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Pa3BuTVe rofloBHOro Mo3ra yenoseka npeAcTaBnAaeT cobom COXKHbIN
MHOFO3TarHbl NPoLece, BKAoUatoLwmii 06pa3oBaHme pasfinyHbIX
TUMOB HeMpasbHbIX KNETOK 1 UX B3anmogencTamna. MHorne ¢yHaameH-
Ta/lbHble MeXaHM3Mbl HENPOreHe3a yCTaHOBeHbI Gnarofaps nsyye-
HUIO MOAESbHbIX KMBOTHbIX. OAHAKO 3HAaUMTENbHbIE CTPYKTYPHbIE
pasnnyunAa ronoBHOro Mo3ra No CPaBHEHMIO C APYTIMU XKUBOTHLIMU

He NO3BOJIAT PACCMOTPETH BCE aCMeKTbl POPMUPOBAHUA FONOBHOTO
MO3ra y YenioBeka, KOTopble MOy T UrpaTb PeLlatoLLyto ponb AnA pas-
BUTWA €r0 YHNKaNbHbIX KOTHUTUBHbIX CMOCO6HOCTEN. HoBas TexHo-
NoruA TPEXMEpPHbIX LiepebparnbHbiX OPraHOULOB OTKPbIBaET ncCie-
foBaTeNAM YHUKaJIbHYI0 BOSMOXKHOCTb MOAENMPOBaTb PaHHMe STanbl
HeliporeHe3a YenoBeka. B 063ope paccmaTprBaloTca TEXHONOMMA
nonyyeHnsa TpexmepHbIX LiepebpanbHbiXx OpraHouAOB, MPUMepPbI ee
yCnewHoro BHegpeHns B GyHAaMeHTanbHble 1 MPUKNaaHble NcCneno-
BaHUA, MMeloLeca Npobnembl, a TakKe NepCrneKkTUBbI ee PasBUTUA.
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Cerebral organoids: a promising
model in cellular technologies

T.A. Shnaider

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

The development of the human brain is a complex
multi-stage process including the formation of vari-
ous types of neural cells and their interactions. Many
fundamental mechanisms of neurogenesis have been
established due to the studying of model animals.
However, significant differences in the brain structure
compared to other animals do not allow considering
all aspects of the human brain formation, which could
play the main role in the development of unique cog-
nitive abilities for human. Four years ago, Lancaster’s
group elaborated human pluripotent stem cell-derived
three-dimensional cerebral organoid technology,
which opened a unique opportunity for researchers

to model early stages of human neurogenesis in vitro.
Cerebral organoids closely remodel many endogen-
ous brain regions with specific cell composition like
ventricular zone with radial glia, choroid plexus, and
cortical plate with upper and deeper-layer neurons.
Moreover, human brain development includes interac-
tions between different brain regions. Generation of
hybrid three-dimensional cerebral organoids with
different brain region identity allows remodeling some
of them, including long-distance neuronal migration
or formation of major axonal tracts. In this review, we
consider the technology of obtaining human pluripo-
tent stem cell-derived three-dimensional cerebral or-
ganoids with different modifications and with different
brain region identity. In addition, we discuss successful
implementation of this technology in fundamental
and applied research like modeling of different neuro-
developmental disorders and drug screening. Finally,
we regard existing problems and prospects for devel-
opment of human pluripotent stem cell-derived three-
dimensional cerebral organoid technology.

Key words: neurogenesis; cerebral organoids; cellular
technologies.



€JIOBEYECKHUIT MO3I' — OJINH U3 CaMbIX CJIOKHO YCTPOEH-

HBIX OPTaHOB y BCEX KHUBOTHBIX. OH HIMEeT yHUKAIFHYIO

KJICTOYHYO apXUTEKTYPY U BHITIOIHSACT MHOKECTBO Pas3-
JIMYHBIX q)yHKLII/IOHaJ'H)HbIX 3aJa4. HeyﬂI/IBI/lTeHI)HO, 4YTO HUC-
clezoBaTeleli JaBHO HHTEPECOBAIIN IPOIIECCHI €r0 Pa3BUTHA,
CTaHOBIICHUS U (PYHKIIMOHUPOBAHWUS, OJTHAKO HETOCTYITHOCTh
opraHa Jist pa3JIn4YHbIX SKCTICPUMCHTAJIbHBIX MaHI/lHyﬂHLII/Iﬁ
BCET/Ia MPETITCTBOBAJIA TIPOTpeccy B 3TOH obmactu. MHOTHE
BBIJTAIONINECS PE3YIbTaThl OBUTH TONYYCHBI HAa MOJCITBHBIX
JKUBOTHBIX, TIPEK/E BCETO TPHI3yHAaX M 4EJIOBEKOOOPA3HBIX
obe3psHax. OHAKO 3HAYNTENBHBIE PAa3IUYHs B CTPOCHUHU
TOJIOBHOTO MO3Ta YEIIOBEKA M JPYTUX MIICKOIUTAIOMINX HE
MO3BOJISIFOT MCCIIEI0BAaTh MHOTHE HEHPOOUOIOTHYECKUE BO-
TIpOCH ¥ TpobseMbl. CTpeMUTETHHOE Pa3BUTHE METOOB KJIe-
TOYHOW OMOJIOTHUH JaJ0 BO3MOXKHOCTH PEKOHCTPYHPOBATH
HEKOTOPBIE aCIeKThl IPOCTPAHCTBEHHOW OpraHU3aI1K HEPB-
HOM TKaHU YeNoBeKa M mpolecca ee AUPPEpeHINPOBKH.
OmHMM W3 CaMBIX BBLIAIOIIUXCS TOCTIDKCHUH MOCIICIHUX
JIET SIBJISIETCS pa3paboTKa CUCTEMBI LiepeOpaIbHbIX OPraHOH-
1o (LHO), mo3Bomnstonas peKOHCTPYHPOBATh TPEXMEPHYIO
[IUTOAPXUTEKTOHUKY HEKOTOPBIX OTJCIIOB TOJIOBHOTO MO3Ta
(Lancaster et al., 2013). Texuonorust L{O npenocrasiser abco-
JIFOTHO YHUKAJIFHYIO BO3MOKHOCTB BOCCO3/[aBaTh HaYaIbHBIC
JTaIbl Pa3BUTHUS TOJIOBHOTO MO3Ta YEIIOBEKA M MCCIICIOBATh
TMOBEACHNE HEPBHLIX KJICTOK B YCJIOBUAX, MAKCUMAJIBHO ITPpU-
OmKeHHBIX K in vivo. Ocolyto nenHocTs 1O npencraBisior
JUISL U3YUYCHUS TATOJIOTHYCCKUX M3MCHEHHH (eTalbHOTO
T'OJIOBHOI'O MO3ra, BbI3BAHHBIX pa3JIMYHbIMU XPOMOCOMHBIMU
(Bershteyn et al., 2017; Iefremova et al., 2017) unu napEK-
UOHHBIMU 3a00meBanmsiMu (Qian et al., 2016). YcraHoBieHue
MOJICKYJIAPHO-TCHETUYCCKUX U KJIICTOYHBIX IMAaTOJIOI'MY€CKUX
MEXaHHM3MOB MHOTHX OoJie3Hel Ha Mojieiu 1O MokeT moMoub
B pa3paboTKe MOTCHIMATBHBIX JICKAPCTBCHHBIX MPEIIapaToB
(LiC.etal.,2017) 1 B KOHEUHOM UTOTE CIY)KUTh YHUKAJILHOM
CUCTEMOM a5 X TecTupoBanus (Zhou et al., 2017).

PaHHue aTanbl pa3Butua

rosIoBHOro Mo3ra YenoBekKa in vivo

UYenoBeuecKkuil MO3T COAEPKUT AECATKH MUIIIMOHOB pa3-
JIUYHBIX HEHPOHOB M IIMAJBHBIX KJIETOK, KOTOPHIE MyTeM
CJIOXHBIX B3aUMO/ICHCTBUI 00ECTIEUNBAIOT €T0 YHUKAIbHBIE
¢ynkmu. Takast CIOKHOCTh OPTaHU3ALUK OPTraHa MPOSBILs-
€TCsl B POLIECCE €0 Pa3BUTHS, KOTOPBIil 3aHUMaET OOJIBIIYO
4acTh SMOPHOHAIBHOTO,  TAK)KE 3HAYUTETBHYIO YaCTh IIOCT-
HaraynbHOro oHTOrenesa (Malik et al., 2013). ITo cpaBHEeHHIO
C IpYrMMH TPYNIaMU MJIEKONMTAIOIUX, TPEXkKIAE BCEro ¢
OnmKalIIMMK TIpeAKaMHu — MPUMaTaMu, OTHOCHUTEIIbHBIN
pa3Mep MO3ra 4eJIoBeKa CHIbHO YBEIHUEH, a IPOLIECC €T pas3-
BUTHS 3aHUMAET 0oJ1ee MPOAOIKUTENbHBIN IePHOl BpEMEHU
(Geschwind, Rakic, 2013).

Pa3BuTHe YenoBedeckoro Mo3ra HaYMHAeTCs! ¢ OPMHUPO-
BaHMS M3 DKTOJIEPMBI 3a4aTka BCEH LEHTpajIbHON HEpPBHOM
CUCTEMBI — HEPBHOM IUIACTUHKHU, COCTOALLEH U3 HEHPOSIIIU-
tenuanbHbIX Kietok (HOK), xoropele nator Hawano Bcemy
Pa3Ho00pa3mIo KIETOYHOTO COCTaBa rojJoBHOro Mo3ra (Gotz,
Huttner, 2005). OxHo W3 mepBBIX W HauboJee BaKHBIX H3-
MEHEHUH, KOTOPOE MPETEPIEBAET HEPBHAS IIIACTUHKA, — €€
CMBIKaHUe ¢ 00pa3oBaHKeM HEpPBHOM TpyOku. Briocnencreumn
n3 c(hOpMUPOBABLIEHCS BHYTPH TTIOJIOCTH OYIyT Pa3BUBATHCS
JKEITyAOUKH TOJOBHOrO Mosra. Kak n HepBHas MIACTHHKA,
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HepBHast TpyOka coctout n3 HOK, kotopblie npeacrasisior
c000¥ TICEeBIOMHOTOCIONHBIN dnuTennit (puc. 1).

['pymnma KJIeToK, HEMOCPEICTBEHHO KOHTAKTUPYIOUINX C
JKEITyI0UYKOM, Ha3bIBAETCSl BEHTPUKYIAPHOIL 30H0# (B3). Mx
nponudepanyst OCymecTBIsSETCs MyTeM CHMMETPHYHOTO
nponu(epaTuBHOTO JEJICHUS (BEPETEHO JICJICHHUS OPHEHTH-
POBaHO FOPU30HTAIIBHO), B PE3YJIBTATE KOTOPOTO KIETOUHOE
MTOTOMCTBO TpeNCcTaBiIseT coboil aBe maeHTHuaHBIe HOK.
[Ipu Takom criocobe aeneHus YBEIIMUYNBACTCS YUCICHHOCTh
KJIETOYHOHN HOMYJSAIUN U IPOUCXOAUT NMPOCTPAHCTBEHHOE
pacumpenue obmactu HeliposnuTenus. [lepen caMmpiM Hava-
noMm HeliporeHesa HOK mpeTtepneBaroT HEKOTOpbIe U3MEHEHNUS
u TpancopmMupyroTcs B KiIeTku paauansHol rmu (PID), u3
KOTOPOH (hOPMHPYIOTCS MPAKTUIECKH BCE THUIBI HEHPOHOB
rooBHOTO Mo3ra (Anthony et al., 2004). MoMmeHTOM Hauaa
HelporeHesa cunTaeTcs BOSHUKHOBEHHE NEPBbIX HEHPOHOB,
KOTOPBIE TOSIBIISIOTCA y YEIIOBEKa Ha 5-i — 6-1 recTannoHHON
Henene (Howard et al., 2008). VX mosiBJIcHHE BRI3BAHO TIEepe-
xonoM PI" oT cuMMeTpryHOTO MposMdepaTuBHOTO AEICHUs
K aCHMMETPHYHOMY (BEPETEHO JEJICHHsS OPHEHTHPOBAHO
BEPTHKAJIBHO). [Ipy TakoM THIIE AEIEHUs TOYepHUE KICTKH
[IpeJICTaBIeHbl ONHOM KileTkoW PI' u oHUM HEMPOHOM MU
ero npenmectseHHUKOM (Lancaster, Knoblich, 2012). O6pa3zo-
BaBILIHECS KICTKHU-TIPEAIICCTBEHHUKH OTEPSIOT CBOU ITUTE-
JMajbHbIe CBOMCTBA U MUTPUPYIOT U3 B3 B HanpaBiieHun 6a-
3aJIbHOM CTOPOHBI HeliposnuTeNnus, GopMHUPYs CIOH, KOTOPBIH
Ha3bIBaeTCsl CyOBEHTPUKYISApHOH 30HOK (CB3). Omnunth
JIaHHBIN cyio 0T B3 MOXHO 1O OpUEHTAIMH KIETOK U KC-
MIpeccHy Cenn(pUIecKuX MOJCKYIAPHBIX MapkepoB (Smart
etal., 2002; Howard et al., 2008). Knetku-npeniecTBeHHUKA
CB3 Ha3bIBaIOTCS MPOMEXKYTOUHBIMH HPEIIIECTBEHHUKAMH
(IIT), moCKOIBKY MPEACTABISIIOT COOOH IEPEXOTHYIO CTAINI0
mexxay PI' m neiiponamu (Haubensak et al., 2004; Miyata et
al., 2004). [TomiMO 3TO#1 rpyIIIIBI KIIETOK, KOTOPasi y YeTI0BEKa,
M0 CPAaBHEHUIO C APYTUMH KHUBOTHBIMH, CHIIBHO yBEINYEHA
(Smart et al., 2002), B CB3 pacrnionaraercs Apyroi THII Kie-
TOK-TIPEALIECTBEHHUKOB — 0a3aibHas paauaibHas mivst (bPI)
(Fietz et al., 2010). Oum 00pa3yIoTCs TakXKe IMyTeM ACTCHHUS
PI' 1 nepexosT K aCHMMETPUYHBIM JACIEHHSM, JUIS TOTO YTO-
OBbI MPOU3BOIUTH HEHPOHBI U MOTOIHATH CBOI COOCTBEHHBIN
myin. Tem He MeHee Hannune B CB3 aByX 4eTKo pa3aennMbIx
MOMYIISIAN KIIETOK-TIPEIIICCTBEHHUKOB OCTACTCs CIIOPHBIM
BOITPOCOM, TIOCKOJIBKY Celydac IMOsIBISETCS BCE OOJIbILE J0-
KazaTensCTB Toro, uTo III1 m BPI" mMoryT ¢mykTynpoBats B
MOP(]OJIOrMYECKUX XapaKTEPUCTHKAX U MPOIH(EpaTHBHOM
noreHmuaie (Betizeau et al., 2013). [Iporecc panHero Heii-
poreHesa 3aKaHUYMBAETCSl TEM, YTO BCE THIBI HEHPAIbHBIX
MPE/IIECTBEHHUKOB JICJISATCSI CHMMETPUYHO U JIAI0T HAYAJIO
HelpoHaM, KOTOPbIE MUTPUPYIOT B CTOPOHY 0a3aibHON MeM-
OpaHbI, HCTIONB3YS AT CBOETO JIBMKEHHSI OTPOCTKU PaANallb-
Hoit mw. [TocnenoBarenbHOE MOsIBICHNE HEHPOHOB INTyOOKHX
CJIOEB, @ 3aTeM BEPXHHUX CJIOEB MPUBOJIUT K (POPMUPOBAHHIO
IIecTUcIoiHoi KoprukansHoi mactuaky (KIT). [Janee Ha-
CTYTIAIOT MTO3/IHHE 3TaITbl HEHpOTreHe3a, BKIIFOYAIOIIIe poIiec-
CBI aCTPOINIMOTE€HE3a, OJIUTOJICHIPOTeHEe3a U BACKYIIPU3ALIH.

MNonyuenne LIO

I[TepBble ycrienHple NONBITKH KYJIbTUBUPOBAHHUS B YCIIOBHAX
in Vitro XJI€TOK >KMBBIX OPIaHH3MOB IPEIIIPHHATEL OoJiee cTa
ner Hazax (Harrison, 1906). [lns HelipoOnonornyu pa3BuTHe
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Puc. 1. PaHHue sTanbl HeliporeHesa yenoBeka (ynpolleHHasa cxema). OCHOBHbIe TWMbl HelpabHbIX KNeTOK-NMpeALWwecTBEHHNKOB
1 1X KNETOYHbIX NOTOMKOB. OTpaxkeHbl CNocobbl fieNleHNs, XapakTepHble ANA KaXXAoro KneToyHoro tuna, no (Paridaen, Huttner,
2014) c moandUKaumsamu.

H3K - HelipoanuTtennanbHble KneTky; P — kneTku pagnanbHoi rmuw; MM - npomexxyTouHble npealectBeHHUKY; BPI — 6a3anbHaa pagu-
anbHas rnus; B3 - BeHTprKynapHas 30Ha; CB3 - cy6BeHTpUKynApHas 30Ha; M3 — npomexyTouHas 30Ha; KIN - KopTukanbHasa naacTnHKa.

MnaHweTbl ¢ U-06pasHbiM fHOM

(Lancaster et al.,, 2013) BriopeakTop
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Mwukpounnbl
3CK/UMNCK
K (Zhu et al., 2017)
G, —
> <) :
s /ﬁm 7 — Op6uTanbHbIi
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MeTog «BucsaYen kannm»
(Dang et al.,, 2016)
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Puc. 2. Crpaterua nonyuyenus LIO.

MepBbiit 3Tan (Ao WwWecTn fHel) — dopmmposaHue v anddepeHLmpoBKa 3T B KNETKM TpeX 3apofblLeBbIX MCTKOB. BTopoii 3Tan — nHAYK-
uuA HelpanbHol anddepeHUMPOBKIX. B 3TOT neprog nponcxoamT 3KCnaHCKA HeMposKToAepMarbHbIX KNETOK, KoTopas AOMONHUTENIbHO
CTUMYNMPYeTCA Nocie NOMeLLEHVA OPraHOVAOB BO BHEKIETOUHbBIN MaTPUKC. 3akniounTenbHbIi 31an — arutauusa LIO B cpepe ana andde-
PeHLMPOBKY.

3CK - ambpuroHasnbHble cTBonoBble KneTku; UMCK — nHayLmpoBaHHbIe NIOPUNOTEHTHbIE CTBOSTOBbIE KNeTKK; OT — SMOpriovaHbIe TenbLa;
BM - BHekneTouHbI MaTpukc; HL — HenpanbHas anddepeHumposka; LIO — uepebpasnbHbie opraHouabl.
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LlepebpanbHble opraHovAbl — NepcrneKTMBHaA MoLenb
B KNETOUYHbIX TEXHOMOTUAX

METOJIOB KYJIFTHUBHPOBAHMS HEHPAIBbHBIX KJIETOK ChIIPaJo
Ba)KHYIO POJIb B TOHUMaHHH MHOTHX MPOLIECCOB MX Pa3BUTHUS
n pynkauonnposanus (Lapham, Markesbery, 1971; Kennedy
et al., 1994). OTKpbITHE SMOPHOHAIBHBIX CTBOJIOBBIX KJICTOK
(OCK) (Evans, Kaufman, 1981; Thomson et al., 1998), u B oco-
OEHHOCTH MHAYIMPOBAHHBIX IUTIOPUIIOTEHTHBIX CTBOJIOBBIX
kierok (UI1CK) (Takahashi, Yamanaka, 2006), o3HameHOBaJI0
HOBEBII ATall B pa3BUTHH Helpoouonornu. Mccnenosarensm
MPE/ICTaBIIIACh YHUKAIbHAS BOSMOKHOCTH ITONTYYaTh ITyTEM
muddepenunposku modoii Tun kierok (Ghodsizadeh et al.,
2010; Qiuetal.,2011; Mouetal., 2012; Kim et al., 2013; Kang
etal., 2016), Bkirtoyast pa3TUuHbIC TUIIBI HEHPATBHBIX KIIETOK
(Caietal.,2010; Sareen et al., 2014; Huang et al., 2017). HU3y-
yerne MIICK u nx mugpepeHmpoBanHBIX TPOU3BOAHBIX OT
MAIMEHTOB C COOTBETCTBYIOMIMMH 3a00JI€BAHISMH BO MHOTOM
TMIO3BOJIMJIO UCCIIEI0BATENISIM IPOABUHY ThCSI B HOHMMAaHUHU X
MaToJIOTMUECKNX MeXaHn3MoB (Ananiev et al., 2011; Seibler
etal., 2011; Chen et al., 2014). Oxnako, Kak Jr00ast cucteMa
JIByXMEPHBIX KJIETOUHBIX KYJIBTYD, HeHpabHbIE KIIETKH, 10Ty~
yeHHbIe myTeM nuddepertmporkn ICK/MIICK, ve crmocob-
HBI BOCTIPOM3BOIUTH TPEXMEPHYIO CTPYKTYPY TOJIOBHOTO MO3-
ra, 4To, B CBOIO 04Y€pe/lb, BAXKHO JUIsl U3y4YeHHs 3a00IeBaHNH,
BBI3BIBAIOMINX HAPYIICHNE HOPMAIBHOTO X0/1a HelporeHesa.
PazButne rexnonorun tpexmepusix L{O npencrasnser codoit
YHUKaJIbHYIO BO3MOYKHOCTb PEKOHCTPYHPOBATH IIEPBBIE ITAIIbI
Pa3BUTHS YEIIOBEYECKOTO MO3ra Hambosee MpHOIMKEHHO K
YCIIOBUSM i Vivo.

W3BecTHO, 4TO HEpBHAs CHCTEMa YMOPHOHA pa3BUBACTCS U3
9KTOAEPMAIBHOTO 3aPOABIIIEBOTO JUCTKA. B ycioBusx in vitro
U3 TUTFOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK yenoBeka (DCK
i UTICK) MOXHO MOTYyYUTh DKTOAEPMY C MPUMEHEHUEM
TexHoIoruu SMOpronaHbIX Tener (T), KoTopble HMUTHPYIOT
MPeMMILTAHTAIIOHHYIO CTa M0 PA3BUTHS SMOPHOHA U TTPO-
tecc ractpyssinuu (Itskovitz-Eldor et al., 2000). Cambiii pac-
MIPOCTPAHEHHBIN CIIOCO0 UX MONTYyUSHUS — KyJIBTHBHPOBAHHUE
B cycriensun (Kim et al., 2011) — He sBIsI€TCS ONTUMATBHBIM,
NOCKoJbKY cpeu JT HabmroaeTcst nmpokast BapradesbHOCTh
B pazMepe 1 MOP(OJIOTHH, YTO MOKET HETATHBHO CKA3aThCs
Ha muddepennupoke [1O. Yaupuuuposars JaHHBIN 3Tal
MOXXHO IPH MOMOINM IUIaHIIeToB ¢ U-00pa3HbIM JHOM U
Hu3Kkoi aaresuedt (Lancaster et al., 2013), crierransHO paspa-
O6oTtaHHBIX MuUKpountioB (Zhu et al., 2017) nim MeTona «Bu-
csiuett karwtuy (Dang et al., 2016) (puc. 2).

Jnst nanbHEWIIero pa3BUTHs SKTOIEPMAIBHBIX KIETOK B
HeliposrmTenuaitbaele DT mepemenarorcest B cpety Ul HH-
JYKLUH HelpaiibHO# TuddepeHIInpoBKH, KOTOPasi OMOITHH-
TEJILHO TPEISATCTBYET PAa3BUTHIO ME30/IEPMBI U SHTOIEPMBI
(Lancaster, Knoblich, 2014). B xadecTBe MCXOIHOTO THIIA
KJ1eToK Juist popmupoBanusi LIO MOryT ObITH UCIIOIB30BAHEI
IUTIOPUIIOTEHTHBIE KIJIETKH, TpeBapuTensHo auddepeHnn-
posannsle B HCK (Mongzel et al., 2017). IIpn orcyrcTBumn
6a3aIbHON MEMOPaHBI B YCIIOBUSIX i7 Vitro HEUPOITTUTETHAIIb-
HBIE KJIETKH JOBOJIBHO OBICTPO TEPSAIOT CBOIO CHEU(PUIECKYTO
OpraHu3alvio U yHUKaJbHbIE CBOMCTBA. [JIsi TOTO 4TOOBI
MPEIOTBPATUTh ITOT MPOLECC, OPraHOM (bl HEOOXOUMO 3a-
KJIF0YaTh B CHELHAIbHbIN KapKac BHEKIETOYHOTO MaTpHKCa,
UMHTHPYIOMNI 06a3anbHyi0 MeMOpaHy 1 CIOCOOCTBYIOIINI
JlaJIbHEWILIeMYy pa3pacTaHUI0 HEHPOIKTOAEpMbl. B kauecTBe
TaKOTO MaTephaia MPUMEHSIoTcs ruaporenu (Schwartz et
al., 2015; Lindborg et al., 2016) wmu marpurens (Lancaster,
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Knoblich, 2014). Kitouesoii stan B nmonyuerun 1O — kysib-
THBHPOBAHHE B YCJIOBHSAX ardTanuy (IIOCTOSHHOE TepeMe-
[IMBaHUE POCTOBOM Cpefibl). DTOT AIEMEHT KpaliHe Ba)KeH,
MOCKOJIBKY 0OecriednBaeT 0oJsiee MpaBUIIbHY0 OKCUTCHALUIO
U paclpeeeHne MITaTeNbHBIX BEIIeCTB BO BCEM OpraHOHIe
M0 CPaBHEHHUIO CO CTAIIMOHAPHBIM KYJIBTHBUPOBAHUEM, TIPH
KOTOPOM CO BPEMEHEM IIOSIBJISIETCSI MHOTO HEKPOTHUYECKOM
TKaHU. J{J1s1 co3naHus TaKuX yCIOBUH OOBIYHO UCIIONB3YIOTCS
opOuTtanbuele meiikeps! (Lancaster et al., 2013), Guopeakrop
(Lancaster, Knoblich, 2014) wiu crienianbHo pa3paOoTaHHbIe
Bpamaromuecs wiatrGopmsl (MHHH-OnopeakTopsl) (Qian et
al., 2016). ITepnox xynsrusuposanus 11O B 3aBHCHMOCTH OT
3aj1a4y uccieoBareneit Moxet JUuThes 10 9 mec. (Lancaster,
Knoblich, 2012).

OnHO M3 MOCJIEAHUX 3aMETHBIX YIyYIIEHHH HPOTOKOJIa
s nonyuenust L{O nosiBusiocs B 2017 1. MccnenoBarenu
COBMECTHIIN TPEXMEPHBIE KJIETOUHBIE KYJIBTYPBI C IIPOCTBIMH
OMOMHKECHEPHBIMU KOHCTPYKLMAMHE. B cBoeit paboTte oHU Hc-
TOJIL30BAJIU KOTIOJIMMEpHBIe MUKpohuOpriuis u3 PLGA B ka-
YecTBe IUIABAIOIIEero KapKaca JUls IOITydeH s SMOPHOHUIHBIX
Tenew BBITAHYTOH hopMbl. Takue yCIoBHUs HUMHTHPOBAIHN Oa-
3aJIbHYI0 MeMOpaHy KopTekca. [lomyueHHbIe TaKiM 00pa3oM
OpTraHOMIBI IEMOHCTPUPOBANHA OoJee 3P PeKTUBHYIO HEpo-
IKTOICPMAITBHYIO TU(P(HEPEHIIMPOBKY C MUHUMAITLHBIM BKJI1a-
JIOM KJIETOK C 9HJIO- ¥ ME30ePMaJIbHBIM IIPOUCXOXKICHHEM
TI0 CPaBHEHHMIO C OPraHOMJaMH, IOJTyYSHHBIMH CTaHIAPTHBIM
npoTokoioM. Kpome Toro, mpuMeHeHHe BCIIOMOraTeIbHBIX
KOHCTPYKLIUH PUBOJIUIIO K OoJiee paBuiibHOMY (popMupoBa-
HHIO XapaKTePHOI [IUTOAPXUTEKTOHUKH KOPTHKAJIBHOH TKAHH,
BKII04ast hopmupoBanue nonsprzoanHon KI1 1 panuanbHbIx
tonutoB (Lancaster et al., 2017).

LO kak nepcneKkTnBHaA mogenb

Ana pyHAamMeHTanbHbIX

N NpuKnagHbix VICCHEFIOBaHVIﬁ

[Ipu neraipbHOM HCCIENOBaHMM KICTOYHOH OpraHM3aluu
O B ux cocraBe ObUTH HICHTH()HUIMPOBAHBI PA3HOOOPA3-
HbIe PallOHbI MO3Ta, BKIIFOYAs IIEPEIHUN MO3T M IHIIIIOKAMIT
(Lancaster, Knoblich, 2014; Qian et al., 2016), xopoumHOe
crierenue (Lancaster, Knoblich, 2014), cpennuit mo3r (Qian
et al., 2016; Lancaster et al., 2017) u KIT (Lancaster et al.,
2017) (puc. 3).

Kpome Toro, HECKOJIBKO HCCIIEIOBATEILCKUX TPYIIT pa3-
paboTtanu oTaeIbHBIe IPOTOKOIBI A1 nomydenus 1O, Boc-
NPOU3BOISIIMX CTPOTO ONpPEACICHHBIC OTAENbI Mo3ra. Ha-
npumep, L{O cpeanero Mosra cozepkaiiy MpocTpaHCTBEHHO-
OpraHNW30BaHHBIE TPYMIIB HO(GaMHHEPIHIECKUX HEHPOHOB
(Mongzel et al., 2017). B atux xe opraHonmax oOHapyXeH
MPOLIECC MUSIIMHU3ALMH HEHPUTOB 1 (POPMHUPOBAHUE CHHAII-
coB. Criennaan3upoBaHHBIE OPTraHOMIbI OTYYeHBI TAKKE IS
Mozxedka (Muguruma et al., 2015), runmokxamna (Sakaguchi
etal., 2015) u mepeanero mo3ra (Kadoshima et al., 2013; Ma-
riani et al., 2015). TpexmepHas opraHu3anus paiOHOB Tie-
PEIHEero Mo3ra UMeJia YeTKYI0 CTPYKTYpY, uaeHTruHyo KI1,
dhopmupyroieiics in vitro. Iloka3aHo, 4TO BOCIIPOU3BOAUTCS
CIIOHCTas CTPYKTypa KopTekca, BKirodaromas B3, CB3, ueii-
POHBI ITyOOKMX M BEpXHHX ci10eB KopTekca (Qian et al., 2016).
OO0Hapy»xeHo, uto B rpouecce quddepenunposku 1O BHyTpH
HHUX MOTYT 00pa30BBIBATBCS IIYCTOTHI, KOTOPBIE IO CBOMM
MOJICKYJISIPHBIM XapaKTEPUCTUKAM U KIICTOYHOMY OKPY)KCHHIO
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Puc. 3. CpaBHeHMe pa3BMTMA rofIoBHOro mo3ra in vivo n LIO.

KneTouHbIn coCTaB 1 TpexmepHas opraHu3aums Ha paHHUX dTanax (cnesa)
NAEHTUYHBI, Ha MO3AHUX 3Tanax (Crnpasa) pa3nnMyaloTca Mo pasmepy KopTu-
KaJIbHOW MNAacTUHKKU, Pa3HOoOOpasmio 1 YNCIIEHHOCTM HelpanbHbIX NpepLue-
CTBEHHVKOB 1 HelpoHoB. OTCYTCTBME B OpraHOMAax KPOBEHOCHbIX COCYAOB
nNpnBOAUT K ymeHbLieHnto CB3 n HenonHomy passutuio KI.

B3 - BeHTpuiKynApHas 30Ha; CB3 — cy6BeHTpMKynapHas 30Ha; KM - kopTukanb-
Has nNnacTuHKa, no (Kelava, Lancaster, 2016) ¢ mogudurkaumsamu.

COOTBETCTBYIOT JKeIy/J04KaM rojIoBHOro Mo3ra. [Tomnmo pas-
HOOOpa3HBIX TUITOB HEUPATBHBIX KJIETOK Ha PAa3HBIX CTAIISIX
muddepeHIMPOBKN B OpraHougax 00pa3yloTcs IHAIbHBIC
KJIETKH, B TOM YHCJIE aCTPOIUTBI, KOTOPBIE 10 MOJIEKYJISIPHBIM
1 PYHKIMOHATTBHBIM XapaKTePUCTHKAM COOTBETCTBYIOT CBOMM
anarnoram in vivo (Dezonne et al., 2017). IIpu anmurensHOM
KyJIbTHBUpOBaHuH (Oostee 9 Mec.) B OpraHOMAAX MOSBISIOTCS
JICHIPUTHBIC MUK U CIIOHTAHHO aKTHBHBIC HEHPOHHBIC
cetr (Quadrato et al., 2017).

Eire oqHMM BeCOMBIM apryMEHTOM B MOJIB3Y 1eJIecoo0pas-
HOCTH HCTIOIH30BAHMS OPTaHOUIOB KaK MOIEIH PaHHHX ITa-
OB HEHpOTeHe3a YeJI0BEKa SBIISIETCS] COOTBETCTBUE MX TPAHC-
KPUIIIMOHHON U 3MUTCHETHUYCCKON MporpamMm (GeraabHOMY
Mo3ry. MccnenoBanus TpanckpuntoMmoB 11O moaTsepanm,
YTO MaTTepH U BPEMEHHAs JWHAMHKa HKCIPECCHUU T'CHOB
MPAaKTHYECKH TIOJIHOCTHIO BOCIIPOM3BOJISIT aHAJIOIMYHBIE T1a-
pameTpbl, 00HapyKEHHBIE B SMOPHOHAIFHOM MO3TE YeIOBEeKa
(Camp et al., 2015; Luo et al., 2016). Aranu3 metmioma [{O
BBISIBUJT OKOJIO 74 % AeMeTUIUpOBAaHHBIX PAalOHOB reHOMa,
KOTOpBIE TIEPEKPBIBAIOTCS C PETYASATOPHBIMU 3JIEMEHTAMU
(eranmpHOTO MO3ra. Bonee Toro, Mpyroi 3MUreHETHYECKOM
monudukanuet JJHK — mernmposannem CpA, CpC wiu CpT
caiitoB (He, Ecker, 2015; Schultz et al., 2015), xapakTepHoit
JUTs KJIeTok rooBHOro mo3ra (Lister et al., 2013; Varley et
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al., 2013; Guo et al., 2014), oka3zanuch 00OraIiCHbI paiiOHbI
reroma 11O, Ha3pIBaeMBbIe cymep-dHXaHcepamu. JIOKyCHI ¢
OoupIneil akKyMyJIsIHei TTOIOOHBIX METOK B 3THX pailoHax
BKJIFOYAJIM HECKOJIbKO N'€HOB, YYacTBYIOIIMX B HEHpOreHe-
3e (CUXI, AUTS2, NFIAI). IHTepecHO, 9TO MaHHBIN THII
metuiupoBanus B [{O u deranbHOM MO3re HE IMOJABISCT
9KCIIPECCHIO ATOW TPYIIIbI TEHOB, OHAKO BO B3POCIOM CO-
CTOSIHUH BBI3bIBAET TPAHCKPUIIIIMOHHYIO PETIPECCHIO MTO100-
HBIX paitoHoB (Lister et al., 2013; Guo et al., 2014). ITo Bceit
BUIAMMOCTH, Takas Mogudukanus JIHK npeacrasnser coboit
OJIMH U3 BOXHEHIITNX CITOCOOOB PETYIISIIINN TeHHOM HKCIIpeC-
cuu Ipu AnQepeHIIPOBKE HEHPaIbHBIX MPE/IIICCTBEHHUKOB
B 3penbie Helponsl (Lister et al., 2013; Varley et al., 2013;
Jang etal., 2017), a anHaAMIKa HAKOTIIICHUS STHX METOK, TIPO-
neMoHcTpuposaHHas B L1O, COOTBETCTBYET TMHAMHUKE i1 VIVO
(Luo et al., 2016).

Pa3zButne Mo3ra uesnoBeka BKJIIOYAET B ceOs HE TOJIBKO
pa3BuUTHE OOJBIIOTO KOJMUYECTBA KIETOYHBIX THIIOB, 00b-
CAVMHCHHBIX B OTACJbHBIC OTACIIbI U CTPYKTYPblI MO3ra, HO
1 LEJBbI KOMIUIEKC B3aUMOAECHCTBUI MEXAYy HHUMHU, B TOM
4rcie MATpanuio HeiipoHoB (Jiménez et al., 2002; Rapalska,
Szwabe, 2003). B uactnoctu, murpanus [AMKepruuecknx
WHTEPHEHPOHOB SBIIAETCS OTHUM U3 BXKHEHIITNX TIPOIIECCOB
pu (POPMUPOBAHMH HEOKOPTEKCA, MOCKOJIBKY OHH, HapsiLy C
yTaMareprudeCKuMu nupaMmuaHbIMU HeﬁpOHaMH u Fﬂﬂeﬁ,
COCTaBJISIOT €T0 KJIETOuHYI0 ocHOBY (Marin, Miiller, 2014).
K Hacrosimemy BpeMeHH yke pa3paboTaHbl HECKOIBKO ITPO-
ToKoJIOB Juisi noiy4enus: 11O, cooTBeTCTBYIOIIMX Onpee-
JeHHBIM paiioHaM Mmo3ra (Qian et al., 2016), B cBs3: ¢ 4em
MCCIIE/IOBATEISIM ITPEIOCTABIISCTCS yHUKAIbHAsI BO3MOXXHOCTD
n3ydyaTb HEKOTOPBLIC aCICKThI BSaI/IMOHeﬁCTBHﬁ OTCJIBbHBIX
pernoHoB Mo3ra. C HCIIOJNIB30BAHUEM METO/IA «CIHMTBIX»
HO, skBUBaJNEHTHBIX JOPCAJbHON U BEHTPAJIbHOM YacCTsIM
MePEe/IHEr0 MO3ra, WCCIIEI0BATENIN MOJIYYHUIH JJOPCO-BEHT-
PaIbHYIO OCh ¥ CMOIIIM IPOMOZIEITUPOBATH MPOIIECC MUTPALINT
'’AMKeprudeckux BCTaBOUYHBIX HEHPOHOB U3 FAHITIMO3HOIO
Oyropka B JOpCajbHYIO 4acTh IepeOpabHOTO KOpTEeKca
(Bagley et al., 2017; Xiang et al., 2017). LIO moryT OBITH
MIPUMEHEHBI ISl N3yYeHUs] B3aUMOJICHCTBUI HE TOJIBKO 3H-
JIOT€HHBIX, HO ¥ DK30T€HHBIX KJIIETOK, HalIPUMED, IIPU TPAHC-
TUTAHTAIH MUKPOTIINH BHYTPH opraHouna (Abud etal., 2017).

LO B mogenmpoBaHuu

HacneaCcTtBeHHbIX 3aboneBaHum

Brepsrie cocrositensHocTh Metofa 1O kak cuctemsl st
MOJIEIMPOBaHUs 3a00JI€BaHNUI YeJIOBEKa IPOAEMOHCTPHPO-
BaHa Ha mpuMepe Mmukporedammu (Lancaster et al., 2013).
B IO, nomyuyennsix u3 UIICK nanuenta ¢ Mukpouedanuei,
BbI3BaHHOW MyTanueil B reHe CDKS5RAP2, oOHapyX eHbI
npexaeBpeMeHHas 1 hepeHInpoBKa pAaHHIX HEHPATbHBIX
MPEAIIECTBEHHUKOB, HAPYIICHUS B OPHEHTAIIMN BEpeTeHa
JCIICHUA KJICTOK paananbﬁoﬁ TJIMU 1 YMCHBIIICHUE B LICJIOM
HelpalibHOM TKaHu. KpoMme Toro, MpoaeMOHCTPUPOBAHO, UTO
BBIKJIFOYEHHE 3TOro reHa npu nomon PHK-naTepdhepennnm
B HOPMAaJIbHBIX ]_IO BBI3BIBACT I'UIIOIIJIa3HI0, B YaCTHOCTHU
MIPUBOANT K HAPYIICHUIO OPUEHTAIIUMN BEPETECHA JICNICHUS B
paauaIbHON IVTHH, B TO BPEMSI KaK CBEPX3KCIPECCHSI, HECMO-
TpsI Ha CBOIO TOKCHYHOCTD, J]aBajia BO3MOXXHOCTb YaCTHYHO
BocctaHoBHTH (peroTu (Lancaster et al., 2013). B xagectse
€I1Ie OJTHOTO MPHMEpa XPOMOCOMHOTO 3a00JICBaHUSI BEICTYTIACT
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JlnTtepatypHbin
NCTOYHUK

YmeHblueHHbIN pa3mep LIO; npexaeBpemeHHan HellpanbHaa anddepeHLm-
|pPOBKa npeaLwecTBeHHNKOB; HapyweHne OBJ] B knetkax Pl (BepTukanbHoe

nonoXxeHne cBnAeTeNbCTBYET O nepexone K aCuMMeTpnuyHomy eneHuio)

YMmeHblueHHbIN pa3mep LIO; HapyweHne OB[] B knetkax Pl (BepTukanbHoe

Bershteyn et al., 2017;
lefremova et al., 2017

YMeHblueHHbIN pa3mep LIO; npexxpeBpemeHHas HelipanbHasa anddepeHum-
pOBKa npeALwecTBeHHNKOB; HapyLweHne OBJ] B kneTkax Pl (BepTukanbHoe

TonwwmHa B3 yBennyeHa 3a cueT NoBbllWEHHON Nponvdepauny HelpanbHbIX

npeaWweCcTBEHHNKOB; 3aMeaneHHas anddepeHLMpoBKa (LONs NpeawecTBeH-

MoBblweHHas nponvdepauma HelnpanbHbIX NPeAWwecTBEHHNKOB (COKpaLleHa

ONUTENbHOCTb KNETOYHOTO LMKNa); yBeJinyeHHasA nNioTHOCTb HeVIpVITOB n

MoBbiweHHanA nponvdepaLuna HelpanbHbIX NPeALLEeCcTBEHHUKOB (COKpaLleHa

MNoBblweHHan SKCnpeccna reHoB, BOBJIEYEHHDbIX B He|7|poreHe3, Hel;lpa]'leyIO

Marchese et al., 2014;
LiY.etal, 2017

anddepeHUMpoBKy, PopMUpPOBaHME NEPegHEro MO3ra 1 CUHaNTUYeCKOo

YmeHblueHHbIN pa3mep LIO; NoBblleHHbIV ypoBeHb anonTo3a B HEMPOHaX;
MOBbILLIEHHbIV YPOBEHb HENPOTOKCUYHOCTN aCTPOLMTOB (MO NPUYNHE ycu-

3aboneBaHune [en/ QeHOTVN OpraHonoB
MyTaLua
MNepBuryHas CDK5RAP2
MUKpouedanua
CvHppom LIST,
Mwunnepa-[elikepa YWHAE nonokeHue)
(Mukpouedanun)
Cungpom Cekkens CENP-J
(M1Kpouedanus)
nosioxeHue)
CuHgpom PeTTa MeCP2
HUKOB BblILLE MO CPaBHEHMIO C HENPOHAMM)
AyTnsm
navonaTmyeckun -
CMHarCoB, B YaCTHOCTU MHTUOUTOPHbIX
c makpouedanuen PTEN
ONUTENbHOCTb KNETOYHOrO LiMKna)
CHD8*
nepepaun®
CuHgpom TRX1*
Ankapaun-Tytbepeca
(ayToMMmyHHas NEHHON ceKpeLnmn nHTepdepoHa-a)
sHUedanonatus)

Mpumeuyanune. OBl - opneHTauma BepeTeHa AeneHus.

*MyTaLwlM B VMNCK 1 3CK yenoseka nonyyeHbl Npy MOMOLLM CUCTeMbl pefjakTpoBaHua reHoma CRISPR/Cas9.

cunapom Muiepa—/Jlelikepa, Haubosee THKEIOH (HOpPMBbI
JrcceHIeGaniy, MPOsBISIOMIEHCS B BUAE CEPbE3HBIX MO-
POKOB Pa3BHUTHsI TOJIOBHOTO MO3ra, TAaKUX KaK CIJIaKCHHAs
MOBEPXHOCTh KOPBI OOJIBIINX TOIYHIAPUH, HAPYLICHUS B
CTPOEHHH KOPTUKAIBHBIX CIO€B, MUKpOLE(ATHs 1 HEKOTO-
pbIX npyrux. ITanueHTsl ¢ 3TUM CHHAPOMOM HECYT I'eTepo-
3UTOTHYIO MyTallMI0 — MUKpoJenenuo Ha 17-i xpomocome
(17p13.3). B cocTaB mopa>keHHOTO JIOKyCa BXOAAT I'eHbI LIS/
u YWHAE, MOHOCOMUS 110 KOTOPBIM MIPUBOAUT K HAPYIIEHUIO
nporecca MUTPalMid HEPBHBIX KIETOK B KOpPE TOJOBHOTO
MO3Ta B TEUEHHE TEPBBIX TPEX MECSIIEB pa3BUTHs. BbI3BaHo
9T0 TeM, uto Oesiok Lisl B komimiekce ¢ nuHernHoM 1 NDEL1
PEryJIupyoT COOPKY MUKPOTPYOOUYEK U IEHTPOCOM B KIIETKE
U TEM CaMbIM OCYIIECTBIISIOT KOHTPOJb HAaJ OpUEHTAIMEH
BEpETEeHa JICJICHNS B KJIETKe M MHUTO3a B 1esioM (Yingling et al.,
2008; Moon et al., 2014). [Tonyuennsie u3z UTICK narpeHToB
¢ 3tiM cuHApoMoM 11O oTryanich 3HaYUTEIbHO MEHBITHMH
pasMepamMi 110 CPaBHEHUIO ¢ KOHTPOJIBHBIMH, YTO aHAJIOTUIHO
MHUKpOIe(haIny y pa3BUBAIOIIEro 3MOprOHa YesioBeka. Oru-
CaHHBIE BBIIIE Pa3JINUHs BbI3BaHbI a0EPPAaHTHBIM EPEXOIOM
KJIETOK pajiMallbHON TJIMK OT MpOJIM(EepaTHBHOIO CHUMMET-
PHYHOTO THIIA JIEJICHNS] K ACHMMETPUYHOMY HEHPOTeHHOMY.
IIpn MHAYKIMK COOTBETCTBYIOIIETO CUTHAIBHOTO Iy TH OBUTH
ucrnpasieHs! aedekTsl pocra opranonsos (Iefremova et al.,
2017). Tlomumo omucaHHBIX ciy4daeB mukpouedanuu, 110
YCIIEITHO MPUMEHEHBI TSI MOJECITUPOBAHUS APYTHUX 3a0071e-
BaHUI (Tabmuia).

KnetouHasa n MosieKynAapHas 6uonorua

LO B mogenupoBaHuu

MH$EKUNOHHbIX 3aboneBaHui

[Tannemus Bupyca 3uka Hauanacek B 2015 ., xorna u3 Llen-
TpaJbHONH AMEPUKH CTAII! IIOCTYTIATh TPEBOYKHBIE COOOIIICHIS
0 PE3KO BO3POCHIEM KOJMYECTBE CIy4aeB MHUKpOIEhaInu
Y HOBOPOXJICHHBIX. B HacToAMEC BPEMA CBA3b MCXKAY Ti-
JKEITBIMA TIOPOKAMHU Pa3BUTHA U JIMXOPAJKOW 3WKa MIHPOKO
MPU3HaHA, OJJHAKO MOJIEKYJISIPHBIE M KIIETOUHBIC MEXaHU3MBI
9TOM MATOJIOTUH MI0XO N3YYCHBI. Hcnonp3oBaHue )KUBOTHBIX
Moyeei s ICCIIeIOBAHHS ATOIOTHYESCKIX TPOIIECCOB, BBI-
3BaHHBIX PA3TMYHBIMHA HHPEKINSIMH, MOXKET ObITh YACTHYHO
TIOJIE3HBIM, OJIHAKO TAKOIl MOJXO0J HE CIIOCOOEH TOYHO BOC-
TIPOM3BECTH BCE OCOOCHHOCTH HaPYIICHHUH, IOSBITIONINXCS B
9SMOpPHOHAIIEHOM T'OJIOBHOM MO3Te YesioBeKa. B cBsi3u ¢ aTum
nmenHo [[O npeacTaBisoT cO00M YHUKATbHYIO MOACIH JIJIs
MOAOOHOTO PO/Ia MCCIIeTOBAHUH.

[Tpn n3yyennn nocneacTBUN MHPEKINU BUpyca 3UKa Ha
11O 4enoBeka HECKOJIBKO HE3aBUCHMBIX UCCIICA0BATEIBCKUX
TPYTII TOTYYHITH CXOKHE PEe3yNIbTaThl. B uacTHOCTH, MToKa3a-
HO, YTO MH(EKIHS IPUBOJUT K YMEHBIICHHIO 00IIIEro pa3Mepa
OpraHoOMJIOB, a 9TO, B CBOIO OYepe/lb, IMUTHPYET MUKpOILIE-
(hanmro, koTopast BO3HUKaeT y aMOpuona (Dang et al., 2016;
Garcezetal., 2016; Qian etal., 2016; Gabriel etal.,2017; Li Y.
etal., 2017). I[Ipu Gonee neTaabHOM HCCIEIOBAHUY BBISICHHU-
JIOCh, YTO BUPYC 3WKa HMEET COOCTBEHHBIE KIICTKH-MHUIIICHH,
KOTOPBIMH OKa3aJINCh HeHpasbHbIC KIETKH-IPEANIeCTBEH-
HUKH, IPEUMYIIECTBEHHO allMKaJIbHbIE, U HEHPOINUTEIUN
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(Cugola et al., 2016; Garcez et al., 2016; Tang et al., 2016).
Ha xyileTouHOM ypOBHE TOCIIEACTBHS BUPYCHOW MH(EKIUH
MIPOSIBIISIIOTCST B BUJIE MHIYKIUH aronTo3a M ayToharuu u
npexaeBpeMeHHOH (g depeHInPOBKH BCIISICTBUE HApyIIIe-
Hust mporiecca mutosa (Cugola et al., 2016; Garcez etal., 2016;
Onorati et al., 2016; Gabriel et al., 2017). B opranongax 3tu
MaToJIOrMY€CKUE MPOUECChl NMPUBOIAAT K YMCHBIICHUIO 30H
mponudeparyii, B 9acTHOCTH B3, 1 HapyIIEHNIO CTPOCHUS
KopTHKaJIbHBIX cioeB (Cugola et al., 2016; Qian et al., 2016).

Panee ObUTO yCTaHOBJIEHO, UTO BUPYC 3MKa aKTUBUPYET
torut-onoOHsIe pertenrtops! 3 (TLR3) B pubpobdiracTax koxu
yenoseka (Hamel et al., 2015). Ananoruynsiii pe3yabrar
nonyyen i 11O, 3apakennbix Bupycom 3uka (Dang et al.,
2016). Ces3p Mexxay aktuBarmeii TLR3 u HapymeHnsIMu mpo-
Iiecca Helporenesa, BKIIIo4ast arornTo3, MpoAEMOHCTPHPOBaHa
B OKCIIEPUMEHTax ¢ 00pabOTKON KOHKYPEHTHBIMH MHIHOU-
topamu TLR3 mHHUIIpOBaHHEIX OopraHonaoB. OKa3anoch,
yTo Takoe nogasienue TLR3 yMeHblIaeT HEraTUBHbBIE TO-
ClIefICTBUS NepeHeceHHol nHpekunu. TpaHCKPUIITOMHBII
aHaJIN3 OPTaHOMIOB IMO3BOJMI BBIIBUTH HaOOp u3 41 reHa,
KOTOpBIC BOBJICUCHBI B IPOLIECC HEHPOTEHE3a M MEHSIOT CBOIO
9KCTpeccHio Bo Bpems aktuBaruu TLR3. Dty pesynbrars
MoATBepKaaloT ¢pakT BoBieueHHOCTH TLR3 B pasButne
MaTOJIOTHYECKUX W3MEHEHHH TOJOBHOTO MO3Ta, BBI3BAHHBIX
BupycoM 3uka (Dang et al., 2016).

JleranbpHOE MCCIeqOBaHNE MEXAHU3MOB IPOHUKHOBCHHUS
BUpyca 3MKa CBSI3aHO HE TOJBKO C MOJTydYeHHeM (yHIaMeH-
TaJIbHBIX 3HaHPII>i, HO 1 C UX HETIOCPECACTBCHHBIM IPUMECHCHU -
eM /17151 pa3paboTKU JIEKapCTBEHHBIX MPETIapaToB, OCKOIbKY
TEpPAIeBTHIECKOE JICYCHHUE TTAIMCHTOB B HACTOSIIEE BPEMs
orcyrcTByeT. I1o pe3ynpraram TpaHCKPUITOMHOTO aHaM3a
€IMHUYHBIX KJIETOK-MHUIIEHEH BUpyca 3uKa (HEHpasbHBIX
CTBOJIOBBIX KJIETOK) MCCIIEAOBATEIH BBIBUHYIH B KadeCTBE
MOTCHUHAJIbHOTO «ITOMOIIIHHUKa» JI IPOHUKHOBEHW A BUPYC-
HBIX YaCTHI] B KJIETKH perentop AXL, KOTOPBIA BEICOKO IKC-
MPECCUPOBAJICS B PaJHAIbHBIX KJIETKAX OPraHONI0B YeI0BeKa
(Nowakowski et al., 2016). OnHako B Apyrom Uccieq0BaHUH
(Wells et al., 2016) 3To mpeamonoXeHne MOCTABUIN IO
coMmHeHue. B opranoupax, nomydenssix n3 nauxun UIICK
C HOKayTUpOBaHHBIM reHoM AXL mpu momMoIu CUCTEMbI
penaktupoBanus reHoma CRISPR/Cas9, BBIIBUTH BIUSHHE
9TOH MyTanuu Ha 3(EKTUBHOCTH NPOHUKHOBEHUSI BUPYCHBIX
YaCTUI] B KJIETKU WJIM MHAYKLIMIO aronTo3a He yaainock. [lomy-
YEHHBIE PE3YNIbTATHl CTABAT MO/ COMHEHNE 3(P(HEeKTUBHOCTH
nHrnOuTOpoB AXL Kak NMOTEHIMAIBHBIX JICKAPCTBEHHBIX
NpenaparoB ISl PEeJOTBPAILEHUST BPOXKICHHBIX J1e(hEKTOB
mocie 3apaxkeHus supycom 3uka (Wells et al., 2016).

bnaronaps ucnonszoBanuio L{O mocTirHyTHl onpeneneH-
HBIC YCIICXH B IMOMCKE IMOTCHIUAJBHBIX JIEKAPCTBECHHBIX
cpenctB. Hamprumep, MacmTaOHBIN BEICOKOUYBCTBUTEBHBIN
XUMHUYECKHH CKPHHUHT TTI03BOJIMJT OTOOPATh BA COCTMHEHNS:
THIPOOPOMHU/] THIIIEATPUHA U JUTHAPAT JTUTHIPOXIOPHIA
aMOJIMaxH1Ha, KOTOPbIe MOTYT MHTHOMpPOBaTh BUPYC 3UKa B
KOPTHKAJIBHBIX MPEANICCTBCHHUKAX M MPH 00padOTKEe NMHU
OpraHoMJIOB YIIy4IIAtoT 1eeKThl pocta 1 Ju(depeHMpOBKHY,
BbI3BaHHBIE HH(pekuueit (Zhou et al., 2017). Eme ogaum u3
HanOoJIee ePCIIeKTHBHBIX COSTMHEHHUHN SBIIETCS 25-THAPO-
KCHXOJIECTEpHH. I3BECTHO, 4TO B OTBET HA BUPYCHYIO HH(]EK-
IIMIO B KJIETKAX MHAYLIUPYETCS XOIeCTeprUH-25-THIPOKCHIA3a,
a ee (pepMEHTATHBHBIN MPOAYKT 25-THIPOKCUXOIECTEPUH —
174
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OCHOBHOM MeJIMaTop 3alMuThl X031MHa OT Bupyca 3uka. [lo-
0aBieHNEe CHHTETHYECKOTO 25-THIPOKCUXOJIECTEPUHA ifl Vitro
OJIOKMPOBAIO IPOHUKHOBEHNE BHUPYCHBIX YAaCTHI] B KIIETKH,
a JieueHre NHPHUIUPOBAHHBIX MBIIIEH 1 MaKaK-pe3yCcoB IPH-
BEJIO K CHIKCHUIO BUPEMUH U MOBBIIICHHUIO BBIXKHBAEMOCTH.
AHanorn4yHoe «jIe4eHue» MopakeHHbIX BupycoM 3uka L{O
MIPUBOJIMIIO HE TOJBKO K IOJABJICHUIO MH(EKIHH, HO U K
YMEHBIIECHHUIO TTOBPEXKICHNN TKaHEH BHYTPU OPTaHOUIOB.
Taknm 006pazoM, IOy deHHbIE PE3YIbTaThl CBHICTEIBCTBYIOT
0 TOM, 4TO 25-THAPOKCUXOJIECTEPHUH 001aaaeT 3PPEeKTHBHBIM
MIPOTHBOBHUPYCHBIM JIECTBHEM H OTEHIINAIBLHO MOXKET OBITh
UCTIOJIb30BaH B KayecTBE JICKAPCTBEHHOTO Iperapara s
00pbObI ¢ MHpEKIUel U MPeIoTBPaLICHUS] BOZHUKHOBEHUS
TaKNX €€ TSDKENBIX TOCIIEACTBHH, KaK, HallpUMep, MUKPO-
nedamns (Li C. et al., 2017).

JIOBOJIBHO 4acToO MOUCK IMOTEHINANIBHBIX TPENapaToB st
JIeYeHHsI HOBOTO 3a00JI€BaHUSI OCYIIIECTBISIETCSI CPEIU CIIMCKA
CYLIECTBYIOMINX M KIMHUYECKH OJOOPEHHBIX, OCKOIBKY
9TO MOMOT'aeT MPEOJIONIETh BaXKHBIE IIPOOIEMBI, B TOM YHUCIIE
CBSI3aHHBIE C MHOTOJIETHUMH KJIMHUYECKHUMHU UCTIBITAHHSMHU.
Jlnst nedenust Bupyca 3nka ObUIO MPEUI0KEHO HECKOIIBKO TIpe-
[1aparoB, KOTOPbIE POIEMOHCTPHUPOBAIIM IPOTHBOBUPYCHOE
JIEWCTBHE Ha PA3INYHBIX KJIETOYHBIX U KUBOTHBIX MOAEIAX
(Barrows et al., 2016; Delvecchio et al., 2016; Zmurko et al.,
2016). OgauM U3 SIpKUX IpUMepoB sBisgercs mpenapar Co-
(hocOyBUp, KITMHIYECKH OJOOPEHHBIIN IS MCTIOIH30BAHMUS
nporus renarura C. Ero MexaHusM JNelCTBHS 3aKII04aeTcst
B uHrnoupoBanun PHK-nonnmepassl — Hanbolee koHcepsa-
TUBHOTO Oenka cpemu cemeiictsa Flaviviridae. Oxazanocs, 9to
Codocoysup r¢pdextnBHo nurnompoBasn PHK-nonmmmepasy
BHpYyca 3uKa, IPUHAJIEKAIIETO K TOMY )K€ CEMEHCTBY, B pa3-
JIMYHBIX KJIETOYHBIX CUCTEMAaXx, BKJIFOUasl KIETKH TEeTaTOMBI,
HelipoOIacTOMBI, HEPBHBIC CTBOJIOBBIC KJIIETKH, M JIaXe B
IO genoBeka. KpoMe HEmocpeICTBEHHOTO MHIMOUPOBAHUS
PHK-nommmepassl, CopocOyBrp HHIyIHPOBAT YBETHICHHE
YacTOTBI MyTaIMH{ aJICHO3MHA B TyaHO3HH (A—1") B BUpycHOM
reHome. Pe3ynbraTbl CBHIETEILCTBYIOT O ITOTEHIIMAILHOM
UCTIONIb30BAaHNHU PaHee KIMHNYECKN OJJOOPEHHOTOo Mpernapa-
ta CodocOyBHp U JUIsl JIeUeHHsI BUPYCHOH mHpeKnnn 3nuKka
(Sacramento et al., 2017).

LO kak mogenb AnA nsyveHuns

3BOJTIOLVMIOHHbIX COObITUI

Pa3meprl ros10BHOIO MO3ra ¥ €ro OTAENIbHBIX YACTEHN IHPOKO
BapbUPYIOTCS B SBOJIOIMOHHOM psiTy. BriomHe BeposTHO, 9TO
HMMCHHO YBEJIMUYCHNUC OTHOCUTECIIbHBIX PA3MEPOB KOPLI I'OJIOB-
HOTO MO3Ta YeJIOBeKa CIIOCOOCTBOBAJIO MOSBICHHUIO Y HETO
YHHKAJIbHBIX TIO3HABATEIHHBIX CIIOCOOHOCTEH. BOIBITIHCTBO
KOJIMYECTBCHHBIX U KAYE€CTBCHHbIX pa3ny1q1/1171 B CTPOCHHU HCO-
KOpTEKCa Pa3HbIX BUIOB BBISIBICHO B CPABHUTEIHHBIX aHATO-
MHYECKHX UCCIeNoBaHUAX. CUUTACTCS, UTO SIKCIIAHCHUS KOPBI
TOJIOBHOT'O MO3T'a 00YCJIOBJICHA Pa3IHUUsIMU B TIpostrdepariu
n muddepeHInpoBKe KOPTUKATIBHBIX MPEANIeCTBEHHUKOB
(Rakic, 2009; Geschwind, Rakic, 2013). Tem He MeHee MHO-
T'ue MOJICKYJISAPHO-TCHCTUYCCKUE U KIICTOYHBIC MEXaHU3MbI
BO3HUKHOBEHUS PA3IHYUil B CTPOCHNH KOPHI OOJBIINX TTOITY-
IIapwii y pa3HbIX BUIOB OCTAIOTCS HEBBIICHEHHBIMU. [10 Beeit
BUJMMOCTH, CIIMHCTBEHHBIN CIIOCO0 pa3rajarh 3T COOBITHS
3aKJIIOYAETCS] B M3YYCHHUHN PaHHUX SMOPHOHAIBHBIX TAIloB
pazBuTus yenoBeka. OCHOBHBIME OTPaHIYCHUSIMH, CTOSIIIAMUA
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LlepebpanbHble opraHovAbl — NepcrneKTMBHaA MoLenb
B KNETOUYHbIX TEXHOMOTUAX

Ha IyTH UCCJIEN0BaTelIeil, SBISIOTCS MOPAIBbHO-3THUECKUE
MpoOIEMBI, CBA3aHHBIE C TIOTyYeHHEM 00pa3IioB (heTaIbHOTO
Mmosra. B cBsi3u ¢ atum texHomorust Tpexmepusix 1O npen-
CTaBJIsIeT COO0M YHUKAIBHYIO U KpaliHe MePCIEKTUBHYIO MO-
JIeTIb JUIsl yCTAaHOBJICHUSI BXKHEHIIINX MEXaHN3MOB, JIEKAIITUX
B OCHOBE 9BOJIIOIIMOHHBIX H3MEHCHNH, BO3HUKAIOMINX B ITPO-
necce Heriporenesa (Giandomenico, Lancaster, 2017). I'pynmna
uccrnenosareneil moa pykosoactsom W.B. Huttner (Mora-
Bermudez et al., 2016), ncnionesyst meroz LIO, npeanpunsiia
MIEPBYIO YCIICIIHYIO MOIBITKY OOHAPYKUTh HEKOTOPbIE pas-
JMYMS B HEHPOTEHEe3e Y YeI0BEKa, IMMIIaH3¢e M OPaHTyTaHTa.
Knerounslit cocTa, IUTOAPXUTEKTOHUKA U TPAHCKPHITIIHOH-
Has nmporpamma B Heiiporenesze 11O yenoBexa u mmmmaHze
OKa3aJIMCh O4eHBb OXOKHU. Cpen 0TI 00HAPYKEHO, UTO B
aNMKaJIbHBIX TPEANICCTBEHHNKAX ITEPEX0/] OT poMeTadasbl K
Mmeradasze MUTO3a y YeI0BeKa IPOJIOHT MPOBaH 110 CPABHEHUIO
C YeII0BEKOOOPa3HbIMU 00e3bsTHaMU. I3BeCTHO, 9TO Y MBITIIEH
YAJIMHEHHUE TaHHOH (a3bl MUTO3a CBUAETEILCTBYET O Oosee
BBICOKOM HpOJ’Il/I(bepaTI/IBHOM MOTCHIHAJIC AlTMKAJIbHBIX IPEI-
mectBeHHNKOB (Haubensak et al., 2004). TpaHCKpHIITOMHBIH
aHAJIM3 ATUX TIOIYJISIIUI KIETOK B OPraHOM/Iax 4YeJoBeKa U
[IIMMIIaH3€ TO3BOJIUIT BBIIBUTH HEOOJIBIIION HA0OP TEHOB, KOTO-
PpBIE B HUX BBICOKO 3KCIIPECCUPYIOTCS U 00ECTICUNBAIOT YBEIIH-
YeHHe uX nponmdepaTuBHoro noreHnuana. Kpome roro, nomns
HeﬂpOFeHHbIX 6a3aanb1x MPECAIIECTBECHHUKOB B OpraHonuaax
YeJI0BeKa OKa3aJlach HIKE, YTO CBHETENILCTBYET O OOJIbIIIei
JI0JIe aKTHBHO nposHdepupyronmx kietok (Mora-Bermudez
etal.,2016). [To Bceit BUIMMOCTH, TOJJOOHBIC TOHKHE OTIINYHUS
B Pa3JINYHBIX KOPTUKAIBHBIX KJIETKAX-MIPEIIIECTBEHHUKAX U
UX Npor(epaTHBHOM ITOTEHIMAJIE MOTYT HMETh PEIIAIOIIIC
MOCJIEACTBYS JJIsl BOJIIOLIUHM HEOKOPTEKCA YeJIOBEKa.

HepocTtaTku TexHonoruun LLO

11O npencrapisoT co00H YHUKAIBHYIO IJ1aTQOpMY JUIs MO-
JIETMPOBAHMS PAHHHX ATAIOB HeliporeHesa denoseka. OHa-
KO, HECMOTpSI Ha OYEBHUJIHBIC IOCTOMHCTBA, OHU UMEIOT PAI
OTpaHUYEHUH U HenocTaTkoB. Bo-mepseix, 1O He MoryT
MOJTHOCTBIO BOCCO3JaTh CTPYKTYPY 3MOPHOHAIBHOTO MO3Ta
in vivo, T. e. c(OpMHUPOBATH OTAEIbHBIC PAHOHBI MO3Ta B
npaBuiibHOM nopsizke (Lancaster et al., 2013). [Ipexne Bcero
3TO CBSA3aHO C OTCYTCTBHEM HOPMAJIBHOTO 3MOPHOHAIBHOTO
OKPYKEHHsI, BKITIOUasi KJIICTOUHBIC JIEMEHTHI U Pa3IMYHbIC
MaTTCPHbI POCTOBLIX U CUTHAJIBHBIX MOJICKYJI, KOTOPBIC HE-
00XOIMMBI JUIS Pa3BUTHUS B TOJHOCTBIO C(OPMHUPOBAHHBIH
3penslii oprad. [IpuOIM3NTBCS K YCIOBUSIM i1 VivO MOTYT
MOMOYb OMOMH)KEHEPHBIE METOJbI, B TOM YHUCIIE CO3aHUE
TPEXMEPHBIX KapKacoB, HATPABIISIONINX U CTUMYJINPYIOIINX
pa3BUTHE KOHKpETHBIX oOnacteil mosra (Lancaster et al.,
2017). PexoHCTpyHpOBaTh IPOCTPAHCTBEHHBIN U BPEMEHHON
nartepH curaaioB B L{O B mepcrekTHBe MOXHO OyaeT mpu
MIOMOIIM BBEJCHUS MHHHUATIOPHBIX HOCHTEJEH, MOKPBITHIX
COOTBETCTBYIOIIMMH CUrHalbHBIMU Mouekyiaamu (Kelava,
Lancaster, 2016).

Ho, moxxanyii, camotit BaxkHO¥ mpoonemoit [{O ocraercs ot-
CYTCTBHE BaCKYJISIPU3AIHH, KOTOPast 00ECIICUYNBACT MIPABUIIb-
HYI0 OKCUTCHAIIUIO 1 pacpe/ieJIeHNE TUTATENIbHBIX BEIECTB B
TOJIOBHOM Mo3re. PaHHee pa3BUTHE HEOKOPTEKCA IIPOUCXOANT
6e3 popMupoBaHus KPOBEHOCHBIX cocynoB (Vasudevan et al.,
2008), ogHako 6oIee MO3AHNE CTAAUN PA3BUTHS MTOTHOCTHIO
3aBHCHMBI OT 3TOTO, IIOCKOJIBKY COCYANCTasi CHCTeMa obecrie-
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yuBaeT cozfaanue Huu B CB3 amst HelipaabHBIX MpealecT-
BeHHHKOB (Javaherian, Kriegstein, 2009) u urpaet BaxxHyIO
pouts ipu uddepennmponke B Heliponsl (Lange et al., 2016).
W3-3a OTCYTCTBUSI BacKyJsIpU3allii pa3Mepbl OpPraHOH/I0B
OIpaHUYEHBI 110 MPUYMHE HEBO3SMOKHOCTH IIPOHUKHOBEHHS
B tony L{O muraTenpHbIX BEIIECTB U Kuciaopoaa. Jis uMu-
Taluu COC}’[[I/ICTOﬁ CUCTEMbI NEPCIICKTUBHBIMU TMTOAXOAaMHU
MOTYT OKa3aThCsl TPAHCILIAHTALUS ME3CHXMMAIIbHBIX Kile-
Tok (Takebe et al., 2015) nnm pazaudHbIe MUKPO(IIONIHBIC
ycrpoiictra (Bhatia, Ingber, 2014; Giobbe et al., 2015; Moreno
et al., 2015). Pemenne npobnems! Backyisipusarun B 11O,
BEPOSITHO, OTKPOET HOBBIC BO3MOXKHOCTH JUISI MOZCITHPOBA-
HUS HE TOJIBKO paHHHUX 3TallOB Heix'lporeﬂesa, HO U IIO3JHUX,
BKItouatomux (popmuposanne KI1 u rmmorenes.
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