B
HaIlleil UCKYCCTBEHHOW CHCTEME MBI HaOJII0JaeM aHAJIOTUYHYIO KapTHHY, KOT/Ia YPOBHHU
sKcrpeccuu HekoTopbix reHoB WNT/BMP myreli ¢ maccakamMu CTaHOBSITCS MeHee
skcrpeccupoBanabiMu (BMPS, RNF43 u np.), skcnpeccuss reHa SHISA3, kotopsrit
komupyer wHTHOMTOp WNT, BO3pacTaeT B KjacTepax CTBOJIOBBIX  KJIETOK,
aCTPOTJIMANIbHBIE KJIETKM HCTOIIAIOTCS, a HEKOTOphIE MapKephbl OJIMTOJICHIPOIIMUTOB

CTaHOBSTCS 00JIee FIKCIpecCUpOoBaHHbIMHU (B yacTHOCTH, PLP1).

C nomompro aHamm3a SCRNA-seq Mbl NOATBEPAWIA, YTO C YBEIWYECHHEM
JuMTeNbHOCTH  KyiabTuBHpoBaHuss HCK B HeHpalbHBIX KyJNbTypax HPOUCXOIAT
U3MEHEHUs HE IMPOCTO Ha YPOBHE TPAHCKPUIIMOHHBIX Npoduiei, a Ha YpOBHE
KJIETOYHbIX monyisiuuid. OCHOBHBIM 3(P¢deKToM, HaOM0JaeMbIM MpU  aAHAIIK3E
kierouHoro cocraBa N-KYOU ¢ momorisio manabix SCRNA-seq, 0110 pe3K0e CHIKCHHE
MIPEACTABICHHOCTH acTpOriIuaibHbIX KiactepoB 0 u 2 ¢ yBenmueHnem naccaxa HCK.
HuTepecHbIM 1 00CyK/IaeMbIM pe3yJIbTaToOM SIBJISIETCSI U TO, YTO, HECMOTPSI Ha pe3Koe
UCTOIICHNE KJIacTepoB rauanbHou muddepennuporku B N-KYOU, mbl He HaOm0MaH
Takoro ke 3 dexTa 1 KIacTepoB HellpoHaabHOU AuddepeHupoBkr. OUeBUIHO, YTO
HCK cmocoGHbI maBaTh Hayajao Kak HEMpOHAM, TaK M TJIHAJIbHBIM KIIETKaM, W 4YTO
HaIpPaBJICHUEM CYJbOBbI KJIETOK MOKHO MaHHUIYJIMPOBATh, U3MEHSS KIETOUHYIO CpENy,

4yTOOBI HanpaBuTh AU(PPEPEHIIMPOBKY B orpeaeseHHble peHoTunsl. OIHAKO B HAIIUX
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HKCIIEPUMEHTAX MBI HAMEPEHHO He M00aBIsA crerupudeckux (PakTopoB (TaKUX Kak
FGF10, FGF8b, pernHoeBasi kuciaora W T.1I.), 4TOObl HaOMIONATh CIEKTP HMEHHO
crioHTaHHOU MU epeHInpoBKu. 1 B 3TUX YCIOBUSAX, HECMOTPS HA 25 maccaxei, Mbl
HaO0JII0/1aJTK TI0CJIeIOBATEIHbHOE MPOXOXKAeHUE Bcero myTu auddepeniiupoBku N-KYOU
ot knacrepa 4 (HCK) uepes knactepsr 7, 11, 3, 17, 1 (HelipoHaJibHbIE TIPEIIIIECTBEHHUKH
U He3peJible HEUPOHBI) 10 COCTOSHUU KiacTepoB S5, 16, 14, xoTopble, MO-BUAUMOMY,
XapaKTepu3yloT Hanbosee 3pesble HEeHPOHbI Pa3HbIX TUIOB. B TO ke BpeMmsi, COrIacHO
JTaHHBIM, TIOJYYEHHBIM B PE3YyJbTAaTe CEKBEHUpOBaHUA ToTaibHOM PHK, mbl BHaum
3HAQYUTEILHOE M JOCTOBEPHOE CHIKEHUE DOKCIPECCUU T'€HOB-MAapKEpPOB 3pEIbIX
neiiponoB (GAP43, RBFOX3 (NeuN), SYN, TH, SLC6A1, GAD2 u np.). Bo3amoxHo, 310
MOKET CBHJIETEILCTBOBATh O CHUWKeHUU AuQdepenuupoBounHoro norenuuana HCK B
CTOPOHY 3pelibIX HeilpoHOB. OjHako, O€3yCIOBHO, NaHHBIM Bompoc Tpedyer Oosee

ACTAJIBHOI'O U3Y4YCHUS.

OOmast Teopust HelporeHeza MPEANOaraer, 4Yro MO MEPE Pa3BUTHS HEPBHOU
CHCTEMBI YeJIOBEKa B YMOpHOTEHE3€ BOJIHA 00pa30BaHUsI HEHPOHOB JOJIKHA OTEPEkKaTh
BOJTHBI oOpa3oBanus rauu (Miller, Gauthier, 2007), onnako B kynbrypax N-KYOU mbl
HaOM0JaeM WHYIO KapTUHY: MOCTOSHHYIO TEHEpalni0 HEWPOHOB MPH 3aTyXaHWUU
rmvansHoil muddepennupoBku. [lomydyennsie Hamu nannele mo N-KYOU xopormio
COIJIACYIOTCSl C ONMYyOJIMKOBAaHHBIM HAOIONEHHWEM O TOM, YTO aCTPOLMUTHI KOPPEKTHO
nuddepenuupyrores uz HCK, nomydennsix u3z UIICK, Toapko npu KyJIbTUBUPOBAHUU
HCK no 14-ro maccaxa (Tcw et al, 2017). Xors Hamm pe3yabTaThl OOIIUX
TPAHCKPUIITOMOB M HMMYHOLUMTOXUMHHM 10 HeWpanbHbIM KyjJabTypaM N-AFS17
JIEMOHCTPHUPYIOT MPOTHUBOMOJIOKHYIO TWHAMUKY: MapKephl acTPOTIUH BO3PACTAIOT C

YBEIIMYEHUEM KOJIMYECTBA I1ACCAXKEM.

KoHe4HO, InuTenpHOE KyJbTMBUPOBAHWE HEHUPAIbHBIX CTBOJIOBBIX KJIIETOK B
YCJIOBHSIX HAIIETO SKCIIEPUMEHTA HE HNMUTUPYET HOPMaJIbHBIM HEMPOTE€HE3 YEIIOBEKA, B
TOM YHCJI€ W IO TOW NPUYMHE, YTO PA3BUTHE HEPBHOW CHUCTEMBI IIIOAA YEJIOBEKA
3aHMMAaeT MHOTME MECALbl, BKJIIOYAs MOCTHAaTalbHbIM mnepuon. C apyroil CTOPOHBI,

TUCTOJIOTHYECCKUC JAaHHBIC IMOATBCPIKAAIOT, YTO BO BCEM MO3I'C YCJIOBEKA COOTHOIICHHC
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IJIMM 1 HEMPOHOB cocTaBisieT npuMepHo 1:1. Hamm pesynprarsr scCRNA-seq nmokaszanm,
yto cooTtHonieHne B N-KYOU p25 Gosiee npuOImMkeHo K ecTeCTBeHHOMY, ueM B pS (1,1
npotuB 1,8). Jlina Oosiee mpsmMoil KOppensiiui KJIETOYHOM MOJENH C €CTECTBEHHBIM
HEHpOreHe30M, BEPOSITHO, HEOOXOJIMMBI TPEXMEPHBIC YCIIOBUS CO3PEBAaHUS KIIETOK,
TakKMX Kak Hehpocdepbl W HEWpO-OpPraHOU[bI, KOTOpbIE OOJee MOJHO HMHTHPYIOT
AMOpHOHAJIBHBIM  HelporeHe3. TemM He MEHee CYHIECTBYIOT AKCIIEPUMEHTHI,
MOKa3bIBAIOIINE, YTO YyBEJIMYEHHE BpeMEHU co3peBaHus (auddepeHIupOBKN)
MOJTYYEHHBIX M3 TUTIOPUIIOTEHTHBIX CTBOJOBBIX KieTok HCK B Bume Helipocdep ¢ 8 no

15 negens yBenuuuBaeT a0ito actpouutoB (Paavilainen et al., 2018).

JlaHHOE HccileloBaHue UMEET psAJl BaXXHBIX orpanndyeHui. Hecmorps Ha TO, 4TO
Mbl HaAOJIOJANM CABUT CHEKTpa AUPPEPEHUUPOBKH HECKOIBKUMHU HE3aBUCUMBIMU
METOJAMH aHAJIM3a B PAJIE€ HE3aBUCUMBIX OMOJIOTMYECKUX PEIUIMK, METOJI0JIOIMYECKU
HAIll 3KCIIEPUMEHT ObLT OrpaHUYeH KOHKPETHBIM IpoTokojoM nudpdepenmpoku HCK
n3 KoHKkpeTHbIX JuHuUM HWMIICK. BrnonHe BO3MOXHO, YTO NPUMEHEHHE JPYTHUX
IIPOTOKOJIOB HA [JPYIMX AHAJIOTUYHBIX KJIETOYHBIX JIMHHUSAX MOXET MOBIMATH HA
pe3yJIbTaT, TOCKOJIbKY B JAHHOM CJIy4ae Mbl pab0TaeM ¢ CUCTEMaMHU € OOJIBLIUM YUCIIOM
NepeMEHHBIX (TEeHEeTHMYECKMI M  DJMNHUIeHEeTUYeCKHid (QOH, pa3auyHble MNapTHU
UCIOJIb3YEMBIX KYJIbTYPAJIbHBIX Cped U J00aBOK, OCOOEHHOCTU KYJbTUBUPOBAHUS
COTpyOHHKaMu jJaboparopuu U T.A.). TeM He MeHee Jake Ha TaKOM OrpaHUYEHHOM
Ha0oOpe KIETOYHBIX JMHUN MbI MPOJEMOHCTPUPOBAIM CYIIECTBEHHBbIC pa3iUnyusi B
CHEKTpE KJICTOYHBIX THUNOB JU(G(EpPeHIMPOBAHHBIX HEHUPATbHBIX KYJIbTYp Kak

nostyueHHbIX U3 pa3Hbix quHui UIICK, Tak 1 B X011€ JUIMTEIBHOTO KYJIbTUBUPOBAHUS.

5.2. I'unepakcnpeccusas NGN2 ¢ HIICK npu nomowyu 1eHmusupycHoil 00CmasKu u
cucmemuwl pecynayuu mpanckpunyuu TetON nozeonsem nojyuums

Heupoghuzuoa02udecKu aKmugHovle HelupaIbHble KYabmypol

[Tockonmpky wmeron mnosyuyeHus HerpoHoB u3 UIICK uepe3 cramnro HCK c
nomonibio Merona ¢ DUAL SMAD uHrubupoBaHueMm 3aHUMAET JOBOJBHO JIUTEIHHOE

BpEMs, a I10JYy4acMBbIC HeﬁpaHBHLIe KYJbTYPBI OKa3bIBAIOTCA TCTCPOICHHBLIMH, MBI
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peman u3yuuth noaxon k nuddepenmupoke MIICK B HeilpoHB ¢ MOMOIIBIO
unaykiuu runepakcnpeccurt NGN2. OpuruHanabHbIi NpOTOKOII, pa3paboTaHHblil Zhang
et al., OCHOBBIBAaeTCS HA JICHTUBHUPYCHOW JTOCTAaBKE TPAHCTEHA B COCTaBE TETPAIIUKIIMH
aktuupyemoii cuctembl TetON (Zhang et al., 2013). /{751 ycriemrHoro BoCpou3Be1CHUS
noaxoaa ¢ uaaykimedn NGN2, Ho 6e3 COBMECTHOTO KyJbTUBHPOBAHUS C aCTPOIMTAMH,
HaM TOTPeOOBaJIOCh ONTUMHU3HPOBATH OPUTHHAILHBIM MPOTOKOJ MyTEM T00aBICHUS

sTana nepecanku nudepeHIUpPYOMUXCs KIESTOK Ha HOBBIA CyOCTpar.

Hcxoas U3 aHHBIX JIUTEPATYPbl, HEMpaIbHbIE KYJIbTYpHhI, ToyyeHHble n3 UITCK
IIPU MIOMOIIM OJHOTO U TOTO € MOJX0/1a, HO C HEKOTOPBIMH Pa3IUYHUsIMU B IPOTOKOJIAX,
MOTYT MOJIYYUTHCSI HEOJUHAKOBBIMU. TUI U MOP(OIOrHsl HEHPOHOB MOTYT 3aBUCETH OT
KOHKPETHBIX YCJIOBUH KYyJbTUBHUPOBAHHUSA, HCIOJb3YEMOUM JIMHUU IUIFOPUIIOTEHTHBIX
CTBOJIOBBIX KJIETOK, MPHUCYTCTBHS (PAKTOPOB POCTA B KYJbTYpaJIbHOM Cpele U TUla
cyocrpara (Zhang et al., 2013; Setien et al., 2020; Hulme et al., 2022). Hanpuwmep,
KyJbTYphl HelipoHOB, nosnydeHHble U3 UIICK kpeic Ha pa3Hbix cyOctpaTtax (mosu-D-
mu3uH, Geltrex, )KeNaTuH U NONHU-JIAMUHUH), OTJIMYAIUCh IO MOP(OJIOTHH U 3PEIOCTH
(Setien et al., 2020). NGN2-uHaynuMpoBaHHBIC HEHPOHBI, KOTOPBIE CO 2-TO JHS
T pepeHIUpPOBKH  KYJIbTUBUPOBAINCH HAa TMOKPBITOM MaTpurenem cyocrpare
COBMECTHO C TJHAJbHBIMU KJIETKAMH MBIIIM, TPEACTABISIM COOOW JOBOJBHO
OJTHOPOJIHYIO KYJIbTYpPY C NMPU3HAKaMH BO30YKJAIOLIMX HEHPOHOB, SKCIIPECCUPYIOLIUX
MapKepsl 2-3 cioeB Kopbl rojoBHOT0 Mo3ra (Zhang et al., 2013). [Tpu quddepennmpoBke
TEM K€ METOJIOM, HO Ha cyOcTpare U3 MoJiu-L-OpHUTHHA M MBIIIMHOTO JIAMUHUHA C
NOCJIEYIONIUM COBMECTHBIM  KYJIBbTUBUPOBAHMEM C MBIIIMHBIMU  aCTPOLUTAMU
NOJIyHaJIUCh TETEPOreHHbIE KYJIbTYpPbl C Mpeo0sialaHieM KOPTUKAJIBHBIX CEHCOPHBIX
HelpoHoB (Schornig et al., 2021). B cBsi3u ¢ 3TUM BO3HHKJIA HEOOXOAUMOCTh M3YYUTh
NGN2-unaympoBanHble HeMpadbHbIE KyJIbTYPhI, MOJYYEHHbIE MOAUPUIUPOBAHHBIM

HaMH IIPOTOKOJIOM.

C noMomipl0 ONTUMHU3UPOBAHHOIO HAMHM MPOTOKOJa Mbl mnoiyuuiaun NGN2-
uHaynupoBanHbie HelpoHbl (IN-NGN2) Ha cyOcTpate, TmOCIeqOoBaTENbHO MOKPHITOM

oJim-D-nu3uHoM u MaTpUrciicMm, oe3 COBMCCTHOTI'O KYJIbTUBUPOBAHUA C
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aCTPOTIHAIbHBIMH KJIETKaMU. XOTsI MOP(HOIOTUYECKH KyIbTypa BBITIIAIENA JOCTATOUYHO
reTepOreHHON, TEM HE MEHEe, OHa HE TOJIbKO OKpalluBajaCch Ha OCHOBHBIE MapKepbl
uHeiiponoB  (BIl-tyGynun, cunancun, cuHantodusud, NeuN, NSE), HO wu
SKCIIPECCHPOBalia OCHOBHBIE Mapkephl HerpoHoB (TUBB3, TH, MAP2, MAPT u NSE).
bonee Toro, skcpeccuss BRN2 B monyueHHBIX HAaMU HEMpOHAX CBUIACTEILCTBYET 00 MX
MPUHAIKHOCTU K KOPTUKAIBHBIM HEWPOHAaM BO30Y>KJAIOIIET0 THIA, YTO COTJIACyeTCs
C paHee noJiydeHHbIMU pe3yibTraramu (Thoma et al., 2012; Zhang et al., 2013). Kak u B
KyJlbTypax, mnomydeHHbix Thoma et al., B Hammux HelpanbHBIX KyJbTypax ObLIa
OoOHapy>XKeHa BBICOKAs HKCIIPECCHUs TEHOB HEMpadbHBIX MPEAINIECTBEHHUKOB, TAKUX Kak
PAX6 u SOX1 (Thoma et al., 2012). U3BecTHO, uTo npunyauTenbHas sxcipeccust NGN2
B IUTIOPUIIOTEHTHBIX KJIETKAaX NpuBoAUT K aktuBauuu PAX6 n SOX]1, HecMoTps Ha TO,
410 IN VIVO ux skcnpeccus npeamectByet skcnpeccud NGN2, a He HaobopoT (Pevny et
al., 1998; Scardigli et al., 2003). bosiee Toro, 6bu10 MMOKa3aHo, 4To PAX6 ydacTByeT B
perymsamun - NGN2, a oskcnpeccus NGNZ2 momaBneHa B KJIETKax  MBIIIHHON
Heitpoonactomsl Pax6™ (Scardigli et al., 2003; Mishra et al., 2015). BepositHo, PAX6 1
SOX1, aktuBupyemsie sk3oreHHON Kcnpeccreit NGN2, 3amyckaroT SKCIpeccHio TeHOB
pPa3TUYHBIX TPAHCKPUIIIMOHHBIX (DakTOpoB, BKiItodas cam sHiaoreHHbii TeH NGN2, u
aKTUBHPYIOT  MOJIEKYJSIpHBIE  KacKajbl, HEOOXOAWMBbIE IS  HEHpOHAIHHOM
mupdepeHuupoBkH. JleMCTBUTENBHO, TPAHCKPUOTOMHBIM aHaiu3 IMOKas3ald, 4YTO B
TeueHue TmepBbiX 4-x gaHer auddepenimpoBkd, NGN-UHAYIUPOBAHHBIE KIETKU
yCIIEBAIOT TMPOWTH HEKOTOPbIE CTAauM HEHPOHAIBHBIX IMPEAIICCTBEHHHUKOB B
«YCKOpEHHOM (opMaTey, MprUUeM BBISBIICHHBIC MTyTH U} PepeHITMpOBKH OB CXOTHBI
c TakoBbIMH IN ViVvo. Bornee Toro, ObLIO OOHAPYXKEHO 3HAYMTEIBHOE CXOJCTBO
TpaHckpunToMoB NGN2-UHIyIIMPOBaHHBIX HEUPOHOB Ha 4-ii IeHb MU PEPEHLIMPOBKH C
pa3BuBaromuMcs denoBeueckum Mo3roMm (Busskamp et al.,, 2014). Thoma et al.
MPEANoaraloT, YTO HEHUpOHBI, monxydeHHbie npu runepskcnpeccun NGN2, sBisiroTcs
NPEUMYIIECTBEHHO TJIyTaMaTEepPTUYECKUMH, TOCKOJBKY OHH TIOJOXXHUTEIbHBI Ha
BE3UKYJIApHBIA Tpancnoptep rayramara (VGLUTI), a takxe nns NMDA-penentop 1

(Thoma et al., 2012). K Takomy e BbIBOAYy npuiiid U Zhang et al.: mosydeHHbIE UMU
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HEHPOHBI IKCIPECCUPOBANIH I'eHbl cyOobenuunn AMPA-penentopoB riryramara, XOTs He

AKCTIpeccupoBaiu reHsl cyobeauuauil NMDA -penienitopoB (Zhang et al., 2013).

Ha monenu NGN2-uHaynupoBaHHBIX HEUPOHOB, SKCIIPECCUPYIOIIUX TEHETHYECKU
KOJupyeMbIil (piryopectieHTHbIN KanblieBbld nHANKaTOp GCaMP6s, Mbl TOKa3aiiu, 4To
JaHHBIA TPOTOKOJI TO3BOJSIET TMOJIydaTh 3pefibie M (YHKIMOHAIBHO aKTHUBHBIC

HeﬁpaHBHble KYJIbTYPBI, CITOCOOHEBIC OTBEYATH HA BOSI[E?fICTBH@ riryramMara.

HecMoTpst Ha TO, 4ro wu3yyeHHe MOPQOJIOTHMH KIETOK U  METOJBI
MMMYHOLUTOXUMHH MO3BOJISIOT NEPBOHAYAIBHO OINPENEIUTh TUIl HEHPOHOB, 3PEJIOCTh
HEHPOHOB IN VItro Tuioxo ompenessieTcs Mo AKCHPECCHH CIeNU(UISCKUX MapKepOB.
Bonee BepHBIM CBUIETEIBCTBOM 3PEIOCTH U (PYHKIIMOHAIBHOCTH MOJIYYEHHBIX HEHPOHOB
SBJIIETCS HAJM4YME B ATHX KJIETKaX PEUENTOPOB, CTUMYJISLMS KOTOPBIX MPHUBOJIUT K
OBICTPOMY M3MEHEHHUIO BHYTPUKIETOUYHOW KOHIIEHTPALIMHA MOHOB, BBIOJHAIOMINUX POJIh
BTOPUYHBIX MECCEH/IKEPOB, a TaKXe TEeX MOHOB, KOTOpble OO0ECIEeUUBaAIOT
pacmpocTpaHeHHE AICKTPUUECKOTO MUMITYJIbCca MO JEHAPUTAM M aKCOHaM. JTO, TIPEKIC
BCcero, MoHbl Kanmbuusa, HaTpus u kanusa (Nicholls, 2001). B uentpanbHOil HEpBHOMI
CHUCTEME OCHOBHBIM BO30Y>KIAIOIIMM aroHUCTOM HEUpOHOB sBiseTcs riyramat (Glu),
KOTOpBIM CIMOCOOEH aKTUBUPOBATh HOHOTpomHble peuentopsl (1GluRs), a Takxe
metaborponusle perentopsl (MGIuRs). iGluRs o6ecneunsaror nputox Ca?* u Na* B
LIUTO30JIb U3 OKPYKAIOIIEH Cpebl uepe3 KaHaJbl, SIBJISIIOIIMECS BHYTPEHHUMH YacTAMU
ctpyktypsbl peuentopa (Nicholls, 2001; Lau, Tymianski, 2010; Twomey et al., 2018), B

To Bpems kak mGluRs 3amyckaroT ¢epmMeHTaTUBHBIE TPOIECCHI.

AxrtuBarus Tak HaszsiBaeMbix MGIURS 1-ro Tuna (mGluR1 1 mGluRS) npuogut
K MoOumsamuu Ca?* B UTO30I1b U3 BHYTPHKJIETOYHBIX JEMO (U3 SHAOMIA3MATHIECKOTO
perukynyma, OP) (Nicoletti et al., 2011; Reiner, Levitz, 2018). Msl npoBepuiu
cniocooHoCcTh NGN2-uHIyIIMpOBaHHBIX HEHPOHOB pearupoBaTh Ha Glu. Hackonbko Ham
M3BECTHO, BIIEPBbIE OBbLIO MOKa3aHo, 40 Glu BeI3bIBacT nopeieHue kak [Ca?*]i u [Na');

B NGN2-uHAYIIUPOBAHHBIX HEHPOHAX.
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JluHamuKa 3THUX MPOLIECCOB 3aMETHO OTIMYaeTcs BO BpeMmsa aeiictBus Glu u,
oco0eHHO, Tocie ero ynaieHus. BoccranoBienue Huskoro ypoBHs [Na']i B mepuon

TI0CJIE BO3/ICHCTBHS ITyTaMaTa IIPOUCXOJUT HAMHOTO MeuieHHee, ueM [CaZ'];.

Amnanornunsie n3menenus kak [Ca?*];, tak [Na*]; Obur onmcaHbl 111 IEPBUYHBIX
KYJIbTYp, BBIIEIEHHBIX M3 KOpbI ronoBHoro mosra kpeic (Sharipov et al., 2018).
Pasnuuus B puHamuke usMeHeHuit [Ca®']i m [Na']; mocme npomeBkm ot Glu
00ycioBIIeHbI ropa3o 6osbimM norpedieaueM AT® Na*/K*-AT®da3oii o cpaBHEHHIO

2+ o
c Ca“"-AT®a3zamu MmIa3mMaTH4ECKO MEMOpPaHbI U AHAOILIA3MATHYECKOTO PETUKYITyMa,

IpUHUMAs BO BHMMAHUE PE3KOE CHIDKeHMe IurosonbHoii AT® (Surin et al., 2014;

Sharipov et al., 2018).

CrnelyeT OTMETHTD, UTO B HAIIKMX SKCIIEPUMEHTAX aMILIATY b1 ToBbimenuii [Ca?'];,
BbI3BaHHble (Glu, He MpeBBIIAIOT MOJOBUHBl MAaKCHUMAJIbHOTO  yBEJIWYEHHUS,
Ha0JII01aeMOro Mo JeHCTBUEM HOHOMHUIIMHA. B mepBUYHBIX KylbTypax HelpoHoB Glu B
Toil ke koHueHTpauuu (100 MkM B mpucyrctBud 10 MKM TIJIMIIMHA) WHIYLHPYET
nossinenue [Ca?*]i Ha €MHULBI MUKPOMOJIEH/TI, @ IPH JUIMTENBHOM BO3JEHCTBUM — Ha
necsatku mukpomoiteii/n (Brustovetsky, Dubinsky, 2000; Khodorov, 2004; Kiedrowski,
2007). BeposaTHO, 4TO B OJy4YEHHBIX HAMU HEUPaATbHBIX KYJIbTypax coaepxkanue NMDA
u AMPA/kanHaTHBIX pelienTOPOB OBbLIO HUKE, YEM B MEPBUYHBIX KYJIbTypaxX HEMPOHOB
ronosHoro Mosra. OtcyrctBue Bb3BaHHOro Glu mosbimenus yposus [Ca®']; B
GeckaIblueBOM Oy(epe U 3HAYUTENBHOE MOAaBIEHHE TOBbIeHHs ypoBHs [Ca®*]; npu
nobasinenun cMmecu MK-801 um CNQX yka3piBaeT Ha JOMUHUPYIOLIYIO POJIb
MOHOTPOITHBIX IIyTaMaTHBIX PELENTOPOB B epenade curnanos Ca?*, [Tocrymenune Ca?*
n3 Oydepa obecneumBaercs penentopamu NMDA-TUma W, B MCHBIICH CTCIICHH,

peuentopamu AMPA/kanHaTHOTO THIIA.

Merabotponnsie  riyramatHeie  perentopel  mGluR1  w/mmm  mGIuRS,
(yHKIMOHAIBHO CBA3aHHbIE ¢ MOOUIM3amuel Ca?" B UTO30Ib M3 KAIBLUEBHIX JETO0, MO~
BUJIUMOMY, HE BCTpeUaroTCs B MoydeHHbIX HaMu NGN2-UHIylIMpOBaHHBIX HEHPOHAX.

[lo kpaitHel Mepe, Mbl HE CMOTJM OOHAPYXUTh UX (DPYHKIIMOHMpPOBAHUE. ITO
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HAOJI0/IEHNE MOYKHO pacCMaTPUBATh KaK apryMEHT B MOJIb3Y 3pEJIOro CTaTyca HeMpOHOB
B TOJYYEHHOM HaMH KyJIbType, IMOCKOJbKY H3BEeCTHO, 4To akTuBamus mGluR1/5
KOHTpOJIUpYeT Tponudeparnuio, BbDKMBaHUE U TU(D(EPEHIMPOBKY KyJIbTUBUPYEMBIX
HeHpalbHBIX KIJIETOK-TIPEAIIECTBEHHUKOB, BbIAeNeHHbIX u3 CB3 B3pocioil Mbliu
(Pandya et al., 2016). mGIuR, He cBs3anHbIE ¢ MOOMIM3aIMel Ca®" U3 BHYTPUKIETOYHBIX
neno, takne kak mGIluR2 u mGluR3, ctumynupyror nponudepanuo HelpaabHbIX
npemmectBeHHUKOB (Brazel et al.,, 2005), crmocobctByroT ux auddepeHIMpoBKe B
actporimio (Nakamichi et al., 2009) 1 B COBOKYNMHOCTH NpEJOTBPAIIAIOT AaroINTo3
HEHpambHBIX TPOTCHUTOPHBIX KIETOK. TeM He MeHee miusi 0Oojiee KOHKPETHBIX

YTBEPKJICHUM B OyayiieM TpeOyeTcst 6osee moIpoOHbIi aHAIN3.

Takum oOpa3oM Ham ynanoch noayuyuTb NGN2-MHAYyIHMpOBaHHbIE HEMpaibHbIE
KYJIBTYPbI, KOTOPBIE COIEPKAT 3HAUUTEIBHYO 10110 (YHKIIMOHAIBHO 3PEJIbIX HEHPOHOB.
B TakMx HeHpOHAX IJIyTaMaT BhI3BIBAET MOBbINIEHHEe ypoBHA [Ca?']i, koropoe
OTIOCPEIyeTCs MOHOTPOIMHBIME perientopamMu K Glu npeumymectBenHo NMDA -turma.
[lonyueHHble HaMU NGN2-unaynmpoBaHHbIE HEWpaJbHbIE KYJIBTYPBI,
HKCIIPECCUPYIOIINE TEHETUYECKH KOAUPYEMBI  (IIyOpECLEHTHBIM  KaJbLUEBBIN
unaukatop GCaMP6s, MoryT ObITh UCHIOJIB30BaHbl B KaYECTBE MOJEIM JJIs U3YUCHUS
HEHPOPU3NONIOrMYeCKON aKTUBHOCTH HEHPOHOB B OTBET Ha JI00ABJICHHUE Pa3TUYHBIX

HEMPOXUMHUYECKHUX BEIIECTB.

5.3. Heiipanovnuwie Kynomypul, noayuennsie uz HIICK ¢ nomoubro 08yx paznulx

n00X0008, 3HAYUMEIbHO OMAUYUAIOMCA Opy2 Om Opy2a

CymiecTByeT HECKOJBbKO pazNuyHbIX MoaxonoB K auddepenuuposke UIICK B
HelpallbHOM HampaBiieHUd. M olHOM W3 HamOoJiee BaXKHBIX MPOOJIEM MPHU MOJIyYSHHUH
HEHPOHOB SBJISIETCSI BHIOOP MOX0/a U MPOTOKOJa AU HEpEeHIIUPOBKU MO KOHKPETHBIE
3amayu. [ 3TOro HEOoOXOIMMO NMOHMMATh MPEUMYLIECTBA W HEJOCTATKU KaXKIOro
NOAXO0/Ja W HMMETh MPEJICTABICHUE O CIEKTPE KIETOYHBIX THUIIOB B IIOJy4aeMbIX

KyJbTypax.
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B cBs3u ¢ 3TUM MBI pemIMIM TMPOTECTUPOBATH M CPAaBHUTH JBa Haumbosee
nonysIpHeIX Toaxoma kK auddepenmupopke MWIICK B  HEHpOHBI: MOIXOJ C
muddepennmpoBkoit uepes craguio HCK, momydaempix ¢ momompio metoga ¢ DUAL
SMAD uHru6rupoBaHueM, U MOJX0/1 C UHIYKIHMEH rurnepakcnpeccuu sk3oreHHoro NGN2
IpY TIOMOIIY JICHTUBUPYCHOW JOCTaBKM B COCTaBE TETPAIMKINH PETYIHPYEMOM

CHUCTEMOU OKCIIPCCCHUHU TPAHCT'CHA.

B xoze npoBeneHUs MCCIEN0BaHUS Mbl BBIICHWIN, YTO HEUPAJIBHBIE KYJIbTYPBI,
cnonTanHo nuddepenmpoBannbie u3 HCK, nomyuennsix u3 UTICK ¢ nomouisio Merona
c DUAL SMAD uHrubupoBaHuem, MPEACTABISIOT COO0Ml IeTepOreHHbIE KYIbTYpHI,
KOTOPBIE, OHAKO, COAEPIKAT KIETKU, SKCIIPECCUPYIOLIME OCHOBHBIE MAPKEPBI HEUPOHOB
U CIOCOOHBIE K IMPOSBIICHUIO KaJbI[MEBOM aKTUBHOCTM B OTBET Ha J00OaBICHHE
riyramara. TeM He MEHee Ha COCTaB I€TEPOrEHHBIX KYJIbTYp BIIUsUIA JUINTEIBHOCTH

kyneTuBupoBanua HCK, a takxke nmuuans UIICK — ucrounnk HCK.

HeiipanbHble KynbTypsbl, noaydeHHsie u3 UIICK ¢ moMouipio runepskcnpeccun
sk3oreHHOro NGN2, BusyaibHO OKazamuch 0ojee OJHOPOIHBIMH TIO KJIETOYHOMY
cocraBy. bonpmas dYacThb KIETOK TakKOW KyJbTypbl oOjajaia crnenupuueckoi
KAJIBLIUEBOW aKTUBHOCTBIO U JIEMOHCTPUPOBAJa HAJIMYHE MOHOTPOIHBIX PELENTOPOB K

rJIyTamary.

J{nst cpaBHEHUS IBYX MOJIXO/I0B K MOJIYYEHUIO HEUPOHOB MbI COTIOCTABUJIN JIAHHbBIC
AKCHPECCUU MAPKEPHBIX T€HOB, MOJTYYEHHbIE C TOMOIILI0 KonudecTBeHHOM OT-IILP, a
TaKke oO0IMe TPaHCKPUIITOMHBIE TpOopuan 14-THEBHBIX HEWpaIbHBIX KYJIBTYD,
MOJy4eHHbIX U3 0HOM U Tou e muHun UIICK-KYOU, Ho n1BymMs pa3HbIMU MTOIXO0IaAMHU.
IN-NGN2 — HeiipalibHble KYJIBTYPBI, IOJIyYCHHBIC C MMOMOIIBIO TUIIEPIKCIIPECCHH TeHa
NGN2 B HIIKC-KYOU; N-KYOU p5 — HelipanbHble KYyJbTYPbI, CIOHTaHHO
muddepennupoBannbie u3 HCK (momydennsie n3 UTICK-KYOU ¢ nomonisto DUAL
SMAD:I) Ha 5 maccaxe.

Pesynbrathl  konmdectBeHHo OT-IILP mpomemoHcTpupoBaiu, YTto 00€

HelpalbHble KYJIbTYpbl OTJIMYAIOTCA 1O YPOBHSM OTHOCUTEIBHOM 3KCIPECCUU
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HeliponanbHbIXx MapkepoB oT UTICK-KYOU, u3 kotopoit HelpanbHble KyJIbTypbl ObUTH
nostydeHsl. OJJTHaKO ypOBEHb OTHOCUTENBHOM 3kcnpeccnd MapkepoB HCK u rimmanpHbIX

kieTok B N-KYOU p5 okazasncs Baiie, uem B iIN-NGN2, a MapkepoB HEHPOHOB — HUXKE.

HNuTepecHsiM pesynbratoM siBisiercs dkcnpeccus B N-KYOU p5 reros ZIC3A u
ZIC3B, conoctaBuMmas ¢ takoBoi B UIICK. ZIC3A u ZIC3B sBustorcs uzohopmamu
TpaHckpunuuonHoro ¢akropa ZIC3 (Bedard et al., 2011). Dxcnpeccust gannoro Td
MOXXET CBHJICTEICTBOBATh O CTBOJIOBOCTH KJIETKH, IIOCKOJIBKY €r0 aKTUBHOCTH
He00X0/1MMa BO BpeMsi paHHETO SMOPHUOHATILHOTO Pa3BUTHS (TaCTPYIISAIUs, HEUPYIISITUs)
(Herman, EIl-Hodiri, 2002), a B wmpmuabix OCK ZIC3 momuepxuBaeT uX

wrropunoteHTHocTh (Lim et al., 2007; Yang et al., 2019).

Pesynbrarel aHanu3a  TPAHCKPUIITOMHBIX  Hpoduiell  Takke IOKa3aliu
3HAYUTENIbHBIE Pa3Muusl MEXIy HEWpalbHbIMM KyJIbTypamMHu. AHanu3 oOoramieHus
METa0O0JIMYECKUX U CUTHAIBHBIX ITyTEH MOKa3all, YTO TPAHCKPUIILIUOHHBIN npoguib N-
KYOU p5 no cpaBuenuto ¢ iN-NGN2 3naunTennbHO 00O0TaIleH MyTIMH U MPOIECCaMH,
CBA3aHHBIMH C Mpoaudepanueii, MNoAAepKaHUEM KIETOYHOrO0 IHMKJIa, a TaKxKe
curHasibHbIMU TyTIMU WNT u TGFf. B T0 e Bpems TpaHCKpUNIIMOHHBIN npoduis iN-
NGN2 oka3zazcst oboramieH pa3IudHbIMH MPOIECCAMU, CBA3AHHBIMU C XUMHUYECKUMU

CUHAIICaMH, HEUPOHAIIBHOM IJIACTUYHOCTBIO, IEPEJAYEH CUTHAJIOB U JIP.

[To cpaBHennto ¢ IN-NGN2, xkynsTypel N-KYOU pS, nmomMuMo HeHpOHOB,
conepxxanu Oosbinoe koaudectBo HCK u HelipoHambHBIX MPEeAIecTBEHHUKOB Pa3HbBIX
ctaguii. Kpome TOro, Obula BBISIBIEHA JKCIPECCHUS PA3IUYHBIX aCTPOTIUAIBHBIX U
OJINTOACHAPOLIUTAPHBIX TEHOB, a TaK)Ke€ T'€HOB-MAapKEPOB HEKOTOPBIX JPYTUX THUIIOB
KJIETOK, TaKUX Kak (GuOpoOIacThl, SHAOTEIUATBHBIE, COCYIUCThHIE JIENTOMECHUHTAJTHBIE
KJIeTKU. YTOo ele pa3 MOJATBEPKJIaeT IeTepOTeHHOCTh KYJIbTYp, MOJYYEHHBIX uepes

craanio HCK.

B nenom uzBectno, yto HCK, nomydaemsbie u3 [ICK ¢ nomonisto metona ¢ DUAL
SMADI, criocoOHBI 1aTh HaYaja0 KaKk HEMPOHAJILHOMY, TaK U IIHanbHOMY auddepoHam

(Chambers et al., 2009; Perriot et al., 2018; Lam et al., 2019). Ha ocHoBe 3Toro Obuin
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pa3palboTaHbl pa3IU4HbIE MPOTOKOIBI noydeHus actpornuu u3 tTakux HCK (Perriot et
al., 2018; Shimbo et al., 2020). B namem skcnepumente mbl Hampasisuiin HCK B
CHOHTaHHYI0 AUGGEPEHIIMPOBKY, YTO IMO3BOJIMIO KiIeTKaM au(depeHITMpOoBaThCs B
Pa3IMYHOM HAMpaBICHUH: KaK B HEHPOHAIBHOM, TaK B TIHAIbHOM. OJTHAKO, IMEIOTCSI
JaHHBIE, YTO JaXKe MpH HampasieHHoU quddepeniimpoBke HCK B HEHPOHBI B KyIbTypax
oOHapykuBaroTcs rimanbHbie KieTku (Fujimori et al., 2017; Nilsson et al., 2021). B
OJTHOM W3 WCCJCIOBAaHWI, HAMpPaBICHHOM Ha TMOJy4YeHHE J0(haMUHEPTUICCKIX
HEHPOHOB, COOOIIANIOCh, YTO TOJYYEHHBbIE HEHpaTbHBIE KYJIbTYpPhl, I[TOMHUMO
nopaMUHEPTUYECKUX HEMPOHOB M WX HEMOCPEACTBEHHBIX MPEAIICCTBEHHUKOB,

COACpKAJIN HC TOJBKO IJIMAJIBHBIC, HO WM COCYAHCTBIC JICIITOMCHHUHIAJIBHBIC KIICTKH

(Nilsson et al., 2021).

B iIN-NGN2 e Obun oOHapyxkeHbl Mapkepsl MIICK u Me3eHXMMalbHBIX
CTBOJIOBBIX KJIETOK. llooOHbIe HeleneBble MOMYJSIMU KIETOK paHee ykKe
OOHaApYXKMBAJIUCh B UCCIICIOBAHNH, T]I€ TIOJTy4YaIn HEHPOHBI TeM ke moaxoaom (Lin et
al., 2021). A B mpyrom uccieaoBaHiM ObLTH JeTeKTHpOoBaHbl (hropodmacTel (Schornig et
al., 2021). B menom takue moOOYHBIC He-HeipanbHbie (HUOPOOIACTONMOAOOHBIC THIIBI
KJIETOK MOKHO 0kuaath npu auddepenumponke UIICK, nonyyeHHsix u3 pudpodiacton
IIPY TIOMOIIM perporpaMmmupoBanus haktopamu mnopunoteHTHocTH (Buckberry et al.,
2023). IIpu sTom mapkepsl actporiuaibHbIX KiIeTOK B IN-NGN2 mpakTudecku He
IKCIIPECCUPOBAIMCh, YTO TAaKXE TMOBTOPSIET pe3yNbTaThl JAPYTUX TPOTOKOJOB C
uHaykiuen sk3orennoi runepakcnpeccun NGN2 (Chen et al., 2020; Lin et al., 2021;
Schornig etal., 2021). B Heliponax, mosydeHHbIX pu oMoty runepakcnpeccun NGN2,
B Ka4yecTBe NOOOYHOW JMHUW BO3MOXXHO TIPUCYTCTBHE TOMYJSALNUNA HEWPaIbHBIX
cTBOJIOBBIX KJeTok (Vainorius et al., 2023), ogHako B HaiieM MPOTOKOJIC TOOABJICHHE
AraC cnocoOCTBYET AIMMHUHAIMU BCEX AKTUBHO MPOJU(EPUPYIOIINX KIETOK, B TOM

yucie HCK.

Taxxe nelpanpHble KyabTypbl IN-NGN2, B ommuue ot N-KYOU pS,
J€MOHCTPUPOBAJIM TIOBBIIIEHHYIO IKCIPECCHIO0 T'€HOB-MapKEpOB XOJUHEPIUYECKHX U

rilyTaMaTepruyeckux HEUpPOHOB, OJHAKO skcrmpeccuss MapkepoB I'AMKepruueckux



122

HelipoHOB He Habmromanack. MHTepecHo, uto IN-NGN2 neMoHCTpUpOBaM HE TOJIBKO
KOPTUKAIBHYIO Cyb0Y, HO U CyIb0y MmepuQepruieckux CEHCOPHBIX HeHpoHOB. Bee atn
PE3yNBTAThl COTIACYIOTCS C TaHHBIMU JUTEepaTypsl (Schuurmans et al., 2004; Nickolls et
al., 2020), B ToM 4yHcie C AAaHHBIMH, MOJyYECHHBIMH MpPU aHAIHM3E TPAHCKPUIITOMOB
eIMHUYHBIX KIETOK HEHPAJbHBIX KYJIBTYD, MOJYYEHHBIX C IIOMOIIBIO THIIEPIKCIIPECCUU
NGN2 (Lin et al., 2021; Schornig et al., 2021). HampormB, B N-KYOU p5
IKCIPECCUPOBATUCH HEKOTOpbIe Mapkepsl ' AMKepruuecknx HeHpOHOB, UTO TOBOPHUT O
TOM, 4TO 11 noaydeHuss ' AMKepruaecknx HEHpOHOB IMTPOTOKOJIBI HA OCHOBE METO/IA C

DUAL SMAD:i sBasitores 6onee nmoaxoasmumu (Liu et al., 2013; Vigont et al., 2021).

CToUT OTMETHTb, YTO BBIOPAHHBII HaMM HAOOp TE€HOB-MAPKEPOB HE MOXKET B
IIOJIHOW Mepe NO0Ka3aTb IPUCYTCTBUE TE€X WIM HMHBIX KIETOYHBIX THIIOB, IOCKOJIBKY
3a4aCTyI0 KJIETOYHBIM TUI XapaKTEPU3YEeTCA HE OAHUM-IABYMsI MapKEpamu, a LEIbIM
HAaOOPOM I'€HOB, a TaKXKe CTENEHbIO UX IKCIpeccuu. [IpuyemM HEKOTOpBIE U3 HUX MOTYT

MapKUpOBaTh U APYTUE TUIIBI KJIIETOK TOXKE.

TeM HE MeHee Ha OCHOBE IIOJIYYEHHBIX JAaHHBIX MOXHO YTBEpXKIAaThb, 4YTO
nostyueHHble HaMu KyJbTypbl IN-NGN2 no cpaBHenuto ¢ N-KYOU p35 sBnstoTcs 6omnee
roMoreHHbIMH. B He#panbHbix KynbTypax 1N-NGN2 mnpakTuuecku MOJTHOCTHIO
OTCYTCTBYIOT KJIETKH TJIMAJIBHOTO TUIIA, & TAKYKE HEMPAJIbHBIE IPEAIIECTBEHHUKN PAHHHUX
ctagui. XOTs B HAX BO3MOYKHO NPUCYTCTBUE OCTAaTOUYHBIX KieTok-aepuBatoB UIICK,
KOTOpBIE, O-BUJIUMOMY HE MPOJIUPEPUPYIOT, HO MOTYT OKa3bIBaTh BIMSHUE HA IaHHBIC

TPAHCKPUIITOMOB.

CTOoUT OTMETHUTHh MPEUMYILIECTBA M HEAOCTATKM Kaxaoro wu3 noaxoao. K
npeumyiiectsam noaxoga ¢ DUAL SMAD uHru6upoBanreM MOXHO OTHECTH MPOCTOTY
ero ucnionHeHust: s nonyuenus HCK, a 3areM 1 HeipoHOB, TpeOyeTCs TOIHKO HATUIHE
MaJbIX MOJIEKYJ M HEKOTOPBIX ApYrux (akTopoB (A moanaepxaHus npoiudepanun
HCK, a Taxxe st HanpaBieHHON nuddepenimpoBkr). Takke TaHHBINA TOIX0 UMEET
NOTEHIIMU K MOJIyYeHHUI0 OoJiee IMIMPOKOIro CIEKTpa TUIIOB HEMPOHOB (a TaKXKe TIIMH),
XOTS ISl MX peaan3aluy He00X0AUMO oA00paTh COOTBETCTBYOMUN IpoToKo (Perriot

et al., 2018; Nilsson et al., 2021; Vigont et al., 2021). OnHrM U3 rIaBHBIX HEAOCTATKOB
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nonxogqa ¢ DUAL SMAD wunrubGupoBaHueM SBISIETCS UIUTEIbHOCTh TOTYYCHHUS
TepMUHAIBHO TUdPepeHInpoBaHHBIX KyIbTyp. [IOMHUMO TOrO BpeMEHH, YTO 3aHUMAET
unaykuus guddepennnpoku UIICK B HCK, a Taxke nx KyJabTUBUPOBaHUE, OUEBHIHO,
YTO JJIsl TIOJIYYEHHs 3pesibIX HEHpOHOB TpeOyeTcs Oosiee IIMTENbHOE, 4eM 14 mHei,
kyasTuBUpoBanue (0T 30 cyrok g0 roga) (Lin et al., 2015; Nilsson et al., 2021; Dannert
et al., 2023). BTopeIM CyIIECTBEHHBIM HEIOCTATKOM SIBJISETCS 3HAYUTEIIbHAS
IeTEPOreHHOCTh MOJTydaeMbIX HeWpalbHbIX KyJnbTyp (Lam et al., 2019; Nilsson et al.,
2021), mpu TOM, YTO CpEau BCETO IMOJYy4aeMOro KJIETOYHOTO Pa3zHOOOpasus 3pelibie
HEUPOHBI 3aHUMAIOT JIAIIb MATYIO J0t0. [[03TOMY HaHHBIN MOAX0I MOXKET HE TOAONTH
JUISL TIOJIy4EHHUS] YUCTBIX KYJbTYp OIIPEIEJICHHOrO TUIAa HEHpoHOB. Tem He MeHee,
BEPOSITHO, CYHIECTBYIOT CIIOCOOBI M30aBUTHCA OT HEILEJEBBIX KIETOK B KYJIbTYPE MyTEM

I[O6aBJ'I€HI/I}I B IIPOTOKOJI AOIIOJIHUTCIIBHBIX 3TAIIOB.

OCHOBHBIM MPEUMYILIECTBOM MOAXO0Aa MHAYKIMU HEpanbHOl TudPepeHnpoBKU
c nomoulbto runepakcrnpeccun NGN2 sBiseTcs OTHOCUTEIBHO KOPOTKHE CpPOKHU
noyiyueHus: HelipoHoB. KpomMe TOro, JaHHBIM MPOTOKOJ MO3BOJSET MOJYYUTH Oojee
YUCTBIE KYJIbTYpPbl HEUPOHOB, KOTOPBIE COAEPKAT HAMHOI'O MEHBIIE HELEJIEBBIX TUIIOB
KieTok. OaHako MHIYKIWS dKcrpeccuu oxHoro auith NGN2 He 1mo3BosiseT monyduTh
TaKkue THUIIbl HEMPOHOB, Kak ['AMKepruueckne, CEpOTOHMHEPTMYECKHE WU Ap., YTO
ABJSIETCA OJHUM U3 HEJOCTAaTKOB JAaHHOIO II0AXO0Ha. BTOpbIM 3HAYMUTEBHBIM
HEJIOCTATKOM SIBJISIETCS HAJIIMYME TEXHUYECKUX CIIOKHOCTEH B BBIBEJACHUU JIMHUU
tpancreHHblx UIICK (¢ NGN2 u cucremoit TetON). [Ins manHoro moaxoma Tpedyercs
HAJIMYUE TOTOBBIX JIGHTUBUPYCHBIX KOHCTPYKTOB, YTO MOKET OBITh JOCTYIHO HE IS
Bcex Jiaboparopuil. Kpome Toro, naxe HECMOTpS Ha CEJIEKIMIO TPAHCIYLUPOBAHHBIX
UIICK ¢ moMOIIbIO CENEKTUBHBIX aHTUOMOTHKOB, YaCTO HEKOTOPHIE KIETKH BCE PABHO
«3aMaJTYMBAIOT» BBEJICHHBIE TPAHCTEHBI. B pe3ynbTaTe HE BCE KIETKU B MOJIy4aeMOU
KynbType  moasepratorcs — NGN2-uHayuupoBaHHOW — nud@epeHIpoBKE MO

BO3JIEUCTBUEM JOKCHUIIMKIIMHA.

OI[HI/IM nu3 peIHeHI/Iﬁ 3aMaJIYMBaHUs TPAHCI'CHOB ABJIICTCA TapreéTHad BCTaBKa I'CHOB

WHTEepeca B Tak Ha3biBaemble safe-harbor nokycel. Safe-harbor mokycel oOnamaroT
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MOBBIINICHHON TEHETUYCCKON W SIUTEHETUYCCKONW CTaOMIBHOCTHIO 1O CPAaBHCHHUIO C
OCTQJIbHOM 4YacThl0 T'€HOMA, a MOTOMY IO3BOJISIET COXPAHATh BCTABIEHHOMY B HETO
TpaHCTeHy OoJiee cTaOmibHYI0 3Kcmpeccuto (Sadelain et al.,, 2011). Ognako Takou
noaxoa TpeOyeT HCmoiab30BaHus cucteMbl peaaktupoBaHusi reHoma CRISPR/Cas9,
TALEN u n1p., 4TO SIBJISIETCS HEMPOCTOM TEXHOJIOTUEH, KOTOpasi NOCTYMHA JAJIEKO HE

BCEM JIJA0OPATOPHUSM.
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6. SAK/IIOYEHUE

[lenbio naHHOM NUCCEPTAlMOHHONW pabOThI ObUIO M3yYeHHE M CPAaBHEHUE JIBYX
pa3HbIX MOAXOMOB K Ju(p(epeHIMpOBKE MHIYLIHMPOBAHHBIX IUIFOPUIOTEHTHBIX

CTBOJIOBBIX KJICTOK 4YCJIOBCKA B HCﬁpOHBI B YCJIOBHAX in vitro.

B xone uccienoBaHus mpOTOKOJA CIOHTAaHHOW HeWpanbHON AUQPEpEHINPOBKU
HCK, nmonydennsix u3 UIICK ¢ momomisio moaxoaa ¢ DUAL SMAD unrubupoBanuem,
OBLJIO TIOKa3aHO, YTO IOJyYyaeMble TaKUM 00pa3oM HeWpalibHbIe KYJIbTYPhI SIBISIOTCS
KpailHE TeTepOre€HHBIMU U COJIEp’KAT HE TOJIbKO HEHPOHBI Pa3IMYHBIX THUIIOB, HO U
3HAYUTEJIbHYIO JIOJII0 HEHWPAJIbHBIX CTBOJOBBIX KJIETOK U MPEAIICCTBEHHHKOB Pa3HBIX
CTaJui, a TAKXKe pa3IMYHbIC TIUATbHBIE U APYTUE TUIIBI KJIETOK. [ eTepOoreHHOCTh TaKux
HeHWpaJbHBIX KyJbTYyp OblTa MOATBEPXKACHA KaK Ha YPOBHE OOIIET0 TPAHCKPUIITOMHOIO
npoduas, TaKk W Ha YPOBHE KJIETOYHBIX TMOMYJISIMA TIPH TIOMOIIKM aHaIHM3a

CCKBCHHUPOBAHUA PHK CANHUYHBIX KJICTOK.

bbUIO BBISBIIEHO, YTO XapaKTEp TE€TEPOTCHHOCTH KYJbTYp 3aBHUCEI KaK OT
ucxonuoit manu UIICK, u3 xoropoii Obutn nmonydenst HCK, Tak v OT JIMTENTbHOCTH
kyaptuBupoBanuss HCK. C mnomomipto mMetogoB kommuectBeHHo OT-IILP wu
MMMYHOLUUTOXHUMUU MBI  MPOJECMOHCTPUPOBAIA, UYTO HEUPAIbHBIE  KYJIBTYPBI,
nonyyeHHble U3 4-x passbix auHuid UIICK paznuuaroTcs mo 3KCIpeccuu MapKepoB
HelpoHOoB, rHanbHbIX KiIeTok 1 HCK. Ha nByx nuHusiX HaMu ObLIO MOKAa3aHO, YTO MPHU
nonrocpounoM KynsTuBHpoBannu HCK npoduns ux cnonrannoi nudepeHnnpoBKy B
HeWpaabHOM HallpaBlieHHM uU3MeHsieTcs. I[Ipudem, XOTs TpaHCKpUNTOMHBIE MPOGUIN
HEUPAIBHBIX KYJBTYP OT Pa3HbIX JIMHUNA Ha OJHOM M TOM ke naccaxe HCK sBustoTcs
pa3HBIMH, 3aMeUeHa 0011ast TCHAEHITUS X N3MeHeHus ¢ yBenndeHueM naccaxa HCK. C
MOMOIIIbIO aHanm3a cekBeHupoBaHus PHK ennHWYHBIX KIETOK Ha OJHOW JUHUM MBI
MPOIEMOHCTPUPOBAIIU, YTO C YBEIUYEHUEM JuTeIbHOCTH KynbTuBupoBanus HCK (c 5-
ro 1o 25-i1 maccax) U3MEHSIETCSI MPEACTAaBIEHHOCTh HEKOTOPBIX KJIETOYHBIX MOMYJISIUNI:
HaOJII0/1aeTCsl MCTOIICHUE AacCTPOTIUAIbHBIX MOMYJISIUN M O0OorameHue HEKOTOPBIX

HOHYJIHHI/Iﬁ HeﬁpaHBHBIX CTBOJIOBBIX KJICTOK.
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Hamu Obul onTuMu3HpOBaH ¥ MOAU(DUIIMPOBAH MPOTOKON AUQPGHEPEHIUPOBKU
NIICK B HelpoHBI HAa OCHOBE MOJIX0/1a C JICHTUBUPYCHOM tocTaBkoi TpaHcrena NGN2 B
COCTaBe TEeTpaLMKIUH perynupyemoi cuctembl TetON. Ha ocHOBe HOBOro mpoTOKOJa
MbI pa3padoTaiu MOJEIb HEUPabHBIX KYJIbTYp, SKCIIPECCUPYIOMINX (PIIyOpecleHTHBIN
kanbuueBbld uHAUKaATOp GCaMP6s. Takue NGN2-uHAYHUpPOBAHHBIE HEMpaIbHbIC
KYJBTYpPbl JEMOHCTPUPOBAIN HAIMYUE MTOTECHIIUAI-3aBUCUMBIX KaJIbIIUEBBIX KaHAJIOB, a
TaK)K€ MOBBIIICHUE KOHIEHTPAIMM MOHOB KaJbIMS U HATPHsl B OTBET Ha J0OaBIICHUE
BOKHEHIIIEro BO30YXJaroliero HeipomeanaTtopa rryramara. OTBET Ha TiyTaMar ObLI
OMOCPEIOBAaH HOHOTPOIHBIMU, HO HE METa0OTpPOMHBIMHU peuentopamu. Ilpu sToM

OCHOBHOM MPUTOK KaJbIUs 00ecreuynBaiy riaoyramaTisie perentopsl NMDA Tuna.

B pe3ynbrare ananuza naHHbIX KoaudecTBeHHOM [P u o6mmx TpaHCKpUIITOMOB
OBLIIO OOHAPYKEHO, YTO HEUPATIbHBIE KYJIbTYPbI, IOJYYEHHBIE U3 OJJHON U TOW K€ JIMHUH
NIICK, HO ¢ MOMOMIBIO PAa3HBIX MOJIXOJO0B, 3HAYUTENBHO pasnuyaroTcsi. CpaBHEHUE
MOKa3aJI0, YTO HEWpAJIbHBIE KYJbTYpPbl, MOIYy4YE€HHBIE NpH nomomm Metona ¢ DUAL
SMAD wunru6uposannem uepe3 craauro HCK (N-KYOU pS5), sasiorcs Oonee
r€TEPOr€HHBIMH, IO CPAaBHEHUIO C HEUpaJIbHBIMU KyJIbTypaMH, MOJYYEHHBIMU C
nomotnkko dk3orernon runepakcnpeccurt NGN2 (iN-NGN2). Kpome Toro, cpeau Bcero
KJIETOYHOTO pa3HooOpa3usi HeupanbHOW KynbTypel N-KYOU p5 camu HelpoHbI
3aHUMAaJIH JIUIIH HeOoubinyto oo, [lo manubiM o6mmx TpanckpuntomoB B N-KYOU
pS, B ommumne oT iN-NGN2, Opuna BbeisiBiaeHa oskcmpeccus wMapkepoB HCK u
MPOMEKYTOUYHBIX MPEIIECTBEHHUKOB, TJIMAIBHBIX KJIETOK (B YaCTHOCTH ACTPOIJIMH), a
TaKXe APYruX HE-HEHPOHAIBHBIX THUIIOB KJIETOK. KpoMe TOro, B TpaHCKpPUIILIMOHHOM
npoduiie 3THUX HEUpPaNbHBIX KYJIbTYp pa3jiWyHble MPOLECCHl W MYTH, CBSI3AHHBIE C
nposmdepareil, KICTOYHBIM IIMKJIOM M AMOpHOreHe3oM, Ipeobiiagaid  Haj
HEHpOHAJbHBIMU TporieccamMu. TpanckpunimonHbli npodpuias IN-NGN2, Hanpotus,
ObLT o0oraleH pa3IMYHbIMU TPOIECCaMHU, CBA3AHHBIMH C XUMUYECKUMH CHHAIICAMH,
HEUPOHAIBHOU IIJIACTUYHOCTHIO, NEPENAUYei CUTHAJIOB U Ap. [Ipr 3TOM 110 CpaBHEHUIO C

N-KYOU p5 B iIN-NGN2 ypoBeHb SKCHOPECCHU MapKEpPOB 3pebIX HEHPOHOB ObLI
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3HAQUUTEJILHO BBIIIE. TeM He MeHee B HUX BCPOATHO HAJIMYIUC OCTATOYHBLIX KIJICTOK-

nepuaros UIICK.

XOTda B HEWpaJbHBIX KyJIbTypax, IMOJIYYECHHBIX pPa3HbIMH MOAXOAAMH, CPEOU
HEHPOHOB Mpeo0alaloT KOPTUKAIbHBIE BO30YyKJawlue (riIyTaMaTepruyecKue)
HEHPOHBI, OCTaJbHbIE HAOMIOJaeMble B KyJIbTYypaX MUHOPHBIC THUIBI HEUPOHOB
paznuunHbl. Tak, moaxonq ¢ DUAL SMAD uHruGupoBaHueM MO3BOJISIET IMOJIYy4YaTh
HEHpOHbl paznuyHoi epruyHoctH: ['AMKepruueckue, CEepOTOHUHEPIHYECKHE U
nopamunepruueckue. B 1o ke Bpems B NGN2-MHIyIHPOBAHHBIX HEUpaTbHBIX
KYJBTypax dKCIPECCUS MAPKEPOB JAHHBIX TUIIOB HE BBIPAKEHA, OAHAKO JETEKTUPYIOTCS
MapKepbl, CBUIECTENIBCTBYIOIINE O HAIUYNUA XOIMHEPTUUECKUX HEUPOHOB, & KPOME TOTO,

nepudepuuecKux CEHCOPHBIX HEUPOHOB (HEYTOUHEHHON €PTUYHOCTH).

OHI/IpaHCB Ha PC3YJIbTAThI ,HaHHOﬁ pa6OTBI MOJXHO YTBCPKIOATb, YTO Ka)KI[Hﬁ n3
ABYX HCCICAOBAHHLIX IMOAXOAOB MMCCT CBOM IPCUMYIICCTBA M HCAOCTATKH, KOTOPLIC

CTOMUT YUYHUTHIBATH MPU BBIOOPE MpOTOKOIIa osydeHus: HeiipoHnoB u3 UTICK.
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7. BBIBO/bI

1. HetipanbHble KynbTypbl, cionTanHo auddepennuporannbie 3 HCK, nomy4yaembix u3
NIICK ¢ nomompio Metoga ¢ DUAL SMAD uHrnoupoBaHueM:
e SIBIsAIOTCA TeTepOreHHbBIMM Ha YPOBHE KJIETOYHBIX MOMYJSIUN, Cpeau
KoTopbIxX npeodsanaroTr HCK u npeanecTBeHHUKY pa3IudHbIX CTaIUN.
e (COOTHOIIECHHE KIETOYHBIX TUIIOB B TAKMX HEWPAIbHBIX KyJIbTYpax 3aBUCHUT
oT n3HavyasbHOM uHuKM UIICK.
e JlnurenpHOCTh KynbTUBHpOBaHWS HCK Biuser Ha KIETOYHBIM CHEKTp

ITOJIYy4aeMbIX UX HUX HEMPAIBbHBIX KYJIbTYD

2. Ha monenu NGN2-uHAynupOBaHHBIX HEHPANBHBIX KYJIBTYP, KCIPECCUPYIOMIUX
TeHeTHUYECKU KoaupyeMbid KanblueBbli uHaukatop GCaMP6s, Obulio mokasaHo, 4TO
JAHHBIN MPOTOKOJI MTO3BOJISIET MOJIY4YaTh HEUPO(DU3NOIOTUUECKH AKTUBHBIE HEHPAJIbHbBIE
KyJbTYPBI, KOTOpblE 00J1a1al0T (HYHKIIMOHAIBHBIMH HOHOTPONMHBIMHU TIyTaMaTHBIMU

peuientTopamMu npeumyiiectBeHHo NMDA -Tumna.

3. HeiipanpHble KyJabTYpHl, MONy4YeHHBIE U3 ofgHOW u ToH ke nuHuu WUIICK, HO mpu
NOMOIIM Pa3HbIX IOAXOJOB, 3HAYMTEJIBHO PAa3IUYAOTCA IO TPAHCKPUIILIMOHHOMY
npoduitto, sk3orenHas runepakcnpeccuss NGNZ2 mo3Bosisier mosiydarh TOMOTEHHYIO

KYJIBTYPY, COAEPKALLYIO 3HAUUTEIBHYIO JOJIIO 3PEIBIX HEUPOHOB.
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8. CIIMCOK COKPAIIIEHUI

A(IDIIK — acTpounTapHasi IpOMEKyTOUHasl IPOT€HUTOPHAS KIETKa

13 — muddepeHnansHO SKCIPECCHPOBAHHBIN (TEH)

NIICK — uaayuupoBaHHbIC IUTFOPUTOTEHTHBIE CTBOJIOBBIC KIETKHU

JII'b, KI'b u MI'b — natrepanbHblii, KayTaJIbHBIM U MEIHATBHBIN TaHTJIMOHAPHBIE OYTOPKH
H(IDIIK — HeliponanbHas (IpOMEXYTOUYHAsS ) TPOTCHUTOPHAS KJIETKA

HCK — HeiipanbHble CTBOJIOBBIE KIETKU

HD — Heiiposnurenuii

OIIK — osnMroeHApoLUTapHasl MPOT€HUTOPHAS KIETKa

[IIIK — npoMeKyTOYHass MPOreHUTOPHAs KIIETKa

[ICK — mitopunoTeHTHBIE CTBOJIOBBIE KIIETKH

PI" — pangnanbhas rims

CB3 — cyOBeHTpUKYIISIpHAs: 30Ha OOKOBOTO KTy J0UKa

CI'3 — cyOrpanymsipHas 30Ha 3y04aTOM M3BHJIMHBI THIIIIOKaMIIa

T® — TpaHCKpUNITMOHHBIN (HaKTOP

[MHC — uenTpanbHas HEpBHAs CUCTEMA

OCK — sMOprOHaIbHBIE CTBOJIOBBIE KIETKH

BDNF — neiiporpoduueckuit (hakTop roJI0BHOTO MO3Ta

BMP — kocTHbIl MOporeneTnyeckuii 0einok

DUAL SMADi — DUAL SMAD uHruOnpoBaHue — HHTHOMpOBaHUe ABYX myTeit SMAD
CUTHAJIMHTA

EGF — snuaepmanbHblil hakTop pocTa,

FGF2 — (ocHOBHOI) dakTop pocta (nOPOOIaCTOB BTOPOTO THIA

GCaMP — reHeTruecku KOAUPYEMBbIH KaJbIIMEBbIA HHIAUKATOP HA OCHOBE KaJIbMOIyJIMHA
U 3eJICHOTO (hJIyOpEeCLEHTHOTO OeJiKka

GSEA — ananu3 oboramieHusi Habopa reHOB

IN-NGN2 — NGN2 uHayipoBaHHbIe HEHpallbHBIC KYJIBTYPhI

N- — HelpanbHbIE KyJIbTYPHI

NGF — daxTop pocra HepBoB

NGN2 — neitporenun 2

p — maccax

ROCKI — uarudurop Pho-accounnpoBaHHON MPOTEHHKUHA3HI,

rtTA — reverse tetracycline-controlled transactivator — TeTpanukiInH-3aBUCUMBII OETIOK-
TpaHCAKTUBATOP

SCRNA-seq — cexBenupoBanue PHK enMHUYHBIX KIIETOK

SMAD - cemeiicTBO OenkoB-TipeoOpa3oBaTeieii CUTHAIOB, KOTOPBIE OMOCPEIYIOT
pa3JIMYHbIE CUTHAJIbHBIE TyTH

TGFB — Tpanchopmupyrommii poctoBoit hakTop Oera
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Pucynoxk 2. Pe3ynbraThl ananu3a qanubix SCRNAseq HetipanbHbix KynsTyp N-KYOU p5
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Pucynok 3. Pe3ynbrarsl ananuza faHabIx SCRNAseq Helipanbabix KynbTyp N-KYOU pS

u p25: skcmpeccusi reHoB-MapkepoB B N-KYOU p5 u p25 na mpoctpanctee UMAP

A — HelipoHaJIbHBIE MapKEPhI
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Pucynok 4. Pe3ynbrarsl ananuza gaHHbIX SCRNAseq Helipanbabix KynbTyp N-KYOU p5
u p25: skcnpeccust rnuanbHbiX reHoB-MapkepoB B N-KYOU p5 u p25 na npoctpaHcTBe
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Pucynoxk 5. PesynbraTer ananm3a qanabix SCRNAseq HelipanbHbIX KyasTyp N-KYOU p5
U p25: oKanu3aius SKCIpeccuu oommx nudepeHraibHO SKCIPECCUPOBAHHBIX TEHOB,

BoBiieueHHBIX B WNT/BMP-niytn, B N-KYOU na npoctpanctee UMAP.
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PucyHnok 6. Pe3ynbTaThl aHanm3a METOIOB CHUKEHHUSI PA3MEPHOCTH MTPOCTPAHCTBA
JUTSL TAaHHBIX OOIIMX TpaHCKpUNTOMOB HerpanbHBIX KyJbTyp N-KYOU pS u iN-NGN2
110 BCEM BBISIBIEHHBIM F'€HaM, KOTOPbIE UMEIU JOCTATOUHYIO SKCIIPECCHUIO.
A — KJIacTepHbIM aHalW3, BU3YAJIU3UPOBAHHBII B BHJAEC TEIUIOBOM  KapThI
nudpepeHInanTbHO YKCITPECCUPOBAHHBIX TEHOB.
b — ananu3 rnaBHbIx KOMnoHeHT (PCA), mpuMeHEHHBIM K CTaOMIM3WPOBAHHBIM IIO
JTUCTIEPCHUH TTPeoOpa30BaHHbBIM JaHHBIM dKcnipeccud. Ocu X 1Y — II1aBHbIE KOMITOHEHTHI
1 1 2 cooTBeTCTBEHHO, O0BsACHIOIINE 64,66 1 9,4% nucnepcuu (variance).
B — wmerong mHoromepHoro mkanupoBanus (MDS). B kadecTBe Mepbl CXOjACTBa
WCIIOJIB30BaHbl BeJIMUMHBI KOd(hduimenta koppemsiiuu [lupcona. Och X onuckiBaeT
MaKCUMYM Pa3JIMuuil MEXI1y 00ObEKTaMHU.



