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B 0630pHOIii cTaThe MpencTaBiieHbl JaHHbIE O BHEKJIETOYHBIX Be3uKyJiax (extracellular vesicles — EV), npen-
CTaBJISIIOIIMX CO00Ii OucnoiiHbIe hochOoIUITMIHbIe MEMOpaHHbIE CTPYKTYPHI, BhIIEISIEMbIe pa3HBIMU TH-
MaMu KJIETOK, colepKallue O0eJIK, UMbl U HyKJIEMHOBbIe KUCIOThl. PaccMmaTpuBaloTcs 0COOEHHOCTH
X CTpOEHMsI, OMOTeHe3a, MEXaHN3Mbl B3aUMOIEUCTBHUS C KIIETKON-pelumMeHTOM. PaccMOTpeHBbI CBOM-
CTBa BHEKJIETOYHBIX BE3UKYJI SMOPUOHAIBHBIX CTBOJIOBBIX K1eTOK (DCK) 1 UX posib B peryJsiliuy mpolec-
coB pa3BuTus. Ocoboe BHUMaHUE YAeJeHO Be3UKyJaM MHIYLIMPOBAHHBIX TJTIOPUITOTEHTHBIX CTBOJIOBBIX
knerok (UITCK), ux ponu B mmofepkKaHUU TUTIOPUTIOTEHTHOCTH, & TAKXKE CBOMCTBAaM BE3UKYJI KJIETOK, IO~
JIy4eHHBIX B XoAe HampaBiaeHHo nuddepenunposku UITCK.

Karoueeswie cn06a: BHEKJIETOUHBIE BE3UKYJIbI, IUTIOPUITOTEHTHBIE CTBOJIOBBIC KJIETKU, MTapaKpUHHBIE peryJisi-

TOPBI, penapanus
DOI: 10.31857/S0475145021030071

BBEAEHWE

OgHUM U3 HapaBJIeHW OMOJIOTUH Pa3BUTUS SIB-
JIIeTC M3ydeHHe MeXaHW3MOB KIIETOUHOU mudde-
PEHITMPOBKM Ha pa3HbBIX ATarax OHTOTeHe3a, IIpekKiae
BCETO B SMOpHOTeHe3e.

B HacTosi11iee Bpemsl XOpollIo U3ydeHa poJib CTBO-
JIOBBIX KJIETOK Y KOMIIOHEHTOB MUKPOOKPYKEHUS B
Ipoliecce BOCCTaHOBIeHMs TKaHel (Sun et al., 2018;
Terashvili, Bosnjak, 2019; Yang et al., 2020 u ap.).
CuuraeTcsd, YTO CTBOJIOBBIE KJIETKH OOECIIEYMBAIOT
penapanoHHBIE ITPOLECCH 32 CYET UX CITOCOOHOCTH
InddepeHIIMpoBaThCs MO AeCTBUEM MUKPOOKPY-
XKEHUS U 3aMellaTh yTpaueHHYIO (ITOBPEKACHHYIO)
TKaHb. OgHaKo, Bce OOMbIIE MCCICIOBAHWI CBUIC-
TEJIbCTBYIOT B IIOJIB3y TOTO, YTO IOMUMO TPSIMOIA
I depeHIMPOBKY CTBOJIOBBIE KIETKI MOTYT PEry-
JIMpOBaTh pernapaTUBHBINM MPOLIECC MOCPEACTBOM Ia-
PaKpMHHOM CEKPELM, BLICTYIIAs CIIeLM(PUIECKUMU
perynsatopamu nuddepeHnpoBok (Madrigal et al.,
2014; Konala et al., 2016). KoMItoHeHTBbI ceKpeluu
KJIETOK, B TOM YMCJIe BE3UKYJISIPHBIN KOMITOHEHT, OIO-
CPEIyIOT MEXKJIETOUHYI0O KOMMYHUKALIUIO, PETYIUPYSI
MopdopyHKIIMOHATEHOE COCTOSTHIE TKAHW W OpraHa.

XopollIo M3y4YeHa pPOJib BE3UKYJI, BBIICISICMBIX
KJIeTKaMM B MOCTHATAJILHBIN MEPUO/I, B MEXaHU3MaXx
MapaKpUHHON PEryjsiuyd IPOLIECCOB pernapanuu
(Rani et al., 2015; Alcayaga-Miranda et al., 2016). Ox-

HaKoO, pOJb BHEKJIETOYHBIX BE3WKYJI B IIpolleccax
paHHEeTro Pa3BUTHs, TOMIEPKAHUN TLUTIOPUTIOTEHTHO-
cTi U AuddepeHIMPOBKE TIIOPUMOTEHTHBIX KIETOK
n3ydyeHa HeJOCTATOTHO.

AKTYyaJIbHBIM SIBJISIETCSI M3YYEHUE POJIM BHEKJIE-
TOYHBIX BE3UKYJI, SIBISIOIINXCSI KOMIIOHEHTAMU pe-
TYJASITOPHOI CUCTEMBI TLTIOPUITOTEHTHBIX CTBOJIOBBIX
KJIETOK, B O0ECIeYeHUN MEXKIETOUYHOM KOMMYHU-
Kal1 B pa3BUTUU.

B nanHOM 0030pe mpoBeaeH aHaan3 JaHHBIX JI-
TepaTyphbl, KacaloIUXcsd He TOJBbKO CTPYKTYpPhl U
CBOICTB BHEKJICTOUYHBIX BE3WKYJ ILIIOPUIIOTECHTHBIX
CTBOJIOBBIX KJIETOK, HO 1 MX PETYJIITOPHBIX CBOMCTB B
paHHEM 3MOpUOreHe3e U MPU MOJCIMPOBAHUU TUQ-
¢epeHLIMPOBKY KJICTOK B CUCTeME in vifro. I1poBeneHO
COIIOCTABJICHNE CBOMCTB BHEKJICTOYHBIX BE3UKYJI dM-
OpHOHAJIBHBIX CTBOJIOBBIX KiIeTOK (DCK) 1 KJeToK ¢
WHAYUMpOBaHHOI runtopunoreHTHocThio (MTICK),
paccmoTtpenn! cBoiicTBa Be3nkysn UITCK ¢ yaeTom mx
OHTOT€HETUYECKOTI'O ITPOUCXOXKIECHUS.

BHEKJIETOYHbBIE BE3UKVJIbI:
NCTOPUAA, CTPYKTYPA, BUOT'EHE3
N UX PEI'YJIATOPHBIE CBOMCTBA

INepBrie cBeAEHUS O BE3UKYIISIPHBIX YACTULIAX ITO-
aBuirch B 1960-x rogax. Bynbd ¢ komteramu (Wolf
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et al., 1967) nokasajnu, 4To 1ia3Ma KpoBU, OCBOOOXK-
JIeHHAasl OT MIHTAKTHBIX TPOMOOIIUTOB, COIEPKUT MEJTb-
YaiIIe YaCTULIbI, KOTOPEIE MOTYT OBbITh OTAE/ICHBI ITO-
CpencTBOM yhabTpaleHTpudyrupoBanus. OKaz3anochk,
YTO IMAMETpP 3TUX YacTHUll, KOTOpbIE HCClenoBaTeIn
Ha3BaJIu “TpOMOOLIMTApHASs TIbLIL”, COCTABJISIET OKOJIO
20—50 uM. Bonblmasg gacTte 3TOro mMarepuaiia doorara
dochomunmmoamMu 1 obJIamaeT KoaryJIstHTHBIMUA CBOI-
CTBaMM, HAIIOMMHAIOIIMMU CBOMCTBA TPOMOOLIUTAP-
Horo ¢akTopa 3 (TpoMOOLMTapHBIIA TPOMOOILIACTIH).
NHurepecHo, 4To 00pa30BaBIINICS B Pe3yJIbTaTe YiIb-
TpaleHTpU(GYTUPOBAHUS CyIIEpHATAHT, OCBOOOXKICH-
HBII OT 3TUX YaCTHUII, IeMOHCTPUPYET NeDUIINUT aKTHUB-
HOCTH TpomOonuTapHoro ¢gakropa 3. OCHOBBIBAsICh
Ha 3TUX JAHHBIX, aBTOPHI CHEIaIN MPEANOJIOXKEHNE,
YTO MMEHHO HaJIMYMe JaHHBIX YACTUII II03BOJISIET CY-
JIUTH 00 “aKTUBAIIMKU”’ TPOMOOIIMTOB, T.€. O IIPHOOpe-
TEHUU VMU CBOICTB, XapaKTepU3YIOIINX X (pU3N0-
JIOTUYECKYIO aKTUBHOCTb.

I[IpumepHO B TO Xe BpeMsI CTaJI MOSIBISITHCS pa-
607161 (Anderson, 1969), B KOTOPBIX OBLIO ITOKA3aHO Ha-
JINIME MEJNKUX YaCTUIl — MUKPOBE3UKYJ B XPSIIIEBOI
MaTpuile SMM@u3apHOi TUIACTMHKUA BEpPXHEW dYacTh
0o0JbLICOSPLIOBOM KOCTH MBbIIIU. [Ipennonaraiock, 4To
JTAaHHBIE BE3UKYJIbI IIPOMCXOIST M3 XOHIPOLIMTOB X MO-
ITYT UIPaTh OIPEIEICHHYIO POJIb B MHUIIMUPOBAHUU
KaJIbLIM(UKALIUY B ITU(U3E KOCTH.

B naugane 70-x rogoB XX Beka B psifie padOT BIIEp-
BbI€ ObLI ITOKa3aH MepeHOC MEMOPaHHBIX KOMITOHEH -
ToB MexKny Kietkamu (Michalke, Loewenstein, 1971;
Espey, Stutts, 1972).

B cepenune 70-x romoB XX BeKa 13 I1a3Mbl KPOBU
TeJIeHKa ObUIM BBIAEJIEHBI MUKPOBE3UKYJIbI, pa3Mep
KOTOPBIX TaK Xe Jiexasa B npeaenax ot 30 o 60 HMm
(Dalton, 1975). HecMoTpsi Ha TO, 4TO O CylIECTBOBA-
HUM BHEKJIETOYHBIX BE3UKYJ M3BECTHO JOCTATOYHO
JIaBHO, OOIIMI TEpMUH “BHEKJIETOUHbIE BE3UKYJbI”
obLT mpenjioxxeH Tonbko B 2011 rooy (Gyorgy et al.,
2011). B a1y Kateropmio IoIragaioT Bce MEMOpaHO-
OorpaHUYEHHbIE BHEKJIETOUHbIE CTPYKTYphl. B HacTo-
sIee BpeMsi coOMpaTeIbHbIA TEPMHUH “BHEKJIETOY-
Hasl Be3UKyJa” yIrmoTpeOaseTcss KaK CHHOHUM “MeM-
OpaHHOI Be3UKyJbl” (0003HaUYeHUE, KOTOPOe ObLIO
paHee MpeIIOXEHO JJIs1 BCeX KJIETOUHBIX BE3UKYI).

B 3aBucuMOCTH OT IIPOMCXOXIEHHUS M COCTaBa
BHEKJIETOUHBbIE BE3UKYJIbl MOTYT ObITh pa3ae/eHbl Ha
Tpu 6OJIBIIMX KJIacca: 3K30coMbl (Exo), MukpoBe3n-
Kkynel (MV), amontoruyeckue teabna (AB), a Takke
JIpyrue NoIAMHOXECTBa BHEKJIETOUHBIX Be3UKYJI (BB)
(Raposo, Stahl, 2019) (ta6a. 1). PazneneHue Ha 3K30-
COMBI 1 MUKPOBE3UKYJIbI TIOCTATOYHO YCJIIOBHO, I1O-
TOMY UYTO aHTUTEHHBII COCTaB Y HUX MOXET ObITb
CMEIIaHHBIM, a pa3lIeJICHUE 110 pa3Mepy He SIBISICTCS
nuckpetHbiM (ITanTenees u ap., 2017). Cinenyet yum-
ThIBaTh, YTO OOJBITMHCTBO UCCIIEAOBAaTEIe BKIIIOYA-
eT B noHsATHEe BB TOMBKO 3K30COMBI 1 MUKPOBE3UKY-
JIBI, T.K. alTONTOTUYECKME TeJIbla 3HAYMTEILHO OTJIM -

YaloTCd OT HHUX 110 OMOXMMUYECKOMY COCTaBYy U
OMOJIOTMYECKOI aKTUBHOCTU.

B HacTosiliee BpeMsi U3BECTHbBI pa3IMuHbIE MeXa-
HU3MbI OMOTeHe3a BHEKJIETOUHBIX BE3UKYJ, KOppe-
Jupyooiiue ¢ ux tunom (puc. 1). Tak, Haripumep, U3-
BECTHO, YTO MMKPOBE3UKYJIbl W aIrolNTOTUYECKUE
TeJIblla CEKPETUPYIOTCS IIyTEM MPSIMOTO HApY>KHOTO
BBIIISTYMBaHMsI KJIeTouHoM MeMOpaHkI (Latifkar et al.,
2019). KiietouHasi akTUBallMs WM anonTo3 NpUBO-
JIUT K YBEJIUUCHUIO TMPUTOKA MOHOB KaJIbLIUsI, KOTO-
DBl 3aIMycKaeT MpoTeasbl, TaKe KaK KaJlbllauH WK
reJIb30JIMH. OTU aKTUBUPOBAHHbBIE TPOTEA3bl B CBOIO
ouepeab OKa3bIBAIOT BIUSIHUE HA OEJIKK LIUTOCKEIe-
ta. @akTop ARF-6 (ADP-ribosylation factor 6) unu-
LIMUPYET CUTHAJIBHBINA Kackal, B KOHEYHOM UTOTE,
aKTUBUPYIOIIUI CUTHAIBHBIN MyTh Rho-accoluupo-
BaHHOI nporenHkrHa3bl (ROCK). OTo mpuBoguT K
aKTUBallMM KMHAa3bI Jerkoi nenu muo3nHa (MLC), B
pe3yJibTaTe YeTro MIPOUCXOIUT peMOASIUPOBAHUE ITH-
TOCKeJieTa, HallpaBJI€HHOEe Ha WHUIMALIMIO BBICBO-
00X IeHUSI MUKPOBE3UKYJI U allONTOTUYECKUX TeJIell.
MHauuupoBaHue amnonTo3a aKTUBUPYET aroNTOTH-
yeckure (pepMeHThI, U3BeCTHbIE KaK Kacna3bl. Kacrma-
3a-3 aktmBupyeT ROCK mmm p21-akKTUBUPOBAHHYIO
kuHazy (PAK2), KoTopble peryaMpyroT IpOoLEeCcChl pe-
MOJIEIMPOBAaHUSI LIUTOCKENeTa TakXKe MOCPeICTBOM
dochoprmmpoanust MLC, 9To TIpUBOIMT K BhIZIEIIC-
HMIO aronToTuyeckux Tenel, (Muhsin-Sharafaldine,
McLellan, 2018).

dopMupoBaHUE PK30COM CBSI3aHO ¢ OMOTeHE30M
SHIOCOM M HAIIPSIMYIO 3aBUCUT OT (POPMHUPOBAHUS
WHTPATIOMUHAJIBHBIX BE3UKYJ B TO30HEH SHI0COME
(mynbTUBe3uKyIsipHoM Telblie) (Huatari, Helenius,
2011; TamkoBu4 u ap., 2016; Muhsin-Sharafaldine,
McLellan, 2018; Zhang et al., 2019). CornacHo 00-
LIUM TIpECTaBIEHUSIM, Ha TIEPBOM 3Tarle B pe3yjbTa-
Te MHBarvHAUM YYaCTKOB IIJIa3MaTUYECKOM MeM-
OpaHBI KJICTKHU, coAepKalleil yOMKBUTUIIMPOBAaHHBIC
MOBEPXHOCTHBIE PELENTOPbI, MPOUCXOAUT (POPMU-
poBaHUe paHHUX 3HA0cOoM. [Ipuuem obiiee pacrpe-
JIeJIeHUEe paHHUX DHIOCOM B KJIETKE 3aBUCHUT OT TUIIA
KJeToK. Jlajiee IpOUCXOIUT CO3peBaHUE PAHHUX DH-
JOCOM 1 (pOpMUPOBaAHME MMO3IHEN SHIOCOMBI (MYJIb-
TUBE3UKYJISIDHOTO TeJiblia), 3alI0JTHEHHOW UHTpasIo-
MUHaJIBHBIMU BE3UKYJIAMH, KOTOPble B KOHEYHOM
cueTe M MpPEeACTaBISIIOT CO00il OymyIue 3K30COMBI
(Kowal et al., 2014). Cuuraetcs, 4To (hpopMHUpOBaHUE
WHTPATIOMUHAIBHBIX BE3UKYJ HAayMHAeTCs elle B
paHHeil s3Hg0COME. B 3aBUCMMOCTHY OT THUIMA KJIETOK B
COCTaBe OTHOTO MYJIbTUBE3UKYJIIPHOIO TEJIbLa MOXKET
OBITb HECKOJILKO TaKUX Be3uKyJ. bosbliiast yacTh MH-
TPATIOMUHAJIBHBIX BE3UKYJI BEICBOOOXIAETCS B MEXK-
KJICTOUHOE MTPOCTPAHCTBO MPU CIIUSTHUU MYJIBTUBE31-
KYyJIIPHOTO Tejiblia C Tla3MaTUYeCcKoil MeMOpaHOi
KJIeTKU. MOJIeKyJIsIpHbIe MEXaHU3MbI (hOPMUPOBAHUS
WHTPATIOMUHAJIBHBIX BE3UKYJ JOCTATOYHO XOPOIIIO
U3y4eHbI B HacTosIIIee BpeMsi. buoreHe3 MHTpaatoMu-
HaJILHOTO KOMILIEKCa BE3UKYJI CBSI3aH B IMEPBYIO OUe-
peab C 3HIOCOMAaJIbHBIM KOMIUIEKCOM COPTUPOBKU
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Tab6auma 1. OcHOBHBIE XapaKTEPUCTUKM Pa3TMUHBIX TUTIOB BHEKJIETOUHBIX MeMOpaHHBIX Be3uKyJ1 (110 Cufaro et al., 2019

C TOMOJTHEHUSIMU)

ANOINTOTUYECKUE
DK30COMBI MuxpoBe3UKYJIIBI Boinbime oHKOCOMBI
TeJbla
Pasmep (muameTp) 30—100 am 100—1000 aM 1—5 MKM 1—10 MxMm
Konuenrparmst 1.10—1.21 r/mn — 1.16—1.28 r/mn —
Mopdosorus YaieobpasHas Paznuunbie popmbl T'ereporenHas bonabmoii pazmep —
pa3auyHbie (popMBI
JIunuaHelil coctaB Xonecrepod, Lepa- Bricokoe conepzkanue | Beicokoe comepxkaHue | Beicokoe comepxxaHue
mua, chUuHTOMUENH, | ocharuan- dochaTuoui- dochaTuaui-
HU3KOE COJAEpKAHUE |cepuHa, XOJIeCTeposl | cepuHa cepuHa, X0JeCTepoJ
dbocharuaun-
cepuHa, JTUIUIHbIE
padTHL
benkoBrie MapKepbl Alix, CD63, CD?9, CelleKTUHBI, THTE- T'ucTonb! ARF6, CK18,
CDS81 rpuasl, CD40, mat- GAPDH, matpukc-
PUMKCHAas METaJlJIo- Has METaJLI0-
MIpOTerHAa3a MIPOTEMHA3a, KOM-
IUIEKC OHKOTEHHBIX
0eJIKOB
IIpoucxoxneHue TTo3nHue sHmocomel, |IlnasmaTuyeckas — ITna3smaruuyeckas
(MyJbTUBE3UKYJISID- | MEMOpaHa MeMOpaHa
HBbI€ TeJbLIa)
Crioco6 BHEKJIETOU- Ok30uunTO3 MyJabTu- | (Bne6ounr/6anauur) | bae66uHT BagnuHr
HOTO BBICBOOOXKICHUS | BE3UKYJISIPHOTO
TeJIbla
CocraB benku, MukpoPHK, | benxkm, mukpoPHK, |benxu, JHK, benku, MukpoPHK,
JHK*, MPHK JHK, MPHK mukpoPHK, MPHK |MPHK, JHK
* TlokasaHo B psiae padot (Guescini et al., 2010; Thakur et al., 2014, Kalra et al., 2016 u 1p.).
ESCRT (endosomal sorting complexes required for MMWHaIBHOrO KOMIUIEKCA BE3UKYJ (3K30COM) — B

transport), KOTOPBI COCTOUT IIPUMEPHO U3 IBaalla-
TH 0EJIKOB U KOTOPEIE COOpaHBI B UEThIPe KOMITJIEKCA
(ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III) u ps1-
JIOM BCITOMOTaTeIbHBIX OEJIKOB, TAKUX KaK, HaIlpH-
Mep, AAA-type ATP-ase VPS4, VTAI u Alix (Henne
etal., 2011; Colombo et al., 2013), tunuooB (LepaMu-
IIbI), TeTpacIlaHWHA U T.1I.

OnmHako, TOMUMO JTaHHOTO ITyTH OMOreHe3a WH-
TPpaTIOMUHAJILHOIO KOMITJIEKCa BE3UKYJI U 0Opa3oBa-
HUST MYJBTUBE3UKYJIIPHOIO TeNIblAa CYIIECTBYIOT HeE-
3aBucumble oT ESCRT mexanusmbl OuoreHesa 9K30-
coM. OHu obecneyeHbl, Mpexae BCEero, TaKMMU
KOMITOHEHTAMU, KaK JINITUIBI, TETPACIIAHUHBI U Gel-
ku TerutoBoro moka (Theos et al., 2006; Airola et al.,
2013; Kowal et al., 2014; Zhang et al., 2019).

Ha stane dopMupoBaHusi MyJIbTUBE3UKYJISIPHOE
TeJIblIe MOXET JIM0O IeTpagupoBaTh, 06pas3ysl SHIO-
JIN30COMY, MO0 HEMOCPEICTBEHHO CJIUTHCS C TJ1a3-
MaTUYECKOM MeMOPaHOI KJIETKH, 00EeCIIEUrB TEM Ca-
MbIM CEKPELUIO CBOETO COAEPXKMMOIO0 — MHTPATIO-

OHTOTEHE3 Ne 3
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MEXKKIIETOYHOC ITPOCTPAHCTBO.

BaxkHasi posib B 00ecrieueHUM perysiy OuoreHe-
3a DK30COM MpPUHAMIECKUT cemeiictBy Rab I'T®d-as.
M3BecTHO, 9TO Ha MeMOpaHe (POPMUPYIOLINXCS paH-
HUX BHIOCOM, OOpa3yloTcsl JOMEHBI, ColepKallue
Rab4, Rab5, Rabll. ITpuuem Rab5 sBasieTcss omHuM 13
IJIABHBIX PETYJISITOPHBIX KOMIIOHEHTOB, O0eCIIeunBa-
fo1mx co3peBanue sHpocoMm (Huotari, Helenius, 2011;
Kowal et al., 2014). B TpaHCIIOPT MYJIBTUBE3UKYJISIP-
HBIX YaCTUII K TIJ1a3MaTUYeCKOM MEMOpaHe U B CeKpe-
LIMIO DK30COM TaK>Ke BOBJIeUEHbI HECKOJIbKO Rab-06e-
koB (Harpumep, Rabll, Rab27A, Rab27B u Rab35)
(Jae et al., 2015; Yang et al., 2019; Mughees et al.,
2020) ITpenmnonaraercsi, 4YTO 3TU OEJIKM MOTYT HOeii-
CTBOBATb Ha pa3IUIHbIC MYJIbTUBE3UKYJISIPHBIC TEIIb-
1a (Zhang et al., 2019).

CnustHrue MyJIbTUBE3UKYISIPHBIX Tejel ¢ Iia3-
MaTHYeCcKOit MeMOpaHOi MPUBOIUT K BEICBOOOXK]IE -
HUIO B MEXKJIETOYHOE IIPOCTPAHCTBO MHTPATIOMM-
HaJIbHBIX BE3UKYJ B BUIE 5K30COM. DTO SIBIISIETCS
3aKJIIOYUTESIbHBIM Y KJIIOUEBBIM 3TAIllOM CEKpEeLuU
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Puc. 1. ®opmupoBaHue pa3IMYHBIX TUIIOB BHEKJIETOUHBIX Be3UKYJI (110 MaTepuaiiaM ctaTeit Muhsin-Sharafaldine, McLellan,
2018; Yang et al., 2019). ARF-6 — AJId-puboswnupyronimii hakrop-6; ROCK — Rho-accouumnpoBaHHasi TpOTEMHKUHA34;
MLC — nerkas uenb Muo3uHa; p21-kunasa (PAK2) — cepun/Tpeonus nporeunkuHasa; LIMK1 — LIM-kuna3a 1; ESCRT —
KoMILIeKC aHnocomanbHoi copTupoBku; SNARE — Soluble N-ethylmaleimide-sensitive fusion factor attachment protein re-

ceptor proteins.

9k30coM. OCHOBHasl poJib B PEryjsiliuu JaHHOTO
aTama npuHamiexuTt Oeiakam cemelictBa SNARE
(Soluble N-ethylmaleimide-sensitive fusion factor at-
tachment protein receptor proteins), KOTOpble HEMO-
CPEICTBEHHO BOBJIEYEHBl B TIPOLIECC 3K30IIMTO3a
(Yang et al., 2019).

DK30COMBI TPENCTABISTIIOT CO0OM OMCIIOITHEBIC
CTPYKTYPBI U3 MEeMOpPaHHBIX JUIIUMAOB, CEKpETUPYE-
MBbI€ IPAKTUYECKN BCEMU TUIIaM KJIETOK OpraHMu3Ma,
BKJIIOYas KakK CTBOJIOBBIE, TaK U yXe auddepeHL-
poBaHHBbIe KIeTKU. Pazmep ak30coMm BapbupyeT oT 20
1o 100 aM. CocTaB 5K30COM 3aBUCUT OT TUIIA KIIETOK
U YCJIOBUIL MUKPOOKPYKEHUSI. DK30COMbBI COIEPKAT
pa3jMyHble OCJIKU, JIUITUALI U HYKJIEMHOBBIE KHMCJIO-
Tel. CJlemyeT OTMETUTDH, YTO KOMIIOHEHTBHI 3K30COM
OYeHb pa3sHOOOpa3Hbl U UX HAOOpP 3aBUCUT OT TUIIA
KJIETOK, KOTOPbIE CEKPETUPYIOT 3TU 3K30COMbI. M3-
BECTHO, YTO B COCTaB 3K30COM MOTryT BxoauThb 4400
pasIMYHbIX 6enKoB, 194 murmaos, 1639 MPHK u 110-
psinka 764 mukpoPHK (Zhang et al., 2019). Takoe
MHOI000pa3ue KOMIIOHEHTOB, HECOMHEHHO, CBU/IEC-
TEJILCTBYET O CTPYKTYPHOM CJIOXKHOCTH 3K30COM U UX
MOTeHIUAJTbHOM (PYHKIIMOHAJIBHOM Pa3HOOOpa3uu.

OOBIYHO 3K30COMAJIbHBIE OCJIKM IIPEeICTAaBIICHBI
terpacrannHamu (CD9, CD63, CD81, CDS82), uH-
TerpuHamMu, Oeiakamu TerioBoro 1moka (HSP70 u
HSP90), cnenuduyeckumm 0e1KaMu, BOBICYESHHBI-

MU B hopMurpoBaHue U cekperuio 3k3ocoM (ESCRT-
KOMILIEKC), OeIKaMU KJIETOYHOM anare3nu (MHTErpu-
Hbl, gJakraarepuH, ICAM-1 (Intercellular Adhesion
Molecule 1)), 6eakamMu, onpeaeas oMM OMOreHe3
MYJITUBE3UKYIIIpHBIX Tefteln (Tsgl01, Alix, Vps, Rab —
I'T®-a3p1), OekaMu, acCOLMUMPOBAHHBIMU C MEM-
OpaHHBIM TPAaHCIIOPTOM; OeJIKaMU LIMTOCKeJIeTa, CUT-
HaJIbHBIMU Oenikamu U T.1. HekoTopnie 6enku 3K30-
COM DBOJIIOLIIMOHHO KOHCEpPBAaTUBHBI, HaIpuUMep,
TeTpa-cnaHuHbl, Alix u Tsgl01. Psa apyrux 6ejikoB
XapaKTepu3yeT MPUHAIJIEXKHOCTh 9K30COM K OIpelie-
JIEHHOMY TMIIY KjeToK, Hanpumep, CD80 u CDS86,
KOTOpBIE MPUCYIIU OSHIPUTHBIM KieTkaM (Alcaya-
ga-Miranda et al., 2016; Rashed et al., 2017).

CocraB JUITUA0B 9K30COM B OCHOBHOM ITpeCTaB-
JIEH JIMMUIAMU TIJ1la3MaTUYecKoii MeMOpaHbl, TaKM-
MU Kak ¢ochatuanisTaHodaMuH, GochaTuanixo-
JmH, docharunnncepu, cOUHroMueaInH 1 gocda-
TUAMAUHO3UTON. OmHaKoO, clielyeT OTMETUTb, UTO
UX COOTHOIIIEHUE B MeMOpaHaX 3K30COM OTJIMYAET-
cs OT TAKOBOro B MeMOpaHax CEeKpeTHUPYIOLIUX UX
kietok (TamkoBuY u ap., 2016). Takke aBTOPHI OT-
MEYarT, YTO TOBBIIIEHHOE coAepXKaHUue C(HUHTO-
MuelrMHa U pochaTUAMIMHO3UTA OIpeaessieT Mo-
BBIIIIEHHYIO YCTOWMYMBOCTh MEMOpPAH 3K30COM, 00ec-
rnevyuBasi 3alldTy MX OT Ju3uca (merpagalidv) BO
BHEKJIETOUHOM cpejie, B TOM YucJie B OMOJIOTUYECKUX
KUIKOCTSIX.
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JIummmaer onpenessroT Mopdoiornieckre U PyHK-
LIMOHAJIbHBIE OCOOEHHOCTU DK30COM, TaK1E KaK KeCT-
KOCTh 3K30COMBI WJIM OCOOEHHOCTHM KpEIUIEHMSI Ha
BHEIIIHEl CTOpOHEe MeMOpaHbl OEIKOBBIX MOJIEKYII,
0o0ecrneuynBaloIINX CIMSIHUE 9K30COMbI C IIa3MaTh-
YeCKOM MeMOpaHOI KIJIETKH.

IToMuMO pa3IUIHBIX TUIIOB OSJIKOB 1 JIMITUIOB 3K~
30COMBI BKJIIOYAIOT B cebs pasmmuHbie MBI PHK:
nHpopMmanmonHyo PHK (messenger RNA (mRNA)),
konbieBble PHK (circular RNA), Hekommpymoue
PHK (IncRNA) u pazmuunbsie MukpoPHK (Coumans
et al., 2017; Li et al., 2018). MukpoPHK, xak u3BecTHO,
CITIOCOOHBI PEryJINPOBaTh 9KCITPECCHIO TEHOB Ha TTOCT-
TPAHCKPUIILIMIOHHOM YpPOBHE ITyTeM WHTUOMPOBAHMS
tpancasiuun ux MPHK-mueneii (tapretHsix MPHK)
WM MHAyKIuyu ux aerpaganuu (Sayed, Abdellatif,
2011). B HacTos11ee BpeMsi U3BECTHO, YTO IKCIIpeC-
cust 6osiee 60% reHOB YesIoBeKa PeryIupyroTcs MUK-
poPHK. ITostomy aHanu3 mukpoPHK, Bxoasiiux B
COCTaB 9K30COM, JaeT HauboJjiee MoaHyo uH(popma-
LIMIO O CTaTyce MPOAYLMNPYIOIINX UX KJIETOK.

DK30COMBI SIBJISIIOTCSI HOCUTEISIMU CBSI3aHHBIX C
MEMOpaHOI CUTHAJIbHBIX OSJIKOB, BKJIIOUAsl TUTaHIbI
peuenTtopa Notch (Sheldon et al., 2010) u cekpeTupy-
embie 0enku cemeiicts Wnt u Hedgehog (HH) (Vyas
et al., 2014; McGough, Vincent, 2016). Psax aBropos
MoJjaraet, 4To curHajgbHble 6enku Wnt u HH moryt
JIM0O pacriojlaratbCsl B JIMITUAHOM OucIioe, 1100 CBSI-
3bIBaThCSI C MEMOPAHOM 9K30COMBI IPYTUMU OETKaMU.
Takum o6pazomM, B HoOpMe (P HOPMAITBLHOM Pa3BU-
THH ) 3K30COMEBI MOTYT 00eCIIeurMBaTh paboTy TpeX OcC-
HOBHBIX cUTHaJIBHBIX TyTeii: Wnt, HH u Notch. I1pu
pa3BUTHUU NATOJIOTUYECKUX IIPOLIECCOB B OpraHu3Me
CIIEKTP CUTHAJIBLHBIX IIyTE MOXET ObITh U3MEHEH.

DK30COMBI UTPAIOT BaXKHYIO POJIb B MEXKKJIETOU-
HOl KOMMYHHMKAIIUM, aKTUBHO B3aMMOIEHCTBYS C
OKpYXalIIMMU KJIeTKaMu, MPUYEM BBISBJIIEHO He-
CKOJIBKO MEXaHM3MOB TaKOTO B3anMoeiicTBus. Pe-
TYJISITOPHAS POJIb BE3WKYJ MOXET 00eCcTieYnBaThCs
TMTEPEHOCOM MX CONEPXUMOTO B KIIETKY-PEIHITUECHT
3a CYET IHAOIIMTO3a MJIN TIPSIMOTO CITUSTHUS MeMOpa-
HBI BE3WKYJIBI ¢ MEMOpaHOI KJIeTKH-pelniieHTa. B
HacTosIIIIee BpeMsI U3BECTHBI KIIaTPHH-0TIOCPEeI0BaH-
HBIN 9HAOIIMTO3, a TAKKE KIIATPUH-HE3aBUCHUMBIE TTy-
TH CIUSHUSI ¢ MeMOpaHoit (omocpenoBaHHOE KaBeo-
JIMTHOM TIOTJIOIIIEHUE, MaKPOITMHOIINTO3, (haroIMTo3 1
oIToCpeoBaHHas JIMMAIHBIM TIOTOM WHTEpHaIM3a-
must) (Jeske et al., 2020). Kpome Toro, obecriedeHme pe-
TYJISITOPHOM POJIM BE3UKYJT MOXKET OCYIIECTBIISITECS 32
CYET CBSI3M 9K30COMBI C TIOBEPXHOCTHBIM PELIETITOPOM
KJIETKM-PEUITEHTa. DTO BBI3BIBACT 3aITyCK COOTBET-
CTBYIOIIIETO PETYJISITOPHOTO KacKana B KIIETKE-PELIITH -
eHTe Oe3 IMPOHMKHOBEHMS BE3MKYJIHI B KJIETKY. M, Hako-
HeTl, CJIEMyeT OTMETUTH BO3MOXKHOCTB IIepeHOCa CTICIIN -
¢UJeCcKNX pELEeNTOpOB Ha KIETOUYHYI0 MeMOpaHy
KJIETKU-PEIUITEHTA, YTO M3MEHSIET PEIICTITOPHYIO CTIe-
mpuIHOCTDL mocyenHei (Zhang et al., 2019).
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Hanmuue Takoro umciia crmoco6oB (myreit), obec-
MEeYMBAIOIINX B3aUMOJEHCTBUE BE3UKYJ C KJIETKAMU,
HECOMHEHHO CBUJIETEJILCTBYET 00 aKTUBHOI poJiu ca-
MUX KJIETOK B MOIJIOLIEHUU Be3uKyJ. Beraet Bompoc:
HACKOJIbKO KOMITIETEHTHBI OKpYXKaloIlle KJICTKU K
BOCTIPUSITUIO JAHHBIX peryiasitopoB? Bo3dmoxHo, Ha-
JINYME ONpeieJIEHHOM CTENMEeHU KOMITETEHIIUU OKpYKa-
IOIIMX KJIETOK (hOpMUPYET U TTOAIEePKUBAET (PYHKIIMO-
HaJl Huy. MI3BecTHBI cityyau MojHoi uHAuddepeHT-
HOCTHU ONPeJeIEHHbIX TUTIOB KJIETOK K PETYJISITOPHOMY
MOTEHIMATY BHEKJIETOYHBIX BE3UKYJl — HarpUMep,
KJIETKY 9HJOTEUSI B COCTaBe TeMaTo3He(haTuiyecKo-
ro 6apbepa CoCOOHbI OCYIIECTBISATh JUIIb TPAaHCIIU-
TO3 BHEKJIETOUHBIX Be3uKyJ (Jeske et al., 2020).

PET'VJIATOPHBIE BOSMOXHOCTHA
BHEKJIETOYHbIX BE3MKYVYJI
TUIFOPUITOTEHTHDBIX CTBOJIOBBIX KJIETOK
B PAHHEM 5MBPUOT'EHE3E

M3ydyeHue peryassTOpHOro IOTeHLMaia ILIIOpU-
MOTEHTHBIX CTBOJIOBBIX KJIETOK SIBJIIETCSI HE TOJIBKO
OoHOI M3 PyHIAMEHTAIbHBIX 3a1a4 OMOJIOTUM pa3-
BUTUSI U KJIETOYHOM OMOJIOTUM, HO M NPEICTaBISCT
MOTEHIMATBbHBINA MNPAKTUYECKU NHTEPEC.

IIpu u3yyeHUr OMpeaUMMIUIAHTAIIMOHHBIX CTAIUM
pa3BUTUSI 61aCTOLIUCTHI U paHHUX (Pa3 UMILIAaHTALU A
(Ha MomelsIX in vitro) oOHApyXeHO, YTO BE3UKYIbI
ACK nognepxnBaroT nuddepeHInaIbHOS PETyIn-
pOBaHUE KJIETOYHOI aKTUBHOCTU: C OJHOI CTOPOHBI,
OHM YYacCTBYIOT B MOAACPKAHNU TLUTIOPUIIOTEHTHOTO
coctosiHus KiietTok BKM, a ¢ apyroii, cnocobHbl pe-
IyJIMpoBaTh (YHKIMOHAIBLHOE COCTOSIHUE KJIETOK
TpodobaacTa, BIUASI Ha MX ITOABMXKHOCTD (Peryiiu-
pys, TaKuM o0pa3oM, Tipoliecc uMIianraimm) (Batt-
aglia et al., 2019). ABTOpbI MOKa3aJIM HAJIMYKE B MOJIO-
CTU pa3BUBAIOIIEIICS 0J1aCTOLMCTHI YEJIOBEKA 9K30COM
U MEJIKMX MUKPOBE3UKYJI. DTO SIBISETCS CBUICTEIIb-
CTBOM aKTMBHOI KJIETOYHOM KOMMYHUKAIIUU, obec-
neyuBaoleit B3anmonaeiictsue BKM u tpodobiacra.
B xone ananuza cocraBa XXMAKOCTHU, MOJIYYeHHON U3
MOJIOCTU OJIACTOLIMCT, aBTOpaMu ObLIM BbIAEIESHBI
okoo 89 mukpoPHK, 80% 13 KOTOpBIX HAXOAWINCH
B COCTaB€ BHEKJETOYHBIX BE3UKYJ (IpeuMyIle-
CTBEHHO 3K30coM). Cpenu HUX MOXHO YKa3aTh
miR-302a, miR-302b, miR-302¢ u miR-367-3p,
kiactep miR-302/367, miR-371a, miR-372, miR-373,
cemeiictBo miR-290/miR-371, miR-17, miR-19a,
miR-19b, miR20a u miR-92a (uneHnl cemeiicTBa
miR17-92a-1, uzBectHoro kak OHkoMukpoPHK),
miR-20b, miR-106a u t.1. Takum o6pa3om, B cocTa-
BE BHEKJICTOUYHbBIX BE3UKYJI, BBIICICHHBIX U3 XKMUIKO-
CTH TIOJIOCTM OJIACTOLIMCTHI, OBLTM OOHAPYXKEHBI pa3-
JuyHble MUKpOPHK, HeoOxonumble Kak aJjisl IoaAep-
KaHUS TUTIOPUIIOTEHTHOTO COCTOSIHUS KJIeTOK BKM,
TaK 1 yCUJIMBAIOIINE TTOABKHOCTD KJIETOK Tpodob1a-
CTa, TeEM CaMbIM CITOCOOCTBYsI MPOLIECCY UMILJIAHTa-
uuu (Battaglia et al., 2019). Kpome aToro, B cocrase
BE3WKYJ ObTM OOHAPYKEHBI PYHKIIMOHAIBHBIE MO-
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JIEKYJIbI, 0OeceUYnBaloIIe PeMOAeINPOBAaHIE MaT-
pukca. buonHbopMallMOHHBIN aHAJIM3 BbIIEJIECHHBIX
MukpoPHK ¢ nomombio 6a3 nanHeix KEGG (Kyoto
Encyclopedia of Genes and Genomes) mokazaj, 4TO
manHple MUKpoPHK perymupyior Takue BaxKHBIC
CUTHAaJIbHbIC ITyTU KaK CUTHAJIbHBINA ITyTh ITOIe pKa-
HUS IUTIOPUITOTEHTHOCTH CTBOJIOBBIX Ki1eTOK, Hippo,
MAPK, TGF-B u Wnt. KpoMe TOro, oHu peryimpy-
10T KJIETOUYHbBIHM LUK (Touku niepexona G,;/S u G,/M),
MPOLIEeCChl aroITo3a, CTPYKTYPY IIEeBbIX KOHTaK-
TOB, COCTOSIHHIE€ BHEKJIETOYHOI'O MaTpUKca (B3auMO-
neiicTBUe OEJIKOB BHEKJIETOYHOIO MaTpuUKca C pe-
LENTOPaMM KJIETOK) M HEKOTOPHIE IPYyTIUe MPOLECChHI
(Battaglia et al., 2019). MHTepecHO, 4YTO YaCThb MUK~
poPHK, conep:kaliuxcst B mOJIOCTH 0J1aCTOLMCTHI, B
TOM 4HuCJie U 3K3ocoMalbHble MUKpOPHK, mpucyr-
CTBYIOT YK€ B TamMeTax, IpruYeM MPEerMYIIeCTBEHHO B
oormtax. OgHako mHorrue MUKpoPHK BriepBbie cuH-
Te3UpyIoTCs KileTkamu smopuoHa (MukpoPHK-302a,
mukpoPHK-302b, mukpoPHK-302c, mukpoPHK-
367-3p u gp.). UMeHHO OHU SIBJISIIOTCSI KIJTIOYEBBIMU
MmukpoPHK, obecrieunBaroimmmMm nomaepKaHue IUTI0-
PUIIOTEHTHOCTHU CTBOJIOBBIX KJIeTOK (Battaglia et al.,
2019).

In vitro, Ha muaum kinerok HTR8/SVneo, siBistio-
meficss Hambosiee TOYHOM Mopdedablo TpodobiacTa,
MOKa3aHo, YTO MPU KYJbTUBUPOBAHUM JAHHBIX KJie-
TOK B MPUCYTCTBUM BHEKJIETOUYHBIX Be3ukysl DCK
MPOUCXOAUT MOBBIIIEHNE TTOJBUKHOCTH KJIETOK TPO-
dobraacra (Desrochers et al., 2016). [IpuunHoi1 3TOTO
SIBJISIETCSI OIOocpenoBaHHOE (ochopripoBaHUEe OBYX
knHa3: MAPK curnamsHoro myti JNK (c-Jun N-ter-
minal kinases) 1 FAK (focal adhesion kinase) (P-FAK).
DdochopuanpoBaHue obOecreynBaeTCsl B3aUMOJIEHi-
CTBUEM (PUOPOHEKTUHA W JaMUHWHA (aCCOLIMUPO-
BaHHBIX C BHEKJIETOYHbIMU BE3MKYJIaMHu), C COOT-
BETCTBYIOIIIMMU MHTETPUHAMU KJI€TOK Tpodobiacta
(ubpoHekTMH B3amMomeucTByer ¢ OSB1-uHTETpU-
HOM, a JJAMUHUH — C COOTBETCTBYIOIIIUM DPELIENTO-
poM). B HacTosiiee BpeMsi XOpOIIO M3BECTHO, UYTO
npu aktuBauuu FAK yBenmumBaeTcsl aare3noHHast
CITOCOOHOCTh KJIETOK Tpodobnacta, HeoOxommuMmas
s mporecca uMiianranuu (Greening et al., 2016;
Kurian et al., 2019).

IToMuMoO peryasaumny MoABUKHOCTU KJIETOK TPO-
¢obiacra, Besukynbsl DCK obecnednBaoT mmoanep-
JKaHUEe TUTIOPUIIOTEHTHOTO COCTOSIHUSI KJIETKaMu
anubIacTa, MpeaoTBpallasi TeM CaMbIM UX Tpexe-
BpeMeHHYI0 nuddepenuuposkKy (Hur et al., 2020).
IToka3ano, 9To DOOaBICHWE BE3UKYJI, ITOTyICHHBIX B
xone KynbtuBupoBaHus DCK, B cpeny KyJbTUBUPO-
BaHUsI 0JIACTOLIMCT MBILIU, TIPUBOJIUT K COXPAaHEHUIO
TUTIOPUTIOTEHTHOCTU YacTU KJIETOK 3mnubsacta Ha
¢one HavaBuelicsa nuddepenurpoBkr BKM B 671a-
cToumcTax KOHTpoabHEIX Tpymm (Hur et al., 2020).
BcTraet 3aKkoHOMEpHBIIT BOITPOC: KAKNUM 00pa3oM Be-
3UKYJIbI, JO0OABJIEHHBIE B CpeAy MHKYOAIIUU U OAAepP-
JKUBAMOIINE TUTIOPUIIOTEHTHOCTh, OKAa3bIBAIOT BJIUSI-
aue Ha KimeTku BKM? JlormaHo 1mpeamnoaoKuTh, 9YTo

BE3UKYJIBI omanaioT B KiieTkr BKM ¢ ncrnoiab3oBaHm-
€M MeXaHMU3Ma TpaHCcIUTo3a. Takoi MeXaHuU3M IToKa-
3aH IS KJIETOK SHIOOTEINS B COCTaBe reMaTosHIIeda-
ymyeckoro 6apnepa (Jeske et al., 2020). B atom ciygae
KJIETK! Tpodobiacta JOKHEI 001agaTh N30MpaTeIb-
HOI1 YyBCTBUTEJIBHOCTBIO K BE3UKY/IaM, 00eCIIeYBal0-
M MOAAePKaHWE IUTIOPUITOTEHTHOCTH, TPAHCIYLI-
pys curHan K kietkamMm BKM. Kpome Toro, cienyer
JIOTTYCTUTh, YTO pa3HbIil oTBET KieTok BKM u Tpo-
¢obiracta cBSI3aH ¢ pa3IMIYHBIMUA MEXaHU3MaMM pea-
JIM3allMU OTBeTa KJIETOK Ha NefiCTBUE BE3UKYJI.

BHyTpuKkieToOuHble MEXaHU3Mbl peau3allui pe-
TYJISITOPHBIX BO3IEHCTBUIA, HAIIpaBJICHHBIX Ha IIOJI-
JIepXKaHue TUTIOPUITOTEHTHOTO COCTOSIHMSI, B HACTOSI -
1Iee BpeMsl ellle HeAOoCTaTOYHO u3ydeHbl. C omHOM
CTOPOHEI, B JIMTEpaType €CTh JAaHHBIE, CBUIIECTCIIb-
CTBYIOIIME O BO3MOXKXHOCTHU SIIMTEHETUUECKUX PETy-
JISIUMIA TIOCPEICTBOM BHEKJIETOUHBIX Be3uKysn1 DCK.
Tak ObBLIO ITOKa3aHO, YTO IIPU KYJIbTUBUPOBAHUU
DCK MpIIm B cpelnie, He coaepKaiieil MTHTMOMTOPOB
GSK3bu MEK1/2 (1.e. npu nHAYKIMU KJleToK DCK
K nuddepeHIMpOoBKe), 100aBJIEHUE B Cpely KyJIbTH-
BupoBaHus Be3nkyn DCK nmpuBoamnio K Bo3BpaTy 4a-
CTH KJIETOK B ITIOPUIIOTEHTHOE COCTOSIHUE. DTO CO-
MPOBOXIAIOCh CHUXKEHUEM YPOBHSI TPUMETUIMPO-
BaHus Jm3mHa 27 B rucroHe H3 (H3K27me3) u
TMOBBIIIIEHUEM YPOBHS SKCITPECCUM KITFOYEBbIX MapKe-
pos mmopunoteHTHOocTU Oct 3/4, Nanog. [Ipuyem aB-
TOPHI OTMEYAOT, 9TO OONBIINIT 3(PEKT TOCTUTAIICS
MPU COBMECTHOM MCITOJIb30BAHUU 3K30COM U MUKPO-
Be3ukyJ (Hur et al., 2020).

C apyroii CTOpOHbBI, BHEKJIETOUHBIE BE3UKYJIbl MO-
TyT CIOCOOCTBOBATH MOJIEPKAHUIO TITIOPUTTIOTEHTHO-
IO COCTOSIHUSI TIyTeM MOIYJISIUN B3aUMOICHCTBUSI
KOMIIOHEHTOB BHEKJIETOUHOT'O MaTpUKCa C UHTErpU-
HaMU, HaXOOSIIIMMHUCS Ha moBepxHocTu caMux DCK,
BKJTIOUYAsT MOIYJISILIVIO KIACCUYECKOTrO MYTU PeTyJisi-
muu naterpunbl/FAK (focal adhesion kinase) (Hur
et al., 2020). KakuM 00pa3oM BHEKJIETOYHBIE BE3U-
KyJibl akTuBUPYIOT FAK? bbulo okazaHo, 4yTo ¢uod-
POHEKTUH, acCCOLIMUPOBAHHBI C BHEKJIETOUHBIMU
BE3UKYJIaMM (3K30COMaMU U MUKPOBE3UKYJIAMU ) SIB-
JISIETCSI KIIFOUEBBIM PETyJISITOPOM, 00eCTIeYnBaIOIIUM
MoJep>KaHUe TITIOPUIIOTEHTHOTO COCTOSIHUSI CTBO-
oMU KiieTkamu (Hur et al., 2020). ®uOpoHEKTHUH
BHEKJICTOUHBIX BE3MKYJ CIIOCOOEH B3auMMOIEiiCTBO-
BaThb C MHTErpUHAMMU, aCCOLIMUPOBAHHBIMU C MEM-
OpaHaMu CTBOJIOBBIX KJIETOK, U, TEM CaMbIM, CTUMY-
JupoBath aktuBanuio FAK, mommepxkuBasi TUTIOpU-
MOTEHTHOE COCTOSTHUE TaHHBIX KJIETOK.

3aciyxuBaeT BHUMaHUsI TOT (pakT, 4TO cCylie-
CTBYIOT pa3jIMuHble MEXaHU3MBbI PETYJISIIMU MTOIIEP-
JKaHUS TUTIOPUITOTEHTHOTO COCTOSTHUS KJIETKaMU Ye-
noBeka. M3BectHO, uTo B DCK 4uenoBeka poKaabHbIE
KOHTaKThl HE 00pAa3yIOTCsl, U TPU 3TOM aKTUBEH CUT-
HabHBIHM yTh FAK (Vitillo et al., 2016). Y atux Kite-
toK FAK oGHapyxkuBaeTcst Ha MeMOpaHe U B IIUTO-
MIa3Me, a aKTUBHOCTB AedocdopmmmpoBanHoil FAK
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oTHocutenbHO Bhicoka B sape (Villa-Diaz et al.,
2016). DTo oKa3bIBaeT BIUSIHMWE Ha IMOIAEpXKaHMe
itopurioreHTHOro cocrosiHus DCK uenoBeka (Vitil-
lo, Kimber, 2017). YuuTbsiBast HEKOTOpBIE OOIINE Yep-
Tl ESC 1 omyXxoieBBIX KJIETOK, MOXHO IPEaIToa0-
KUTh, YTO FAK BBIMOMHSIET Y HUX CXOAHbIE (DYHKIIUU
(Ho et al., 2012). Nanog cBsa3biBaeT mpomoTop FAK,
CITOCOOCTBYS TTOBBIIIEHUIO €ro aKTUBHOCTH, a FAK,
B CBOIO o4epenb, pochoprinpyer Nanog, 10303aBU-
CHMO IOBBIIIASI €r0 aKTUBHOCTD, UTO CIIOCOOCTBYET
noaaep>kaHuio rriopurioreHTHocTn DCK.

CrnenyeT oTMETUTDh, UTO Hanmuue saepHoit FAK
He XapaKTepHO MWis1 nuddepeHINPOBAHHBIX KJIETOK.
Bo3MoxHO, Hanmu4mne HEKAHOHMYECKOTO (SIIepHOro)
nytu perysiunu FAK u onipenenseTr MexaHU3M BO3-
JIEMCTBUS BHEKJICTOUYHBIX BE3UKYJI, CBSI3aHHBIA C
HoaIep>kaHUEM TUTIOPUTIOTEHTHOTO COCTOSTHUST KJIe-
ToK DCK.

B Hacrosiiiee BpeMsi UMEIOTCSI HEOTHO3HAYHbIe
IaHHbIe o noBoxay ydyactus mytu FAK B perynsiun
CaMOOOHOBJICHUS 1 TTOAAEPKAaHUS TUTIOPUIIOTEHTHO-
CTHU CTBOJIOBBIX KJIETOK. Psii aBTOpOB yKa3bIBaeT Ha
TO, YTO KOMIIOHEHTBI BHEKJIETOYHOI'O MaTpUKca (Jia-
MUHWH, (PUOPOHEKTUH M BUTPOHEKTHH), B3aHUMO-
JeICTBYSI C OTIpee/ICHHBIMU TUTIAMU MHTETPUHOB Ha
IMOBEPXHOCTU CTBOJIOBBIX KJIETOK YeJIOBeKa, CIIOCO0-
HBI 3aITyCKaTh M€XaHM3Mbl 00eCIICUeHMSI IO IepKa-
HUSI TUTFOPUITOTCHTHOTO COCTOSIHUSI TaHHBIX KJIETOK
(Braam et al., 2008; Rodin et al., 2010; Vitillo et al.,
2016). ITokaszaHo, uTo accoumanusi kuHas (FAK) c
WHTErpUHaMM OIpeaessieT )Ku3HecrocooHocTs DCK
YyeJIoBeKa, CoOXpaHeHne X HeanddepeHIUPOBaHHO-
ro coctosTHU. JmmTenpbHOe MHTUOMpPOBAaHME JaHHOMN
KWHAa3bl WU CHUXKEHUE YPOBHSI 3KCIIPECCUU KOMU-
pyIOILIeTO e€e TeHa MpUBOIUT K AuddepeHINPOBKE
BACK (Vitillo et al., 2016). Pe3yabrarsl Apyrux pador,
MPOBEACHHBIX HA CTBOJIOBBIX KJIETKAX MBIIIN, CBUIC-
TeIbCTBYIOT 00 oopatHoM (Hayashi et al., 2007; Toya
et al., 2015). Kpome Toro, aBTOphl yKa3bIBarOT, YTO
MMEHHO TUI 0eJIKOB BHEKJIETOUHOI'O MaTprKca OIpe-
nensieT (hyHKIMOHAJIbHOE COCTOSTHME CTBOJIOBBIX KJle-
TOK: ecii (pMOPOHEKTHH M JIAMUHUH CITOCOOCTBYIOT
aktuBaumu FAK u Akt, BbI3bIBasi uddepeHIIUPOBKY
IUTIOPUITOTEHTHBIX KJIETOK, TO KOJUIareH, HaoOOpOT,
CIOCOOCTBYET MOMNEPKAHUIO TUIIOPUIIOTEHTHOIO CO-
crostnus (Hayashi et al., 2007).

MHTepecHBIM SIBJISIETCS TO, UTO pa3jiddue B pe-
3yJibTaTe paboThl JAHHOTO MYTU PeryJsiliuu (Moauep-
XKaHWE CaMOOOHOBJIEHUSI WM AU depeHIInpoOBKa)
OTpeeIIsIeTCS] COCTOSTHUEM (TUIIOM) TUTIOPUTIOTEHT-
HBIX CTBOJIOBBIX KJIETOK. XOPOIIIO U3BECTHO O Cylle-
CTBOBAaHUU JIBYX COCTOSIHUM TLTIOPUIIOTEHTHOCTU Y
MbIn — Naive u Primed. ITmopunoTeHTHBIE KIETKA
B cocTossHUM Naive MoryT ObITh nojiydeHbl u3 BKM
MPeIUMILIAaHTAlIMOHHBIX OJIACTOILIUCT, @ B COCTOSIHUU
Primed — u3 snubiacta MOCTUMILIAHTAILIMOHHBIX
O61actouucT. [IIIOPUTIOTEHTHBIE KJIETKU B COCTOSI-
ann Naive u Primed otimmaaroTrcst 1o mmToMopdoio-
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TMYECKUM XapaKTepUCTUKAM, IIPOMILIIO 3KCIIPECCUN
reHOB M ApyruM IapamerpaM (Brons et al., 2007; Te-
sar et al., 2007; Chen, Lai, 2015). ITocnengHue paboThI
(Dodsworth et al., 2020) moka3anu, 4TO ILUTIOPUIIO-
TEHTHbIE KJIETKM 4YejioBeKa B cocTosHuu Naive u
Primed pasauuatorcsi mo mnpoduiiio 3KCOpeccuun
mukpoPHK. Taxk, mpu ananmse mukpoPHK B miro-
PUIOTEHTHBIX KJIETKaxX 4ejioBeKa, ObLIO MOKa3aHo,
yro Naive COCTOsSTHME XapaKTepu3yeTcs HaJludheM
takux MUKpoPHK kak miR-143-3p m miR-22-3p, a
miR-363-5p, cemeiictBo miR-17 (miR-18b-3p, -20b-
5p, -20b-3p, -106a-5p), a cemeifctBo miR-302 xa-
pakTepusyioT Primed cocrosgans. Ing Naive cocTosi-
HUSI KJIETOK 4YeJIOBeKa XapaKTepeH JOCTaTOYHO BBICO-
KUi1 ypoBeHb aKcIipeccun miR-371-373, aBasroieiics
romojiorom miR-290 mplm, Takke HarboJiee BBICOKO
akcnpeccupyemMblx MUKpoPHK B Naive miopuro-
TEHTHBIX KJIeTKax MBI, Takum obpa3om, mpoduib
skcnpeccun MUKpoPHK o0yciioBieH cocrostHueM
KJIETOK, @ HE BUIOBBIMU PA3IMYUSIMU. DTO JUIITHUM
pa3 MOJYePKUBAET BaXKHOCTb OLICHKM ITaTTepHA MUK-
poPHK kak xapakTeprCTUYECKOTO IJIsI OIIpeIe/ICHUS
(YHKIIMOHAJIBHOTO COCTOSIHUS KJIETKU.

PEI'YJIATOPHBIE BOSMOXHOCTHA
BHEKJIETOYHbIX BE3MUKVYJI
TUTIOPUITOTEHTHBIX CTBOJIOBBIX KJIETOK
IMPU PEMAPALUMU TKAHEN

Bnustaue Be3ukyn DCK Ha nmognep:kaHue MIopu-
IMIOTEHTHOI'O COCTOSIHUSI KJIETOK ObLIO KOCBEHHO I10-
Ka3aHO Ha MOEJISX KOHKPETHBIX IMHUM nuddepeH-
LIMPOBOK.

Tak, eme B Hayae XXI Beka ObLIO MCCIIETOBAHO
BJIMSIHUE BHEKJIETOYHBIX BE3UKYJI, MOJYYEHHBIX B XO-
ne KyabruBupoBaHus DCK mpim (muaus ES-D3),
Ha JIMHUIO TeMaTONMO3TUYECKUX CTBOJOBBIX KJIETOK
(Ratajczak et al., 2006). Bbuto TTOKa3aHO, YTO B OIIpe-
JIeJIeHHOM KOHLIEHTpAallMd BHEKJIETOUHbIE BE3UKYJIb
OCK cnocoOHbl TMOBBIIATh >KU3HECIIOCOOHOCTD
CTBOJIOBBIX T€MOITO3TUYECKUX KJIETOK, YCUIUBATh X
nposucepalnio, a TakKe MOBbIIIATh YPOBEHb IKC-
MPECCUU TEHOB — MapKepoB TIUIIOPUIIOTEHTHOCTHU
(Oct-4, Nanog 1 Rex-1) u paHHUX MapKepoB TeMo-
MMOATUYECKMX CTBOJIOBBIX KiIeToK (Scl, HoxB4 u
GATA 2). AHajioruyHble JaHHbIE ObLIM MOJYYEHBI U
B OoJiee TTO3AHUX padoTax, MpU U3YYEHUU BIUSIHUS
BHEKJIETOUHBIX Be3uKysl DCK MbIIIM Ha MPOreHU-
TOPHBIE KJIETKU CETYATKN — MIOJJIEPOBCKUE KIIETKU.
BrL10 MokazaHo, YTO BHEKJIETOYHbIE BE3UKYJIbI CIO-
coOHBI nepeHocuTh cnenuduaeckue MPHK B kier-
KU-MUIIEHU U CTUMYJIMPOBATh B HUX HE TOJIbKO 9KC-
MPECCUI0 TEHOB-MapKEPOB TLTIOPUIIOTEHTHOCTHU, HO
U T€HOB, cHelM(UYHBIX IJI pPAaHHUX CTaluii pa3Bu-
TUSI CeTIYATKU, BBI3BIBAS JeauddepeHIIMPOBKY daH-
HBIX MPOTe€HUTOPHBIX KJIETOK, BO3OOHOBJIEHUE KJle-
TOYHOTO LIMKJIa ¢ Tociaenytollei nuddepeHIMpoB-
KO pa3HbIX TUTIOB KJIETOK CETYaTKU (aAMaKpUHOBBIE,
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TaHIJIMO3HbBIE KJIIETKU, a TAaKXe MAIOYKOBBIX PeLlel-
topoB) (Farber, Katsman, 2016).

OueBUIHO, PETYJSITOPHBINM ITOTEHIMaJ BHEKJIe-
TOYHBIX BE3UKYJI IUTIOPUIIOTEHTHBIX KJIETOK HE orpa-
HUYEH perysinueil neanddepeHIIMpoBOK KIETOK-
PELUUIIMEHTOB B IIpolleccax TKAHEBOW pernapamuu.
JlocTaToYHO MHOTO UCCJIEIOBaHUIT yKa3bIBaeT Ha TO,
4TO BHEKJIETOYHBIEe Be3uKynbl DCK BausioT Ha 1mpo-
Judepanmiio KJIeToK U 00JiagaloT aHTUATIONITOTUYE-
ckuM 3 dexroMm. Tak, MHTEpeCcHbIC HaHHBIC ObUIU
MOIYyYEeHBI IIPY M3YYECHUM BIUSHHUS BHEKIIETOYHBIX
Be3uKyJ1 DCK Ha mpoliecc 3aKMBJIEHUS paHbl y CTa-
peromux MeIreii. Okazanaochk, 4To 3k30coMbl DCK
BBI3BIBAIOT BOCCTAHOBJIICHME Y ITOXWJIBIX MBIIIEH
clienyommnx (GpyHKUMNM 3HIOTEIUATbHBIX KIIETOK,
HapyHIeHHBIX IIpU CTapeHuU: IpoiaudepaTuBHONI
aKTUBHOCTU, MUTpaLM U (POPMUPOBAHUS COCYIM-
CThIX TpyOOK B MecTe paHbl (Chen et al., 2019). Kpo-
Me 3TOTO, 3K30COMbI MOTYT CHMXATh OKUCJIHUTEIb-
HBIII CTpecc, ITOBHIIIAs aKTMBHOCTb SHAOT€HHON
AHTUOKCHUJIAHTHOI cucTeMbl. BoccTaHOBIEHUE BO3-
pacTHOM aHTMOTeHHOI AUCPYHKIIMM aBTOPHI JaH-
HOT'O MCCJI€IOBAaHMS CBS3BIBAIOT C HAJIMYMEM B 9K-
3ocomax MUKpoPHK-200A. Oka3anochk, 4TO UMEHHO
MuKpoPHK-200A BbICTyIaeT KJIOYeBbIM PETYJISITO-
pom curHainbHOTO Iy KEAP 1 — Nrf2 (Kelch-like
ECH-associated protein 1 — nuclear factor erythroid 2 —
related factor 2), KOHTPOJMPYIOILIETO 3KCIPECCUIO
psiZia TEHOB, KOMMPYIOIINX aHTUOKCUIAHTHBIE (hep-
MEHTHBI, Haripumep, remokcureHasy 1 (HO-1). Iloka-
3aHo, YTo MUKpoPHK-200A, coagepxkaiiasicsi B 9K30-
comax DCK, cHimkaeT ypoBeHb akcripeccut KEAP 1,
cnocoOcTBys akTuBauMy Nrf2 (HeraTUBHasi peryisi-
must). Takast aktuBanust Nrf2 mpuBoauT, B KOHEYHOM
nrore, K TopmoxeHuto craperus (Chen et al., 2019).

Pa3paboTka MeTOHOB ITONydeHUSI WHIYIIMPOBAH-
HBIX TUTIOPUIIOTEHTHBIX CTBOJIOBBIX KiIeTOK (MITTCK)
IyTeM TeHETUYECKOro PeIporpaMMUIPOBaHUSI cOMa-
TUYECKHUX KJIETOK MOCTHATaJbHOIO OpraHm3Ma, I10-
cTaBuJja BoIpoc o crerieHu uaeHTudHoctu MITCK u
DCK. D10T BOmpoCc OCOOEHHO aKTyaJIeH, TaK KakK
KJIETKU ¢ MHAYLIMPOBAHHON ILUIIOPUIIOTEHTHOCTHIO B
HaCTOsI1Iee BpeMs UCTIOJIb3YIOTCSI HE TOJIbKO KaK MO-
JIenb I U3ydeHUsl HampaBjieHHo# muddepeHim-
POBKM KJIETOK, HO U B peTeHEepaTUBHOM OMOMETUIIH -
He. ClieqyeT yYMThIBaThb OHTOTEHETUYECKOE TTPOUC-
XOXAeHWE TUTIOPUITOTEHTHBIX KJIETOK.

B psime pabGot 6BLIO ITOKA3aHO, YTO MPOPUIIb 9K~
3ocoM UTICK ompenemnsieTcs TeM TUTIOM KJIETOK, U3
KOTOPBIX B pe3yjbTaTe perporpaMMUpPOBaHUsS ObLIT
nonydyeH pgaHHbiid Tun WMIICK. Hampumep, ObLio
otMeueHo, 9To 3K3ocoMbl MITCK, koTtoprie ObIHN
MOJIydeHbl U3 KapAuaabHbBIX (GUOpOOIaCTOB, COAep-
XKaJii B TOM YMCIIE U psan (PyHKIMOHAIBHBIX Kap-
nuornpoTekTopHbiX MUKpoPHK (MukpoPHK-21 u
mukpoPHK-210) (Wang et al., 2015; Jung et al., 2017;
Jeske et al., 2020). Otu cBoiictBa MIICK, HecomHeH-
HO, CledyeT YYWUTBhIBaTh HpPU MCIIOJb30BAaHUM pa3-

mmaHBIX TUTTOB UTTCK 1 X BHEKIIETOUHBIX BE3UKY,
JUJISI TOJTydeHUSI 3aJaHHBIX KJIETOYHBIX TUddepeH1In -
POBOK.

B HexoTophIX paboTax yKa3bIBacTCsI HAa TO, YTO da-
JIEKO He BCe TUMBI (PyHKIIUOHAIBHBIX PETYJISTOPOB,
MMEIOIINXCS B CAMOM KJIETKEe, OyayT IIPUCYTCTBOBAaTh
BO BHEKJIETOYHBIX Be3ukyjax. [Ilpu MoiexkyisipHO-
reHeTU4ecKoM aHaiuize (cekBeHupoBaHue u TP B
peanpbHoM BpeMeHu) MIICK, monydyeHHBIX ITyTeM
perporpaMMMpoBaHus GrOPoOIACTOB MBI, OBIIO
rokasaHo Hajnugue 282 pa3auaHbix MUKpoPHK, B TO
BpeMs Kak B Be3ukynax MITCK ObUIO IIpencTaBieHo
ToJibKO 199 (Adamiak et al., 2018). AHanu3 nokaszain
Hanuurue MUKpoPHK, peryimpytonix nomnepxaHue
TLTIOPUITOTEHTHOTO cocTostHMST (miR-290-295 cemeii-
ctBa), miR-19b, miR-20a, miR-126-3p, miR-130a-3p,
miR-210-3p, a Takxke oHko-MukpoPHK cemeiicTBa
miR-17-92 ne Tonpko B camux UITCK, HO 1 B cocTa-
Be BHEKJICTOUHBIX Be3UKYyJI. Jarapie MuKpoPHK Bo-
BJICUCHBI B PETyJsSlLMI0O aHTHUOTeHe3a, KIETOUHOTO
mukiia u npoueccon crapeHust (Mendell, 2008; Gru-
ber et al., 2014). Ognako, misa psga MmukpoPHK 6b1-
Jla mokazaHa guddepeHInalbHasl S3KCIpeccusi: Ta-
kue MukpoPHK, kak, Hanmpumep, let-7, miR-145,
miR-302a-5p O0b11M MpenMyIIIeCTBEHHO TTpeICTaBIIE -
Hbl BO BHEKJIETOUYHBIX Be3WKyjax. JlaHHbIe MMK-
poPHK perynupyior KieTOYHyIO IIpoiaudepaluio,
aroITo3 ¥ NoAAepKaH1Ee ILTIOPUIIOTEHTHOTO COCTO-
sHus 1 camoooHoBeHUe (Cordes et al., 2009). Bri-
SIBJIEHO CXOJCTBO CUTHAJILHBIX ITyTeii, OCPEICTBOM
KOTOPBIX OOECIIEYMBAETCSI PETYJIITOPHASI aKTUBHOCTh
BHekJIeTouHbIX Be3ukya DCK u UTICK B kieTkax-pe-
nunumeHTax. 9ro, Harpumep, Wnt, PI3K-Akt 1 MAPK
CUTHAJIbHBIE IIyTU, KOTOPBIE PEryJIUpYyIOT aKTUB-
HOCTb 2JIEMEHTOB LIUTOCKeJIeTa (AKTUMHOBOIO LIUTO-
ckesera), (oKaJbHbIE KOHTAKTHI Y MPOLECCH B3al-
MOAECHUCTBUS OEIKOB BHEKIJIETOYHOI'O MaTPUKCA C MX
peuentopamu (Adamiak et al., 2018).

Ha HeckonbKuX pereHepalliOHHBIX MOJIEIISIX 10—
KazaHo, 4To BHekyeTouHble Be3ukynbl MITCK cro-
COOCTBYIOT BOCCTAHOBJICHUIO 1IEJIOCTHOCTU TKaHU. B
OCHOBE JAaHHOTO MOJOXUTEIbHOro 3ddeKTa exkar
TaKWe IIPOLIECCHhI, KaK PErysauus Ipoardepannu
KJIETOK, MUTpallUsl KJIETOK, CHUXKEHHUE YPOBHSI aro-
IITO3a, PEMOJIEINPOBAHNE BHEKJIICTOYHOIO MaTPUK-
ca u T.0. In vitro moka3aHo, 4to 3k30coMbl MITCK
CIOCOOCTBOBAJIM BOCCTAHOBJICHUIO >XU3HECIT0CO0-
HOCTHU 3HAOTEINATIbHBIX KJIETOK ITYIIOBUHBI Y€JI0BE-
ka (HUVECSs) u cmioco6¢cTBOBa (hOPMUPOBAHMIO B
KyJIbTYpe KaIlWUISIpO-TMOJOOHBIX CTPYKTYp, MOCe
TOTO, KaK JaHHbIE KJIETKA HAXOIUJINCh B YCIIOBUSI TH-
NeprivkeMun (MOBBILIEHHOE CoAep>KaHUe TTI0KO3bI
B cpene KyabtuBupoBaHus (33 MM)) (Ding et al.,
2018).

Ha mopensx nmoBpexxneHus IedeHu (MHIYLUPO-
BaHHblil CCl,; pubpo3 meyeHu MBILIU; TEepeBI3Ka
KEJTYHOrO0 MPOTOKa) OBbLIO IMOKAa3aHO, UYTO BHEKJIE-
TouHBIe Be3nKyabl MITTCK B 3HaunTeILHON CTEIIEHUN
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CIIOCOOCTBYIOT CHIDKEHMIO (PMOPOTU3ALIMY TKAHU IIe-
YeHM, CHIKAs! poJiidepalivio U aKTUBALIMIO 3Be314a-
TBIX KJIETOK TeueHu (kieTtok Mto) (Povero et al., 2019).
OO0 3TOM CBUIETEIHLCTBOBAIO CHIDKEHHNE YPOBHS 3KC-
Mpeccun psima TIPo-GUOPOTUYECKUX MapKepoB: O-
JIAIKOMBIIIIEYHOTO akTWHA, KoyutareHa Iol, ¢ubpo-
HEKTHMHA ¥ TKAHEBOT'O MHTMOMTOpAa METaJUIONPOTeHA-
3b1-1 (TIMP-1). Kpome aTOr0, aHau3 TpaHCKPUTITOMA
MoKazaJl, YTo y aKTUBMPOBaHHBIX KjieTok MTo oz neii-
cTBreM BHeKJIeTouHBIX Be3nkyn UITTCK npoucxomur
M3MEHEeHUEe YpOBHS 3Kcnpeccuun rmpuMepHo 300 re-
HOB (60 TeHOB CHIKAaeT YPOBEHb IKCIIpeccuH, a 235
T€HOB — MOBHIIIAET). B cocTaBe BHEKJIETOUYHBIX BE3H1-
kyn UTTICK Ob11M TaksKe BBISIBJICHBI HEKOTOPBIE MUK~
poPHK (MukpoPHK-10b-5p, mukpoPHK-302-3p u
MukpoPHK-92b-3p), ob6i1amaromux moTeHIaIbHbI-
MU aHTUPUOpoTUYeCKUMU cBolicTBamu. Cremyer
OTMETUTH, UTO YPOBEHb NaHHBIX MUKPOPHK 6b1T mO-
CTaTOYHO BBICOK

Ha Momensx crapeHust Koxu in vitro (potoctape-
Hue (yh-o0iaydeHue 315 HM) U eCTeCTBEHHOE CTape-
Hue (KyabTuBUpoBaHUE Oosee 30 maccaxeii)) ObLIO
mokaszaHo, 4To 3k30coMbl MITCK cHizkaroT B (pribpo6-
JlacTax KOXHW YPOBEHBb IKCITPECCUU aCCOIMUPOBAHHOMN
CO CTapeHreM [B-TaakTo31aa3bl U MATPUKCHOM MeTaI-
JionpoTenHasbl 1/3, CTUMYJIMPYIOT IIpoiandepanuo 1
MUTpanuio GpropoOIIacTOB, a TAKXKE BOCCTAHABIMBAIOT
BKCMpecculo KojulareHa 1 Tuma, 3aMeTHO IMTOHWXKEHHYIO
npu crapennu (Oh et al., 2018; Jeske et al., 2020).

In vivo, Ha Momenu penepdy3MpoOBaHHOIO WMH-
¢dapkTa MHOKapIa y MbIIIei, ObLIO IPOBEISHO CpaB-
HEHUE pe3yJbTaTOB MPUMEHEHUSI BHEKJIETOUHBIX Be-
3ukys1 MITCK u camux UITCK mis perapamnym mospe-
XKIEHWI cepaeIHO-cocyaucTo cucteMbl (Adamiak
etal., 2018). BbI1o 1Moka3aHO, YTO MPUMEHEHUE BHE-
kieTouHbIx Be3ukyia MIICK u camux MITCK mpuso-
INT K YJIy4IIeHUIO (PyHKIIUK JIEBOTO Xeaynouka. Om-
HaKo, IpUMEHEeHNE SK30COM MTPUBOIMIIO K O0JIee MoJI-
HOMY BOCCTAaHOBJICHUIO (DYHKIIMIA JIEBOTO KEJIyIOYKa
cepmira, 9yeM TpaHcrmanTaums camux UTTCK. In vitro
ak3ocombl UTICK cTUMyIMpPYIOT aHTMOT€HE3 U CIO-
COOCTBYIOT MUTPALIM SHIOTEINAIBHBIX KJIeTOK. Kpo-
Me€ TOT0, B JTaHHOI1 paboTe ObLIO IPOAEMOHCTPUPOBAHO
BaXKHOE MPEUMYIIECTBO MPUMEHEHUSI BHEKJIETOYHBIX
Be3uky1 MITCK 1o cpaBHenmio ¢ camumu UTICK: ripu
tpancimantannu MITCK mabmogamm obpasoBaHue
TepaToM.

B HacrosiIiee BpeMs IIMPOKO U3y4aeTCss BOZMOXK-
HOCTb UI3BMEHEHUSI PETYJISITOPHBIX BO3MOXHOCTEI I1a-
PaKpPUHHOTO KOMIIOHEHTA ITIOPUIIOTEHTHBIX KJIETOK
B IIpoliecce HampaBJieHHON TuddepeHIIPOBKH.

Taxk, n3BecTHO, YTO pU TepanTnu MHPaAPKTA MUO-
KapJa BHEKJIETOYHbIE BE3UKYJbl, IOJy4eHHBIC OT
muddepenumpoBaHHbix 13 UIICK kapamomuonm-
TOB, 00JIagaroT 00s1ee BHICOKOM CITOCOOHOCTBIO CTH-
MyJMpOBaTh pereHepanuio, yeM camu UITCK. Besu-
KyJIbl CITOCOOCTBYIOT BOCCTAHOBJIEHUIO CEPIAEUHOMN
TKaHU Mocjie MH@apKTa MOCpPeCTBOM pPETryJIsaiun
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ayrodaruv B KapAUOMUOLIUTAX B YCJIOBUSIX TUIO-
kcuu (Santoso et al., 2020).

Ha monenu umieMun KOHEUHOCTU MBI OBLIO
II0KAa3aHO, YTO 3K30COMEBI SHAOTEINAILHBIX KJIECTOK-
npou3BoaHbIX MTTCK crmocoOcTByIOT perapaliinm co-
CYIMCTOM CUCTEMBI 32 CUET CTUMYJISILIMUA aHTHOTeHe-
3a. BpUIO ITOKAa3aHo, UTO IIpU HaIlpaBiaeHHOM gudde-
PEHINPOBKE 3HIOTeINANbHBIX KileToK n3 UIICK, B
HUX B 3HAUYUTEJIbHOI CTENeHU BO3pacTaeT YPOBEHb
MukpoPHK-199b-5p. Ota MukpoPHK — omun u3
KJTIOUEBBIX PEryJISITOPOB aHTMOI€HE3a, OKa3bIBalO-
IIMX CTUMYJUPYIOllee NeHCTBUE HA MAHHBIA MpPO-
necc. MdynkuyonanbpHast poab 3Toii MUKpoPHK co-
cronT B Jagged-1-3aBucumoii perynsasuumu VEGFR2.
In vitro ObIIIO MOKa3aHO, YTO 3K30COMBI DHAOTEIM-
aJlbHBIX KJIeTOK, npou3BonHbix UIICK, ycunusaior
npoaudepanun, MUrpalnuo u GopMUpOBaHUE SH-
JOTENATbHBIX COCYIUCTBIX TPYOOK B KYJIbType
HUVECs (Ye et al., 2019).

KpomMe TOro, 6bulO0 TOKazaHO CTUMYJIUPYIOIIEE
BO3IIEHCTBUE BE3UKYJI, TIOJIydeHHBIX OT aruddepeHII-
poBaHHbIX U3 UTTCK HelipoHOB, Ha KJIETKU TTEpBUY-
HO KyJbTypbl I'PaHYJISIPHBIX KJIETOK 3yO4yaToil U3BU-
JIMHBI TOJIOBHOTO MO3ra YejioBeKa: MPOUCXOAUIO YCH-
JieHre Tpoaudepaluyd KJIETOK M Halrogajach HX
HelipanabHas nuddepenumrpoBka (Sharma et al., 2019).

Hamnpasnenue nuddepenumposku UITCK ompe-
JIeJISIET PEryJsiTOpPHbIE CBOMCTBA MX Be3WKya. Tak,
ObLIIM COMOCTAaBJIEHBI pe3yJibTaThl ISMCTBUSI Ha KOpP-
TUKaJIbHBIE CEPOUAbl BE3UKYJ KIETOK-IIPOU3BOI -
HeiIXx MITCK m KJIeToK, MOJy4eHHBIX B pe3yibTaTe
HelipaJlbHOIT U Me30aepMaibHOI (KapaAuOMMOLIMTAp-
Hoit) mudpdepenmponok 3tux UIICK (Marzano et al.,
2019). Okazayioch, YTO BE3UKYJbI, MOIYYEHHBIE OT
HenuddepenunpoaHHbIX UTICK, ciocobcTBOBaAIMN
3HAYUTEJIPHOMY YCWJIEHUIO MIpojmdepali KIETOK
ceponna (OLIEeHNBAJIOCHh YMCIIO KJIETOK, BKITIOUMB-
mux MeTKy BrdU). Takoii apdexT oTcyTcTBOBAI ITpHU
HCIOJIb30BAHUHU B 3KCIIEPUMEHTE BE3UKYJI, IIOTyYeH-
HBIX OT KJICTOK O0euX JMHUK IuddepeHINPOBKU.
Be3ukyiibl KJEeTOK, TTOJy4eHHBIX B X0/Ie HeiipalbHOMI
IuddepeHIMpoBKU (T.e. HeUpaJbHBIX CTBOJIOBBIX
KJIETOK), CITOCOOCTBOBAJIM MHTEHCUBHOMY POCTY aK-
COHOB Y KJIETOK KOPTUKAJIbHBIX C(peponnoB (OLIEHU-
Bajioch 1o Hajuuuio PIII-tubulin MOMOXUTETBHBIX
KJIeToK). Takoro agdexra He HaOIIOTAIOCh TIPU HC-
MOJIb30BAHUY BHEKJIETOUHBIX BE3UKYJ, MOJYYEHHBIX
ot HenuddepeHumpoBaHHbix UITCK wmm xieTox -
HUM ME30IepPMaILHOTO HalpaBieHUsT TruddepeHII-
poBkU. TakuMm obpazoM, crienudrka IeiCTBUSI BE3U-
KYJI TIPOSIBIISIETCSI TOJIBKO B Ipolecce auddepeHim-
poBku UIICK. Ilpm 3TOM mapauieIbHO CHMXKAETCS
peryJIsIlIMOHHAs aKTUBHOCTb BE3UKYJI, 00ECTIeYBal0-
mas oomue GyHKIMM KJIETOK, TaKie KaK npojmde-
paTuBHAasI aKTUBHOCTD. TaxK, B IMOITYJISILIMY ILTIOPUIIO-
TEHTHBIX KJIETOK OCHOBHAsI POJIb BE3UKYJ — MOAIEP-
>KaHYe IUTIOPUIIOTEHTHOIO COCTOSIHUS. B TO 3Ke Bpems,
C HaYyaJIOM KJIETOUYHBIX TU(PHEepEeHIIMPOBOK OCHOBHOM
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dyHK1IME BE3UKY CTAaHOBUTCS PETYJISLIMS MOCIen0-
BaTeJIbHBIX 3TAIOB IUMHEPEHIIMPOBKU KIIETOK.

Takum obpazoM, n3ydeHHEe MTapaKpUHHOTO BE3U-
KYJISIPHOTO KOMIIOHEHTA ILIIOPUIIOTEHTHBIX CTBOJIO-
BBIX KJIETOK JACT BO3MOXKXHOCTh 00JIee TIOJTHO CYIUTh
0 MeXaHM3MaX KJIETOYHbIX PETYJISLUiI B paHHEM pa3-
BUTHUU U B pereHepallMOHHBIX IIpOoIeccax.

SAKJTIOYEHUE

BHekJieTouHble BE3UKYJIbl, KaK OAWH U3 KOMIIO-
HEHTOB MapaKpUHHOM ceKpelnu KIeToK, obecreuu-
BalOT MEXKJIETOYHYIO KOMMYHUKauuio. biaronaps
HaJu4uio B HUX (HaKTOpOB, PETYJUPYIOIINX (PYyHK-
LIMM KJIETOK, OHU OOecIieurBaloT MojjuepxaHue ro-
MeOoCTa3a TKaHU WJIM YCUJIMBAIOT HAllpaBJIE€HHbIE W3-
MEHEHMUSI KJIETOK B XOJIe OHTOT€HETUUYECKUX U pere-
HepalrMoHHbIX ITpolieccoB. KoHKpeTHBI Habop 3TUX
(akTOpOB 3aBUCUT OT COCTOSIHUSL KJIETOK — TIPOIY-
LICHTOB Be3UKYJ. BHEKIeTOUHbIE BE3UKYJIbI TLTIOPU-
MOTEHTHBIX CTBOJIOBBIX KJIETOK, OJlarogapsi HUIMYNIO
B Hux MPHK psna TpaHCcKpUNIIMOHHBIX (DaKTOPOB,
MOAIEP>KUBAIOT OMpPENCICHHYIO CTelleHb aeaudde-
PEeHILIMPOBKU KJIETOK. ITOCKOIbKY BE3UKYJIbI COMEP-
KaT OeJIKM — KOMIIOHEHTbhl OCHOBHBIX CUTHAJIbHBIX
MyTe, OHU TaKXke CITOCOOHBI PEryJMpPOBaTh CIIEIIM-
duyeckne auddepeHINPOBKU KIETOK-PEeIUITNECH-
TOB. Hamprmep, OHM MOTYT peryJiupoBaTh aHTMOTEHE3
3a cyeT KoMrmoHeHToB Notch-curnaimara (McGough,
Vincent, 2016). Kpome Toro, Be3uKyJIbl MOTYT PETryJIN-
poBathb IUGOEPESHIIUPOBKY KJIECTOK HA IOCTTPaH-
CKPUMLIMOHHOM YPOBHE, MOCKOJIbKY COAEpPXKAaT MUK-
poPHK. Crnenyer yunThiBaTh, 4TO MOKa3aHa OIIpEIIE-
JIeHHas pelenTopHas crieuuuIHOCTb BE3UKYJ IS
KOMITETEHTHBIX KJIETOK. DTO CITOCOOCTBYET MOBBI-
IIEHUIO CHeuuPUKU PeryassTOpHOro IoTeHlraia
BE3UKYJI.

K Hacrosmemy BpeMeH1 HaKOIJIeHBI HEKOTOPhIE
JIAaHHbBIE O POJU BHEKJIETOUYHBIX BE3UKYJ TLTIOPUIIO-
TEHTHBIX CTBOJIOBBIX KJIETOK B PEryJISIIUUA PaHHETO
Pa3BUTHUSI MJICKOTIMTAIOIINX, B TOM YHMCJIE, YEJIOBEKA.
OTU NaHHbIE CBUAETEIBCTBYIOT O CTAHOBJIEHUM T (-
¢depeHIIMANbHON PEryJIsITOPHON CcIeunpUIHOCTU
BE3UKYJI ellle B IpeAuMILJIaHTalMOHHBIN nepuoa. C
OIHOI CTOPOHBI, BHEKJIETOUHBIE BE3UKYJIbI CLTIOCOOHBI
obecrnieyrBaTh MOMJIepKaHUE TUIIOPUIIOTEHTHOIO CO-
crosiHus KJ1eTokK. C Ipyroii CTOpOHbI, OHU PETYIUPYIOT
(GYHKILMOHUPOBAaHUE KJIETOK 3MOpMOHa (Hampumep,
MOJIBIDKHOCTh KJIETOK TpododiiacTa Ipu MMIUIAHTA-
un). Takas criennduka peryassiuOHHBIX BO3MOXKHO-
CTell coxpaHsieTcsl B Xole NajlbHeUmx nuddepeHIm-
poBoK. O6 3TOM CBUIETEIBCTBYIOT JAHHBIC, OJTyYeH-
HbI€ Ha pa3HbIX 3KCIIEPUMEHTAJIbHBIX MOMIEISIX
in vitro n in vivo. BaxXHo, 4TO peryjsiTOpHask akKTUB-
HOCTb BE3UKYJI, CBSI3aHHASI C IIOIepKaHUEeM IUTI0OPH-
MMOTEHTHOCTU CTBOJIOBBIX KJIETOK, ITOCTEIIEHHO CHU-
KaeTcs, HO He yTpauyuBaeTcs IOJIHOCThbIO. B To ke
BpeMsI PeryjIsiTOpHasi aKTUBHOCTh BE3UKYJI, CBSI3aH-
Has ¢ HampaBJieHHOM nTnddepeHINPOBKON TUIIOPH-

MOTEHTHBIX CTBOJIOBBIX KJIETOK, ITOCTETICHHO ITOBBI-
maeTcsi. BeIsIBIeHHBIE OCOOCHHOCTU PETYJISITOPHBIX
BO3MOXHOCTEI pa3HbIX BHEKIIETOYHBIX BE3UKYJI (Be-
3UKYJI IUTFOPUIIOTEHTHBIX KJIETOK 1 BE3UKYJ KIETOK-
MIPOU3BOJIHBIX TUIIOPUIIOTEHTHBIX KJIETOK), MOTYT
CIIy>KUTh OCHOBO1 JIJISI pa3pabOTKN METOIOB UX T1d-
depeHLMaTIbHOIO HCHOJb30BaHUS s penapauuii
TKaHEe.

CrenyeT y4uThIBaTh, YTO peryisiuus nposmdepa-
TUBHOM aKTMBHOCTHM KJICTOK BE3UKYJIaMU ILIIOPUIIO-
TEHTHBIX KJIETOK MOXET OCYIIECTBIISIThCS Oyarogapsi
Hannuurio B HuX MukpoPHK, oGecrnieunBaroimx KoH-
TPOJIb 3TANOB KJIETOUYHOTro KA. C 3TUM MOXET OBbITh
CBSI3aHO MPOSIBJIEHNIE OHKOTEHHOTO ITOTEHIIMAJIa BE31-
Kyl TUTIOPUTIOTEHTHBIX CTBOJIOBBIX KJIETOK. TeM He
MeHee, JaHHBIC JTUTepaTyphl YKa3bpIBalOT HA TO, YTO
BHEKJICTOYHBIE BE3WKYIBI 001amaloT 0oJjiee HU3KOM
MMMYHOT€HHOCTBIO 1 MEHBIIEH BEPOSITHOCTHIO MH-
IYKIIAY OITyXOJIeii, 4eM caMU CTBOJIOBBIC KiteTKHU (Ta-
heri et al., 2019).

PerynsitopHbie BO3MOXHOCTY BHEKJIETOYHEIX Be-
3UKYJ IJIIOPUIIOTEHTHHIX CTBOJIOBBIX KJIETOK MOTYT
pa3nInuyaThCsl B CBSI3U C Pa3HBIM OHTOI€HETUYECKUM
npoucxoxaeHuem camux kietok (BCK u UIICK), a
TaKKe B CBSI3W C TUIIOM KJIETOK, U3 KOTOPHIX OBLIMN
nonyyeHsl MTTCK B pe3ynbTaTe pernporpaMmMupoBa-
HUs. MBI IToJjlaraeM, 4To y KJIE€TOK C MHIYLIUPOBaHHOMN
TUTIOPUIIOTEHTHOCTBIO MOXKET IIPOSIBJISITHCSI TUCTOTH-
MMyecKasi maMsiTh, OIpeaessioniasi CIeuu@uIHOCTb
UX BHEKJIETOYHBIX BE3UKY/. IS ITIOPUIIOTEHTHBIX
CTBOJIOBBIX KJIETOK Pa3HbIX KJIETOYHBIX TUIIOB YXK€E BbI-
SIBJICHBI BaXKHBIC 3aKOHOMEPHOCTH TUddepeHIIaIb-
HOM peryJIsITOPHOM aKTUBHOCTHA BHEKJIETOUHBIX BE-
3UKYJI. DTU IaHHBbIE MOTYT CIYXKMTh OCHOBOII IS
pa3pabOTKU CIOCOOO0B IMTOBBIIICHUS aAPECHOCTH BO3-
JIeJICTBUI1, HAalIpaBJICHHBIX HA CTUMYJISILIUIO periapa-
LIUY TKaHEH.

Takum o6pazoM, Tpu aHaJIM3e HATIpaBJIeHHOM ard-
(epeHLIMPOBKY TUTFOPUIIOTEHTHBIX CTBOJIOBBIX KJIETOK,
HEOOXOIMMO YYUTHIBATh XapaKTEPUCTUKU PETYISITOP-
HBIX BO3MOXHOCTEH BE3UKYJISIPHON ITapaKpUHHOMN
KOMITOHEeHThl. Ha psime Moneneid mokazaHO, 4TO WC-
MOJIb30BAHUE BHEKJIETOUYHBIX BE3UKYJI TUIFOPUIIOTEHT-
HBIX CTBOJIOBBIX KJIETOK ITPEAIIOYTUTEIIBHEE UCTIONb30-
BaHUSI CaMUX IUTIOPUITIOTEHTHBIMU KJIETOK. DTO 103~
BOJISIET PAacCMaTpuBaTh BHEKJIETOYHBIE BE3UKYJIbI
KaK aJIbTEPHATUBY KJIIETOYHOM TPAHCIUIAHTALIUY LIS
penapauuy TKaHeu.
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Extracellular Vesicles of Pluripotent Stem Cells
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The review article presents data on extracellular vesicles (EV), the bilayer phospholipid membrane structures
secreted by different types of cells, containing proteins, lipids and nucleic acids. We examine the features of
their structure, biogenesis, mechanisms of interaction with the recipient cell, etc. The properties of extracellular
vesicles of embryonic stem cells (ESCs) and their role in the regulation of developmental processes are considered.
Particular attention is paid to the vesicles of induced pluripotent stem cells (iPSCs), their role in maintaining plu-
ripotency, as well as the specificity of cell vesicles obtained during directed iPSC differentiation.
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ITo3BOHOYHBIE, YACTO paccMaTpUBaeMbIe KaK Hanbosiee CI0KHO OPraHM30BaHHbIE MPeICTaBUTEIN XKUBOT-
HOro Mupa, 00J1afaloT LEJAbIM PSIIOM YHUKAJTbHBIX MOP(MOJIOTMYECKUX OCOOEHHOCTE!, 00SCIIEYNBILIMX UX
3BOIIOLMOHHYIO YCTOMUYMBOCTD U ycrex. CorjaacHo HauboJjiee pacupoCTPaHEHHOM TOUKE 3peHUsT, TeHETH -
YeCKOI OCHOBOI 3TUX MHHOBALIUii ObLJIM MOJTHOTEHOMHBIC NYIJIMKALIMU, TIPOU3OIIEAIINE Ha pAHHUX 3Ta-
rax 3BOJIIOLUM IT03BOHOYHBIX. OIHUM U3 PE3YILTATOB TAKMX AYIUIMKALIAI CTajI0 BOSHUKHOBEHUE TOMIOJ-
HUTEJIbHBIX KOITUIA PETYJISTOPHBIX TeHOB. Bynyun BbIBeIeHHBIMU U3-T10]1 CICP>XKUBAIOILIETO TaBJICHUS €CTe-
CTBEHHOI0 0TOOpPAa, 3TU KOIMUHU MOJIYYUIN BO3MOXHOCTh OTHOCUTEIBHO CBOOOIHO MOAM(ULIMPOBATEL CBOIO
CTPYKTYpPY U (pyHKIIMU, OKa3bIBasl BIUSIHUE HA UHIUBUIYAJIbHOE Pa3BUTHE U CTpOeHUE opraHu3mMoB. Cie-
CTBUEM TaKUX APEBHUX T€HOMHBIX OYTUIMKALIMI SBJISIETCSI, HAIIPUMED, TO, YTO OKOJIO 35% IreHOB YeloBeKa
MpeacTaBleHbl, KAK MUHUMYM, IBYMSI TOMOJIOTMMHBIMU KonusiMu. Miest o myruimkalusix reHoMa Ha paHHUX
3Tallax dBOJIIONNY TO3BOHOYHBIX ObLIA BIIepBEIe BEIIBUHYTA B 1970 T., 0MHAKO, BOIIPOCHI O KOJIMYECTBE payH-
JIOB TMPOIIEAIIMX OAYTUIMKALW, X MaciuTabe (IMOJJHOTEHOMHBIE WM JIOKAJIbHBIE) U O TOM, Ha KaKOM 3Tare
9BOJIIOLINY OHU IIPOMCXOIWIN, aKTUBHO 00CyXmaloTcs Ao cux mop. B mocimennue romsr (2018—2020 rr.) 671a-
ronapsi 0ypHOMY pa3BUTUIO METOAOB 00PaObOTKY OOIBIINX OOBEMOB JaHHBIX, MMOJIy4aeMbIX B Pe3yJIbTaTe Bbl-
COKOITPOU3BOIUTEIBHOTO CEKBEHUPOBAHUSI T€HOMOB IPEICTABUTENEN pa3HbIX I'PYIMII ITO3BOHOYHBIX U UX
OJIMzKaNIIMX POACTBEHHUKOB, OecUepeITHbIX 1 000JIOUHUKOB, ObLJI MMPOBEACH LEJIbIH psia IUpoKodopMaT-
HBIX CPaBHUTEJIbHBIX UCCJIEIOBAHUI, HAIIPABJIEHHBIX HA BISBJICHUE TPYIIN CUHTEHUU B TEHOMAX Pa3HBIX
SBOJTIOLMOHHBIX JIMHUM U PEKOHCTPYKILIMIO TIPEIKOBBIX XpOMOCOM. B pesysbTaTe ObLIN MPEaI0XEHbI He-
CKOJIBKO MOJIeJIeii, OMMCHIBAIOIINX BO3MOXHBIE 0a30BbIe CLIEHAPUM F€HOMHBIX AYIUIMKALIMI B paHHEN 9BO-
JIFOLIMM TTIO3BOHOYHBIX. [TapajuiesIbHO aKTUBHO ITPOBOMSTCS J1abopaTOpHbIE UCCICAOBAHUSI, OPUEHTUPOBAH-
Hble Ha JeTaIbHOE U3yUeHIE OCOOEHHOCTEN SKCIIPEeCCUM U (DYHKLIMOHATILHBIX CBOMCTB OTAEJIBHBIX CEMENCTB
PEryJISITOPHBIX TEHOB Y Pa3HBIX IPYIII ITO3BOHOYHBIX. M 31eCch OTKPBLIOCh MHOT'O HOBOI MH(MOpMAaLIUM O TIpei-
CTaBUTEJISIX SBOJIIOLIMOHHO JIPEBHUX KUBOTHBIX, KOTOPHIE €11¢ COBCEM HEIaBHO HE BXOIWIM B YMCJIO TPaaU-
LIMOHHBIX JJAOOPATOPHBIX OOBEKTOB (KPYIJIOPOTHIE, XPSIIIEBbIE PhIObI, XpsillieBble TaHOWAb!). B Halteit 0630p-
HOI1 CTaThe MBI JIeJIaeM ITOIBITKY PACCMOTPETh M OCMBICIMTL COBPEMEHHbIE MPEACTABICHUSI O MEXaHU3MaX U
SBOIOIMOHHBIX TTOCJIEACTBUSIX TEHOMHBIX IYIUIMKALIMIA, a TAKXKE COOTHECTU CBEXHUE JaHHbIE, MOJTYYCH-
HBIC B X0OJI¢ 1aG0paTOPHBIX UCCIIENOBAHU, C mpeaiaraeMbIMI HAa CETOAHAIIHUI AeHb MOIACAIMU (DOPMHU-
pOBaHUSI TCHOTUIIA TIO3BOHOYHBIX.

Karoueswie cno6a: reHOMHBIE OyIUIMKALIMU, IIO3BOHOYHBIE, aJUIOIJIOUINS, aBTOILIOUAUS, CYO(YHKIIMOHA-
Jnm3anusi, Heo(pyHKIIMOHAIN3a11sl, KPYTJIOpOThie, MUHOTM, OCETPOBbIE, KOCTUCTbIE phIObI, Hox, Noggin,
Pax, ParaHox, WGD, FoxP, CRD
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BBEAEHWE

Pa3zHooOpa3ue XWU3HEHHBIX (GOPM W BBICOKUIA
YPOBEHb MPUCIIOCOOIEHHOCTH XUBBIX OPraHU3MOB K
OCOOEHHOCTSIM CpeIbl OOMTAHUS SIBIASIOTCS pe3yJIb-
TaTOM 3BOJIIOLIMOHHBIX TPE0OpPa30BaHU I X TEHOMOB
U MEXaHU3MOB UHIUBUAYAILHOTO pa3BuTHsi. B ocHo-
B€ afalTalliy K BHEIITHUM YCJIOBUSIM I OCBOSHMUSI HO-
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BBIX 9KOJIOTMYECKUX HUIII JIEXUT IIPUOOpEeTeHUE Op-
raHu3MaMM HOBBIX IIPU3HAKOB. BOMpoCkI MOsIBJICHUSI
STUX TIPU3HAKOB, UX 3aKPEIUIEHUSI U TIOCCAYIOIINX
MpeoOpa3oBaHMIi SABISIOTCS OMHUMU U3 LIEHTPAIbHBIX
B 9BOJIOLIMOHHON Omonornu (Moriyama, Koshiba-
Takeushi, 2018). 'eHOMHbIE AYTUIMKALIMU MOTYT BbI-
CTyIiaTh B KadecTBe (pyHIaMeHTa, 00eCIeUnBaIONIero
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MOSIBJIEHNE HOBOTO T€HETUYECKOI0 MaTepuasa, CBOEro
pona IOCTaBIIMKOM “T€HETMYECKOIro ChIpbs”, MpU
nepepadoTKe KOTOPOTO, B XOJ€ TTOCTIEAYIONIUX IBO-
JIIOLIMOHHBIX M3MEHEHUWI IMoH BO3IEUCTBUEM ecTe-
CTBEHHOTO O0TOOpa, MPOMCXOAUT Pa3BUTHE U YCIIOX-
HEHWE TEHOMOB OPraHW3MOB KaK Ha CTPYKTYPHOM,
TaK U Ha peryJsiTOPHOM YPOBHSIX.

IIpenrmnoioxxeHue o TOM, YTO TOJTHOT€HOMHBIE Ty~
mwmmkanuy (ITI) MoryT IBISITbCSI ABUTATEIEM 3BO-
JIIDLIMOHHOTO TIporpecca, BIiepBbie ObLIO BHICKA3aHO
B 1970 r. aMmepuKaHCKUM MCCliefoBaTeIeM SITOHCKO-
ro npoucxoxneHuss Cycymy Ono (Susumo Ohno) B
CTaBIIEH BIOCJENCTBUU KJIaCCUUE€CKOIt MOHOrpadumn
“Opomoums 1myTeM ayriavkainuu reHoB” (Evolution
by Genes Duplications, Ohno, 1970).

I[TonHOreHOMHbBIE AYIUIMKALIMM, KaK OTPaskeHO
yKe B CAMOM UX Ha3BaHUM, B OTJINUME OT JJOKAJIbHBIX
YIBOEHUI OTIAEIbHBIX TEHOB WJIM 0oJiee MPOTSKEH-
HBIX (PparMEeHTOB T€HOMAa, MPUBOASAT K IOJIUILION-
I — TOSIBJICHUIO B OpTaHM3Me IBOMHOTO Habopa
Bcex xpoMocoM. Takue AyIIMKaluyd MOTYT ITPOUC-
XOJIUTH BCIEACTBYE HAPYIICHUI peIyKLIUU B Meiio3e
WIN 332 CYET MUTOTUUYECKUX YABOCHUI B POIUTEIb-
CKUX TIOJIOBBIX KJIETKAX WJIM HA paHHUX 3Tarax pas-
ButwHs 3apoabima (Van de Peer, 2009, 2017; Moriya-
ma, Koshiba-Takeushi, 2018). C Touku 3peHUsT 3BO-
JIIOLIMOHHBIX TEPCIEeKTUB  YIBOMBIIUXCS TEHOB
(TTOapOOHO CIIEKTP BO3MOXHBIX CIIEHAPHEB MbI pac-
CMOTPHUM HITKe), BaxXHBIM pesyibraToMm [T saBisi-
€TCsl TO, YTO OHU TIPUBOISIT K YABOCHMIO HE TOJIBKO
6eI0K-KOAUPYIOIIUX ITOCIEN0BaTeIbHOCTEM (3K30Ma
opraHmsMa), HO ¥ K OYIUIMKAIUM HEKOIUPYIOIINX
YY4aCTKOB FeHOMa, COAEpPXKAIlUX PEryasiTOPHbIEC IMO-
CJIeJOBATEIbHOCTH.

IMocne IIT' monumionausi, Kak IpaBujio, SJIMMU-
HUPYETCsI, 3a CYET TOTO, YTO PAHO WJIY MO3IHO TTapHEBIe
XPOMOCOMBI HaKaITMBAIOT KPUTUIECKYIO MacCy M3Me-
HEHWI1, He MO3BOJISIIOIIYIO UM OCTaBaThCs KBaJpHUBa-
JIEHTHBIMU B xoze Meiio3a (MacKintosh, Ferrier, 2018).
B wurore, Korma BoccTaHaBIMBAaeTCs MCXOMHAs Tap-
HOCTb BCEX MMEIOIINXCS XPOMOCOM, MX HOCHUTENIb
BHOBb CTAHOBMTCSI TUIUIOMIHBIM, TO €CTh IIPOUCXO-
IAT ero pe-muiutonau3anus. M, XOoTs opraHu3MEI,
MpOoLIeAIINe Pe-TUTUIONAN3aNI0, OOJIbIlIe HE SIBJIsI-
IOTCS TTOJINIIOMIHBIMU, OHU, KaK ITPaBUJIO, COXpa-
HSIOT MPU3HAKU CBOETO TTOJUTUIOMIHOTO TTPOIIIJIOTO,
OOHUM U3 KOTOPBIX SIBJISIIOTCS AYTUTALIUPOBAHHBIE
KOITMY OTIETbHBIX TeHOB.

IMTOJITHO'EHOMHBIE OYIUVIMKALIN
B XKMBOU IMPUPOAE — PEAKO, HO METKO

ITomHOreHOMHBIX OYTUIMKALIMA, ITOCIEICTBUS KO-
TOPBIX 3aKPEIINJINCh M COXPAHMJINCH HA BOJIIOLIOH-
HOM MYyTH, IIPOMU3OIILJIO, MO OLIEHKAM MCCIeI0BaTe-
JIeli, He TaK MHOTO, W 4Yallle OHU IIPOUCXOININ Y pac-
TeHuit, 4yeM y xuBoTHbIX (MacKintosh, Ferrier,
2018). B xadyecTBe BO3MOXHOM MPUUYNHBI 3TOI pa3-
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HUIIBI pacCMaTPUBAETCsS HapylleHWe MeXaHH3Ma
¢dopMUpOBaHUST TTOJOBOM TPUHAIJIEXKHOCTU Y ABY-
MOJIBIX XKUBOTHEIX B ClIydae WX MOJUILIOMIN3aLNN
(Mable, 2004; Orr, 1990). Takxxe oTrMedaeTcs, 4TO
OTUIOAOTBOPEHUE OOHOM SAMLIEKJIETKU IBYMSsI CIiEepMa-
TO30MIaMU WM MEHOTUYEeCKUE HapyIIeHUS MMEIOT,
KaK MpaBWJIO, JIETATbHBIC ITOCIIEICTBUS Y MJIICKOIINTA-
omux 1 ntull (Sahoo et al., 2017; Forstmeier et al.,
2010). ITonpoGHee coBpeMeHHbIE B3IJISIALI HA TTpO0JIe-
MY T€HOMHBIX IYIUIMKALWil Y TO3BOHOYHBIX MBI pac-
CMOTPUM HMXKE, 31€Ch JIMIIIb OTMETHUM, YTO OOJIbIIIH-
CTBO MCCJIeAoBaTelIeld CXOOUTCS BO MHEHUH, YTO Ha
paHHUX 3Tamax 3BOJIOLUN ITO3BOHOYHEIX (OKOJIO
500—600 MuIH JIeT Ha3ad) IPOM3OLUIM OTHA WU IBE
IIT', a mo3xXe AOMOJHUTEIbHbIC OYILIUKALIUY MPO-
HWICXOIWJIN Y PBIO: Y OCETPOBBIX, Y OOIIIETro IMpeaKa Ko-
CTUCTBIX PBIO, a B IOCJEIYIOIIEM M Y OTIEJIbHBIX
npencrtaButesieit aroil rpynmnsl (Meyer et al., 2005;
Dehal, Boore, 2005; Du et al., 2020).

Cpenn 1ipencTaBUTeNe OSCITO3BOHOYHBIX Ha Ce-
FO[[H;[U_IHI/[ﬁ JC€Hb AB€ TCHOMHBLIC OYITIVIMKAllWUN OITU-
caHbI y TTayKOOOpa3HbIX U ogHa y KojoBpaTok (Flot
et al., 2013; Nossa et al., 2014; Kenny et al., 2016;
Schwager, 2017).

11 OMHOKJIETOYHBIX 3YKApUOT OTMEYAeTCsl, YTO
COBpEMEHHbIE TUILIOWAHbIE MUBHBIE OPOXKU Sac-
charomyces cerevisiae, a TaKxXe NPEACTaABUTENMN TISATU
OIM3KUX K HUM POJOB IIPOU3OIUIN MOCJIe QYIINKa-
LIMM TeHOMa MX 00Iero npeaka okono 100 MiH et
Hazan (Scannell, 2007).

Y LBETKOBBIX pacTeHUIT OOHAPYKEHBI CJICIbl Ye-
teipex I[1T']1, mpoun3sonieamx opueHTUPpOBOYHO 150—
200 maH net Hazan (Soltis et al., 2008, 2009).

V rpuboB eCTh CBUAETEILCTBA TOJNBKO oqHOM TTI'/]
(Scannell et al., 2007).

OueBUIIHO, UTO CBEIEHUS O AYIUIMKALUSAX OYIyT
JIOTIOTHATBCS, HO U UMEIOIIIMECS TaHHbIe TOKa3bIBa-
10T, uto I1T'] mpoucxonuiu B pa3Hble UICTOPUYECKIE
MEPUOABI B CAMBIX PA3HBIX TPYIIITaX JKUBbIX OPraHU3-
MoB. C y4eToM paccMaTpuBaeMbIX BPEMEHHbBIX Mac-
1ITA00B NPUXOAUTCS MPU3HATh, UTO ycnelrHbie [T
Ha DBOJIIOIIMOHHOM MYTU CJIy4aJUCh TOCTATOYHO
peIKO — 3TO €AMHUYHBIE COOBITHSI Ha TOPM30HTAX B
JIECSITKU U COTHU MUJUIMOHOB JIET.

bpocaetcs B rj1a3za, 4To OCTaBUBIINE CBOI Ciel
III'I mpoucxoauin B TAKMX SBOJTIOLMOHHO YCIICIII-
HBIX U BKOJOTMYECKM Pa3HOOOpPA3HBIX JUHUSIX KaK
II03BOHOYHbBIC XMBOTHBLIE U IIBETKOBBIE PACTCHUS
(Jaillon et al., 2004; Meyer et al., 2005; Dehal, Boore,
2005; Tang et al., 2008; Putnam et al., 2008; Moriyama,
Koshiba-Takeushi, 2018). Bo3moxHO, 4TO OypHOE
SBOJIIOLIMOHHOE Pa3BUTHE U BO3MOXHOCTH OCBOCHMUS
IIMPOKOIO CHEKTPa 3KOJOTMYECKMX HUIII IIPEICTaBU-
TeJIIMU 3TUX TPYMHII BO MHOIOM OBUIM OOECIIEYEHBI
WMEHHO AYIUIMKASIMUA T€HOMOB, ITPOMU3OIICIIINMU
Y UX IPEAKOB.
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Puc. 1. [TomHOreHOMHBIE JYIUIMKallM MOT'YT BJIMATDH Ha yCTOﬁ'{HBOCTb U KM3HECITOCOOHOCTh BUIOB B TIEPUOAbI CTPECCOBLIX

M3MEHEHMIT OKpyXalolux yciaoBuii (1o Van de Peer et al., 2017).

MakuHTtoil 1 @Pepbe AeaaloT MOMBITKY BBISIBIIE-
HMS W onucaHus oOmux 4vepT ycmemrHbix ITIT
(MacKintosh, Ferrier, 2018).

ABTOpBI OTMEYAlOT, YTO OOJILLIMHCTBO, €CIU HE
Bce, xopoiuo onucaHHbie I1I'] ObUIM aIoIUIOUIHBI-
MU COOBITUSIMU (0OBbeTMHEHNEM B OJJTHOM OpTaHU3ME
T€HOMOB pa3HbIX BUI0B), ogHako I1I'JI y KOCTHUCTBIX
pBIO U TTOCAeAyIONIask JONOJTHUTEIbHAS AYTUIUKAIIHS
y JIOCOCEBBIX ONMCAHBbI KaK aBTOILUIOMIHBIEC (YyIBOE-
HUe coOCTBeHHOTO reHoma Bumaa) (Martin, Holland,
2014; Christensen, Davidson, 2017; MacKintosh, Fer-
rier, 2018). Bo3aMoxkHO, MMeIONIMecs CyllIeCTBEHHBIE
pa3nuuusl B POAMTENILCKMX XpOMOCOMaX IIpU aJlJIo-
IUIOMONU3allMA CIOCOOCTBYIOT CKOpEMIIIeMYy BOCCTa-
HOBJICHMIO JUILJIOUIHOIO CTaTyCca IIOTOMKOB — pe-I1-
mwiouau3auuu. [1pu aBTonaonau3aliu BO3BpaT K I1-
IUIOMTHOCTA MMeeT OoJiee pacTSIHYThbIii BO BPEMEHM,
rpaaueHTHBI xapakTep (Otto, 2007).

Ban ne IleepoM oTMe4YeHO, YTO MEXAY AYIIMKa-
1Mei ¥ MoCAeayIoIMM BCIUIECKOM BUIOBOTO pa3HO-
00pasusi 4acTo MPUCYTCTBYET BPEMEHHOM Jlar U 3TH
COOBITHSI, KaK MPaBUJIO, COMPSIKEHBI C CYIIECTBEH-
HbIMU M3MEHEeHUSIMU YCIOBUI OKpyXarlilei cpeabl
U KJIMMaTa. DTO MO3BOJISIET NPEANOI0XKUTh, UTO MO-
JIMTIIOUIHBIE OPTAHU3MBbI, KaK paCTeHUS, TaK U XKHU-
BOTHbIE MOTYT OBbITh OoJiee YCTOMUYMBBLI B CTPECCO-
BbIe miepuodbl (puc. 1, Van de Peer et al., 2017). He-
koTopsie IITJ] y TOKPBITOCEMEHHBIX HAaTUPOBAHBI
rpaHuUlIeii MEJIOBOIO Tlepuo/ia U NajeoreHa (Tak Ha-
3bIBa€MO€, MEJ-IaJe0reHOBOEe BBIMUPAHUE OKOJIO

66 MJIH JIET Ha3axd), a AYTUTMKALMS Y JIOCOCEBBIX, MTPO-
u3olleaasg 88 MIH JeT Ha3a/, BIIOCIEICTBUU MPU-
BeJIa K Pa3BUTHIO CITOCOOHOCTH 3TUX PHIO MUTPUPO-
BaTh MEXIY IIPECHBIMU M MOPCKMMM BOJaMM I1OCTIC
MOXOJONAHMS Ha TpaHMUIE 30lLlEHA W OJIMTOlEeHA
(Vanneste et al., 2014; Macqueen, Johnston, 2014).

OLeHUTb TOYHOE YHUCJIO TEHOB, KOIMPYIOIIMX
6eIKM Jake TP HAJTMYUN Ka4eCTBEHHO OTCEKBEHU-
POBAHHOTO TEHOMA CJIOKHO. DTO CBSI3aHO C TPYIHO-
CTSIMU Paclo3HaBaHMSI TEHOB, KOAUPYIOIIUX KOPOT-
KWe TIENTUIHBIC ITOCIeI0BAaTEIbHOCTU, BBISIBICHUS
He(YHKIIMOHAIBHBIX TICEBIOTEHOB M COOPKM yJacT-
KOB XpOMOCOM, COJepXKalllMX MOBTOPHI U MYTJIMKA-
mun (Holland et al., 2016). Jaxe y 3BOJIOLIUOHHO
OJIM3KUX BUIOB KOJIMIECTBO MPEITOJIaraeMbIX TEHOB
MOXET pa3indyaThCesi: coriacHo faHHbIM NCBI, akTty-
aJIbHBIN CITUCOK OEJIOK-KOANPYIOIINX TeHOB Y YeJI0-
Beka Homo sapiens HacuuTbiBaeT 19116 TeHOB, Y MBI
Mus musculus — 23051 reH, a B LIeJTOM Y TO3BOHOYHBIX
YHCJIO TEHOB OIIEHWBAaeTCs B OMAIla3oHe OT 16 mo
26 teicstu (Holland et al., 2016; Piovestan et al., 2019;
http://www.informatics.jax.org/mgihome/homepag-
es/stats/all_stats.shtml). Ilpu paccMmoTpeHum Oonee
JlaJIeKUX TpyImI pa3dpoc eliie 60Jibllle BO3pACTaET: y
obosounuka Ciona intestinalis — 13648 reHoB; y Ipo-
30dunbl Drosophila melanogaster — 13919; y HemaTo-
b1 Caenorhabditis elegans — 20269.

HabGnomaemoe y opraHusMa KOJIWYECTBO I'€HOB
MPENCTABIISIET COOOM TOUKY JMHAMUYECKOTO PaBHO-
BECHUSI MEXYy HETIPEPBIBHBIMU ITPOLIECCAMU UX MOSIB-
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Puc. 2. Cxema nosiBneHust U hpUKcauvu AyTUIMUMPOBAHHBIX TeHOB B nomysisiuuu (1o Innan, Kondrashov, 2010).

JICHUS ¥l UICUYe3HOBeHUs. K ceromHAIIHeMY THIO OITH -
CaHbl BO3MOXXHOCTHU TIOSIBJIEHUsI HOBBIX T€HOB BCJICHI-
CTBUE TOJITHOTEHOMHBIX, XPOMOCOMHBIX, TaHIEMHBIX,
JIOKQJTBHBIX OYTUTUKAITAMA, peTPOITO3UIINI 1 KOMOWHA-
1MW KOTIMPOBAHUST SK30HOB C MOCIENYIOIIUM de Hovo
BKJTIOYEHUEM HEKOIMPYIOIINX ITOCIIeAOBaTeIbHOCTEM
B couyeTaHnM ¢ MoOwibHbIMM 3neMeHTamu (Holland
et al., 2016). McciiemoBaHUs IIOKA3LIBAIOT, YTO MEHEE
1% TeHoB YesloBeKa IMPOM30IIIN B pe3yJIbTaTe peTpo-
tpancnosunuu (Pan, Zhang, 2009; Ciomborowska
etal., 2013).

IIT' [, xak mpaBUJIO, CONPOBOXIAIOTCS TIOCIIEeNy-
Iolleil MacIITabHOM yTpaToil T€eHOB, MO OTAECAbHBIM
OlIeHKaM IOCTHUTAIOIIEeH 85% nyTMIImpoBaHHBIX KO-
it (Brunet et al., 2006). B To ke BpeMst cama 10 ce-
0e “cTosb yapyyaroniasi” cTaTUCTHKA “BbIXKMBaeMO-
ctn” reros 1tocie I1I'/1 He cBMOoeTeIbCTBYET O He3HA -
YUTEJILHOCTH BKJIaa 3TUX IYIUIMKALM B CyAbOy
OopraHusMoB. JleTaJibHOEe COMoCTaBIeHEe TTOKa3bIBa-
€T, UTO B CPETHEM Y IMMO3BOHOYHBIX, TPOIIEIIINX Ye-
pe3 IIT', oOHapyxXuBaeTCsl OOJIblliee YUCIO T'€HOB,
yeM y UX ONmKaiimx 6ecrio3BOHOYHBIX POIACTBEH-
HUKOB, 1 3TO o0oralieHue ¢yHKIIMOHATIbHO HE paBHO-
MepHO. OKa3bIBaeTCs, UTO 10 CPABHEHUIO C JIAHLIETHU -
KoM Branchiostoma floridae, reHOM TT0O3BOHOYHBIX 000-
ralieH TIeHaMu TPAHCKPUIILIMOHHBIX (DaKTOpOB U
reHaMM, BOBJICUCHHBIMU B pa3BUTHE HEPBHOI CHUCTe-
Mbl (Putnam et al., 2008). Takum o6pa3oM, naxe ec-
JIV AYTUTMKALIMU Y TIOCJIenyIolIast peayKIiius He MPUBO-
JIST K KpaTHOMY BO3pacTaHUIO OOIIETO YKMCJia TEHOB,
3TU COOBITUSI MOTYT OOOralaTh OTAeJbHbIE TTOAMHO-
JKEeCTBA T€HOB YYaCTBYIOIIMX B Pa3BUTUN OIPEIE/IeH-
HBIX CTPYKTYp U OocoOeHHocTell opranusmoB (Brunet
etal., 2006).

INpenmosaraercst, YT0 OCHOBHOIT BKJIAI B YBEJIH-
yeHue pazbpoca MeXIy TpyIraMH 10 YMCTy TeHOB
BHOCSIT JIOKaJibHbIe AyIuiMkKauuu. OTucaH LeJblit
psII cy4aeB YBEJIMICHUS YUCIIa TEHOB Y OTIEIBHBIX
JKMBOTHBIX, CBSI3aHHBIM C 0COOEHHOCTSIMU UX CTPYK-
TYpbI, GU3NOJOTUU U TTOBEACHUECKUMMU MMAaTTEPHAMMU.
Hanpumep, y muen Apis mellifera yBenmaeHO Koimde-
CTBO T'e€HOB OOOHSATENbHBIX pelienTopoB (Robertson,
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Wanner, 2006), y CTpeKO3 — I'¢éHOB OIICUHA, CBSI3aH-
HBIX ¢ ocTpoTtoii 3peHus (Futahashi et al., 2015), y
ycrpull Crassostrea gigas — T€HOB, KOIUPYIOILIUX Oe-
KHJ TETUIOBOTO ITOKa 1 SKCITPECCUPYIONINXCS BO Bpe-
Msl cTpecca Ipu otyimBax (Zhang et al., 2012). Cpenu
TOJIOBOHOTMX MOJUIIOCKOB y ocbMUHOTa Octopus bi-
maculoides obHapy>XeHa SKCITAHCHS TeHOB, KOIUPY-
IOIIMX TIPOTOKAATEPUHBI W TEHOB, KOIUPYIOIINX
TpaHCKpUMNLIMOHHBIE hakTopbl C2H2, yyacTBytoliue
B HelipanbHOM pa3Butum (Albertin et al., 2015).

F'EHbI HA PACIIYTBE — ECTb JIM XKM3Hb
[MOCJIE AYIIIIMKALINI?

Kaxxnoe reHeTnueckoe U3BMEHEHUE, HA CBOEM Iy~
TH OT IIOSIBJICHUSI K BBOJIOLMOHHOMY COXpPaHEHHIO
MIPOXOIUT TPU OCHOBHBIX 3Tana: 1) MpouCXoXIeHUE
(mosiBieHrWe MmyTtauuu), 2) ¢daza dukcauuu, Korga
W3MEHEHHE pPacIpOCTpaHSIeTCs B MNOMYyISIIUU, U
3) daza coxpaHeHUs, KOrga (pUKCUPOBAHHOE M3Me-
HEHME COXpaHSeTCs U IOANSpPXKUBAECTCS B ITOITYJISI-
. OcoOEHHOCTBIO OYIUIMKALIMII B paMKaxX 3TOM
TPAaeKTOPUM SIBJISICTCSI BO3MOXHOCTb BO3HUKHOBE-
HUSI TEHETUYECKUX Pa3Indrii MeXXAY ABYMSI ITIOSIBUB-
IIMMUCS KOIIUSIMH, YTO MOXET IIPUBECTU K COXpaHe-
HHUIO UX obenx. M, cynsg mo BceMy, Kak pa3 3ta ¢das3a
YCTaHOBJICHUS Pa3INunil MEXIy KOIUSIMU SIBJISICTCS
OTIPENEIIIONIEN NJIs1 UX NAJIbHEUIIEH 3BOJIIOLIMOH-
HOW TpaekTOpUu WM, KaK TOBOPIT, “CyIpOOHOC-
Hoit” (oT aHmauiickoro “fate-determining stage”)
(puc. 2, Innan, Kondrashov, 2010).

Komnmu renos, mostBuBmuecst B pesyabrate [T,
ObLIM Ha3BaHbI OHOJIOTAMM, B YECTh SIMTOHCKOIO MC-
cinenoBateniss Cycymo OHO.

B cBoeii kyiaccuueckoii Moaenau, MoJoXKWBILIEH
HaYJaJo TEOPETUUYCCKOMY OOCYXKICHUIO ITPOOIEeMBI
gymiikauuu reHoB, C. OHO MOpeAnoJIOXWI, 4YTO
HanboJiee BEPOSITHBIN NOCTAYIJIMKALIMOHHBINA ClIe-
Hapuit — noteps GPyHKIIMOHATBHOCTHA OOHOM M3 IO-
YyepHUX KOIIMit 32 HEHaJOOHOCThIO, UM HEeYHKIIM-
oHanuzauusl (Ohno, 1970). Cpa3sy nocne INT'J1 no-
YepHUE aJUIEIM IIPEAKOBOIO TIeHa HWICHTUYHBI, a
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Puc. 3. BapuaHTbI 9BOJIIOLIMOHHBIX TPAEKTOPHIA AYTUTMLIMPOBAHHBIX TeHOB (1o Moriyama, Koshiba-Takeushi, 2018).

3HAYUT (PYHKIMOHAILHO WM30BITOYHBI, ITOCKOJIbLKY
IUJIsI oaaep>KaHusl GyHKIIMY MaTePUHCKOTO reHa J10-
CTaTOYHO U OIHOI Konuu. B cuiry aToro, maBieHue
€CTECTBEHHOTO OTOOpa Ha IojjepXkaHue obenx Ko-
nuit okaseiBaeTcss HU3KUM (Nei, 1969; Ohno, 1970).
HMcxonst u3 npeamnoaoxkeHusi, YTo BpeaHble MyTalluu
CJIy4aroTCSI TOpas3fao 4Yalle IT0JIE3HBIX (JIoMaTh — HE
CTPOUTBH!), OHM HEU30€XXHO OYIyT HaKarJMBaThCs B
KOIUpylollleil 001acT OMHOTO U3 IyOJIUKATOB U pa-
HO WJM TO3AHO MPUBEAYT K IoTepe ee (PYHKIIUO-
HaylbHOCTHU. B pe3yibraTe (pyHKIIMOHAILHEIN B IIPO-
IIJIOM T€H CTAaHOBMUTCS ICEBAOT€HOM, ITO3TOMY 3TOT
MpolIeCcC TAKKe HA3bIBAIOT IICEBAOTeHM3aLmei (puc. 3,
Moriyama, Koshiba-Takeushi, 2018). Psn skcnepu-
MEHTAJILHBIX MCCICOOBAaHUI AEHCTBUTEIBHO IIOMI-
TBEPAWJ, YTO HE(DYHKIIMOHAIU3ALIMS SIBJISIETCS Hau-
0oJjiee pacHpOCTpaHEHHBIM CLEHapueM 3BOJIIOLUU
nyrummnupoBaHHbIX TeHOB (Kimura, King, 1979; Li,
1980; Stoltzfus, 1999; Jaillon et al., 2004; Woods et al.,
2005; Brunet et al., 2006). UcciaenoBanus ceMeiicTB
TeHOB MOCJIe TEHOMHOM NyTUIMKALIIM KOCTUCTBIX PhIO
(IITAKP — momHoreHoMHast OyIIMKAIIMSI KOCTHU-
CTBIX pbIO, “KaJibKa” ¢ MPUHSITOM aHTJIOSI3bIYHOI a0-
opeBuatypbl “TS-WGD” — Teleostei-specific Whole
Genome Duplication) cBUIETEJILCTBYIOT O COXpaHe-
HUM 'y peI6 Danio rerio okono 20% KyTmMiupOBaHHBIX
T€HOB, YTO pacCMaTpUBAETCs B KAUECTBE MaKCHUMaJIb-
HOM (!) OLIEHKU CTEIIeHM COXPAaHHOCTH IYILIULIMPO-

BaHHBIX T€HOB MOCJIE 3TOM MTOTHOTEHOMHOM AYyTTHKA-
1 (Postlethwait et al., 2000, 2004; Woods et al., 2005).

B 10 ke Bpemsi, C. OHO IpeanooXUI, YTO B pel-
KUX CJIy4asix HaKOIUIEHHbBIC TOITOJHUTEIbHBIC 3aMe-
HBI MOTYT OBITh ITOJIE3HBIMU U IIPUBOIUTH K O0peTe-
HUIO HOBOI (DYHKIIMU TeHa, KoTopas OyneT moaaep-
XKHBaTHCSI OTOOPOM.

B mpennoxxeHHOiT Momenu, OgHAKO, HE BIIOJIHE
SICHO, KAKMM 00pa30M €CTeCTBEHHBIN OTOOpP MOXET
pa3nIrMJyaTh HOBYIO I MCXOIHYIO KOIIMM I'eHOB, a Belb
IS HAX MPEeanojiaracTcsl pa3Hasi CKOpPOCTh U3MEHe-
HUIL: OBICTpOE HAKOIJICHME MyTalluii B CBOOOTHOM
OT JaBJIeHMsI OTOOpa “ayonuKaTe” v CTaOMJILHOCTD B
“opurnHaiie”, IPOHOJLKAIOMIEM BBIITOJHSATH MaTe-
PUHCKYIO (DYHKIIUIO TI011 AaBjieHreM oToopa (Innan,
Kondrashov, 2010).

Hnsa paspeleHnsT 3TOTO MIPOTUBOPEYHs, B pycie
pa3Butus uaein C. OHo, @opc ¢ KoyuieraMu npeajio-
SKUJIU MOJIEJb, TIOJIYYMBIITYIO Ha3BaHUE TyTUTAKALIUSI -
BeIpoxneHue-nomnonHenne (DDC or Duplication—
Degeneration—Complementation) (Force et al., 1999).
ITockoJbKy, Kak MpaBujIo, TeHbl BLITTOJHSIIOT HE Of1-
HY, @ HECKOJIbKO (DYHKIINIA, KOTOPBIE IIPU 3TOM MO-
TYT TI0-pa3HOMY IIPOSIBISITBCSI B PAa3IMIHBIX THTIAX
KJIETOK Ha pa3HbIX CTaAUSIX, 3T QYHKIMU WU 00J1a-
CTH aKTUBHOCTH TIPEIKOBOTO TeHa MOTYT OBITh MO -
JIEHbl MeXny ero mouyepHuMmu kKomusimu (Glasauer,
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Neuhauss, 2014). CorimacHo npemIoXXeHHOM MOIEIN,
MyTallMi MOTYT HaKaIUIMBaTbCS B 00EUX JTOYEPHUX
(W14 IO OTHOLLIEHUIO APYT K APYry — CECTPUHCKUX)
KOITMSIX, CHITKAS MX (PYyHKIMOHAIBHYIO 3P ()eKTUB-
HOCTb. B pesynbTaTe Kaxmast U3 KONuii ITOOTAEIbHO-
CTH OKa3bIBAaeTCsS HEOOCTATOYHON OIS BHIIIOJHEHUS
¢GYHKIIUM MATepUHCKOrO TeHa W TOIJa COXpaHeHUe
000X TTapajIoroB MOXKET ITOIEPKMBAThCSI OTOOPOM
(Force et al., 1999; Lynch, Force, 2000; Lynch et al.,
2001). Takoe pazneiieHre Tpyda MEXKIy CECTPUHCKU-
MU KOTIUSIMU MOXET OBITh CBSI3aHO C U3BMEHEHUSIMU B
PETYISITOPHBIX yJ4acTKaxX U B 3TOM CJIydae OHO OyaeT
OTpaXXaThCs B U3BMEHEHUSIX MIATTEPHOB 3KCITPECCUU U
pasaeseHur 00JIaCTU BKCIIPECCUN MAaTEPUHCKOTO Te-
Ha MEXIy JOYESPHUMU KOMUSMH. DTO HA3BIBAIOT pe-
TYJISTOPHOI cyOdyHKIIMOoHanm3auuenn (puc. 3, Joyner
et al., 1987; Woolfe, Elgar, 2007). ITpumepoM, 1JLTIO-
CTPUPYIOILIMM TaKOi clieHapuii, MOXET CIIYKUTh
9KCIpeccHs OBYX Napaioros reHa Engrailed]l — Enla
n Enlb y pwei0bl D. rerio. I'en Enla akcripeccupyeTrcst
B 3aYaTKaX TI'PYOHBIX IUIABHUKOB, B TO BpeMs KakK
Enlb — B HelipoHaxX 3agHETO WM CIHWHHOIO MO3Ta
(Force et al., 1999). IIpu 5TOM €IMHCTBEHHBIU TreH
Enl ob6HapyXeHHBII Y MBIIICH 9KCIIPECCUPYETCSI KaK
B 3aYaTKax IepeIHNX KOHEYHOCTE, TaK 1 B 00J1aCTH
3agHero u cnuHHoro mo3sra (Joyner, Martin, 1987;
Davis et al., 1991). Eciu MyTalluoHHbIE U3MEHEHUS
MMPOUCXOMST B O€JIOK-KOAUpPYIollleit mocienoBaTeb-
HOCTHU T€Ha, OHU MOTYT MPUBECTU K pacnpencaeHUIO
MEXIYy HTOYEePHUMU KONMUSIMHU (QYHKIIMOHATIBHBIX
CBOICTB IpeakoBoro reHa (puc. 3, Innan, Kondrashov,
2010).

Exte ommH n3 BO3MOXHBIX ITyTei CyO(DYHKITMOHA-
JIM3alMU ObLI TIpeajioKeH Xbio30M B 1994 1., a mo3ke
Ha3BaH le Maps u Payirepom “yxomoM OoT amanTUBHO-
ro koHgymkra” (EAC — Escape from Adaptive Con-
trol) (Hughes, 1994; DesMarais, Rausher 2008). Orta
MOJEJIb pacCMaTpUBaeT CUTYallIO, KOraa reH UMeeT
IBe (YHKIIMM, KOTOPbIe KOHKYPHUPYIOT MEXIY CO00iM
1, B CWUIY 3TOTO HEe MOTYT OBbITh OMHOBPEMEHHO OITTH -
MU3UPOBaHbI (YIydllIeHe OTHOM 13 (PYHKIIMIA ITpU-
BOJIUT K YXYAIIEHUIO Apyroii). B atom cirygae myruim-
Kallisl CHUMaeT MMEoIINecsl OTpaHUYEHUsT U KaXk-
OB W3 IapajJioroB  IIOJIydaeT BO3MOXHOCTb
CIIeUMAIM3UPOBAThCI Ha OMHOM M3 (PYHKIIMIA IIpeI-
KOBOTO T¢Ha, pa3BUBasl M ONITUMU3UPYST UMEHHO €e¢.
IIpenmoiaraercsi, YTo TaKOM MEeXaHU3M CKOpEe MO-
XKET pPealM30BBIBATHCS AJIsI TEHOB, KOTOPBIE HE SIBJISI-
I0TCS KPUTUYECKM BaXXHBIMU IJIsi BBDKMBaHMUS, HO
MOTYT MOBHIIIATh IIPUCIIOCOOJIEHHOCTh OpraHM3Ma
(Sikosek et al., 2012). M3HavyaibHO 3Ta MOAEb ObLIa
MpeIiokeHa B KayeCTBE TEOPETUUYECKOM, OIHAKO
BITOCJICACTBUHY ObLI OIMCAH PSIII IIPUMEPOB €€ peai-
3anuu B npupode (DesMarais, Rausher, 2008; Deng
et al., 2010; Huang et al., 2012; Glasauer, Neuhauss,
2014).

Bo3MoxXHOCTE 0OpeTeHMSI TeHOM HOBOM (hyHKIIUU
rnocje IyIJUKalMM, WIM HeoYHKIMOHAIU3aluu,
BIIEpBBIE TaK ke ObuLta BhickazaHa C. Ono (Ohno,
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1970). BTOoT MexaH13M €Ille Ha3bIBAIOT MOIEIIBIO “MYy-
TaluuU TIpu HepyHKIMoHaIsHOCcTH” (MDN-mutation
during non-functionality) (Hughes, 1994; Conant,
Wolfe, 2008). Ha3zBanue oTpaxkaeT OCHOBHYIO MILIO —
OOVH W3 TMapajoroB IIPOAOJIKAET IOAAEPKUBATH
¢GYHKIIUM TIPEIKOBOrO I'eHa, B TO BpeMsl KaK BTOPOI,
Oyoydn CBOOOIHBIM OT (PYHKIMOHAJILHBIX 00sI3a-
TEJIBbCTB, MOXET CBOOOIHO MEHSAThLCSI. B manHOM ciy-
yae, B OTIMYKME OT OIMCAHHBIX BHILIIE MOACIICH, TIPEI-
IojaraeTcsi IIOSIBJICHHME B MYTHPYIOIIEM IIapajiore
“IIone3Hoi” MyTaluu, TIpUAaloNIeii eMy BO3MOXK-
HOCTb BBITTOJIHEHUST HOBOI yHKIMU (puc. 3). Io-
CKOJIBKY TaKu€ MYTallUM IIPOMCXOIST PEIKO, 3TOT
ClLIeHapUii CUMTAEeTCs MaJIOBEPOSTHBIM IIO CpaBHE-
HUIO ¢ He- WK cyodyHkmoHanuzatueit (Glasauer,
Neuhauss, 2014). B To xe BpeMsI, HIOCKOJBKY B JaH-
HOM cJy4yae IIPOMCXOIMT ITOSIBIEHME HOBOM (DYHK-
LM, UMEHHO 3TOT CIEHApUii pacCMaTpUBaeTCs KaK
MOTeHIIUAJIbHBI MEXaHU3M MOSBICHUS HOBBIX IIPY-
3HAaKOB B 9BOJIIOLIUH.

Kak u B ciyyae cyOdyHKUIMOHaAIU3ALUUA, MyTa-
USI MOXKET IIPOMCXOIUTH B PETyIITOpoi (Jalie)
WIN Komupyloleil (pexe) IOCIeooBaTEIbHOCTIX
(Braasch et al., 2006; Douard et al., 2008; Kassahn
et al., 2009). [TokazaHo, YTO MU3MEHEHUS TTATTEPHOB
DKCIPECCUN BCIEACTBUE MYTAllMil B PETyJISITOPHOI
006J1aCTU MOTYT TIPUBOIUTH K MOP(OJOTUUECKUM 13-
MCHEHMSIM Ha s3BojronuoHHOM Iytu (Guerreiro
et al., 2013; Vuolo et al., 2016; Moriyama, Koshiba-
Takeushi, 2018).

JlpyruM MeXaHM3MOM, OOeCIIeUMBaIOIIUM COXpa-
HEHHEe 00OMX MapaJiorOB MOXET OBITh TaK Ha3bIBac-
MBI “a3ddekT no3nposkn”. Ecii Bo3pacTtanne ypoB-
HSI 9KCITPECCUU T'eHa BBITOIHO, €ro TyTIMKAaIus OyaeT
MOIIEPKMUBATHCSI €CTECTBEHHBIM OTOOpOoM. CuuTaeT-
Csl, YTO 3Ta MOJIEJIb IPUMEHUMA K TPEM IpyHIlaM Ie-
HOB. B 1niepBy1o odyepeap — K reHaM, yJacTBYIOIIUM B
obecIieyeHN B3auMOAECHCTBUSI OpraHu3Ma C BHEIII-
HeW cpenoii, reHaM, peryJupylolIuM OTBET HA CTpeEC-
Cbl, TeHaM, BBIMOJHSIONIMM CEHCOPHBIE M TpaHC-
MMOPTHEIE (PYHKIIMK U K TeHaM, CBSI3aHHBIM C MeTa00-
mi3mMoM (Kondrashov et al., 2002). Bo Bropyio
ouepenb — K reHaMm, 3¢h(HEeKTUBHOCTh KOTOPBIX 3aBU-
cut ot KoHueHTpanuu (Kondrashov et al., 2004;
Veitia et al., 2005). 1, HakoHell, K TeHaM, KOTOPbIE
BCerna HYXHBI B KJIE€TKE B OOJBIIMX KOJIWYECTBAX,
HanpuMep, KOIUPYIOIINX puOOCOMHbBIC OEIKUA U T~
cronbl (Kondrashov et al., 2002; Sugino, 2006).

CoryracHO TUTTOTE3¢ TEHHOTo OajlaHca, B peryis-
TOPHBIX CETSIX U KacKalaxX BaXKHO COXpaHEHUE OIpe-
JIeJICHHOTO COOTHOIIEHUSI YPOBHEN BSKCIPECCUn
YYJaCTBYIOIINX B HUX TeHOB. HeobxommMocThs co0mio-
JIEHUsI 3TOTO YCJIOBUSI MOXET MPUBOIUTH K CLIEHAPH-
SIM, B KOTOPBIX MOCJIe TyTUTMKALIMIA BCE TeHbI OMpee-
JICHHOTO CUTHAJIBHOTO KaCcKaJia OCTAIOTCS TYTUIMILINUPO-
BaHHBIMU JJIsI MOJIEP>KaHUS ero (PyHKIIMOHUPOBAHMS
(Conant, Wolfe, 2007). Ilockonbky I1I'Jl mpuBoasT K
YIBOSHUIO BCETO TeHOMA, CaMM T10 cebe OHU HE TIPUBO-
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IST K KOHLIEHTPAIMOHHBIM AycOallaHcaM, B TO BpeMsI
KaK IYIUIMKALUM OTIEJbHBIX T'€HOB MOTIYT MMEIo-
Iuiicsa OajaHC HapyliaTh. B moarBepXaeHUE 3TOM
WUJIeW U y pacTeHU, U Y SKMBOTHBIX OBLIO ITOKA3aHO,
YTO Tapajoru reHoB, (PYHKIMOHAJIBHO TECHO CBSI-
3aHHBIX MEXIY CO00i1, HaIIpuMep, TEHOB, Y4aCTBYIO-
WX B TPAHCKPUITIMOHHBIX U CUTHAIbHBIX KACKAaaX,
WIN KOIUPYIOIIUX OeNKN, aKTUBHO BKJIIOUYCHHEIE B
ME3KOEIKOBEIE B3aUMOIEICTBUS, UMEIOT TeHACHIIAIO
K COXpaHEHWIO IYIUIMLIMPOBAHHBIX KOIWM MOCie
IIT'A, HO He TToCe JOKANBHBIX AyTutMKauuii (Blomme
et al., 2006; Freeling, 2008; Hufton et al., 2009).

[IpuxomurTcst OTMETUTD, YTO MHOINA MASHTU(U-
Kalus AYIUIMIMPOBAHHBIX T€HOB MOXET OBITH 3a-
TpyIHEHa B CUJIy XapakKTepa W MacluTaba MpoMu30-
IIeJIrx B HUX n3MeHeHuii. CoriacHo 0a30BOit MO-
JIeJIv, TIOSIBUBILIMECS B pe3yJibTaTe MyIUIMKAllMM ABa
CECTPUHCKUX aJUIesisl OynyT paBHOYIAJIEHbI OT TIpe/-
KOBOI'O TeHa 1 00a OyIyT OpToJIoraMy HEeIyIUIMILIUPO-
BaHHBIX TeHOB npyrux rpynil (Sharman, 1999; Holland,
1999). B xoae 3BoIOLUY OYTUIMLIUPOBAHHEIE T€HBI OY-
IIyT MEHSITHCSI, HAaKaIINBasl U3MEHEHUST, YHUKAIbHbIE
JUTST KaxkIoi 3 Konnii. Ecim cKopocTh MIBMEHYMBOCTH
000ouX reHoB cornocTaBrMa (a0COJIIOTHO UACHTUYHON
OHa B JIIOOOM ciiydae He OymeT), MOXXHO TOBOPUTH O
CUMMETPUYHOU nuBepreHuuu. I[logobHass KapTuHa
HabIomaeTcs, HalpuMep, IJsT YeThIpeX KJIacTepoB
Hox-reHOB MJIEKOIIMTAIOIINX, OPTOJIOTUYHBIX €IMH-
cTBeHHOMY Hox-KiacTepy JaHLETHMKA M COIIOCTa-
BUMO paBHOYIAJIEHHBIX OT Hero. Bno6aBok Bce OHU
YHacCJIeAOBaJId OT MPEIKOBBIX I'€HOB OOIIME YepPThI
9KCIPECCUM B LIEHTPAJIbHOM HEPBHOI CUCTEME, I0-
MOJIHSIEMbIE pa3IMYaloIIUMUCS TTaTTepHAMU B JIpy-
TMX TKaHSIX — COMaTUYECKOIl 1 BUCLIEPAILHOM Me30-
nepme (Holland et al., 2016). AHanorM4HO, TpU TeHa
Cdx mmnopLeBoi JISTYIIKYU Xenopus tropicalis opTono-
rMYHble emuMHCTBeHHOMY Cdx TeHy JaHIEeTHHKA,
UMEIOT o01Ie ¢ HUM (byHKIIMOHAIbHbIE YepThl (Faas,
Isaaks, 2009). OgHako, KpoMe MOAOOHON CUMMET-
PWYHOI IUBEPreHILIMY MOXET HaOJI0OaThCS U Kpaii-
He HEpaBHOMEPHOE HAaKOIUICHWE M3MEHEHUM y II0-
YEepHUX KOMU, KOTIa OAUH U3 ajulejieil u3MeHsIeTCs
OBICTpEe IPYTroro, U B 3TOM cJIydae TOBOPSIT 00 accu-
METpUYHOM nuBepreHuu. [IpuMepbl Takoro creHa-
pus niociie III'J] Takke ObLIM OMMCaHbl Y TIO3BOHOY-
HBIX. bb10 moka3ano, 4To reH Crx SIBISIeTCSI OPTOJIO-
roM reHoB OfxI m Ofx2 MIEKONUTAIOLINX. DTO
yIaJIOCh YCTAHOBUTH ITyTEM COMOCTaBJICHUS PaCIiO-
JIOXEHUSI TPEX TEHOB B XpOMOCOMaX, IIPA TOM, 4TO I10
xapakTepy akcrpeccun TreH Crx, 3KCIIPECCUPYIO-
IIUIic B TJIa3HOM ceTyaTKe, oTindaeTcs Kak oT Orx /]
n Ofx2, TaK 1 OT OPTOJIOTOB y OECIIO3BOHOYHEIX — Ofx
JaHlLleTHUKA 1 otd npozocpunbl (Plouhinec et al.,
2003). IMoxoxast cuTyalysi onvcaHa v aJist reHa Pax6,
KOTOPHBIM aKTUBHO M3Yy4aJicsl Y TIO3BOHOYHBIX 1 Oec-
IMMO3BOHOYHBIX B KAYE€CTBE OHOTO U3 KJIIOUEBHIX paAH-
HUX PEryJIsiITOPOB HOPMAaJILHOTO Pa3BUTUSI 3pUTEIIb-
HbIX cTPYKTYp (Quiring et al., 1994). Kak u B ciyyae ¢
reHaMu Ofx, TOTBKO CPaBHUTEIBHO HEJABHO, OJIaro-

JIapsi aHAJIM3y XPOMOCOMHOTO PAaCHOJIOXEHUS ObLIO
YCTaHOBJIEHO, UTO ITeH Pax4 sBisieTCs Mapajorom re-
Ha Pax6. 3a BpeMs CBOCii BOJIIOLINU, B OTJIMYME OT
Pax6, nocienoBaTeIbHOCTh U PETYIISITOPHAs 00JIacTh
reHa Pax4, yqacTBYIOIIIETO B pa3BUTHUM ITEYSHU Y T10-
3BOHOYHEIX, CHJILHO u3MeHmIMch (Matsushita et al.,
1998). M3meHeHMsT HYKJIEOTUIHOI MOCJIeI0BaTEIb-
HOCTH Pax4 HaCcTONBKO CyILIECTBEHHEBIE, YTO MPpU (pu-
JIOTEHETUYECKOM aHaJIM3e 711 HEro He 0OHAPYKMBaeTCs
TOMOJIOTOB Y O€CIIO3BOHOYHBIX U Ha (pUJIOTeHEeTHUYE-
CKOM AepeBe (opMaJIbHO OH BBIMJISIIUT KaK HOBBIA
IeH ITO3BOHOYHEIX, XOTS B IEMCTBUTEIBHOCTHU SIBJISI-
ercs mapajorom Pax6 (Holland et al., 2016).

ITO3BOHOYHBIE —
TPUYM® MHHOBATOPOB

DBOJIIOLIMOHHBIM MHHOBALIMSIM TPYIHO AATh CTPO-
roe orpeaesieHrue, HO, KaK IIpaBWIO, OA HUMU IoApa-
3yMEBalOT KAYeCTBEHHO HOBBHIE afallTUBHbIE OCOOEH-
HOCTU OPraHu3MOB. 3a4acTyl0 OHU MPEICTABIIIOT CO-
6o0if OCHOBY, Ha 0a3e KOTOPOI MOTYT pPa3BUBAThCS
MOCJIEAYIOIINE SBOMIOLIMOHHEIE M3MeHeHus. Tak, pa3-
BUTHE 3pUTEJIBHOI CUCTEMBbI, TTOSBJICHHUE 1IBETKA WU
BO3MOKHOCTU MOJIeTa, OTKPbLIU Tepe UX HOCUTEISI-
MU BO3MOXHOCTH OCBOEHMSI HOBBIX 3KOJIOTUYECKMX
Huit. [1pu aToM, Kak otmeuar eie B 1905 r. onuH u3
IMMOHEPOB MCCIIENOBAaHUI TIOJUILUIOUANM TEHETHK
Xbroro e @pus “ecTeCTBEHHBII 0TOOP MOXET OObSIC-
HUTb 8bidcUeaHUe HAUDOJIee TIPUCIIOCOOICHHBIX, HO OH
HE MOXET OOBSICHUTb HOs61eHUe HauOoJyiee TPUCTIO-
cobsieHHbIX” (de Vries, 1905). [Tocnenytoiiiee pa3putue
OMOJIOTMH TTOKa3ajIo, 4YTo Bce (PeHOTUIMNIECKNE MHHO-
BallUM B UTOTE MUMEIOT MOJICKYJISIPHYIO OCHOBY. OHU
SIBJISTIOTCSI Pe3yJIbTATOM TeHEeTMYECKUX M3MEHEHUI,
BIUSIIOIINX Ha OMOJIOTUYECKYIO (DYHKIIUIO U PETYIIsI-
IIMI0 aKTUBHOCTU KaK OTAEJbHBIX OMOJIOTMYECKUX
MaKpOMOJIEKYJI, TaK M Ha 00pa3yeMbIX 3TUMU MaKpO-
MoJIeKyJIaMu ceTet B3aumopaeiicteus (Wagner, 2011).

[InaH cTpoeHus MO3BOHOYHBIX MOXHO paccMaT-
pUBaTh Kak IEJbHYIO MO3auKy, COCTOSIIYIO U3 (pu-
JIOTEHETUYECKM B3aMMOCBSI3aHHBIX COCTABIISIOLINX.
OnmHu MOTYT OBITH TPOCJIEXXEHBI HA TIIYOMHY OOIIIEeTo
MpeaKa IMO3BOHOYHBIX MJIM JaXe BCEX BTOPUYHOPO-
TBIX, ¥ HOCIYXXKWIN OCHOBOM JIsI (h)OPMHPOBAHMS Xa-
pakTepHbIX 4epT coBpemeHHbIX rpynil (York, McCauley,
2020). Apyrue He UMEIOT OYEeBUIHBIX MPEALLICCTBEH-
HUKOB y BBIMEPIINX WUJIN HBIHE XKUBYIIUX IPEICTaBU-
Teneir 0ecrmo3BoHOYHBIX (Lowe et al., 2015; Satoh,
2016).

Crnucok Mop@doormyeckux OCOOEHHOCTEeH Mo-
3BOHOYHBIX BHYIIIUTENIEH U Cpeau Hanbosee oOlie-
MPU3HAHHBIX HY>XKHO YITOMSIHYTh: Pa3BUTHIN TOJIOB-
HOM MO3T, COCTOSIIIMNI U3 TPEX OCHOBHBIX OTAEJIOB,
BKJTIOUAS] YHUKAJIbHBIN 7151 TTO3BOHOYHBIX KOHEYHbII
MO3T, CJIOXKHO YCTPOEHHYIO epudepruIecKyio HeEpB-
HYIO CHUCTEMY C MapHbIMM CEHCOPHBIMU OpraHaMM,
BHYTPEHHEE YXO C BECTUOY/ISIPHBIM aIllapaTtoM U Mo-
JIYKPYIJIBIMUA KaHaJlaMHW, MBILICYHbBII JIbIXaTeIbHbBIM
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armapar, yeper, cchOpMHUPOBAHHBIIA XPSIIEBOMN 1/ WU
KOCTHOI TKaHblO; HaIKaOepHYylO, IOMKaOepHYI0 U
JIA3HYI0 MYCKYJaTyphl, MHOTIOKaMEpHOE cephle C
CepIeUHOM MYCKYNIaTypoOil; TJIOTOYHBIE apTEepUU C
SHIOTENEM; CETMEHTUPOBAHHYIO CHUCTEMY IIOYeu-
Hoii mnbrpauuu (Janvier, 2003; Gee, 2018; York,
McCauley, 2020).

OnpHoit U3 IpKUX OCOOEHHOCTEN MO3BOHOYHBIX
SIBJISIETCSI TO, YTO MHOTHE UX MOP(MOIOrMYeCKIE UH-
HOBAllUM pPa3BUBAIOTCS MpPU HEIOCPEICTBEHHOM
y4aCTUM OJHOM TOITYJISILUU SMOPUOHATBHBIX KJle-
TOK — KJeTokK HepBHoro rpeoHs (KHI') (Sauka-
Spengler et al., 2007; Hall, 2008; Trainor, 2013).
HMHorna aTy KJIeTOUHYIO MOITYJISILUAIO JaXKe Ha3bIBa-
IOT Y€TBEPTHIM 3aPOAbIIIECBEIM JIMCTKOM, ITI0 aHAJIOTUU
U B IOMOJIHEHUE K TPEM KJIaCCUYECKUM TUITAMU 3apO-
IBILIEBBIX TKAHEN — 3KTOoAepMe, Me30oAepMe U SHIIO-
JIepMe.

HepBHbiit TpebeHb YHUKAJIEH U151 TIO3BOHOUHBIX,
U OH TIPENICTaBJIsieT COO0H MOMYJSLIMI0 MUTPUPYIO-
IIUX CTBOJIOBBIX KJIETOK, MAIOIIMX HadyaJlo MHOMXe-
CTBY BHEIIIHE Pa3HOPOAHLIX CTPYKTYp M 4YEPT, BO
MHOT'OM U1 OTIPEAEIIIONIMX CTPOSHUE U OOJIMK MO3BO-
HOYHBIX. B umcie npou3BOogHBIX HEPBHOI'O I'peOHS
MOXHO Ha3BaTb 3HAYUTEIbHYIO YacThb TMepudepuye-
CKOI1 HEpPBHOI CUCTEMBbI, IMI'MEHTHBIE KJIETKU, DJie-
MEHTBI cepla U 3y0OB, a TaKXKe, TaK Ha3bIBaEMYIO,
“HOBYIO T'OJIOBY”’ ITO3BOHOYHEIX — XPSILEBbIE M KOCT-
HbIE CTPYKTYPbl (hOpMUpYIOIIMe YeperTHO-TUIIEBOM
ckenieT (Gans, Northcutt, 1983; Northcutt, 2005;
Green et al., 2015). Y 4e1I0CTHOPOTHIX CKEJIET TOJIO-
BBl JOTOJIHSIETCS YETIOCTHBIMU CTPYKTYpaMU, HECY-
muMu psiabl 3yoos (Northcutt, 1983; Kuratani, 2004;
Northcutt, 2005; Gans, Green et al., 2015; Brazeau,
Friedman, 2015; Miyashita, 2016).

Bce atm uHHOBalMuM, BKJIIOYaOIIME pa3BUTUE
HEPBHOM U CEHCOPHOM, IbIXaTeJIbHOW U KPOBEHOC-
HOM CHCTEM, CKejleTa MU MYCKYJIATyphl IO3BOIWIN
pPaHHUM MO3BOHOYHBIM MEPeiTU K 00JIee aKTUBHBIM
00pa3y XKM3HU U IUTAaHUS U, B UTOTE, OCBOUTH HOBEIC
MecTa obuTaHMs U 3Kojiormyeckue Humm (York,
McCauley, 2020). Psng ucciienoBaHuil ITOKa3bIBaeT,
yto 1 B Hamuu gHU KHI npogoskaroT yyacTBOBaTh B
HEeMpepbIBHOI MOP(OIOrNUECKO1 9BOIIOLINY COBpE-
MEHHBIX BUJOB, HaIIpUMeEpP, Y JOMAIITHMUX KMBOTHBIX
(Wilkins et al., 2014; Prescott et al., 2015; Sanchez-
Villagra et al., 2016). DTo cBUIETEILCTBYET O TOM, UTO
KHI He ToNbKO y4yacTBYIOT B (POPMUPOBAHUU MHO-
TMX Y€ COCTOSIBIIMXCSI CTPYKTYP MO3BOHOYHEIX, HO
M OCTalOTCS MCTOYHUKOM Pa3BUTHSI HOBBIX IIPU3HA-
KOB 1 ocobeHHocTelt kuBOTHHIX (York, McCauley,
2020).

3HauuTeIbHAS YaCTh HAILIKX 3HAHUI 06 3MOpHO-
HaJIbBHOM pa3BUTUU MO3BOHOYHBIX ITOJIy4eHa B pabo-
Te ¢ TPAOULIMOHHBIMU MOJEIbHBIMUA OOBEKTAMM, Ta-
KMMM KaK 3apOMbIIIM MBILICH, Kyp, PbIO, LINOpLE-
BoIX JisiTyinek (Gilbert, 2006).
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JocTouHCTBAMU 3THX OOBEKTOB SIBJISTIOTCSI. BO3-
MO>KHOCTb ITOJTYYEHUSI XKUBBIX 3apOABIIICH 17151 ITpOBe-
JICHUST 9KCIIEPMMEHTOB IIPAKTUYECKU B JII000E BpeMs
roja, BO3MOXHOCTb CO3IaHUS TeHETUYECKUX JIMHUIA,
BO3MOXKHOCTh ITPUMEHEHUSI UMEIOIIMXCS J1abopaTop-
HBIX METOIUK U MOAXOMOB, NETAIbHO pa3paboTaHHbIC
MPOTOKOJIBI [IJIsI paGOThI U COMEPKAHUS KaK d3MOpHO-
HOB, TaK 1 B3POCJIbIX 0CO0€H B 1Ta0OpaTOPHBIX YCIOBU -
SIX, KAYECTBEHHO OTCEKBECHMPOBAaHHEIC 1 IIpOaHaJIM -
3UPOBAHHBIC TEHOMBI M TPAHCKPUIITOMEL. DTU OCO-
OeHHOCTHU, 0€3yCJIOBHO, UTPAIOT BaXKHYIO POJIb IJIsI
YCIEIIHOro IIPOoBeacHUsI (QYHKIIMOHAJIBHBIX DKCIIe-
puMeHTOB. B To ke BpeMs, IS KCCIIEIOBAaHUS 3BO-
JIIOLIMOHHOM MCTOPUU TTO3BOHOYHBIX OCOOYIO IIEH-
HOCTb IPpUOOPETAIOT UCCIIENOBAHMS TaK Ha3bIBAEMBIX
“HemomenbHBIX” 00BeKTOB. He oOmamast Habopom
KayecCTB, AeJIAIONINX UX YIOOHBIMHU IS KOM(OPTHOM
J1abopaTOpHOI pabOThI, 3TU XUBOTHLIC, OMHAKO, 3a-
HUMAIOT BaXXKHbIe (PUIIOTEHETUYECKHE Y3JIBI HAa 9BO-
JIIOLIMOHHOM TYTU TMO3BOHOYHBIX, YTO OOBSICHSIET
BO3pacTalollii B MOCJIEAHIE T'OAbI MHTEPEC K UX UC-
ciegoBaHusaM. K TakuM oGbeKTaM MOXKXHO OTHECTHU
MpeIcTaBUTENICH XPSILEeBbIX U JIy4eTlephlX PhIO, a TaK-
ke 6ecuemoctHbIX (Dahn et al., 2007; Ota, Kuratani,
2007; Oisi et al., 2007, 2013; Green, Bronner, 2014;
Braasch et al., 2015; McCauley et al., 2015; Pasquier
et al., 2017). MccnenoBaHusi XpsIlEeBbIX PbIO MOTYT
IMOMOYb OTBETUTH Ha BOIPOCHI MIOSIBJICHUSI Y 3BOJIIO-
LIMM KOXKHOTO CKeJIeTa U TTOSIBJIICHUSI TTApHbBIX TUIABHU-
KOB. ApxanyHble IIpSACTaBUTE/IM JIydeIlepbIX, TaKue
KaK OCETPOBbIE PBIOLI Y MAHIIMPHA ILIIyKa — BOIIPOCHI
TpaHcgopMally MJIaBHUKOB B KOHEYHOCTU U DBOJIIO-
uu ceHcopHbix opraHoB (York, McCauley, 2020). B
cBoeit MoHorpacduu C. OHO OTOEIBbHO aKIIEHTUPOBAII
KOHTPUHTYUTUBHBIM TE3UC O TOM, UTO CTPYKTYpPHI
0oJjiee BOIIOLIMOHHO MPOJABUHYTHIX KMBOTHBIX, KaK
MpaBujIo, GepyT CBOE HAyajao OT 0a30BBIX, a HE OT
MMPOJIBUHYTHIX TIPEACTABUTEICH MPEAKOBOI TPYIIIIHI.
B cBsA3u ¢ 3TMM, aBTOp HpeajiaracT NOHUMATh Tep-
MUH “HOpUMHUTUBHBIN’ KaK “He3a(UKCUPOBAaHHBIN 1
00OOIIEHHBIN”, a “IIPOABUHYTHIN~ — KakK “crieima-
Jm3upoBaHHEI” (Ohno, 1970).

B pamkax nccienoBaHU UICTOPUU U MEXaHU3MOB
¢dopMUpOBaHUSI TEHOTUITA TTO3BOHOYHBIX ITyTEM Te-
HOMHBIX AYTUIMKAUWA YIOMSIHYTbIE MPEACTABUTEIN
pPBIO MHTEPECHBI TEM, YTO Y OCETPOBBIX OOHApYKEeHa
MOJIMTUIONANS, 4 MAHIIMPHAS IIyKa, HATIPOTUB, OTIE-
JINJIACh OT OOIIEro CTBOJIA COBPEMEHHBIX KOCTUCTBIX
pBIO 10 Tpou3ollealieit y mpenka 3toiut rpynnsl ITTT
(Sacerdot et al., 2018; Du et al., 2020).

Kpyrnoporsie, B KOHTEKCTE HCCJIENOBAHUS BO-
NPOCOB pPaHHEN SBOJIOLIMOHHOM MCTOPUU IO3BO-
HOYHBIX, 3aC/Iy>XKUBAIOT OTIIEIbHOI'O PACCMOTPEHMUSI.

KPYIJIOPOTBIE — TEHU
3ABBITBIX TTPEJKOB

B cuny cBoero ¢puiaoreHeTH4ECKOTo IMOJTOKEHUS,
KPYTJIOPOThIe, OTASIUBIINECST OT OOIIEro CTBOJIa Ha
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CaMbIX paHHUX 3TallaX BOJIOINY II03BOHOYHBIX SIB-
JISIIOTCSI OUYE€Hb YIaYHBIM MOJACIbHBIM OOBEKTOM [JIsI
WCCJIENOBAaHUS IIPOUCXOKIACHUS TI0O3BOHOYHBIX M MX
YHUKaAJIBHBIX ocobeHHocTeit (Shimeld, Donoghue,
2012). CoBpeMeHHbIE€ KPYTJIOPOThIE BKJIIOYAIOT B Ce-
0s1 MUHOT 1 MUKCHMH, 3HAYUTEJILHO OTJIMYAIOIIUXCS
MeXIy coOOii IT0 BHEIIHEMY BUOAY M 00pa3y XKM3HU
(Bayramov, 2018). B cBs13u ¢ 3TUM, (buaoreHeTU4Ye-
CKOE POACTBO MEXAYy MUHOTaAMM, MUKCUHAMU U Ye-
JIIOCTHOPOTBIMM JOJITO€ BpeMsI OCTaBajOCh IIpeaMe-
ToM aucKyccuii. OmHa TUIIoTe3a Mpearnosiaraia, 4To
CECTPUHCKMMM TpyHIiaMM SIBJISIIOTCSI MUHOTH U 4Ye-
JIIOCTHOPOTHIE, 2 MUKCUHBI PacCMaTpUBAJINCh B Kaue-
CTBE BHEIIHEl rpymIibl (MmapaduieTuyeckoe Mmpouc-
XOXIIEHHE KPYIJIOPOTHIX). Eif IIpOTUBOCTOSII B3MIISI HA
KPYIJIOPOTBIX, KaK HA €OMHYIO TPYIITy MOHOMMIECTH-
YEeCKOTO IPOMCXOXIEHHS, B TIOJJHOM COCTaBe CECT-
PHUHCKYIO YeTIocTHOPOTHIM (Janvier, 1996; Heimberg
et al., 2010). B mocienHee Bpems OoJyiee yBEepeHHOE
MOATBEPKIASHME MOJydyunsia BTopas Turore3a 00 3BO-
JIIOLIMOHHOM €IMHCTBE COBPEMEHHBIX KPYTJIOPOTHIX,
IIPOM3OIIEIIINX OT Pa3HOOOPa3HOM IPyNIbl Oecue-
JIIOCTHBIX PBIO — OHUX U3 MEPBBIX MPeACTaBUTEICH
IMO3BOHOYHLIX, ITOSIBUBINMXCS OKojo 500 MIIH JieT
Haszan (Janvier, 2015; Onimaru, Kuraku, 2018; York,
McCauley, 2020). K coxaneH10, MUHOTH 1 MUKCUHBI
SIBJISIIOTCSI €IMHCTBEHHBIMU HBIHE KUBYIIUMM TIPE]I-
CTaBUTEJISIMU 3TOI TPYMIIBI, & OCTAJIbHBIC OeCUelTIoCT-
HBIE, KaK U TIepexogHble (pOpMBI OT OCCUETIOCTHBIX K
YeJIIOCTHOPOTHIM, BhIMEp I oKoJio 300 MIIH JieT Ha3af,
(Donoghue, Purnell, 2005; Donoghue, Keating, 2014).
SBASISICH CECTPUHCKOM IS YETIOCTHOPOTBHIX TpyIl-
II0li, COBpEMEHHBIE KPYIVIOTOPbIE 3aHUMAIOT BaXKHOE
¢uIoreHeTUYECKOE II0J0KEHME, TO3BOJSS IIyTeM
CPaBHUTEJILHOIO aHaIM3a UX CTPOSHUSI CO CTPOEHU-
€M YEJIIOCTHOPOTBIX PEKOHCTPYMPOBATh YEPTHI 00-
IIIETO MpeaKa IMT03BOHOYHEIX. I1pu TOM, 4TO ¢ 3BOIIIO-
LIMOHHOI TOYKU 3p€HMsI, MUHOTU 1 MUKCUHBI B paB-
HOM CTEIIEH! MHTEePECHBI IJISI UCCIICIOBaHMS 0a30BBIX
YepT NO3BOHOYHBIX, B JIAOOPATOPHBIX YCIIOBUSIX MHO-
T'Y, TIPU BCEX UMEIOIINXCS TEXHUYECKUX OTPaHUYCHU -
SIX, BCE K€ MUMEIOT CYIIECTBEHHOE IIPEUMYILECTBO Iie-
pen MuKcrHaMu. B3pociabie 0coOr MUKCUH TPYIHOIO-
CTYIIHBI, TIOCKOJIBKY KWUBYT U HEPECTSITCS Ha OOJIBIINX
IyOMHAX, 3apOIBIIIY Pa3BUBAIOTCSI HECKOJIBLKO MECSI-
LIEB W IUISI CONep:KaHUS 3TUX XKMBOTHBIX TPEeOYIOTCS
crieuMalbHble JabopaTtopHble yciaoBus (Ota et al.,
2007; Kuratani, Ota, 2008; Shimeld, Donoghue,
2012). Pabora OTBI 1 KOJUIET, OIMCHIBAIOIIasl pa3BU-
THUE HEPBHOIO I'PeOHSI Y MUKCHUHBI — MUSIBKOPOTa
Byprepa Eptatretus burgeri, onyonukoBanHas B 2007 r.,
cTaja NepBbIM HCCIIeOBaHNEM Pa3BUTHUSI MUKCUH 3a
6osee yueM 100 et (Ota et al., 2007). MuHoOTIH Xe sIB-
JISIIOTCSI HanboJiee JOCTYMHBIMU IS MCCeA0BaHMIA
npencraBuTesieil Kpymopothbix (Bayramov et al., 2018).

ITonbITKM PEeKOHCTPYKIIUM OOJMKA M CTPOCHMS
00I1ero nmpeakKa NO3BOHOYHBIX HEM30EXKHO CTaJIKU-
BalOTCSI C PSIIOM TPYIHOCTEM, TAKMX KaK OTCYTCTBUE
HaACXKHBIX BHEIIHUX TPYIIN IJisI COBPEMEHHBIX I10-

3BOHOYHbBIX U HEJOCTATOK MHoOpMaLU O dujiore-
HETUYECKU BaxKHBIX APEBHUX IPEICTABUTEIISIX KPYT-
JIOPOTHIX, B CHJIY CBOETO CTPOSHMSI IIJIOXO COXPAHSIIO-
IIIMXCS B MaJICOHTOJOrnmYeckoi seronucu (Onimaru,
Kuraku, 2018).

BavxaliimyumMu poaCcTBEeHHUKAMU TTO3BOHOYHBIX
SIBJISIIOTCSI OecuepernHble (JIAaHLIETHUKY ) M O00JIOUHM -
K4 (aCUUINM), KOTOPBIE MO CBOEMY CTPOEHUIO CUJTBHO
OTJIMYAIOTCS OT TO3BOHOYHBIX. BHYTpY 3BOJIOILIMOH-
HOI1 JIMHUY TTO3BOHOYHBIX KPYIJIOPOThIE TPATUIIMOH-
HO pacCMaTpUBaIOTCS B KAUECTBE BHEIIIHEN TPYIIIHI 11O
OTHOILLICHUIO K YEJIFOCTHOPOTBHIM, OJHAKO HEJIb3sl UC-
KJTI0YaThCsl, YTO OTIEIbHbIE MOP(OIOrnyeckre 0co-
OEHHOCTU UX COBPEMEHHBIX MPEICTaBUTENIE — MUHOT
1 MUKCHUH — UMEIOT BTOPUYHOE TTPOUCXOXKISHUE. DTH
OOCTOSITEILCTBA CHUXKAIOT HaIEXXHOCTb NPUMEHEHUS
TPAAULIMOHHBIX (DUJIOTEHETUUECKUX METOHOB, OCHO-
BaHHBIX Ha aHaJIM3e CUHATIoMopduii (OOLIMX MTpU3Ha-
KOB TPEAKOBOI 1 TOYEPHUX TPYIIN) U MPUAEPKUBAIO-
IIUXCS MOPUHLUIA MaKCHMMaJbHOU TIMapcCUMOHUU
(9KOHOMHOCTH YHCJIa COOBITUIA).

MacimtabHast padota Kypaky 1 KoJuier, BKJIo4aB-
I1ast aHaInu3 55 CeMEeCTB TeHOB IT03BOHOYHBIX, KaK U
psii MOCIEAYIOLIMX MCCAEAOBAaHUI, CBUICTEIbCTBO-
BaJIU B MOJIb3Y TUIIOTE3bI O ABYX OOIIUX JIJIsI BCEX TTO-
3BOHOYHBIX PayHOaX ITOJTHOTCHOMHOM AyIJIMKALIUW
nx ob6mero mpeaka (Kuraku et al., 2009; Lagman
et al., 2013; Campanini et al., 2015; Gutierrez-Mazariegos
et al., 2016). B To xe BpeMs1, pu paboTe ¢ Gecue-
JIIOCTHBIMU, MCCIIEOOBATEIIM HEM30eXKHO oOpariaim
BHUMaHME, YTO NMPU aHAIN3e (PUIOTEHUU U ITOCTPOe-
HUU PUJIOTEeHETUYECKIX IEPEBbEB, TeHEI 0€CUYEIIIOCT-
HbIX 3a4aCTYyI0 YBEpEeHHE! IpynIupyoTCs IPYT C Ipy-
rOM, YeM C OPTOJIOTaMU YeIIOCTHOPOTHIX. [Ipu 3TOM
00I1Iee YMCJIO TEHOB Y O€CUYEIIOCTHBIX U YEIIOCTHOPO-
ThIX YacTo coBnanaetT (Qui et al., 2011). JI1a noHnMa-
HUS 3TOro (hoeHoMeHa ObLI IPOBEIEH aHAJIM3 TOMEO-
OOKCHBIX TeHOB Emx, 111 KOTOPHIX ObLIa paHee ycTa-
HOBJIEHa nyIuiMkKauuys B auHuM muHor (Tank et al.,
2009). bputo MoKa3aHoO, YTO CTOJIb YaCcTO Habonae-
Masl KJlacTepHu3alysl MHOXECTBEHHBIX MUHOXbUX T'e-
HOB MOXET OBITh CBSI3aHAa CO BTOPMYHBIMU M3MEHE-
HUSIMU UX TOCeI0BaTeIbHOCTE, MPOUCXOASIITIUMU
He3aBUCHUMO Y pa3HbIx mapaoros (Noro et al., 2015).
DTa 0COOEHHOCTh T€HOB MUHOT AaXKe MOJIydria Ha-
3BaHMe “MUHOXMUI nuanekT” (Manousaki et al., 2011;
Smith et al., 2013).

i1 peKOHCTPYKLIMU MPeIKOBOro (peHoTUMa II0-
3BOHOYHBIX OBLI MIPEIOKEH TTOAXO0I, OCHOBAHHBIN Ha
YCTAaHOBJICHUM MATTEPHOB 3KCIIPECCUM Te€HOB A0 I10JI-
HOT€HOMHBIX IYTUIMKALMI — METO XPOHOJIOTMYECKOI
pekoHcTpykimn (yakumu onomoroB (CHROF ot
chronological reconstruction of ohnolog functions)
(Onimaru, Kuraku, 2018). OToT moaxon mO3BOJSIET
BOCCTAHOBUTb MATTEPH DKCIIPECCUU TTPEIKOBOTO Te-
Ha OIIMPasiCh Ha ITATTEPHBI €TI0 JOYECPHUX I'eHOB, IIPO-
LIEOIINX IMyTh cyodyHKIUOHamu3auuu. [Ipenmnona-
raeTcsl, 9YTO PETyISITOpHasA CyO(pyHKIMOHaIU3aAIMs
OHTOTEHE3 Ne 3
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onouoroB nocite ITI'J1 oTpakaeTcs B CXOICTBE IaTTep-
HOB WX 3KCIpeccui. B ocHOBe cyOGhyHKIIMOHAIM3a-
[N, COTJIACHO YIIOMWHABIIEHCS BBIIE MOIETN Iy-
TUTUKALIMN -BBIPOKIEHUS- TOTTOTHEHMS, JIEXKaT KOM-
TUIeMEHTapHBIEe N3MEHEHUSI PETYJIITOPHBIX 3JIEMEHTOB
oHoJjioroB. Ha ocHoBe aHain3a MaTTepHOB OHOJIOTOB
PEKOHCTPYUPYETCSI BOJIIOLIMOHHBIN MyTh UX TaTTep-
HOB U MaTTepH NpeaKkoBoro reHa. Eciu HabmomaeTcs
CXOJICTBO 3KCIPECCUU OHOJIOTOB B OMNpeAceHHOI
MOP@OJIOTUUECKOM CTPYKTYpPEe Y HECKOJIBKUX COBpPE-
MEHHBIX BUIIOB, UCTOPUS 3TOM CTPYKTYPHl MOXET
OBITH TIPOCJIEXKEHA A0 Tala, MPEaIIeCTBYIOIIEro IMo-
SIBJICHUIO COBPEMEHHBIX OHOJIOTOB B pE3yJIbTATe
I’ . IMTpuMepoMm momoOHOM PEKOHCTPYKIINU MOKET
BBICTYIIaTh aHAJIM3 TIATTEPHOB JKCIIPECCUU TEHOB
Pax2, Pax5n Pax8, mnoIBUBIINXCS B pe3yJIbTaTe IBYX
payHnoB IIT'J1 (Kozmik, 1999; Bassham et al., 2008;
Goode, Elgar, 2009). Y Mbliieii 3T TeHbl 9KCIpec-
CHPYIOTCS Ha TpaHUIIe CPETHEro 1 3aIHETO MO3Ta, a
Pax2 n Pax§ Taxke 3KCIpeCcCUPYIOTCS B IpOHEPPO-
ce. Y MuHOTr HabmoagaeTcs sKcrpecus Pax2 B TeX ke
ctpyktypax (McCauley, Bronner-Fraser, 2002), uto
MO3BOJISIET MPEATOJIOXUTh HAIWUYMUE Y MPEIKOBOTO
MO3BOHOYHOIO HaJIW4YME CTPYKTYP TOMOJOTMYHBIX
rpaHUlIe CPEIHEro U 3aJHETO OTIASIOB MO3ra U Mpo-
Hedpoca, ¢ skcnpeccueit B HUX romosora Pax2/5/8.
B moanep:xky 2TOi rdmoTe3sl TOBOPUT TO, YTO IKC-
npeccus reHa Pax2/5/8 y naHIleTHUKA UMEET CXOJ-
CTBa C OBKCIpecCHeil TOMOJOTOB Y ITO3BOHOYHBIX
(Holland, 2013). Takoii ke moaxo ObLT IpUMEHEH K
aHaJM3y 3KCIpeccuy TeHOB 7bx5 n Thx4 B TIepeIHNX
W 3aJHUX TTapHBIX KOHEYHOCTSIX TTO3BOHOYHBIX peTy-
JIMPYEMBIX CHEITMMUIECKIMHA VTS KaXKIOTO BUIA KO-
HeyHocTu 3HXxaHcepamu (Menke et al., 2008; Min-
guillon et al., 2012; Adachi et al., 2016). I1pennonara-
€TCsl, YTO MPeAKOBbIi TeH Thx4/5 akcnpeccupoBacs
B €IMHCTBEHHOM ITape KOHEYHOCTe i IIPEeTKOBOTO IO~
3BOHOYHOTO, a MOc/e TYyIJIUKALIMKU ITPOU30IILia Cy0-
¢GyHKIIMOHAIM3ALMS JOYEPHUX TEHOB CO CrelaIu-
3alMeit KaXXIoro U3 HUX Ha 9KCIIPECCUU B OTIEJIbHOM
nmape KoHeuHocTeil. Ocrtaercs, IpaBaa, OTKPHITHIM
BONPOC SBJSJIACh JU 3Ta CyO(DYHKIIMOHATU3AIMS
MIPUIMHON WM CJICICTBUEM TTOSBIICHUS Y TIOTOMKOB
nByx map koHeuHocteit (Ruvinsky, Gibson-Brown,
2000). K coxxaneHuio, IaacoHTOJOTUISCKHE MCCIIe-
MOBaHMSI PaHHUX ITO3BOHOYHBIX METACIIPUTTUHBI
Metaspriggina walcotti n xalikoyuxtuca Haikouichthis
ercaicunensis, XWBIINX IO pa3melIeHUST OECUETIOCT-
HBIX U YeJTFOCTHOPOTHIX MOKa He OOHAPYKIIIN Y HUX
CJIeIOB MapHbIX KoHeuHocTel (Shu et al., 1999; Shu
et al., 2003; Zhang, Hou, 2004; Morris et al., 2014).
B 10 Xe BpeMs y psima paHHUX IpeAcTaBUTeNeit 6ec-
YeJIIOCTHBIX, TaKUX KakK Fuphaneropidae, aHacTiuIbl
Anaspida, tenonoutsl Thelodonti n muTKoBbIe Os-
tracodermi oTIMCaHbI MApHbIE TUIABHUKU, XOTS UX TO-
MOJIOTHSI ¢ KOHEUHOCTSIMU YeJIIOCTHOPOTHIX Hebec-
CIIOpHA, U SBJSIETCS IpeaMeToM auckyccuit (Ruvin-
sky, Gibson-Brown, 2000; Coates et al., 2003; Sansom
et al., 2010, 2013).
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YSI3BUMOCTBIO TIPEIUIOKEHHOTO TOIX0a SIBIISIET-
csl MpUHUMAaeMOe B HEM JOMYIIeHNEe, 9TO CYO(DYHK-
IIMOHAJIN3AIINS SBISIETCS 6oJiee pacIpoCTpaHEHHBIM
SIBIICHHEM, 4eM Heo(hYHKIIMOHAIN3AIINS, MO Kpaii-
Hell Mepe, TIPeIUIOKEHHBIN aJTOPUTM TT03BOJISET pe-
KOHCTPYMPOBaTh MNPEIKOBbIE MATTEPHBI TOJBKO B
aTOM ciiyyae. Takxke MpU OTOXAECTBIEHUU MOpdo-
JIOTUYECKOM 3BOJIIOLIMM C U3MEHEHUSIMU MaTTEPHOB
SKCIIPECCUU T€HOB HE YYMTHIBAETCS BO3MOXKHOCTH
TOrO, YTO HOBasl CTPYKTYpa MOXET ITOSIBUThCS HeE
BCJIEICTBUE TIOSIBJICHUSI HOBBIX, a IyTeM Iiepepac-
Tpefe/ieHnsT aKTUBHOCTH YK€ MMEBIINXCS y opra-
HU3Ma TEeHOB, WX (DYHKIIMOHAIBHOTO ITepeKioye-
HUs. B 11eioM aBTOpHI TIpeiaraeMoro Imoaxona BhI-
paxkaroT HameXdy, YTO €ro IMpHUMEHEHHE ITO3BOJIUT
HaTH 3BOJIIOLIMOHHBIE KOPHU MHOTHX YHUKAJTBHBIX
CTPYKTYp TO3BOHOUYHBIX ¥ pPaHHMX IpeICcTaBUTENICH
rpynmnsl (Onimaru, Kuraku, 2018).

HOX-TEHBI — HA TTJNIEHAX TUTAHTOB

HMcTopuyecku, UMITYyJIbCOM K IOSIBJIIEHUIO THIIO-
T€3bI O TTOJTHOT€HOMHBIX IYIUIMKALISIX Y TO3BOHOY-
HBIX BO MHOT'OM MOCIIY>KHJIO OIIMCaHUE U UCCIICI0Ba~
HUe Hox-TeHOB, KOTOphIe IPeacTaBIIsIIOT cO00i ce-
MENCTBO BBICOKOKOHCEPBATUBHBIX TOMEOOOKCHBIX
Ir€HOB OGH&pyx(CHHbIX B T€HOMaxX MHOTHUX I'PYIIIT 2KH -
BOTHBIX. OHU KOIMPYIOT TPAHCKPUITLIMOHHEIC (hak-
TOPBI, YIaCTBYIOIIME B AU HepeHINPOBKE BAOJb Ie-
penHe-3anHeit ocu tena (Graham et al., 1989; Carroll,
1995). B renome Hox-TreHbl CTpyNIMApOBaHbl B Kjla-
CTephl. Y MJIEKONUTAIOIIMX OMKWCAHO YETHIpE I1apa-
JIOTMYHBIX Hox-KjacTepa, KOTOphIe BO3HUKIU B pe-
3yJIbTaTe MYIUIMKAIUA OT OOIIEero IIpeaKoOBOro Kila-
cTepa Ha paHHUX 3TallaX 3BOJIIOLUU MO3BOHOYHEIX
(puc. 4, Duboule, Dolle, 1989; Pascual-Anaya et al.,
2013; Parker, Krumlauf, 2017). B oTneabHBIX IMHUSIX
MMO3BOHOYHBIX MOXHO HAOIIOJATh KaK JOMOJHUTEIb-
HbIe OYIUIMKALIMM, TaK M YaCTUYHBIE yTpaThl Hox-re-
HoB (Kuraku, Meyer, 2009; Pascual-Anaya et al., 2013).
Ha ocHoBe cxomcTBa TocenoBaTeIbHOCTE U MOJIO-
KeHUs B Kiactepax Hox-reHbl MO3BOHOYHbBIX MOApa3-
nenstiorcs Ha 14 rpynm napaioros (I'TT) (Krumlauf,
1994). SApkoit ocobeHHOCTBIO Hox-K1acTepoB MO3BO-
HOYHBIX SIBJISIETCSI X KOJUIMHEAPHOCTDb — B XOJI€ OHTO-
reHe3a MPOCTPAaHCTBEHHO-BPEMEHHASI 3KCIIPECCHUS
Hox-TreHoB BIOJIb IIepeaHe-3adHEN OCH KOPPEIUPYeT
¢ UX pacnojioxxeHreM B kinactepe. [1pu aToM opueH-
Tauus (pacronoxenue 5' 1 3' KOHIIOB) y BCEX TeHOB B
KJlacTepe coBOagaeT. IlepBEIMU 3KCIIPECCUPYIOTCS
aHTepUOpHBIE TeHbI, oTHOcsMecs K I'TI1 u pacro-
JIOXXeHHBbIe Ha 3' KOHIIe KjiacTepa, TO €CTh KOJUIMHE-
apHOCTh HOCUT KaK BPEMEHHOM, TaK W IMPOCTpaH-
cTBeHHBII XapakTtep (Duboule, Dolle, 1989; Kmita,
Duboule, 2003; Duboule, 2007). OTo nposiBasieTcs B
HaOI0gaeMoOM Habope 3KCIPEeCCHMOHHBIX JTOMEHOB
Hox-reHnoB, nHorma Ha3biBacMoit Hox-KogoMm, KOTO-
PRI OTpakaeT OCOOCHHOCTH CTpaTH(UKAIIMKN pa3-
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Puc. 4. Kinacrepsl Hox-reHoB, o6HapyXeHHbI€ Y JJaHLIETHUKA, MUHOT 1 MiieKonuTarouiux (ro Parker et al., 2019a).

HBIX TKaHei 3apojblllia BAOJb NepelHe-3aaHell ocu
tena (Mallo et al., 2010).

Hox-reHbl CBsSI3aHbI ¢ MOIYJISILIMEH PETYISITOPHBIX
CUTHAJIOB B 3aJJHEM OTJIEJIe MO3Ta 1 KJIeTKax HEPBHO-
ro rpe6Hs1. 3amHUif MO3T TTO3BOHOYHBIX UMEET BhIpa-
JKEHHYIO CETMEHTHYIO CTPYKTYPY, BKJIIOUYAOIIyI0 7—8
pOMOOMEPOB W BIMSIONIYIO Ha INM(PepeHINPOBKY
YepermHo-JIULEBBIX CTPYKTyp yepe3 KHI', murpupy-
IOIlli€ U3 HEPBHOU TpyOKM B kabepHbie myru. Kaxk
nokaszanu (PyHKIIMOHAJIbHbIE UCCJIENOBAHUS Y pa3-
HBIX TPYIII YeJTIOCTHOPOTHIX, poJib Hox-TeHOB B pas-
BUTUM 3agHero mo3ra u KHI', mo-BuaumMomy, sIBJIsi-
€TCs1 BLICOKOKOHCEPBATUBHOM U MOXET ObITh TTpOCIie-
>KE€Ha MO MEHBbIIIeil 10 YPOBHSI OOIIETo MpeaKa rPYIIbI
(Parker et al., 2019a). Ctonb apeBHEE ITPOUCXOXICHUE
MOATBEPKAAETCSI U KOHCEPBATUBHOCTBIO PETYJISTOP-
HBIX 2JIEMEHTOB — Hox-3HXaHCEPOB, OINMPEIEIISTIOINX
MPOCTPAaHCTBEHHYIO CErMEHTALIMIO AKcpeccuu u Hox-
YYBCTBUTEJIBHBIX DHXAHCEPHBIX 3JIEMEHTOB, OTHOCS-
IIUMCS K PeTyIMpyeMbIM UMY TeHaM-MulieHsM (Kim
et al., 2000; McEwen et al., 2009; Ravi et al., 2009;
Parker et al., 2011, 2014b; Parker, Krumlauf, 2017).

AHaJIi3 TeHOMOB IBYX BUIOB MUHOI — MOPCKOM
muHoru (Petromyzon marinus) 1 TAXOOKEAHCKOI MU-
Horu (Lethenteron camtschaticum) T10Ka3aJl HAJIMIKUE
y HUX 1ectTu Hox-KiactepoB (B IoaTOpa pasa 60JIb-
111e, 4YeM y YeJIIOCTHOPOTHIX!), UTO CBUAETEILCTBYET O

JOMOJTHUTEbHBIX AYIJIUKALUSIX y MUHOT (puc. 4,
Kuraku, Kuratani, 2006; Mehta et al., 2013; Pascual-
Anaya et al., 2018; Smith et al., 2018). IIpu aToM no-
Tepst yacTu Hox-TeHOB B KJIacTepax YMEHbIIIUIa KO-
JIMYECTBEHHYIO pPa3sHUIy MEXIy MHUHOTaMHM U 4Ye-
JIIOCTHOPOTBIMU — Y MUHOT OoOHapy:xeHo 42 Hox-re-
Ha, a y Mblleit 39 — pa3Hulla OTHIOAb HE B MOJTOPA
paza (puc. 4). B Hau6oinee anrepuopHbix ['T11—4, Ko-
TOpPBIE U CBSI3aHBI C DKCIPECCUEN B 3aTHEM MO3Tre U
KHT', B crty 4ero mpuKoBBIBaIOT K cebe MaKCUMaslb-
HOO€ BHMMAaHME MCCIeI0BaTeNeii, Y MUHOT OIIMCAaHO
14 renosB, a y mbimeii — 12 (Parker et al., 2019a). I1po-
BEICHHBIN HeTaBHO aHAJIN3 F’eHOMa M TPaHCKPUIITO-
Ma MUKCUHBI Eptatretus burgeri oOHapy>Xujl y 3TOrO
Buga 40 Hox-TeHOB, IIPEeANOIOXNUTEIILHO pacripene-
JIEHHBIX 110 6 knactepaM (Pascual-Anaya et al., 2018).
CpaBHeHune ux ¢ Hox-KiactepaMy MUHOT BBISIBUJIO
psn oommx yept. Kaxnmelit BUI mMeeT oIMHaKOBOE
KoJimyectBo Hox-napanoros B I'TI1—4, u 3T0 yKa3bl-
BaeT, Ha TO, 4TO, BEPOSTHO, pa3nencHue Hox-Kiacre-
POB OECUETIOCTHBIX IIPOM3OILIO A0 IUBEPTCHIIUNU
MUHOT U MUKCUH — 6oJjiee 400 MUJUIMOHOB JIET Ha3al
(Kuraku, Kuratani, 2006).

Xotd mectbh Hox-KnactepoB KPYIJIOPOTHIX HE TT0-
JlydaeTcsl OMTHO3HAYHO (PUIOTEHETUYECKM COOTHECTHU
C YeTBIpbMSI KJIacTepaMHU 4delltocTHOpOThIX (Pascual-
Anaya et al., 2018), 2To HEe CBUIETEIBCTBYET OTHO-
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3HAaYHO 00 MX He3aBUCUMOM npoucxoxaeHnu. [1po-
U30LIeAIIee TTOCIe MPEeIKOBOM IYTUINKALINM OBICTpOE
pasneicHUe TPYNII ¢ NOCJIeAYIOIIeid X TUBEPTeHIIN -
el B TOM 4HCJI€ 1 110 HyKJI€OTUIHBIM/aMHUHOKHCIIOT-
HBIM MPEANOYTEHUSIM MOTYT CYIIIECTBEHHO OCJIa0UTh
BO3MOXHOCTh MX YBEPEHHOI'O (PMJIOTCHETUYECKOTO
00BbEeIMHEHMSI Ha OCHOBE IOCTYITHBIX CETOTHS aro-
putmoB (Qiu et al., 2011). B cBoio ouepenb, peKOH-
CTPYKIIMU, OCHOBAaHHEIC Ha COIIOCTAaBJICHUN MOPSAKA
T€HOB B XpOMOCOMaX Y Pa3HBIX IPYIIN II03BOHOYHBIX,
COOTBETCTBYIOT MOJIEJIY, B KOTOPOM y OOIIIEro Impeaka
KPYIJIOPOTHIX M YEJIIOCTHBIX OBLIO YeThIpe Hox-Kia-
crepa (Smith et al., 2018).

AnHanm3s skcrpeccun Hox-reHoB MUHOT BBISIBIT Y
HUX MHOTO OOIIMX 4epT ¢ Hox-TreHaMM 4eII0CTHOPO-
TBIX, IIPEXKIE BCETO KAaCcaIOIINXCsI IKCIIPECCUN B POM-
OoMepax 3aIHEr0 MO3ra M KJIETKax HEpBHOTO I'peOHs
(Parker et al., 2019a). OTnnuyns HaOIIOOAINCH B ie-
TaJasgx IO3OHEl 3KCIpeccuy B 0O0JIaCTH 3adHETO
MO3Ta, SHJIOCTUJIC U Me30AepMe MepBoii XKabepHOt
nyru. ComocTaBlIeHHE XapakTepa 3KCIPecCUr U
KJIaCTepHOII opraHu3anuu Hox-T€eHOB Yy MUHOT U
YEJIIOCTHOPOTHIX MO3BOJISIET 3aKJIIOUUTD, UTO IIpe-
KOBble (yHKIMU Hox-TreHOB B 3THX IpyIIiax BO
MHOTI'OM COXpPaHSIOTCSI, HO IO-pa3HOMY pacIipene-
JISTIOTCSL MEXIY TOYEePHUMU KiaacTtepamu. dpyrumu
cioBaMu, Hox-KilacTepbl MUHOT U YEJIFOCTHOPOTEHIX,
nMesl obllee IMPOMCXOXKIEeHUE, IIPOIUIM Ha CBOEM
9BOJIIOLIMOHHOM ITYyTU pa3Hble BapuaHThl CyODYHK-
LUOHAIN3aLIN.

Y 6ecno3BOHOYHBIX XOPAOBbIX — JJAHLIETHUKOB U
O00O0JIOYHUKOB — TakKxXKe HaOJroJaeTcs KOJUIMHeap-
HOCTb €AUHCTBEHHBIX Hox-KJ1acTepOB BAOJb MEpe/I-
HE-3aHEN HEMPaJIbHON OCHU, XOTH, Y 3TUX I'PYIIIT HE
OOHapyXMBaeTCs XapaKTEPHON I MO3BOHOYHBIX
CerMeHTallMu pOMOOMEPOB U KJIETOK HEPBHOTO Iped-
Hs1 (Parker, 2019b).

ITOJIHOTEHOMHBIE AYTUVIMKALINN
Y ITO3BOHOYHBLIX — OJJHA XOPOILIO,
A JIBE JTVUIIE

OCHOBHBIE ITpeIIoIaraeMble CIICHAPWU TTOJTHOTE -
HOMHBIX NYIUIMKAIUil Y TTO3BOHOYHBIX BO MHOIOM
OIMMpaloTCs Ha MPUCYTCTBUE OMHOTO Kiactepa Hox-
TeHOB y WX OJVIKaMIITUX pOACTBEHHUKOB — JIAHIIET-
HUKOB U OOOJIOUHUKOB, U pa3HOE KOJUYECTBO KJia-
CTEpOB B IBYX paHO Pa3meIUBIINXCS BETBSIX ITO3BO-
HOYHBIX — 0€CUEIIOCTHBIX (111eCTh HoX-K1acTepoB) 1
yemocTHhIX (deThipe Hox-kmactepa). Mcxonsd us ta-
KOTO KoJTn4decTBa Hox-KilacTepoB MOHSITHO, YTO B MC-
TOPUM TO3BOHOYHBIX UMETN MECTO KaK MMHUMYM JIBa
payHaa QyIUIMKaluii, a y 6ecueTloCTHBIX, CY/Is 1O BCe-
My, 1 6obIre. MccmenoBare, Kak IpaBUiIo, CXOISIT-
¢s1 BO MHEHUH, YTO OIWH payHII IIPOM30IIIe]T Ha YPOBHE
o61ero npenka no3BoHouHbIX (Holland, Ocampo Da-
za, 2018). A BOT 110 MOBOIy BTOPOTO payHAa (1 BO3MOXK-
HBIX TOTTOJTHUTEIBHBIX) — BEAYTCS TUCKYCCHM.
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INepBoii ObLTa BEIABUHYTA TUIIOTE3a O ABYX PayH-
Jlax y oOllero IpeaKa MO3BOHOYHBIX 10 pa3ae/IeHUS
JIMHUK OeCYEeIIOCTHBIX M 4YeIIoCTHOPOThIX (Mehta
et al., 2013), a ocHOBaHMEM IJISI IOCJIEAYIOIINX IIEpe-
CMOTpPOB U AVCKYCCUI BO MHOIOM CTajl MpPOBEIEeH-
HBI1 TOAPOOHBII aHAJIN3 CEKBEHUPOBAHUS IIOJIHOTO
reHoMa MOPCKOM MUHOTH.

IMonyyeHre NOTHOLIEHHOIO CUKBEHCA TeHOMA
MUHOTH 0Ka3aJIOCh HEIIPOCTOM 3amadeii. Jlemo B ToMm,
YTO OJTHOM M3 OCOOCHHOCTE MUHOT, HApsIAy CO CIO-
COOHOCTBIO (PYHKIMOHAILHON pereHepanyu CIHUH-
HOTO MO3Ta JaXe BO B3POCIIOM COCTOSIHUU, BOJIIO-
LIMOHHO HE3aBUCUMOTO Pa3BUTHUS adallTUBHOTO VM-
MYHUTETAa W psiia OPYyTUX, SBISIETCS (DU3UYecKast
IUIAHOBAs TIepecTpoiika reHoMa Ha PaHHUX CTaIusX
pa3Butusg (PGR ot Programmed Genome Rear-
rangement). DTa reHOMHasI MepecTPOifKa COCTOUT B
penykumu ripuMepHo 20% reHoma (oxojo 0.5 mupa
OCHOBaHUM U3 2.3 MJIpI OCHOBAaHUI BCEro reHoMa)
(Smith et al., 2018). HaunHaeTcst oHa Ha CeaIbMOM
KJICTOYHOM ACJIEHUU U AJINTCS OKOJIO TPEX CYTOK, M0~
cJie Yero TOJbKO T€HOMBI KJIETOK 3apOJbIIICBOM JIH-
HUW HECYT MOJIHBINM TEHOM, 8 COMaTHYECKIE KIIETKU —
penyuupoBaHHBIN. OUEeBUIHO, YTO MOJHBIA TreHOM-
HBbIIi CUKBEHC B TaKOM CJiyyae MOXHO MOJYYUThb
TOJIBKO ITyTEM aHaJKl3a TEHOMOB KJIETOK 3apOJbIIIIe-
BOIi TMHUM, 4YTO ObLUIO caenano B 2018 r. (Smith et al.,
2018). ITpoBeaeHUe MpenBapUTEIbHOIO KapTUpOBa-
HUS pacnpeieaeHUs KOHTUTOB IO cyIep-cKahdoi-
maM (super-scaffolds — coGpaHHBIE ITOCTIE CEKBEHM-
pOBaHUSI TCHOMHbBIE MTPOTSKEHHbIE (PparMeHThI, CO-
JIepxkaiiue B cpeaHeM 0Koiao 10—20 MJIH OCHOBaHUIA,
KOTOpBIE B NalbHEHIIEM IpeaIiojiaraeTcss oobea-
HSITh B XPOMOCOMBI ) TTIO3BOJIMJIO COIMTOCTABUTh PACIIO-
JIOXXKEHNE TEHOB Y MUHOT Y HEKOTOPBIX YEJIFOCTHOPO-
TeIX. Biaromapst pa3BUTHIO aATOPUTMOB OOPaOOTKM
0OJIBIIIMX MAaCCMBOB JaHHBIX, B OCHOBE 3TOTO COITO-
CTaBJICHUS JIEXKAJIO0 YKe BBISIBJICHUE HE OTHEIbHBIX
T€HOB-OPTOJIOTOB, a LIEIbIX TPYIII OPTOJIOTUU MEXKIY
pa3HBIMY TEHOMAaMU.

CorocTaBjieHMe TeHOMa MOPCKOIl MUHOTU C Te-
HOMaMM KypUILIbl U TMaHUUPHON IIyKU (IIpeacTaBu-
TeJIb KOCTHBIX TAHOUJOB, ¥ KOTOPBIX, B OTJIUYUE OT
OoJiee BOTIOIIMOHHO ITPOIBUHYTHIX KOCTUCTBIX PHIO,
He ObLIO JOTOJHUTENIbHON OyIMIMKALUK) TTO3BOJIMI
BBIIBUHYTH TUnoTe3y 00 omHoM payHae I1I' y o6re-
ro Mpenka No3BOHOYHbBIX, C MPEAIIECTBYIOIIMMUA UM
JIOKQJIbHBIMU AYTUTMKALUSIMUA OTACIbHBIX YYaCTKOB U
MOCJAEAYIOIIUMU JOMOJHUTEIbHBIMU TYTIMKALIWS -
MU XpOMOCOM Yy OecuemocTHhIX (puc. 5, Smith et al.,
2015, 2018). Do nipeAronokeHue OCHOBAHO Ha TOM,
YTO GOJIbIIIE TTOJIOBUHEI (6 13 11) MUHOXBUX OPTOJIO-
TUYECKUX IPYIII COOTBETCTBYIOT ABYM KYPUHBIM XpO-
MocoMaM. Eillie nBe rpymnbl He HAXOAST YeTKOM Tro-
Mosioruu. OcTaBLIMECS TPU IPYMITbl UMEIOT TOMOJIO-
TUIO C YETBIPbMS XpoMocoMaMu. YTo, Ka3anock OFHI,
CBUIETEJILCTBYET B MOJb3y ABYX OOILIMX PAayHIOB Y
MTULl U MUHOT, TPUYEM, 3TU XPOMOCOMBI HECYT KaK
pa3 Xopolllo 0XapaKTePU30BaHHbBIE TeHbl — ofiHA Hox
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Puc. 5. CxeMbl pacCMOTPEHHBIX MOJIeJIeli TeHOMHBIX TYTUTMKALIMI Ha paHHUX 3Tallax pa3BUTHUs 1M03BoHOYHBIX. [1I'] — moixHo-

T€HOMHBLIC OYIIJIMKalluu, .HI[ — JIOKAJIbHBIC OYIUJIMKAIIUH.

u MHC, Bropast — ParaHox u NPYR, Tpetbst — RARn
ALDHI. OpHako CMUT M KOJUIETH IIpEIIojIaraior,
YTO TakKasl KapTHMHa MOTJIa BO3HUKHYTh B pe3yJIbTaTe
TpeX HE3aBUCUMbBIX XPOMOCOMHBIX IYIUIMKAIIWIA,
npenmectBoBaBiuux I1TJ1. Takum obpa3om, coriac-
HO IIpedjiaraeMoii MoIenu, IO pasfelieHusT Oecde-
JIIOCTHBIX 1 YEJIOCTHOPOTHIX Yy MX OOIIEro mpeaka
CHayvaJia MPOM3O0LLIN OTAeJbHbIC AYTUIMKAIIUU TpeX
XpPOMOCOM, a 3aTe€M OAHAa ITOJJTHOTeHOMHAasI TyIUIMKA-
nus (puc. 5, Smith et al., 2018). XoTs1, aBTOpHI TTOJI-
HOCTBIO HE MCKJIIOYAIOT BEPOSITHOCTU TOTO, YTO HbI-
HEIIHUI KapUOTUII MHUHOI U YETIOCTHOPOTHIX MOT
copMUPOBaTHCS B pe3yJIbTaTe NBYX PayHAOB ITOJTHO-
TeHOMHOI IYTIJIMKALIMKM C MOCeAyoleit 3JIMMUHA-
OUe 3HAYUTEIIBHOTO YKCJIa XpOMOCOM, OHM OLIEHM -
BalOT TAaKOM CLIEHApUI KaK MEHEE BEPOSITHBIN.

ABTODBI OJIATAIOT, YTO Y MUHOT €CThb OIpeeIIeH-
HBbIE OMOJIOTMYECKNE OCOOEHHOCTH, KOTOPhIE MOTYT
CITOCOOCTBOBATh (PMKCALMY XPOMOCOMHBIX AYTUTUKA-
oyt B 31Ol rpyrme. Kapmotunm MUHOT (OCHOBHBIM
00bekToM CMUTA 1 KOJUIET SIBJISIETCSI MOPCKAsi MUHOTA
Petromyzon marinus) cocrout nnpumepHo u3 100 xpo-
MOCOM, CpPeIu KOTOPBLIX MHOTO, TaK Ha3bIBAEMBbIX,
MaJibIX XpOMOCOM, AYIUIMKAIUsI KOTOPbIX OyneT 3a-
TparuBaThb MEHbIIIEe YMCIIO TEHOB, U C OOJblIeii Be-
POSTHOCTBIO TIPOMAET YCIELIHO IS OpraHu3Ma, 4eM
aHAJIOTUYHAS OyTUIAKALMsS KPYITHBIX XPOMOCOM Y Ue-
soseka. [IposenenHoe B 2020 r. ceKBEeHUPOBaHUE Te-
HOMa “HajJbHEBOCTOYHOI pPy4YbeBO” MUHOTH Le-
thenteron reissneri BBISIBUJIO Y 3TOTO BUIa 72 XpOMO-
coMbl (Zhu et al., 2020). C opyroii CTOpOHbI, MUHOTU
MOTYT OBITh OUEHb IJIOAOBUTHI (IIPOAYKTUBHOCTh CAM-
K1 MOpcKoi MuHOTH MoxeT nocturath 300000 nxkpu-
HOK), B CUJIy YeTO HOCUTEJIb OTHOM MyTallii MOXKET
pAaCIIpOCTPAaHUTh €€ Ha OOJIBIIIOE YUCIO ITOTOMKOB B
nonysanuu (Smith et al., 2015, 2018). ITpuuem, ecTb

OCHOBaHUS T0JIaraTh, YTO 3T XapaKTEPUCTUKHU OBbI-
JIV IPUCYIIIM MUHOTaM Ha MPOTSKEHUM COTEH MUJI-
JIMOHOB JIET UX SBOIOIIMOHHON UCTOPUH, B CHITY Ye-
IO OHU TIPEACTABJISIIOT COOOI OYEeHb pPEJIEBAHTHYIO
MOJIEIb UCCJIENOBaHUSI OCOOEHHOCTEN MpPenKOBBIX
(opM MO3BOHOYHBIX, BITOJTHE BEPOSITHO 00JIaTaBIINX
BBICOKO! TUIOTOBUTOCTBIO M OOJIBIIIUM YHCIIOM Ma-
JIBIX XpoMocoM (Smith et al., 2018).

IlepBBle TOMBITKM PEKOHCTPYKIIMU TIPETKOBOTO
KapuoTuIia ObUIH nmpoBeneHbl HakataHu u KoJjuiera-
mu B 2007 T., KOTma MCCIeqoBaTeI BLIASIIMIIN B Te-
HOMe 4YeJJoBeKa KOHCEPBATUBHBIE IS TIO3BOHOIHBIX
rpynmnel cBs3aHHbIX reHoB (Nakatani et al., 2007).
CpaBHeHHNE 3THUX TPYIII ¢ TPYHITaMU APYTHX ITO3BO-
HOYHBIX (pbIO) 1 000I0YHUKOB ITO3BOJIMJIO BBIAEINTh
OHOJIOTM U TIPEAINOJIOXUTh Haauuue Yy MPeaKOBBIX
no3BoHOYHEIX OT 10 mo 13 xpomocom. Ilo mepe Ha-
KOIUTEHUST JAHHBIX CEKBEHUPOBAHUS TIPEICTaBUTE-
Jieit pa3HBIX IPYII MO3BOHOYHBIX BO3POCIU BO3MOX-
HOCTH WX ITUPOKOGOPMATHOTO CpaBHEHUS M OoJjiee
TOHKUX pekoHcTpyknuii. B 2018 r. Cacepnor ¢ Koi-
JieraMu Tpy TTIOMOIIU pa3paboTaHHOTO UMU aJITOPUTMA
AGORA (Algorithm for Gene order Reconstruction in
Ancestors) Ha OCHOBe aHaau3a 61 reHoMa COBpeMeH-
HBIX TTO3BOHOYHBIX TTPOBEIN PEKOHCTPYKIIUIO TIpe/i-
KOBOTO TeHOMa aMHHUOT — OPTaHU3MOB C OpUEHTH-
pPOBOYHBLIM BoO3pacToM 326 MiaH JjeT. Bnibopka
BKItovasa 40 BUIOB MIEKOTIUTAIONINX, 3 BUAA MTUII,
2 pentwimu, 1 ampubuo, 8 KOCTUCTBIX PHIO, KUCTE-
TepyIo peIOy, 2 IpeacTaBUTENICH 000TOYHIKOB, HEMA-
Tomy u aApo3oduiy (Sacerdot et al., 2018). B pe3yabraTe
B TIPEIKOBOM T€HOME aMHHUOT ITPEIITOIOXIIA HaJIH-
yue 19786 reHoB. Bbu oIpeaeIeHbI TTpeArionaracMbie
Mapbl OHOJIOTOB U BBISIBJIEHBI 51 TIPOTSKEHHAs TIpe/-
koBast obiacte (CAR — Contiguous Ancestral Re-
gions) — ¢parMeHTHI TeHOMa, CoAepxKallue OoJiee
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50 reHoOB KaXIblii U 1O pa3Mepy COOTBETCTBYIOIINE
xpoMmocomaMm. IlosyyeHHBIE pparMeHTHI TPYIIIUPY-
1otcs B 17 Tetpan (17 rpynn o 4 CAR), uto HauGonee
BEPOSITHO COOTBETCTBYET JIBYM payHAaM MOJHOTe-
HOMHBIX Iyrvkaiuii. [Ipuuem, BbIsIBJIEHHbIE aBTO-
pamu 17 TeTpan COOTBETCTBYIOT 17 IPEIKOBBIM CBSI3-
kaM (CLG — Chordate Linkage Group) BbISIBIIEHHBIM
paHee Mpu CPaBHEHUU CUHTEHUU T€HOB B XPOMOCO-
Max yejioBeka M cKaddongax reHoMa JaHILUETHUKA
(Putnam et al., 2008). KonnyecTBeHHOE OTKIIOHEHNE
OT TOYHOTO 0XXMJAaeMOT0 Yrcjia XPOMOCOM, KPaTHOTO
YeThIPEM MOXET ObITb OOBSICHEHO MCYE3HOBEHUEM
OTAEJIbHBIX XPOMOCOM UJIU OOBEAMHEHUEM IBYX XPO-
MOCOM B OHY. DTH SIBJIEHUSI MOXHO OBLIO OBI TIPO-
CJIeIUTh IMyTeM aHaJIN3a FTEHOMOB BHEIIIHUX TPYIIM, HO
B CJlyyae MO3BOHOYHbBIX T€HOMbI JIAHLIETHUKOB U 000-
JIOUHUKOB ISl 3TUX LIeJIel, K COXaJIEHUIO, HE MOIXO0-
JISIT, TIOCKOJIbKY OOOJIOUHUKM CYILIECTBEHHO AMBEPIH-
pOBaJIX OT CBOETO MPENKOBOTO COCTOSIHUS, a Y JTAHIIET-
HUKOB T€HOM CJIMIITKOM (parMeHTHupoBaH. O6a 3Tnx
OOCTOSITEILCTBA 3aTPYAHSIOT YCTAaHOBJEHUE XPOMO-
COMHoI1 romosioruu. B pamkax cBoeit monenu Cacep-
JIOT U KOJUIETH TMPEAIoaaraloT HaIn4re y peaKoBbiX
MO3BOHOUHBIX 17 XpoMOCOM, KOTOpbIE MPU MEPBOM
payHe IyTUTAKAIIMY Jaau Hadairo 34 xpoMmocoMam. B
JaJbHENIIEM MPONU30ILIO 7 O0ObeAMHEHUI XPOMOCOM
U 0011Iee MX YMCIIO PEAYLIMPOBATIOCH 10 27, KOTOpbIe
BO BTOPOM payHJie, TPOU3OIIEAIIEM 10 pa3aeaeHus
JIMHUI OECUeIIOCTHBIX U YEJTIOCTHOPOTHIX YIBOUJIUCH
¢ obOpa3oBaHUeM 54 XpOMOCOM, 4acTh U3 KOTOPBIX
BITOCJIEICTBUM TakKe 00beauHsuIvMch. He nckiouast
TeOpEeTUYECKUE BEPOSITHOCTU U APYTUX ClIeHApUEB,
nmojieMusupysi co CMUTOM U1 KOJIJleraMu, aBTOPHI T10-
JlararoT, YTO CpaBHEHUE TeHOMa MUHOT C PEKOHCTPY-
WPOBAaHHBIM T€HOMOM MpeAKa aMHMOT JaeTr Oosee
KOPPEKTHBIC PE3YJIbTaThl, YeM COIOCTABJIIEHUE C OT-
NeJIbHBIMU MPEACTaBUTENSIMU UYEJIIOCTHOPOThIX. B
pamkax mnpenjgoxeHHoro CacepaoT M KoJuleramu
aHajiM3a TPYIIbl OPTOJIOTOB B cymnep-ckaddonaax
MUHOT B OOJIBILIMHCTBE C/ydyaeB COOTBETCTBYIOT Ue-
TBIPEM XpOMOCOMaM Y NIpeJiKa aMHUOT (B OTJIMYUE OT
Monesiu CMUTa U KOJLIeT, B KOTOPOiA TOMUHUPOBAJIO
cooTHolIeHue 1 : 2), 94To moAaAepK1UBaeT TUIIOTE3Y O
JIIBYX OOILIMX payHAax MOJHOT€HOMHOW AYTUIMKALUU
0 pasfefieHus] 0ecUeTIOCTHBIX U UYeIFOCTHOPOTBIX

(puc. 5).

Eme ogna Monenb TeHOMHOM AYIUIMKAIIUA Y MO-
3BOHOYHKLIX ObLIa mpennoxeHa CUMaKOBBIM U KOJI-
neramu B 2020 1. B Heit, ¢ yaeToM 0OOHOBJIEHHBIX JaH-
HBIX, aBTOPhI pacCMaTPUBAIOT JaHIIETHUKA KaK Hau-
Oojlee OJM3KYI0 K TIPEOKOBBIM IMO3BOHOYHBIM
rpymiy. [loctpoeHue Moaeau onupaeTcs Ha Te ke 17
BBISIBJIEHHBIX KOHCEPBAaTUBHBIX OT JIAHIIETHUKA [0
yenoBeka cBs30K (CLG). ABTophl IpeajiaraloT pac-
cMaTpuBaTh CUHTECHUIO I'PYIMII I'eHOB 0e3 ydeTa II0-
psiiKa TeHOB B HUX, KOTOPBIii, 110 UX MHEHUIO, MOT
CPaBHUTEJILHO JIETKO MEHSITbCSI B XOJI€ SBOJIOLUU
(Simakov et al., 2020). Kapuotun nmaHLIETHUKA CO-
ctout u3 19 xpoMocoM, KOTOphIe, KaK IIPeAIioaaracT-
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¢, mponsonui ot 17 nmpenkoBbix CLG, mpereprieB
HEKOTOpble JIOKaJIbHbIE MpeoOpa3zoBaHusd. YacTb
XPOMOCOM IIO3BOHOYHBIX, B CBOIO O4Yepelb, TaKXKe
npousonumt ot ogHoro CLG, a HeKoTophle — B pe-
3yabTaTte caussHus nByx uim tpex CLG ¢ mocienyio-
UMW U3MEHEHUSIMU. Majble XpOMOCOMBI MUHOT,
MNaHIMPHON INyKWM U KypUIIBI pa3MepoM MeHee
15 MJIH TTap OCHOBAHMIT CUNUTAIOTCS TTOTOMKAMM O~
Hoii u3 CLG (Simakov et al., 2020). CornacHo mipen-
noxxeHHoit monenm, 10 u3 17 CLG npencraBieHBI B
BU/JIE€ TeTpal y YeJTIOCTHOPOTHIX, & OCTaJIbHbIE — B BU-
JIe TPUILIETOB. DTO CBUAETEILCTBYET B IOJIL3Y IBYX
payHI0B OYIUIMKALUKU C TTOCIenyIolIei yTpaToi ya-
CTU XpOMOCOM. AHAJINU3 CAUSHUSI XPOMOCOM YEJTIOCT-
HOPOTBIX ITOKA3bIBAET, YTO OOJILIIMHCTBO 3TUX CO-
OBITHI1 IIPOM3OIILIO MEXKIY IIEPBHIM U BTOPHIM payH-
JaMu Oynjavkanuii. B To ke BpeMsi, y KpYIJIOPOThIX
IOCJICICTBUIA 3TUX CIUSTHUN He HaOII0IaeTCsI U XpO-
MOCOMBI MUHOT, CYIs II0 BCeMY, HallpSIMYIO IIPOM30-
uutn oT onuHouyHbIX CLG. Ha ocHOBe 3THX TaHHBIX
aBTOPBI BBIABUTAIOT TUTIOTE3Y 00 omHOM payHue [TT'[]
IIO pa3deieHus 0€CUYETIOCTHBIX M YEJTFOCTHOPOTHIX, C
MOCJIeIYIOIIUM BTOPBIM PayHIOM B JIMHUU YETIOCT-
HOpPOTHIX (puc. 5, Simakov et al., 2020).

B oTtamume ot Oosiee paHHUX MOJENIEH, B KOTOPBIX
oba paynaa I1I'/l npenrnoaraiyd aBTOTETpaILIOUIU -
3auuio (yIBOSHUE IUILIOMIHOIO TeHOMAa OQHOIO Op-
ranusMma) (Furlong, Holland, 2002) wiu, HanpoTuB,
aJlyIoTeTparouan3auuio (CIUsHUE ABYX IUTLIIOW[I-
HBIX TeHOMOB pa3HbIX opraHu3MoB) (Spring, 1997), B
CHuMaKoOB U KOJUIETH IIPEAIIoaaraiT, YTO IIepBbIi pa-
VH]I ObLT aBTOTETpaIIonaAn3aleii, a BTopoii — ajio-
TeTpamionau3anuneii. ¥ MUHOT, II0CjIe OTAEICHUS OT
00111eTO CTBOJIa TO3BOHOYHbBIX, B MOJIEJIU MpeAroa-
raloTcsl IOTOJHUTENIbHbIE HE3aBUCUMBbIC MYTIMKA-
LN,

A YTO HA B5TO CKAXYT I'EHbI?

OnucaHHbIe MOJEH, pa3paboTaHHbIE B MOCIEI-
HUeE TOIBI, OIIUPAIOTCI Ha IMPOKOMOPMATHBIN aHAa-
JIU3 TaHHBIX BBICOKOIIPOU3BOAUTEILHOTO CEKBEHM-
pOBaHUS, 00bEM KOTOPBIX CYIIIECTBEHHO PACTeT B IO~
ciiengHee Bpems. [IpenMyllecTBOM Takoro IoIxola,
0e3yC/IOBHO, SIBJISIETCSI MacilTad B3MVIsiAa Ha pooJieMy
B CUJTy KOJIMUECTBA aHAIU3UpyeMoil nHdopmanu. B
TO XK€ BpeMsl, ISl BbISIBJIEHUS (DyHKIIMOHAIBHBIX OC-
HOB MOSIBJICHUSI U Pa3BUTUSI OTHCIBHBIX CTPYKTYp B
SBOJIIOLIMYA U OHTOTeHE3¢ MO3BOHOYHBIX, BEAYTCSI MC-
CJIeIOBAaHUSI OTICIbHBIX CEMEMCTB PETyJISITOPHBIX Te-
HOB U BUOUTCSI BaXKHBIM COITOCTaBJICHUE IT0JTy4aeMBbIX
JTabOPaTOPHBIX JAHHBIX C BHIIBUTAEMBIMU TMIOTE3a-
Mu. B pamkax yrToUHeHUS KOJIMYECTBA U BpEMEHU T10JI-
HOT€HOMHBIX OYIUIMKALUiZ B paHHEil 3BOJIIOLIMU I10-
3BOHOUYHBIX MHTEpPECEH 0030p JAHHBIX IO CPaBHHU-
TEJIbHOMY aHAJIM3y OPTOJIOTOB PETYISITOPHBIX TEHOB
B JINHUSIX OECUCTIOCTHBIX U YEJIFIOCTHOPOTHIX. biiaro-
Japsi CCKBEHUPOBAaHUIO TeHOMa MOPCKO MUHOTH, B
MOCJICAHNE TOAbl TOBHILIACTCS U YPOBEHb Jabopa-
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TOPHBIX UCCJIEIOBaHUM OTIEIbHBIX CEMENCTB T€HOB Y
9Toi rpynmbl. PaccMoTpuM MmomoapoOHe HeKOTo-
pbi€ TIPUMEPHI.

[1pu uccnenmoBaHNY T€eHOAPXUTEKTYPHI KOHEYHO-
ro MO3ra MUHOT, B €T0 JOPCaJIbHOM YacTu ObLJIa 00-
HapyxXeHa aKcrpeccusi TeHoB Pax6 (Murakami et al.,
2001) u Emx (Tank et al., 2009), a B BeHTpaJbHOI —
rerHoB Dix (Miojin et al., 2001; Murakami et al., 2001;
Neidert et al., 2002). O6HapyKeHUe 30H SKCIIPECCUUN
Pax6 n Dix v cTano Ha paHHMX 3Talax UCCIICIOBaHUIA
OCHOBHBIM CBUIETEILCTBOM HAJIUYMSI Y MUHOT CTPYK-
Typ, TOMOJIOTUYHBIX KOHEYHOMY MO3TY YeJIFOCTHOPO-
ThIX. BiocnencTBum, y MMHOT ObLI OOHAPYKEHBI TPU
oprosiora reHa Pax6. Bce oHM 3KcHpeccupyloTcs B
¢GopMUpYIOLIMXCS TJa3HBIX CTPYKTYpPax U MO3Te, YTO
COOTBETCTBYET BKCHpecCHU TeHa Pax6 y 4eII0CTHO-
POTBIX, Y KOTOPBIX 3TOT I'€H SIBJISIETCS KIIOYEBBIM pe-
ryastopoM paszButus a3 u [THC (Osumi et al.,
2008; Klimova, Kozmik, 2014). IIpu sToM maTTepH
SKCIIPECCUU TeHOB Pax6 MUHOT B APYTUX CTPYKTypax
pasauyaeTcsl, YTO MOXKET CIYXXUTh MPUMEPOM IPO-
CTPaHCTBEHHOU CYO(YHKIIMOHAIM3ALUM. DKCIIPEC-
cus Pax60, oOHapy:KuBaeTCs B ITIeYeHU, yKa3bIBas Ha
TO, YTO Yy MPEAKOB MO3BOHOUHBIX TeH Pax6, 1o Bceid
BUIVMOCTH, yIaCTBOBAJ B (DOPMUPOBAHUM 3TOTO OP-
raHa (Ravi et al., 2019). AHanu3 cuHTeHUU (Habopa
COCEIHMX TeHOB) IT0Ka3aJI, 4To Pax60, MMeeT ob1Iure
cocenHue reHbl (Eif3m u Caluo Ha 5' koHue u Elp4 Ha
3' KoHIIe) ¢ TeHOM Pax6. ] 4eMOCTHOPOTBIX U TEHOM
PAX6 deyioBeka, YTO yKa3bIBaeT Ha MX OPTOJIOTHIO.
Jlokyc muHoxero Pax6B comepxwur reust Caluf} u
Fbxo47, KoTophle TaKKe OOHAPYKNBAIOTCS B OKPYXKe-
HUM reHa Pax6.2 y HEKOTOPBIX IIpeIcTaBUTelIeii ye-
JIOCTHOPOTHIX. Tpetuit ren Pax6 munHor, Pax6y, He
OOHapy:XMBAeT CUHTEHUN ¢ Pax TeHaMH YeII0OCTHO-
poTbix. OGHapyXeHHe y MUHOT TpeX OPTOJIOTOB TeHa
Pax6, oueBUOHO, yKa3pIBaeT KaK MUHUMYM Ha JIBa
payHaa OyIUIMKALIMi, MPUBEIIINX K X ITOSBICHUIO.
IToCKOJIBKY TOJILKO 1Ba U3 HUX UMEIOT CUHTEHUIO C
reHamMu Pax6 4eII0CTHOPOTHIX, aBTOPHI 3aKJIIOYAIOT,
YTO MX JaHHbIE BIIOJIHE MOTYT COOTBETCTBOBATh T'M-
note3e CMuTa U Kojuler o0 OJHOM OOIIEM payHIe
MMOTHOT€HOMHOM NYIUIMKALIAM JIJIST O€CUEIIIOCTHBIX 1
YEJIIOCTHOPOTHIX, a TPETUM OPTOJIOT Pax6 MOsSIBUICS Y
MUHOT B pe3yjbTaTe JIoKajlbHOU myruimkanuu (Ravi
et al., 2019). B To e Bpemsi, Kak yxe YIIOMUHAIOCh
BBIIIIE, MCCIEIOBAaHUSI TEHOMHOIO PAaCIIOJIOXKEHUS U
OCOOEHHOCTE BKCIpecCUr IoKas3ajiu, 4TO TeHBI
Pax4 n Pax6 4emI0OCTHOPOTBIX SIBJISIFOTCSI OHOJIOTaMM,
npousonremmmuMu B pedyabrate 1] 1 mocaemyro-
meil acuMMeTpuyHou puBepreHumu (Manousaki
et al., 2011). IToka3aHo, 4TO MX dKCOpECCHUsT HAOIIO-
JIaeTCs B MIEYCHM, CETYATKE U IIUIIIKOBUIHOM XKeje-
3¢, UTO YKa3bIBaeT Ha OOILIIHOCTD POUCXOXKICHUS pe-
TYJISITOPHBIX 3JIEMEHTOB. ECTh M OTJIM4MSI, B YaCTHO-
cti, Pax4 He bdKcHpeccupyeTcsl B ILIEHTPaJIbHOMN
HEpBHOM cucTeMe, BKJIoYas Iia3a U OOOHSITEIbHbIC
IUTAKOIbl. AHAJIN3 aMUHOKMCIIOTHBIX ITOCIIEI0BATE b~
HoCTel mokasai, uro Pax4 ripereprnen 6oee TiryooKe

U3MEHEHUs CBOCI CTPYKTYPhI, UTO U TTO3BOJISIET TOBO-
pUTh 00 ACUMMETPUYHOII OTUBEPTreHIIMM OHOJIOTOB
(Manousaki et al., 2011; Holland et al., 2016). B coue-
TaHWU C JAHHBIMH I10 TeHaM Pax6 'y MUHOT (OpTOJIOTH
Pax4 y Hux 110Ka HE OMNMCaHBI), HA HaIll B3SO, B
STOM CJIy4yae MOXKHO TOBOPUTH O IABYX payHOax Iy-
IUTMKALW B UCTOpUU Pax TeHOB — B pe3yJIbTaTe Iep-
BOTI'O IIPOM3OIIJI0 pa3aeiacHue TuHuii Pax4 n Pax6, a
B pe3yJibTate Broporo — Pax60. u Pax6p. Takoii ciie-
Hapuii BIIOJIHE COOTBETCTBYET MOIEIU IBYX PAyHIOB
I’ nmo pasmeneHuss OESCUYETIOCTHBIX M YETIOCTHO-
POTBHIX.

Eme onarM mpuMepoM BBICTYIIAa€T ONMCAHUE U
KCCclIefOBaHNUE Y MUHOT Y YEJIIOCTHOPOTHIX T€HOB Ce-
MelicTBa Noggin, KOTOPBIE SIBJISIIOTCSI BaXKHBIMU pery-
JIITOpaMU PaHHETO Pa3BUTUSI CTPYKTYP IIepPeaHETrO
MO3ra IM03BOHOYHBIX. Noggin cTajl TIepBbIM U3BECT-
HbIM (paKTOpPOM, B HOPME CEKPETUPYIOLIMMCSI B 00-
nmactu IllmemMaHHOBCKOIro opraHm3aTopa, IJIsI KOTO-
poro Obla ITOKa3aHa CITOCOOHOCTH BBEI3BIBAaThH (POpP-
MUpOBaHUE AOIOJHUTEIbHBIX OCEei Tejaa B Ciydasix
€r0 9KCIIePMMEHTAJIbHON SKTONUYECKOM 3KCIIpEeC-
CUM Ha BEHTPAJbHOM CTOPOHE 3aponblia aMpuonii
(Dale, Slack, 1987; Smith, Harland, 1992; Lamb
etal., 1993; Smith et al., 1993; Slack, Tannahill, 1993).
BriocnencrBuu ObUIM OIMCAHBI ABa TOMOJOra reHa
Noggin — Noggin2 u Noggin4 (Fletcher et al., 2004;
Eroshkin et al., 2006). JoJiroe BpeMsl CAUTAIIOCH, YTO
OCHOBHOMI (IO CyTH — €IMHCTBEHHOI ONMCAHHOI1)
dyHkuueit Nogginl B pa3BUTUU TTO3BOHOUYHBIX SIBJISI-
eTCs MoAaBJICHNEe CUTHAJIbHOTO Kackama BMP (bone
morphogenetic proteins) — rpymnmnbl pOCTOBBIX (DaKTO-
poB u3 cyrnepcemeiictea TGF-beta. Monynsiius ak-
tuBHocT BMP Kackama gaBisseTcsT HeOOXOOIMMBIM
yciaoBueM st ¢OpMHUPOBAHMS HEPBHOM TKaHU U
nuddepeHIMPOBKU JopcalbHON Me3oaepMbl (Xan-
thos et al., 2002; Moreau, Leclerc, 2004). I1pu uccie-
noBaHuM reHa Noggin2 ObLI10 MOKa3aHO, YTO OH 00J1a-
JIaeT CIIOCOOHOCTHIO MOAABJISITh HEe TOJIbKO BMP, HO
takke m Nodal/Activin 1 Wnt/beta-cathenin cur-
HaJIbHbIE KacKaabl, WUTpaloONIUX KJIIOYEBBIE POJIU B
KJIeTOYHOI nuddepeHIIMpOBKe U Pa3BUTHUU TOJIOB-
HBIX CTPYKTYP IT03BOHOYHBIX. OBepakcipeccuss MPHK
Noggin2 B 3aponpiimax X. laevis ipuBoaut K ¢opMUpO-
BaHUIO JTOMOJHUTEIBHOIO KOMILJIEKCA OCEBBIX CTPYK-
TYp, B KOTOPBIX HAOMIOOAETCSI SKCIIPECCHUS TIepeIHE-
rojoBHbIX TeHOB (Bayramov et al., 2011). ¥ gyemtoct-
HBbIX, 3a WCKJIIOUEHUEM KOCTUCTBIX PbIO, OBLIO
ornucaHo 3 reHa cemeiictBa Noggin — Nogginl, Nog-
gin2 n Noggin4. Y muHor ObUIM OOHapyXeHbI 4 reHa
(NogginA, NogginB, NogginC w NogginD) (Ermakova
et al., 2020, 2021). I'enbr NogginA, NogginB, NogginC
MIPOIEMOHCTPUPOBAIM CXOACTBO aMMWHOKHWCIOTHBIX
MocjeI0BaTeIbHOCTEN U CUHTEHUIO ¢ reHaMu Noggin 1,
Noggin2 4emocTHOPOTHIX, a TeH NogginD — ¢ TeHOM
Noggin4. Oxazanoch, uto reHnl NogginB nu Noggin2
UMEIOT CXONIHBIN crieludruUIecKrii maTTepH dKCIpec-
CHU B 00J1TaCTH KOHEYHOTO Mo3ra (puc. 6a). ['eH Nog-
gin2 MO3BHOYHBIX yKe ObLI OIIMCAaH paHee B KAaYeCTBE
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BaXKHOTO peryJyisiTopa (GOpMUPOBaHUS TEpPEIHEro-
JIOBHBIX CTPYKTYp y ampuduii (Bayramov et al.,
2011). Okcnpeccust NogginA B HEPBHOM cUCTEME U
ME30JepPMaAIbHBIX CTPYKTYpPaxX, B CBOIO OUEPEllb, TTOXO-
a Ha aKcrpeccuto Nogginl, a skcripeccusi NogginC
“MeeT o0I1IMe YepThl KakK ¢ IKcIpeccueit Noggin I, Tak v
Noggin2. [luddy3Hblii XxapakTep 3Kcrpeccuu NogginD
cxXoleH ¢ akcnpeccueit Noggin4 4YeIrOCTHOPOTHIX.
DyHKIIMOHAIbHBIN aHAJIN3 CITOCOOHOCTU TeHOB Noggin
MUHOT MHIyLIUPOBaTh GOpMUPOBAHUE TONOTHUTEb-
HOTO KOMILJIEKCa OCEBbIX CTPYKTYpP MOATBEPIUI 3TU
romojiorun (puc. 66). B COBOKYITHOCTH, €CITH NCKITIO-
YUTh BO3MOXHOCTb HE3aBUCHUMOTO TIOSIBJIEHUSI CTOJIb
CXOIHBIX XapaKTEepUCTUK TeHOB ceMelicTBa Noggin y
OECUENIIOCTHBIX M YEJTIOCTHOPOTHIX, MOXHO 3aKJIIO-
YUTh, YTO K MOMEHTY pa3feeHus: UX JUHUU y uX 00-
ILIETO TIpeaKa YK€ MPUCYTCTBOBAJIU KaK MUHUMYM
Tpu pa3HbIXx TeHa Noggin. T1oCKONbKY y OVKaiImmx
DPOJCTBEHHUKOB TTO3BOHOYHBIX, JIAHLIETHUKOB U ac-
LIMAKWIA, OTIKUCAHO MO OJHOMY TeHy Noggin, TIosIBJIeHUE
TpeX KOIMUii TpeAroaraeT, Kak MUHMMYM, JIBa payH/a
IyTuTuKaiuyi. B cBs3u ¢ aTUM, UCXONs U3 COBOKYITHO-
ro aHAJIM3a CTPYKTYPHI, IKCIIPECCUU U (PYHKIIMOHAIb-
HBIX CBOWCTB TeHOB N0ggin MOXHO TOBOPUTH O IBYX
payHaax IyruiMKaluii MpeaKoBOro reHoma, Mpou30-
LIEAIIUX B IEPUO MEXY TTOSIBJIEHUEM OOIIIETO Mpe-
Ka MO3BOHOYHBIX 1 IUBEPreHLIMel JIMHUI OecueTtocT-
HBIX Y YEIOCTHOPOTHIX. [IpuXxonuTcs mpusHaTh, 4TO
Ha JaHHOM 3Tare Y Hac HET BO3MOXHOCTH YBEPEHHO
YCTAaHOBUTb ObLIU 3TU AYTIUKALUU MTOJTHOT€HOMHBI-
MU WU AYTUIMKAIUSIMUA KPYTHBIX (DparMeHTOB TreHO-
Ma. B aTOM ciyyae 3BOJIIOIIMOHHAS] UCTOPUSI TEHOB
Noggin MOXeT OMUChIBaTbCSl Kak Moaebio CMuTa 1
KOJIJIeT, TaK ¥ Monelib CacepaoT 1 KoJuieT (puc. 6B).

Monens, CuMakoBa M KOJUIET, Tpearnosaratoras
OIVH OOILIMI payHH IyTJIUKALIMU Y MPEAKOBBIX TO-
3BOHOYHBIX, MOXET OIMUCAThb MOSIBJICHUE UMCIOLINX-
cs1 Noggin TeHOB NpU NIPUHSITUN OJTHOTO U3 AOITyIe-
HUIi: 1) ICXOOHO y II0O3BOHOYHBIX OBLIO ABa MPEIKO-
BbIX TeHa Noggin (B 2TOM ciyyae, OYEBUIHO,
NogginA/B/C/1/2wn NogginD/4) wnu 2) He3aBUCUMOI
muBeprenn NogginA/B/C n Nogginl/2 y MuHOT 1
YeJTIOCTHOPOTHIX. KOHTpapryMeHTHl B MEPBOM CITy-
yae — ofuH Noggin TeH y JaHLETHUKOB U 000JIOUHU-
KOB, 2 BO BTOPOM — IOIIapHOE CXOJICTBO MaTTEPHOB
akcnpeccuu NogginA n Nogginl ¢ OMHOU CTOPOHBI U
NogginB n Noggin2 c npyroii. besycioBHO, MOJIHO-
CThIO HCKJIIOUYUTHb BEPOSITHOCTb peaiv3aliu TaKMX
clieHapHueB HEBO3MOXHO, HO OHU KaXXKyTCsl MEHee Be-
POSITHBIMU U TPEOYIOIIMMU OOJbIINX NOMYIIEHUH,
YyeM YIOMSIHYTbhIE BBIIIE IBa payHJa MPeaKoBOM 1y-
mukauuu (Ermakova et al., 2020).

IMoxoxXy1o KapTUHY ITPOAEMOHCTPUPOBAJIO UCCIIE-
noBaHUe TeHOB ceMelictBa CRD (corticotropin-re-
leasing hormone) (Cardoso et al., 2020). Panee y ge-
JIFOCTHOPOTHIX OBIJIO OMMCAHO TISITh TEHOB 3TOTO Ce-
meiictea (CRHI/CRH2/UCNI w UCN2/UCN3J),
MIPOM3OIIEIIINX OT IBYX ITPEIKOBEIX TEHOB B PE3YyJIb-
Tare NBYX PAyHIOB OYIUIMKAIIAMN C TTOCIEAYIOIIUMU
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yacTUuHBIMU peaykiusmu (Cardoso et al., 2016). ¥V
MUHOT TakxKe ObLJIM OOHapy>XEHBI MSITh TEHOB 3TOTO
ceMeicTBa, KOTopble MpU (PUIIOreHETUYECKOM aHa-
JIN3€ MOC/IeA0BATEIbHOCTE He IIPOIEeMOHCTPHPOBa-
Jv TipsiMoii 1 : 1 opTOI0THM C TeHAMU YEJITI0CTHOPO-
TeiX. I[Ipn mocTpoeHUU (UTOTeHEeTUYECKUX Aepe-
BbE€B TPU MUHOXbBHUX T'€HA IPYNIUPYIOTCS ¢ TeHAMU
CRHI/CRH2/UCNI, a nBa IOpyrmx — C TeHaMu
UCNZ2/CN3 4enoCcTHOPOThIX (TlojlaraeM, Kak U B
cliygyae TeHOB Noggin, 3TO MOXHO Ha3BaTh “‘00Jad-
HOI opTosorueit”). DTo MO3BOJISIET IIPEANOJIOXKNTH
npoucxoxaeHne CRH reHOB MUHOT OT TeX XK€ IBYX
MPEIKOBBIX TeHOB, 9To 1 CRH TeHOB YeJIIOCTHOPO-
ThIX, @ OTCYTCTBUE MPSIMOM OPTOJOTUU OOBSICHUTH
YIIOMUHABIIIMMCS BBIIIE “MUHOXbBUM TUATEKTOM”.
[IpoBemeHHbBIII aHAIM3 OKPYXAIOIIMX T'€HOB ITOKa-
3aJl, YTO HEKOTOPhIE M3 HUX MPEACTaBICHbl Y MUHOT
yeThIpbMsI KOTIUSIMU (TeTpamamu). Haubosiee mpo-
CTBIM OOBSICHEeHMEM Takoro pacrpeneaeHusts CRH re-
HOB Y MUHOT SIBJISICTCS TIPEATIOJIOXEHUE O TOM, UYTO B
CBOEI 9BOJIIOLIMY OHU MPOLLIN T€ XK€ ABa payHIa dy-
IUTMKAUi, YTO U T€HbI YETIOCTHOPOTHIX, YTO COOT-
BETCTYBET ABYXPayHIOBbIM MOJEISIM AYIUIMKALIUU Y
npenka no3soHouHbIX (Cardoso et al., 2020).

I'enbl, Bxonsiuue B nmojacemMeiicTBo FoxP, urpaiot
BaXKHYIO POJIb B Pa3BUTUM U TOAAEPKAHUM MHOTUX
CTPYKTYP U (DyHKIIMOHAJIbHBIX CUCTEM OpraHu3Ma —
Jgerkux, cepaua, [IIHC, nmmyHHoO#t cuctemsl (Song
et al., 2016). beaku FoxP comepxaT B CBOE CTPYKTY-
pe TpU BaXKHbBIX IOMEHA — IIMHKOBBI Najell, JeH1-
HoByto MojHUio U JJHK-cBs3beiBaromuit forkhead-
JIOMeH, XapaKTepHbIii 1jis1 Bcex Fox OenkoB (Taka-
hashi et al., 2009). ¥ naHIIeTHUKOB 1 000JI0YHUKOB
OMKCaHO MO ogHOMY TeHy FoxP, B To BpeMs Kak y
OOJIBIIMHCTBA ITO3BOHOYHBIX — 4eThipe (FoxPIl—4)
(Takahashi et al., 2009; Santos et al., 2011), xoTs ecTb
" uckiaoueHus. Tak, y nTuil orcyrcTtByeT FoxP3, ay
KOCTUCTBIX PbIO, BCIENCTBUE AOTOJHUTEILHOTO pa-
YHJIa TTOJTHOTEHOMHOM IyTIJIMKAILIMU, HAIIPOTUB, KO-
JIMYECTBO TeHOB cemelicTBa yBeandeHo (Yang et al.,
2010; Andersen et al., 2012; Song et al., 2013). Y mie-
konuraroiux FoxP reHbl pacrojaraloTcs B mapajio-
TMYHBIX XPOMOCOMAaX, YTO CBUACTEJIbCTBYET 00 HX
MPOUCXOXIEHUU B pe3yJbTare KPyIMHOMAaCIITaOHbIX
nytumkanuit (Dehal, Boore, 2005). BmonHe opra-
HUYHOII B TaKOM KOHTEKCTE BBITJISIAUT TUIOTE3a O
JIBYX payHIax MOJHOTeHOMHO# myrumkamuu. [loma-
TBEPXXIAEHMEM 3TOUM TUITOTE3bl CTAO ONMUCAHUE Ye-
TeIpex FoxP renoB y muHor (Song et al., 2016). [Tpu-
yeM, aHaJOrMyHasli KapThHa ObLla omMucaHa W IS
JIPYTUX F€HOB, CBA3aHHBIX ¢ Fox P Kak pacrioloKeHU-
€M B XpOMOCOMaX, Tak, Cyas I10 BceMy, U (pyHKIIMO-
HaJlbHO — reHamu ceMmeiictB MIT, mGluR n PLXNA
(Song et al., 2016).

I'enbr ParaHox mnpencTaBisioT cOOOM KiacTep
JIPEBHUX PETYJIITOPHBIX TOMEOOOKCHBIX T€HOB, 3BOJIIO-
LIMOHHO POACTBeHHBIX ¢ Hox-reHamu (Zhang et al.,
2017). Knacrep ParaHox BKIIO4aeT TpU CeMeicTBa
TPAaHCKPUMNLIMOHHBIX (pakTOpoB — Gsx (y yeaoBeKa —
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Puc. 6. a, 6 — ren NogginB peuHoiit MuHoru Lampetra fluviatilis 3kcripeccupyeTcsl B 3a4aTKe MepeIHero Mo3ra U MOXeT UHIY -
LUPOBaTh (GOPMUPOBAHKE TOMOJTHUTEILHOTO KOMILJIEKCA OCEBBIX CTPYKTYP Y 3apOJbIIIEH IIMOPLIEeBOM JSTYIIKY Xenopus laevis
(KoHCepBaTU3M 3KCIpeccuu 1 (GPyHKIIMOHAIBHBIX CBOMCTB). as — anterior intraencephalic sulcus; ch — optic chiasma; di — di-
encephalon; hb — habenula; hpt — hypothalamus; mes — mesencephalon; pg — pineal gland; tel — telencephalon. B — nipearo-
JaraeMasl cxema IOsIBJIeHUSI TeHOB ceMeiicTBa Noggin B 9BOJIIOIIUM ITO3BOHOYHLIX (110 Ermakova et al., 2020).
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GSH), Pdx (cunonumsl Xlox, Ipf1), u Cdx, yaacTByI0-
IIMX B Pa3BUTUM HEPBHOI U MUILIEBAPUTEILHON CU-
creM (Valerius et al., 1995). ¥V naHuerHuka omnucaH
onuH ParaHox XnacTtep, BKIIIOYAIONIIUI BCe TpU I'eHa.
YV mno3BoHOYHBIX ParaHox reHbl pacripefeieHbl o
yeTbIpeM U 0oJjiee JJOKycaM, KaxKIblii U3 KOTOPBIX J1a-
JIEKO HE BCETlla CONCPKUT ITOJIHbIIA HabOp U3 TSHOB.
K npumMepy, y yenoBeka Kiactep B 13-0if xpoMocoMe
comepxxut Bce Tpu reHa (GSXI, PDXI, CDX2), a
OCTaJIbHBIE TPH JIOKyCa — JIUIIb II0 OMHOMY I'e€HYy —
GSH?2 B 4-oi1 xpomocome, CDX1 B 5-0it xpoMocoMe 1
CDX4 B X xpoMocoMe. AHaAJIN3 OYTUINKAILIAA TeHOB,
okpyxaromux ParaHox XKinacTepbl B UETBIPEX XPOMO-
CcOMax 4YeJIOBeKa, CBMACTEIbCTBYET O IOSIBJICHUU
3TUX KJAcTepPOB B pe3ysibTraTe ABYX payHaoB ITTJL
(Polard, Holland, 2000). JIns yTOYHeHHUSI paHHUX
3TanoB »Bojionun ParaHox TeHOB, BHUMaHUE MC-
clienoBaTesieii TpaIuIIMOHHO O0PaTUIOCh K KPYTIJIO-
POTBIM, KaK 3BOJIIOLIMOHHO JpeBHEN TpyIine. AHaIU3
TEHOMHBIX Y TPAHCKPUIITOMHBIX CUKBEHCOB IT0Ka3aJl
Haymune y MUHOT 1i9th ParaHox reHoB, OpraHn30BaH-
HBIX B JiBa Kiactepa Gsxo.-Pdxo-Cdxa n GsxB-Cdxf.
duyioreHeTUYECKUI aHAIN3, KaK 3TO 4acTO CJIyJyaeT-
csl TIpU aHaM3¢ TeHOB MUHOT, oKa3ajCs He OYeHb
MH(OPMATUBHBIM IJIsI TIOMCKA IIPSIMOI OPTOJIOTUH C
TeHaMU YEJIIOCTHOPOTHIX, IIOCKOJILKY T€Hbl MUHOT, B
cuily O0COOeHHOCTEeM cocraBa (yXe HEOTHOKPATHO
YIIOMWHABIINICS paHee “MUHOXUI TUaNEKT”) yBe-
PEHHEN KITACTEPUBYIOTCS IPYT C IPYTOM, YEM C OPTO-
JioraMu B ApyTux rpyriax. [TogoOHb1i apdhekT Heo-
HOKpaTHO HaOJIroAascs U Mpy aHaJIu3ax OpYrux ce-
MeiicTB reHoB — Hox, KCNA, p53 (Qiu et al., 2011;
Mehta et al., 2013; Coffill et al., 2016). ITockoabKy y
MUWHOT OIM1CaHo 6 KitacTepoB Hox-TeHOB, BEPOSITHO,
IYIUIMKALIKY, TIPUBEIIINE K UX IOSIBJICHUIO, HE 3a-
Tponyau ParaHox reHBI, CBUOETEIBCTBYS O JIOKAJIb-
HOCTH 3TUX OYIUIMKALIMK. AJIbTepHAaTUBHBIM CIIeHA-
pueM 1 ParaHox reHoB siBisieTcs oomas ¢ Hox’amm
OYTUIMKALUS C MOCIEAYIOIE yTpaToOil AyIIULUPO-
BaBIIMXCS KJIACTEPOB M PEOYKIIUEN MX KOJIUYECTBA
no aByx (Zhang et al., 2017). B monnepxKy Takoro
clieHapusl BBICTYIIaeT OOHApY>KeHHUE Y TUXOOKeaH-
cKoit MuHoru (L. camtshchaticum) TOMOJIOTOB T€HOB,
cocencTBylomnx ¢ ParaHox KiactepaMy y 4eIIOCT-
HopotwiX. I'ennr Pdgfra n Kit cBsizanbl ¢ ParaHox B-
KkiacrtepoM, a Pdgfrb n Csflr — ¢ C-xnactepom. U ec-
ym reH Kit y MuHOT cBsI3aH ¢ b-kiactepom ParaHox
reHoB, To Csf1r pacIonoxXeH OTACIbHO, B yIaCTKE Ie-
HoMa, He HecylieM ParaHox rennl. [IBa reHa Pdgfr
MUHOT Takke He cocencTBYIOT ¢ ParaHox xnacTtepa-
Mu. [IpucyTcTBUE B TeHOME MUHOT YeThIpeX T€HOB-
cocelneili MOXET CBMAETEIbCTBOBaTb O TOM, UTO B
npouuioM ParaHox KnacTepoB TakKe OBLIO OOJIbIIIE,
HO YacTh M3 HUX ObLIa yTpaueHa (Zhang et al., 2017).
DTO NOIylLIeHNE MO3BOJISIET COOTHECTH UMEIOIINECS
Y COBpeMEHHBIX MUHOT ABa KiacTtepa ParaHox reHOB
C TMIIOTE30i O ABYX payHIaX IOJIHOT€HOMHBIX Y-
IUTMKAIUA y TPEeIKOB ITO3BOHOYHBIX.
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AVIUNIMKALIMN V Pblb — OT YACTHOTI'O
K OBILLHEMY

Kpome onmmncannbrx Beimie I Ha panHMX 3Tanax
5BOJIIOLIMY TTO3BOHOYHBIX, BHECILIMX BKJIa B hOpMU-
poBaHMEe TeHOMa BCeX ITPEACTABUTEICH 3TOrO MOATH -
a, CBUAETENbCTBA OojIee MO3MHUX AYTUIMKAIUI ObI-
JI OOHAPYXXEHBI U B OTIEJIbHBIX 9BOJTIOLIMOHHBIX JIU -
HUSIX O3BOHOYHBIX. QOUEeBUAHO, UTO MCCIICIOBAHNUE
OCOOEHHOCTE!l M 3HAYEeHMSI TaKMX OYIUTMKALWA 110
CPaBHUTEIBHO “TOPSTYUM cjiegaM’”, MOXET JaTh YHU-
KaJIbHYI0 MH(POpPMaLI0 O 0a30BbIX MEXaHM3MaxX U
BKJIaJIe ITOJTHOIT€HOMHBIX AYIUIMKALWN B 3BOJIIOLIV-
OHHYIO UCTOPHUIO KUBBIX OPTAaHU3MOB B LIE€JIOM.

HaubGonee onvcaHHBIMU TaKMMM COOBITUSIMM Ha
CETOISIIHUI AeHb SIBISIOTCS TYIUIUKAIIUU Y OCETPO-
BBIX PbIO, DYTUIMKALIUM Yy TIpeIKa KOCTUCTBIX PhIO, a
TakKxXXe JOIMOJHUTEIbHBIE payHIbl AYTUIMKALWIA Y OT-
NeJIbHBIX MpeacTaBUTesieil 3TOro Kjaacca — Jiococe-
BBIX U KapnoBbeIX pei0 (Brunet et al., 2006; Glasauer,
Neuhauss, 2014; Du et al., 2020).

OceTpoBbIe PHIOBI, XPSIIEBbIC TAHOUIBI, OTASIN-
JIUCh OT OOIIIEeTO 3BOIIOIIMOHHOTO CTBOJIA TO3BOHOY -
HBIX OKOJIO 345 MUIH JieT Ha3al, BCKOpe Iocje pac-
XOXIIEHUSl JIMHUI JlydenepblX W JBOSIKOIbIILIAIIMX
pbi6. OCEeTPOBBIX OTINYAET HU3KAsI CKOPOCTb SBOJIIO-
IIMOHHBIX WM3MEHEHUM, a paHHee pa3BUTHE MKPbI
BHEIIIHE OOJIbIIIEe MOXOXKe Ha pa3BUTHE MKPhI aMpu-
Ouii, 4eM phIO, YTO CBUAETEILCTBYET OO0 UX apXxaud-
HocTU. OCOOEHHOCThIO KApUOTUIIA OCETPOBBIX SIBJISI-
ercsl HabJonaeMasl y HUX TMOJUIUIOUANUS, C YACIOM
xpomocoM or 120 mo 360—380 y pas3HBIX BUIOB
(Havelka et al., 2013). Takast CKIIOHHOCTB K ITOJIAILIO-
WAN3aIMA MOXET OOBSICHITBHCS, XOTSI OBI OTYACTH,
TEeM, YTO aHaJIU3 FreHOMa He BBISIBUI Y MPEACTaBUTE-
Jiefi oceTpoBbIX (CTEPJISIAU) BBIPAXKEHHBIX MOJOBBIX
XpPOMOCOM, HaJluune KOTOPbIX, KaK YKa3blBaJIOCh pa-
Hee, MOXeT CIY>KUTb OTpaHUUMUTEIEM TYTUIMKAITUOH-
HbIX n3MeHeHuit (Du et al., 2020). MccaemoBarenu
CKJIOHSIOTCSI K TOMY, YTO MOJIUIUIOUIUST OCETPOB HO-
CUT aBTOIUIOUAHBIN XapakTep. IIpu 3TOM, HeoXu-
JIaHHBIM OKa3aJICs OYe€Hb BBICOKMIA MPOLIEHT coXpa-
HEHUS TeHOB IocJe AYyTUIMKALMA — B CPETHEM OKOJIO
70% ., a st OTAEBHBIX TPYIIIT TEHOB, TAKUX KaK TeHBI
[JIyTaMaTHBIX pelenTtopoB — a0 88.5%. Bocemb kita-
ctepoB Hox-TeHOB y CTEPASIN HACUYUTHIBAIOT 88 TEHOB.
ITpu aTOM OTMeYaeTcs1, UTo, B OTJIMYUE OT KOCTUCTBIX
pbIO, yTpaTa reHOB Y OCETPOB KaK MPaBUJIO MTPOUCXO-
JIAT BCJIEICTBUM yTPaThl KPYITHBIX yYaCTKOB reHOMa —
Iie4ya XpOMOCOMbBI WM JaXe XPOMOCOMBbI LIETUKOM
0e3 3aMeTHBIX TIEPECTPOEK B TEHOME, BCJEACTBUE YETO
XPOMOCOMBI OCETPOB B OCHOBHOM HMMEIOT JUCKPETHO
JUTUTOWAHBINA WU TETPATIOUAHBINA cTaTycC.

IlepBble TMIIOTE3BI O NOMOJIHUTEIbHON AyIIMKA-
UM Y KOCTUCTBIX PHIO OBLIM BHIABUHYTHI IJIST OOBSIC-
HEHUST OOHApPY:KEHUS Y IIPSIACTABUTENICH 3TOM TPyI-
MBI ABYX OPTOJIOTOB MHOTMX I'€HOB Ha3€MHBIX IT03BO-
HOYHEIX, XOTS MacCIITaObl 3TOM IYyIUIMKALIMY He ObUIN
oueBMAHBI M3HavYasibHO (Wittbrodt et al., 1998; Taylor
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et al., 2001). ¥ pui0s1 Danio rerio, a BOOCIEICTBUN U Y
SBOJIIOIIMOHHO HauboJjiee paHHUX IMpeacTaBUTelei
rpynn Elopomorpha n Osteoglossomorpha, 6bLIN OTU-
canbl 7 kinactepoB Hox-reHoB (Amores et al., 1998;
Prince et al., 1998; Chambers et al., 2009; Guo et al.,
2009; Henkel et al., 2012). OTKpbITHUE IBOMHOTO Ha-
6opa Hox-TeHOB y paHHUX IpeacTaBUTENIeil KOCTHU-
CTBIX PHIO CTAJIO CBUAETEILCTBOM AYIIIMKALIUUY Y TIPEI-
Ka TPYIIIILI, TOATBEPKIEHHOIO BIIOCIEICTBUN PE3YIlb-
TaTaMM MOJIJHOTEHOMHOTO CEKBEHUPOBAHUSI MHOTHX €€
npencrasureneii (Glasauer, Neuhauss, 2014).

JlorosHuTeNbHBIE OYIUIMKALIMA T€HOMOB IIPOMC-
XOIOMJIN TIO3KE W y OTHSIILHBIX MpencTaBUTEIIC KO-
CTUCTBIX pbIO. Ha ceromHsIIHuI NeHb ONMCAHbBI 1Yy-
IUIMKAIUY Y TIPEAKOB JIOCOCEBBIX M KapIOBEIX PHIO
(Alexandrou et al., 2013; Zhang et al., 2013) u, He nc-
KJIFOUEHO, YTO 3TO YUCJIO OYIEeT pacTu.

OJIHO3HAYHO CYIWUTh O BKJIaJe MOTHOT€HOMHOI
IYTIAKALIY B Pa3BUTHE KOCTUCTHIX PBIO CIIOXKHO, HO
MOXHO OTMETUTbh, YTO 3Ta T'pyIlNa, IPeacTaBUTE]IN
KOTOpPOM OCBOWJIM CaMble€ pa3HOOOpasHBIE MecTa
OOUTaHUS M DKOJIOTUUECKUE HUIIM, Ha CETOIHSIII-
HUil IeHb BKJIIOYaeT B ceOS NMPUMEPHO ITOJIOBUHY
BCEX OIMMCAaHHBIX BUIOB IT03BOHOYHEBIX (0K0J10 32000
n3 64000—68000) (Glasauer, Neuhauss, 2014; Ravi
et al., 2018). Takast ctraTucTUKa, BKYyIIE C OOLIIUM pa3-
HOOOpa3ueM TIO3BOHOYHBIX IIO3BOJISIET OTMETUTH
KOPPEJISILNIO MPEIKOBBIX TEHOMHBIX OYIUTUKALIA C
MOCJIeAYIOIIMM MOP(MOJOTUUECKM pa3HOOOpa3rueM
U 3BOJIIOLIMOHHBIMU yCIIEXaMU TPYMITbI, XOTSI MeXa-
HU3MBbI BJIUSIHUS IYTUIMKALIWI Ha 3TU IIPOLIECCHI ellle
TOJIbKO MpeacTouT u3yduth (Ravi et al., 2018).

SAKJTIOYEHHME

IMTompITOXMBast pacCMOTPEHHEBIE B 0030pe MOASITN
Y IIPUMEPHI, MOXXHO OTMETUTD, YTO, HECMOTPSI Ha BCe
OrpaHMYEHMS U CIIOXKHOCTU OJJTHO3HAYHOTO PEIICHUS
BOIIPOCA O KOJIMYECTBE M BPEMEHU PayHIOB ITOJHO-
IT€HOMHBIX L[yHﬂI/IKa[J,I/Iﬁ Ha paHHHUX 3Taliax 3BOJIIO-
UM TIO3BOHOYHEIX, M HEW30EXHbBIX TONYIIEHMSIX
MIPUHMUMAEMbIX B KaXXIOM M3 pacCMaTPUBAEMBIX CIIE-
HapueB, “KJjlaccudeckasi” MoJejb, IIpearnoJiararonas
JIBa payHIa ITOJIHOTEHOMHBIX NYIUTMKAIUI Y OOIIEro
npenkKa BCEi rpynnbl HE TEPSIET CBOEI aKTyaJIbHOCTU
1 BBITJIAOUT y6e,ZlI/ITCJ1bHO BO MHOT'UX CJIy4yasX.

becnipeuieneHTHBIE MPOPBIBBI TOCIEIHUX JIET B
MOBBIIIEHUU JOCTYITHOCTU METOJ0B BbICOKOMPOU3-
BOIUTEIBHOIO CEKBEHUPOBAHUSI 1 00PabOTKU OOJb-
IUX 00BEMOB MoJyyaeMoil nH¢hOpMalluM, B coueTa-
HUU C BO3pACTaIOIIMM MHTEPECOM UCCeaoBaTeNeil K
He BIOJIHE TPAaAULIMOHHBIM, HO KpaiiHe BaXKHBIM C
¢duoreHeTUYECKO TOUKY 3peHUsI MOJEIbHBIM 00b-
eKTaM, TTO3BOJISIOT yKe B OmmKaiiimeil mepcrneKTruBe
pacCUYUTBHIBATh Ha CYLLIECTBEHHOE COKpallleHUE YMCTIa
“OeIbIX ISITeH” B HallleM IOHUMAaHUU (pyHIaMeHTaJb-
HBIX OCHOB 3BOJIIOILIMOHHO NCTOPHU MO3BOHOUHBIX.

PMHAHCHUPOBAHUE PABOTHI

WccnenoBaHue BbIMOJIHEHO, U MMYOJIMKALIUS TIOATOTOB-
JneHa npu ¢uHaHcoBoi noanepxkke PODU B pamkax Ha-
yuHoro npoekTta Ne 20-14-50172.

IlpencraBieHHOE B cTaThe MCCAENOBAHUE SKCIIPECCUU
reHoB Noggin MUHOT BBIMIOJIHEHO 3a cyeT rpaHta PODOU
Ne 18-04-00015, dyHKuMOHaNbHBIN aHanMu3 reHoB Noggin
MMHOT BBITIOJIHEH 3a cueT rpaHTa PO®U Ne 18-29-07014
MK, dunoreHeTM4eCcKUii aHAIM3 U MOJIEJIb 9BOJIIOLIMY Te-
HOB Noggin MUHOT (puc. 6B) BHITIOJTHEHBI 3a CUET I'paHTa
Ne 20-04-00675A.

COBJIIOJEHUE OTUYECKNX CTAHIAPTOB

Hacrosimiast ctaTbst He COIep>XKUT ONMCAHUS BBIIIOJTHEH-
HbIX aBTOpPaMM MUCCAEIOBAHUI C ydYaCTUEM JIOAEH WU UC-
MOJIb30BaHUEM XUBOTHBIX B KAUECTBE OOBEKTOB.

KOH®JIMKT MHTEPECOB

ABTODBI 3asIBJISIIOT, YTO KAKOW-JIMOO KOH(MJIMKT MHTE-
DECOB OTCYTCTBYET.
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Genome Duplications as the Basis of the Vertebrates Evolutionary Success
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Vertebrates, often considered as the most sophisticatedly organized animals, have a number of unique mor-
phological features that ensured their evolutionary stability and success. According to the most common view,
the genetic basis of these innovations was the whole genome duplications that occurred in the early stages of
vertebrate evolution. One of the important results of such duplications was the emergence of additional copies
of regulatory genes. Having been removed from the constraining pressure of natural selection, these copies
were able to modify their structure and functions, which then resulted in various modifications of embryonic
development and structure of the definitive organisms. For example, due to such ancient genomic duplica-
tions about 35% of human genes are represented by at least two homologous copies. The idea suggesting ge-
nome duplications at the early stages of vertebrate evolution was first put forward in 1970s, however, questions
about their number, scale (whole-genome or local) and timing in the evolution are still actively discussed. In
recent years (2018—2020), due to the rapid development of methods for processing of big data of high-
throughput genome sequencing in different lineages of vertebrates and their closest relatives, cephalochor-
dates and tunicates, a number of comparative studies aimed at identifying groups of syntheny in genomes of
different evolutionary lines and reconstruction of ancestral vertebrates chromosomes were obtained. As a re-
sult, several models describing possible scenarios of genome duplications in early vertebrate evolution have
been proposed. At the same time, laboratory studies, focused on a detailed study of the expression and func-
tional properties of individual families of regulatory genes in different groups of vertebrates, are being actively
carried out. As a result, a lot of new information was collected about the molecular mechanisms of the em-
bryonic development in such hitherto poorly studied representatives of the evolutionarily ancient vertebrates
branches as cyclostomes, cartilaginous fish and sturgeons. In this review, we try to consider modern concepts
of the mechanisms and consequences of ancient genomic duplications with recent experimental data and cur-

rently proposed models of vertebrate genome evolution.

Keywords: genome duplications, vertebrates, alloploidy, autoploidy, subfunctionalization, neofunctionaliza-
tion, cyclostomes, lampreys, sturgeons, bony fishes, Hox, Noggin, Pax, ParaHox, WGD, FoxP, CRD
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LlepeopanbHble OpraHOUALI — 3TO TPEXMEPHbIE KJIETOUHBIE KYJIbTYpPhl, (GOpMUpYIOIINECS U3 crieurudud-
HBIX JUJISI MO3Ta TUTIOB KJIETOK, BO3HUKAIOIINX U3 SMOPUOHAITBHBIX WJIU TUTIOPUITOTEHTHBIX CTBOJIOBBIX KJIE-
TOK. OpraHoubl 1at0T BO3MOXHOCTb U3yY€HUS] pAHHUX 3TArlOB pa3BUTUSI MO3Ta U 3a00JIeBaHU I LIEHTPaJIb-
HOIi HepBHOI1 cucteMbl. OTHAKO MOJIETMPOBAHNUE OPTAHOUIOB CBSI3aHO C PSIZIOM TTOKA HEepellIeHHbIX 3a/1a4.
MeTonuku 1MojlydeHUs1 OpraHOMIOB BKJIIOYAIOT CJIOXHBIN TMpoliecc KyJIbTUBUPOBAHUS KJIETOK, TPeOylo-
LU CTIeUIbHBIX CPell, POCTOBBIX (haKTOPOB, U 3a4acTylO, UCITOJIb30BaHUE OuopeakTopa. Jlaxke B cTaH-
JIapTU30BaHHBIX YCIOBUSIX (POPMUPYIOTCS CTPYKTYPBI pa3inyHbIe 10 MOPGHOJOTUU: OT HEOPraHU30BaHHBIX
KJIETOYHBIX arperaToB, 10 CTPYKTYPUPOBAHHBIX MUHU MO3TOB, KOTOPbIE U OTOMpPAIoTCs Iisl udydeHus. [1o
€CTECTBEHHBIM NTPUYMHAM OPTaHOU/IbI, BbIPALLIEHHBIE iM Vifro HE UMEIOT KPOBOCHAOXKEHUSI, YTO OTPAHUYU-
BaeT UX pa3BUTHE. MBI TTONBITATIMCH MOJTYYUTh LiepeOpabHbIe arperarsl, MOI00HbIE OpraHOUIaM, B MOJIE-
JIM in vivo, TAe 00ecTieunuBaeTcsl pOCT COCYI0OB M KPOBOCHAOXEHUE TKAaHU, [IJIS YEero TPAHCIUIAHTUPOBAJIU
CYCIIEH3UIO KJIETOK M3 HEOKOpTeKCca SMOPUOHA MBIIIU B OOKOBBIE KEJyTOYKA MO3ra B3POCIbIX MbIIIIEHA.
IMostomy, cpenoii mist KyJIbTUBUPOBAHUS CIIyXKUJ1a CTMHHOMO3TOBasi XXUJKOCTh, a 6MOPEaKTOPOM — OOKO-
BBI€ JKEJIYIIOYKM MO3Ta, TIe OHa [IUPKYJIupyeT. Pe3ynbrarsl mokasaau, YTO HEOKOPTEeKC OoT D14.5 apnsercst
MMOIXOASIIIUM UCTOYHUKOM CTBOJIOBBIX/TIPOT€HUTOPHBIX KJIETOK, KOTOPbIE CAMOOPTaHU3YIOTCS B TPEXMEP-
HbIe arperaTbl U BaCKYJISIpU3YIOTCS in Vivo. ATperaTbl COCTOSUIV U3 LIEHTPAJILHOTO CJIOS 3pEJIbIX HEIHPOHOB,
CBOOOJHOM OT KJIETOK MapTMHaJbHOI 30HbI U IMTOTPaHUYHOI IJIMaJbHOI MeMOpaHbl, YTO UMEJIO CXOACTBO
¢ uepedpaabHbIMU OpraHouaaMu. TakuM o6pa3om, 115 TTOJydYeHUST BaCKYJISIPM30BaHHBIX KJIETOYHbBIX arpe-
raToB, HalTOMUHAOUIUX lLiepeOpayibHble OPraHOUIbI, MOTYT OBITh MCIIOJb30BaHbl OOKOBBIE KETYyIOYKHU
MO3ra B3pOCJIOi MBIIIIH.

Karouesoie caoea: iepedpabHble OPraHOWIbI, HEOKOPTEKC, TpaHcmanTauus, GFP, uMMyHorucroxumusi,

OT-IT1LP
DOI: 10.31857/S047514502103006X

BBEAEHUME

M3yyeHue pa3BuTUs MO3ra B HOpMajbHBIX U T1a-
TOJIOTUYECKUX COCTOSIHUSIX MPOBOAUTCS TJIABHBIM
oOpa3oM Ha JIabopaTOPHEIX TpbI3yHaX, HO, KOraa
pedb 3aXOOUT O MO3TE 4YeIOBeKa, IIPEeBpalllacTCs B
OYEeHbB CJIOXKHYIO 3a71a4y, TIOCKOJIbKY 3KCIIEPUMEHTHI
in vivo mIpOBOIUTH HEBO3MOXHO. YaCcTMYHO 3TOT Oa-
PbEP MOXHO IIPEONOJIETh, MCHOJIB3YSI MMMYHOIE(hM-
LIMTHBIX KMBOTHBIX JISI TPAHCIUIAHTALIMY HEMPaAJTbHBIX
KJIETOK 4YeJI0BeKa, KOTOPhbIE HOCTATOYHO IMTEILHOE
BpeMsI MOI'YT Pa3BUBAThCS B MO3Ie€ PELUNMEHTa, YTO
MO3BOJISIET MccaenoBath ux auddepeHUpoBKy (Han
et al., 2013; Mansour et al., 2018). MHOXeCTBO padOT I10
Pa3BUTHIO MO3Ta MJICKOIIUTAIOIIMX ITPOBOIUTCS Ha aJi-
re3uBHBIX KynbTypax in vitro (Koo et al., 2019). Onna-
Ko npu 2D KyJIbTUBUPOBAHUU He (HOPMUPYIOTCS
TpeXMepHasi OpraHM3alysl HEPBHBIX U TJIMaIbHBIX
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KJIETOK U crieuruIecKre MPOCTPAaHCTBEHHBIE MEX-
KJIETOYHBIE B3aUMOICUCTBUS XapaKTepHBIE I pas3-
BuBatonierocs Mosra (Pacitti et al., 2019). He Tak nas-
HO ObLIa MPOJAEMOHCTPUPOBAaHA BO3MOXHOCTbH CO-
30aHUsI TPEXMEPHBIX OpraHOUIOB in vitro (Watanabe
et al., 2005; cMm. 0630p Sukhinich, Aleksandrova, 2020).
LlepedpanbHbIe OpraHOUABI TIPEACTABISIOT COOOM ca-
MOOpPIraHU3YIOIIHECs] KJIETOUYHbIE TPEXMEPHBIE arpera-
TBI, COCTOSIIIME U3 CITELU(UUHBIX OIS MO3ra TUIIOB
KJIETOK, BO3HUKILNX U3 SMOPUOHAJIBHBIX WIN TLTIOPU-
TMMOTEHTHBIX CTBOJIOBBIX KJIeTOK (Qian et al., 2019). B
opraHougax BOCIPOU3BOISITCS MOP(O-TeHETUYECKHE
MPOLIECCH PAHHMX 3TAIlOB Pa3BUTUS, B TOM YMHCIIE
cnenyuyecKass MUTpalvsl KJIETOK U IIUTOAPXUTEK-
ToHUKa 3MOpuoHanbHoro mosra (Eiraku et al., 2011;
Mariani et al., 2012; Todd et al., 2013). Monenb opra-
HOMJIA TAKXKE 0KA3aJIach YCIICIIHOM AJIsI U3yYeHUS psiaa
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3a00JIeBaH1I IIEHTPAJTBHOM HEPBHOIM CHUCTEMEBI, CpEIN
HUX, Hampumep, Mmukpouedanmus (Lancaster et al.,
2013) u naxe 601e3Hb Asblireiimepa (Gonzalez et al.,
2018). OmHako, HECMOTpPsI Ha IIMPOKMI MHTEPEC K
MOJIEJIMPOBAHUIO OPTraHOUJOB, TEXHOJOTHSI UX BOC-
MPOM3BOJICTBA CBSI3aHa C PSIIOM MOKa He PeIlIeHHbBIX
3ana4d. [lepBoe, 3TO CIOXHbBIN, MHOTOATAITHBIN TTPO-
1IeCC KYJbTUBUPOBAHUS KJIETOK, B pe3yJbTaTe KOTO-
pOTro TOJILKO HEKOTOpPbIe OpPraHOUIIbl MPUOOpETAIOT
XapaKTepHYI0 TUCTOTUITMYECKYIO OpraHMu3aluio, U
BTOPOE, OTCYTCTBUE B OPraHOWJIax BacKyJspu3aluu
U HEKOTOPBIX TUMOB KJIETOK, CHELU(UYHBIX IS
MO3ra, YTO OTpaHMYMBAET ero poct. MHTepecHbIM
MOJIXO/IOM MOXET ObITh BbIpallluBaHNE OPTaHOUIOB B
“ecTeCTBEHHOI cpele MUKPOOKPYXKEeHUs”, a UMEeH-
HO, B TIOJIOCTSIX XKEJIYAOUYKOB MO3Ta 3KCHEPUMEH-
TaJIbHBIX XUBOTHBIX in vivo. B 3TOI Moaenn MOXHO
u3bexaTb HEOOXOMMMOCTU B CIeLMaJbHBIX ITUTa-
TeJIbHBIX Cpelax, TaK KaK OHU 3aMEHSIOTCSI CIIMHHO-
MO3rOBOH XXUAKOCTbIO, KOTOpasi sIBJIsIeTCs OMOJIOTH-
yecku akTuBHOI cpemoit (Rahimi, Woehrer, 2017),
OKa3bIBaeT BaXKHOE PEryJIMpylolliee BIUsSHUE Ha Ipore-
HUTOPHbBIE KJIETKU B MPOLIecce HEMporeHe3a KOpbl ro-
JioBHOTro Mo3ra (Lehtinen et al., 2011), kpome TOro Bo3-
MOKHO HCHOJIb30BaTh y>K€ KOMMUTUPOBAHHbBIE THUIIbI
kj1eTok. Llenplo HacTosIIero uccieIoBaHus ObUIO U3y-
YeHUE CIIOCOOHOCTY K CaMOOpraHu3allMu B TpexMep-
Hble arperartbl, MOJOOHbIE OpraHoOuAaM, TPAHCIIJIAHTU-
POBaHHBIX CTBOJIOBBIX U MPOT€HUTOPHBIX KJIETOK M-
OpUOHAJILHOTO HEOKOpTeKca IpU HUX Pa3BUTUU B
JIMKBODE XKeJIyTOUYKOB MO3ra B3pOCJIO MBIIIH.

MATEPHUAJIBI 1 METOAbI
Kueommuwie

TpaHCTeHHBIX TEeTePO3UTOTHBIX MBIIICH JTUHUHN
C57BL/6-Tg(ACTB-EGFP)10sb/J (Jackson Labora-
tories, Bar Harbor, ME) u mpieit ntuauu C57Bl/6
WCITOIb30BaJI VIS TIOJTyYeHUs TaTHPOBAHHOM Oepe-
MEHHOCTH M TpaHCIUIAaHTAIlUM. YTpo, Korma Oblia
oOHapyXeHa BarMHaJibHasl IPoOKa, ObLII0 OTMEYEHO
Kkak 90.5. Ha cpokax pasputus 914.5 (n=4) u 819.5
(n = 4) n3 >MOpHMOHOB TpaHCTeHHBIX MbIIeit EGFP
BBIIECJISIIA TKaHb (PPOHTATIBHOM YaCTH HEOKOPTEKCa.

oT-111[P

Brinenenne PHK nmpoBoauiu corjiacHO MpoTOKO-
JIy K KOMMepYecKoMy Habopy KomiaHuu “Qiagen”
RNeasy Kit (Qiagen, #74004) ¢ mcnoab3oBaHHEM
“Qiagen” DNase Kit (Qiagen, #79254) nns ynaneHust
octatkoB reHoMHoM JIHK. JIn3uc o6pa3moB HEOKOP-
TeKca MPOBOMWIN Oe3 MpeaBapUTEeIbHON TOMOTEHM -
3auuu opraHa. st monydeHus nepsoit uenu kK AHK
Ha Matpule BblaeaeHHol PHK ucnonb3oBaim KoMm-
Mepaecknii Habop kommmanuu “Epporen” MMLV RT
kit (Evrogen, #SK021). BBuay pa3HoOro pacriojaoxe-
HUSI Ha TPAHCKPUIITE MUILIEHUI aMILUTM(UKALIAN IS
cunTte3a K/IHK mncrnons3oBanu cMech CIydaiHBIX Jie-

KaHYKJIEOTUIHBIX mpaiiMmepoB u onuro(dT) mpaiime-
pa B cootHoIieHuH 1 : 1 (mpaiiMepbl BKIIIOYEHBI B Ha-
oop MMLV RT Kkit). Hust omHOI peakuuy Opanu
1 mxr PHK. g nposenenust OT-ITLP B peansHOM
BPEMEHU ObLUIM IOI00paHbl MpaiiMephbl C MOMOIIbIO
onnaiiH pecypca NCBIPrimer-BLAST (ta6:. 1). ITpe-
MMYIIECTBEHHO NOAOMpaIi IpaiiMephbl K MOCIeA0BAa-
TEJILHOCTSIM, JICXKAIIIMM Ha CTBIKE 9K30HOB JIJISI 130¢-
xXanus amrmmdukanuy renomuoi JJHK. ITHP B pe-
aJIbHOM BpPEMEHHU IIPOBOIWINA C MCIOJb30BaHUEM
ammumdukatopa CFX96 Touch (Bio-Rad). Hnsa
OT-IILP wcrionp30Baii  TOTOBYIO KOMMEPYECKYIO
cMmech JPCRmix-HSSYBR kxommanuu “EBporen” (Ev-
rogen, #PK147L). OLeHKY 3KCIIPECCUU TIPOBOINIUN
o metony 2ACt, rae B KaueCcTBE KOHTPOJBbHOTO 00-
pasiia MCHOoJIb30BaJIach KyJAbTypa MMMOPTAIU3UPO-
BaHHBIX MBIIIIUHBIX (rudpodaacToB 3T3-NIH. Hop-
MaJIN3aluIo Pe3yJIbTATOB IIPOBOIVIIN 10 SKCIIPECCUU
redoB nomainHero xosgiictBa GAPDH u ACTB.
3uavyeHmnst 2ACt UCITOJIB30BaHEI IS pacdyeTa U3MeHe-
HUS YPOBHS SKCIIPECCUU U3Y4aeMbIX FeHOB: R = 27ACt
IUIST yooOCTBa IIOCTPOECHUS TpadUKOB ITOJTyYeHHBIE
JIaHHble ObUTU TIpeAcTaBiieHbl B popMmare Log, (R).

Tpancnaaumayus

IIpu TPUTOTOBIEHUU CYCMEH3WM KJIETOK ISt
TpaHCIJIAaHTallUM TKaHb HEOKOPTEKCca, MOJIYyYEeHHYIO
OT MHILIeil D14.5 (4rcino aMOpHOHOB, 1 = 4), TUCCO-
IIMAPOBAIN C WICITOJIb30BAaHUEM pacTBOpa AKKYTa3bl
(Sigma-Aldrich, CIIIA) 1 mpoMBIBaJii B pacTBOpe
Xonkca (Gibco). O0beM Kaxmoro TpaHCILUIaHTaTa
cocraBisan 1.5 Mk m comepxan 300000 xieTok.
Bapocabix Mmbieir C57Bl/6 (n = 9) aHecTe3upoBaiu
n3zodaypanom. OrepallMOHHAsI TTOBEPXHOCTb OblLiIa
BBIOpHTA, KOXKa MEXITY YIIIaMM pa3pe3aHa, KOCTU Yepe-
ma ucroHuyeHbl. CycrieH3uo (PPOHTAIBHOTO HEOKOP-
TeKca BBOAWJIU CTEPEOTAKCUIECKU ITpuLieM ['aMuib-
ToHa. UHBEKIINH BBITOTHSUIMCH B CICIYIOIITNX KOOP-
nuHarax oTHocuTesnbHO bpermbl: +0.3 MM (aHTepuo-
ocTepruaibHO), 1 MM (JrarepanbHO), 1.5 MM (mopco-
BEHTpaJIbHO). IMMyHOCYTIpeccHs He TIPOBOIIIIACK.

IIpuecomosaernue cpe3o8

Ha 5-i1, 30-it m 90-if mHU TOCIe TpaHCITAaHTAIIT
BBITIOJIHSUIM TPaHCKapAWAJIbHYIO Iepy3uio ¢ HcC-
noJjik3oBaHneM (ocdatHo-coseBoro oydepa (Phos-
phate buffered saline, PBS) u 4% napadopmainbaeru-
na. Kaxnapiit MO3r ObLT U3BJICYEH M3 Yeperia U MHKY-
OUpoBaH B TeUEHME HOYM B TOM e (uKcaTope.
3areM mosr npomeiBaiu B PBS u nepenocunu B 30%
caxaposy Ha PBS. KopoHapHbIe cpe3bl IT0Ty4aIn ¢ o~
Moiliiblo kpuoctata (Leica CM1900), ToniiuHa cpe3oB
cocrasisuia 40 MkM. ToT 3ke IIpOTOKOJI ObLT MCIIOIb30-
BaH U1 Mo3ra SMOproHOB MBI D14.5. Cpe3bl Xpa-
HWJIM B pacTBope KpuonporekTopa npu —20°C.
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Ta6mauua 1. [Mpaitmepsi, ucnons3oBanHsble 11t OT-TTL[P B peanbHOM BpeMeHU

I'en ITocnenoBaTeabHOCTD, 5'—3'

GAPDH Fv: TGCACCACCAACTGCTTAGC

Rv: GGCATGGACTGTGGTCATGAG
ACTB Fv: CCCTGAACCCTAAGGCCAAC

Rv: ATGGCTACGTACATGGCTGG
DCX Fv: CCCCATGTGTGTGAGGTGTT

Rv: GCTCTTTGGCTGCCCAGTAT
GFAP Fv: TGAATCGCTGGAGGAGGAGA

Rv: GCCACTGCCTCGTATTGAGT
NES Fv: GGCTGTATTCCCCTCCATCG

Rv: CCAGTTGGTAACAATGCCATGT
NEUN Fv: GGATTCGGGTTCGTAACTTTC

Rv: GGCGTGACCATCTTCTTGTT
PAX6 Fv: ACCCAAGAGCAGATTGAGGC

Rv: TTGGCTGCTAGTCTTTCCCG
SOX2 Fv: TGCGCGCTCTGCACAT

Rv: GAAGCGTGTACTTATCCTTCTTCA
SYP Fv: CCAATCAGATGTAATCTGGTCAGT

Rv: AGGCCTTCTCTTGAGCTCTT
TUBB3 Fv: CAGCGGCAACTATGTAGGGG

Rv: CCAGGTTCCAAGTCCACCAG

HUmmynoeucmoxumus U spa okpammBaiau pactBopom DAPI (2 mMkr/mi,

IIpenmeTHBIC CTEKIa CO cpe3aMy MHKYOMPOBAIIN
B TeUeHME OJHOTO Yaca IMpu KOMHATHOI TeMmIiepaTy-
pe B GJIOKMPYIOIIEM pacTBope: cMecu 5% HopMallb-
HOi1 Ko3beit ceiBopoTkHu (Sigma-Aldrich), 0.3% Tri-
ton X-100 (Triton) 1 0.01 M PBS (pH 7.4). ITocne 3To-
ro MHKYOMpoBaau B TeueHre Houu Tipu 4°C B cMecu
OJIOKMPYIOIIETO PaCTBOPA M IEPBUIHBIX aHTUTEI. BBI-
JIM UCIIOJIb30BaHbI CIEAYIOIIe aHTUTeda: KPOJIUdbU
antutena npotuB NeuN (Abcam, ab104225, 1 : 500);
kpoanuby antutena npotuB GFAP (Abcam, ab7260,
1: 800); xypunsie aHntutena npotus GFP (Molecu-
larProbes, A-11122, 1 : 500), Kponuubu aHTUTEIIA
npotuB Sox2 (Abcam, ab92494, 1 : 500); kponuabu
antutena nmpotuB DCX (Abcam, ab18723, 1 : 800);
KpOJIMYbU aHTUTeNa MpoTuB Pax6 (Abcam, ab195045,
1 : 500); kponuubu anTUTeNIa NpoTUB beta-111 tubulin
(Abcam, ab18207, 1: 500); Kpoau4ybu aHTUTEJIA IPO-
B Synaptophysin (Abcam, ab32127, 1 : 600). 3atem
Cpe3bl IIPOMBIBAI M MTHKYOMPOBAJIM B TCUECHNE 2 U B
cmecu 0.3% Triton X-100 (Triton), 0.01 M PBS
(pH 7.4) u cnenyromux BTOPUYHBIX aHTUTEI: KO3bU
antutelsia mpotus IgY uplmieHka (Abcam, ab150169,
AlexaFluor488, 1 : 600), 1 KO03bM aHTUTEJIA MTPOTUB
IgG kpomuka (Abcam, ab150080, AlexaFluor 594,
1:600). [Ins BU3yalm3aldu COCYIOB CPe3bl OKpa-
murBanu JeKTuHoM (Lycopersicon Esculentum) me-
yeHbIM (payopoxpomoM DyLight® 594 (Vector Labo-
ratories, DL-1177-1). 3aTtem cpe3bl npoMbiBaiu B PBS
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Sigma, D9542). I'ucronornyeckre M300paxkeHusI Io-
JIy4aau ¢ MOMOIIbIO (hJIyOpEeCLIEHTHOTO MUKPOCKOTIa
BZ-9000E (Keyence, AnoHust).

Cmamucmuueckuil aHaiu3

OT-IILP B peajibHOM BpeMEHU [JIST KaXKI0ro 00-
pa3siia npoBoAwWiICsS B 4 TEXHUYECKUX MOBTOpax. Jlis
OLIEHKM pa3IMIMi MEXIy IaTTepHaAMU SKCIIPECCUU B
kiaetkax 914.5 u D19.5 ucnoyb3oBaau KpUTEepUid
YunkokcoHa—MaHHa— YUTHU.

PE3VJIBTATHI

Xapalcmepucmulca Kaemok
9M6[)UOHd/le020 HeoKopmeKkca

st BeIOOpa Hanbosiee TOAXOasIIero MaTepyuaia
JUIST TPAHCIJIAHTALMKY ObLIO IIPOBEACHO MCCIIEHOBA-
HUE HEOKOPTEeKCca SMOPMOHOB IBYX CTaAU Pa3BUTUST
914.5u 919.5. Meton konuuectBeHHoro OT-TILLP B
peajbHOM BpEMEHU I10Ka3ay, 4To Ha cramuu D19.5
MIPOUCXOIUT CTATUCTUYECKM 3HAYMMOE CHIDKCHUE
MapKepOB CTBOJIOBBIX KJIETOK SOX2 M TEHICHLIMS K CHU -
xkeHmio Nes (nestin). ITpy 3ToM IIpOMCXOANT CTATUCTU-
YyeCcKH! 3HauMMoe TToBbIIIeHue sKcrpecnd NeuN u Syp
(synaptophysin) 1mo cpaBHeHHIO ¢ D14.5, 4TO CBUIEC-
TEJILCTBYET O Mpoleccax auddepeHIIMPOBKI B HEM-
ponbl. HauboJjiee BaxkHBIM MOKa3aTejeM SIBISIETCS
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Puc. 1. CpaBHeHMEe 3KCIIpecCHU HelpaJIbHBIX MapKEePOB B KJIETKAX MO3Ta SMOPHOHOB MBI Ha ctagusax D14.5 m 919.5. Ha
CTam/m2919.5 KJIETKU CTAaHOBSITCS GoJsiee 3peIbIMU M HauMHaeTcs rimoreHes. JlanHele orobpaxkeHsl B popmare Log;o(R), rae
R =272 % _ 5 <0.05 no kputepmio YHIKOKCOHa—MaHHa— YUTHH, pa3HULA B 9KCIIPECCHU CTATHCTUYECKH 3HAUMMA.

n3meHeHue skcrnpeccun MPHK rena actpouutoB —
GFAP, xoropniii Ha D14.5 B HeliporeHHOI ¢a3se
mddepeHIIMPOBKHA BOOOIIIEe HE SKCIIPECCUPOBAJICS,
a Ha D19.5, B rimmoreHHoit (ase, moKa3bIBaeT BHICO-
Kuit ypoBeHb (puc. 1). CToUT OTMETUTD, YTO Ha 000-
UX CpOKax HaOJoJaeTcss CTaOMIbHAasi SKCIPECCUs
Mapkepa HenuddepeHIMPOBaHHBIX HeHpoHOB: Dcx
(doublecortin) u Tubb3 (beta-111I tubulin). das mon-
TBEpXIeHUsT MaioauddepeHIIMPOBaHHOTO cTaTyca
HeokopTeKkca D14.5 0bUI10 IPOBEIeHO UMMYHOTCTO-
xumMuueckoe uccienopanue (MI'X) ¢ ucnoab3oBaHu-
eM HelipoHaJbHBIX MapKepoB (puc. 2). Pe3yinbTaThl
UI'X ananm3za 1mokasajiy, YTO KJIETKM C MapKepaMu
HelipaabHBIX cTBOOBBIX KiTeToK (HCK) Pax6 u Sox2
pacmpenelieHbl cTporo B V-SVZ (BEeHTPUKYISIPHO-
CYOBEHTPUKYJISIpHAsI 30HA) U OTCYTCTBYIOT B IPYTUX
CJIOSIX KOpBL. Murpupyooiye HepoOJIacThl, SKC-
npeccupytomme DCX, 3aHUMaIOT TPOMEKYTOUHYIO
30HY KOpbI MO3Ta. B 30He KOpTUKATBHOM MIaCTUHKU
pacmojararoTcss HEMpOOJaCcThl, 3KCIPECCUPYIOIIE
Mapkep paHHuUX HeiipoHoB beta-III tubulin. 3a mpe-
nenamu V-SVZ Bce HEMPOHEBI 9KCIIPECCUPYIOT Map-
Kep CMHAINTUYECKMX KOHTAKTOB synaptophysin, mo-
CKOJIbKY CHHaNTUYeCKHE BE3UKYJbl YXe MPUCYT-
CTBYIOT B pACTyIIUX aKCOHAaX W MX OKOHYAHUSIX,
HECMOTPSI Ha TO, YTO CTAOMJIBHBIX CUHAIICOB Ha 3TOM
CTaauM pa3BUTHSI ellie HeT. Sl mepHEBIil MapKep 3peIbiX
HeiipoHoB NeulN sKcmpeccupyeTcst B KJIeTKaxX Ha

OYeHb HU3KOM YPOBHE, UYTO, CBUAECTEIBCTBYET O Ma-
JIoM uuclie nuddepeHIMpoBaHHbIX HelipoHoB. Ta-
K1M 00pa3oM, HU3KUI ypoBeHb IrddepeHIUPOBKA
KJIETOK 3MOpHUOHaIbHOTO HEOKOopTekca D14.5, a Tak-
K€ OTCYTCTBME B HEM acCTPOLIMTOB AeJaeT ero dojee
MOAXOASIIIAM MAaTepUAIOM IS TPAHCIUIAHTALIUU TI0
CpaBHEHMIO C HEOKOPTEKCOM cTtaguu D19.5.

Knemku ambpuonanvroeo Heokopmekxca gopmupyrom
mpexmepHble azpe2amul NocAe MPAHCHAAHMAUUU
8 Jcenydouex mMo3ea moluiell

Ha MoMeHT TpaHCIUIaHTalUMU KJISTKU B CYCITeH-
31U OBLIN OLIapeHBI, pacIiojarajJuch eAUMHUYHO VI
00pa3oBBIBAIN HeGoIbIIMe arperatel. Ilocie TpaHe-
IUIAHTALlMM CYCTHIEH3UM OXapaKTepPU30BAaHHBIX KJIe-
TOK 3MOpPHUOHAJIBHOr0 HEOKOpPTEKCA MBIIIU (CTagust
9D14.5) B KenymodyeK MO3Ta B3pOCJIBIX MBIIIE MOp-
doormueckoe McCiaeIoBaHWE IIPOBOIMIN 4yepes3 5,
30, 90 cyT nnocie onepauuu. Yepes 5 cyT OBLIO MTOKa-
3aHO MPUCYTCTBUE TPAHCIUIAHTATA B XXEIYA0UYKE MO3-
ra B3pocCJIbIX Mbliei (puc. 3). OgHako Ha TAKOM paH-
HEM CPOKE TPaHCIUIAHTAThI ObLIM €IlIe TIOXO MHTETpU -
pOBaHbI B TKaHb, YTO IIPUBOOWIO K “BhINAAcHUIO”
psiIa TPaHCIIIIAHTATOB IIPH paboOTEe CO CBOOOTHOIIIaABA-
IOIIMMU cpe3amMu. TeM He MeHee, yaaloch MoKa3aTh,
YTO TTepecakeHHbIE KJIETKU pacoiaraloTcs UMEHHO B
OOKOBOM KeJTyIOYKE MO3ra, OHM He “BBIMBIBAIOTCS”
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Puc. 2. UMMyHOTMCTOXUMHUYECKOE MCCIIeI0BaHIE HEOKOPTEeKCca SMOpHroHa Ml ctanuu D14.5. Hespenble HeiipoHsl (Beta-
IIItubulin+) HaXOJSITCSI B KOPTUKAJIbHOI miacTuHKe. HelipobacThl DCX" sanumaior MHTEpMeInaJIbHYIO 30HY, B UX aKCOHaX
BBISIBIsIETCSl cuHanTodusnH (Synaptophysin). HelipanbHble cTBOIOBbIe KIeTKU (Sox2+, Pax6+) BBISIBISIIOTCSI TOJIBKO B BEH-
TPUKYJISIPHOM U CYOBEHTPUKYJISIPHOM 30HE. 3pesible HEMPOHBI (NeuN+) HaxosSITCSI B KOPTUKAJIbHOI miacTuHke. LV — narte-

PaIbHBIN XKellynodyeK. MacimTabHbIi oTpe3oK: 100 MKM.

CIIMHOMO3TOBOM KUIKOCTBbIO, U YyXe (POPMUPYIOT
00BEMHBIII TPAaHCIJIAHTAT, B KOTOPOM KJIETKU PacIIO-
JnoxeHbI XxaotTnyHo. MI'X aHanm3 mo3BoJiiI 0OHapy-
KUTh, YTO HA JAHHOM CPOKe KJIETKM TpaHCILJIaHTaTa
MMEIOT MOJIOXKUTENbHYIO peakuunio K DCX, 4ro yka-
3bIBAET HA MIPOLECCHl MUTPAIIUM KJIETOK BHYTPHU KJle-
TOYHOTO arperara.

K 30 cyt mociie orepaliuy TpaHCILUIAaHTAThI 3HAYM -
TeJIbHO yBEJUYMBAINChH B pa3Mepe, U MUTPUPYIOIII1e
DCX* kyieTky yKe He BBIBIsch. HecMoTps Ha MH-
IUBUIYyaTbHbIE Pa3InuKs B pa3Mepax, TpaHCIUIaHTAThI
yKe UMEJTA YETKYIO IIMTOAPXUTEKTOHUKY. B 1leHTpasib-
HOI 4acTu TpaHCIUIaHTaTa TPyHITUPOBAIUCH 3peJible
HEeMPOHBI, OJIOXKUTEIbHBIE K Mapkepy NeulN (puc. 4),
B TO BpeMsI KaK Mo Tepudepun Obla olpenesieHa
MapruHajibHas 30Ha 6e3 NeuN™ HelipOHOB, MOI00-
Hasi TIepBOMY CJIOI0 Kopbl Mo3ra. Ha aTom cpoke uc-
cnemoBaHus monoxurenbHble K GFAP actponnTsl
ObLIM pPaBHOMEPHO paclpeAesieHbl 10 TpaHCIUIaH-
taty (puc. 5). Mopdonorndeck ObLIO BBHISIBICHO
BpacTaHUE COCYJOB B TpaHCIIAHTAT.

Ha 90 cyTt TpaHcIuiaHTaThl ObLJIM XOPOIIIO pa3BU-
Thl. TTosoxurelbHbIX K DCX* Helipo61acToB B HUX
BBISIBJICHO He ObLJ10, UTO CBUAETEIBCTBOBAJIO O 3aBEP-
IIIEHWU MUTpallMU KJIETOK U MpoleccoB auddepeH-
uuposku. JuddepenurpoBadubie NeuN™' HEAPOHBI
pacrpeaessiuch B LIEHTPAIbLHON YacTU TpaHCIUIaH-
tata. OHU pacnojlaraiuCh MEHEE MJIOTHO B LIEHTPE U
IUIOTHee Ha nepudepru LeHTpalbHou obyactu. I1o
pasMepaM Saep KJIETOK MOXHO MPEAION0XUThb, YTO
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KpYITHbIE HEMPOHBI, HaxXoAsdlIuecs Ha mnepudepuun
IEHTPpaAILHOI 001acTh IBASIOTCS HelipoHamu V—VI
CJIOST KOPBI, KOTOPhIe (POPMUPYIOTCS B IIEPBYIO OUe-
penb. Ha nepudepun tpaHcmiaaHTaTa ObLIa BBISBIIC-
Ha 30Ha 0e3 NeuN™ KJIeTOK, COOTBETCTBYIOLIAY IIEP-
BOMY CJIOK0 KOpBI (puc. 6). OKpamnBaHUe Ha Map-
KEp CHHAIITUYECKMX KOHTAaKTOB synaptophysin
ObLJIO TOCTaTOYHO PaBHOMEPHO IO TKAHU TPaHC-
rutaHTaTa (puc. 7). Takke paBHOMEPHO IO TpaHC-
IUIaHTaTy ObUIA pacripeneeHbl Sox2" kieTku (puc. 8).
Pacnpenenenne actpouuntos (GFAP") nmerno xapak-
TePHBI MAaTTePH: paBHOMEPHOE pacHpeaeiieHrue I10
TpaHCIUIAaHTAaTy U (pOpMHUpPOBaHME 30HBLI MOTrPaHUY-
HOW TMaabHON MeMOpaHbI (glia limitans) Ha rpaHu-
1Ie MEeXIY TPaHCIIJIAaHTATOM U XeyI0YKOM MO3ra pe-
uunueHta. @opMupoBaHus pyOlia Ha MeCTe KOHTaK-
Ta TpaHCIUIAHTaTa M PELUIIMEHTAa HE BBISIBISLIOCH
(puc. 9). [Tomumo CTpYKTYpHOI1 opraHu3aluu, Oblia
BBISIBJICHA OOIIMpHAs BacKyJIsipu3alus TpaHCILIaH-
TaTa KPOBEHOCHBIMU COCYIaMU CO CTOPOHBI MO3Ta
peuurnenTa (puc. 10). OmHOBpeMeHHO OBLJIO OOHAa-
PYX€HO, 4TO B 00JIaCTM KOHTAaKTa TPaHCIJIaHTaTa C
CYOBEHTPHUKYJISIPHOII 30HOII B3pPOCIOrO MO3Ta HOET
murpanuss DCX" kJleTok, IpuYeM BIOJb COCYIOB.
MoXXHO TIPEANOJIOKUTh, YTO 3TO HenuddepeHIINpPO-
BaHHBIE HEMPOHBI, BO3HUKIIIME U3 COOCTBEHHBIX 9H-
JIOTeHHBIX CTBOJIOBBIX KJIETOK peuuiuenTa (puc. 11).
Murpaiyu KJIeTOK U3 TpaHCIUIaHTaTa B TKaHb MO3ra
peuunueHTa He ObLIO BBISIBJIEHO HU Ha OMHOM CPOKeE
HaOmoneHus. Hanmune MToapXUTeKTOHMKU U OTCYT-
CTBUE MUTPAIIM B TKAHb MO3Ta PELIMIIMEHTA YKa3bIBa-
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Puc. 3. TpaHcIiaHTaT KJIETOK 3MOPMOHAJIBHOIO HeoKopTeKca Mblleit (D14.5) yepe3 5 cyT mocie mepecanky B XKeJlyITodeK
Mo3ra Mblld. [TonoxuTeapHass UMMYHOTMCTOXMMUYECKAsT peakliisl KJIeTOK TpaHCIIaHTaTa K MapKepy HeiipobiactoB DCX.
TpaHcrmiaHTaAT BblIeJIeH MyHKTUPOM. LV — natepanbHbIi xkelynodekK. MacimTabHbIi oTpe3ok: 100 MKM.

€T Ha TO, YTO TTOJIyYeHHBIe TPAHCIUIAHTAThI TIPEACTAB-
JISIIOT CO0OI CTPYKTYPhl HAMOMUHAIOIIINE OPTaHOUIBI.

OBCYXJIEHHME

B Hacrosmeit padoTe MBI IBITAJTUCH CMOIEINPO-
BaTh afeKBaTHBIC YCIOBUS IJISI BhIpallIMBaHUS Liepe-
OpanpHBIX 3D arperaToB, UCITOJIB3YsI TPAHCIDIAHTALIMIO
CTBOJIOBBIX 1 IIPOT€HUTOPBIX KJIIETOK 3MOPHUOHAILHOTO
HEOKOpTeKca MbIIIIEH B JIaTepabHbIE XKETYIT0UYK MO3-
ra B3pOCJIBIX MBIIIIEH, Ie HUPKYIUPYET OMOTOrMIECKI
aKTUBHasi CIIMHHOMO3TOBasl >KMIKOCTh M BO3MOXKHO
KPOBOCHa0XeH1E CO CTOPOHBI Mo3ra perunuenTa (Le-
htinen et al., 2011; Rahimi, Woehrer, 2017). CrenyeT 3a-
METHUTb, YTO ITOJIOCTU OOKOBBIX XEIyIOUYKOB MO3Ta,
Onaromapsi UX MUKPOOKPYXKEHMIO, HEOIHOKPATHO
WCIOJIb30BaIN IS TPAHCIUIAHTAIUM pa3HbIX TUIIOB
HelipaJbHBIX M HeHEWpaIbHBIX KIIeTOK. Kaxkmas Ha-
y4Hasi TpyIIna cTaBujla KOHKPETHYIO 3a/1a4y B CBSI3U C
TeM, YTO WJIM KJICTKM IUIOXO PacTyT B ITapeHXMME,
WINA M3-32 HEOOXOMMMOCTHU IIOITagaHUsI MPOAYKTOB
CHHTE3a KJIETOK HEIOCPEACTBEHHO B CIIMHHOMO3TO-
By10 xkunkocth (Freed et al., 1990; Zheng et al., 2006;
Henzi et al., 2018; Barati et al., 2019). B Hamry 3amauy
BXOAMJIa OTpabOTKA MOJEIU JIJIsI U3YUYCHUST CaMOOp-
raHM3allii W BacKyJISIpu3allMd HEOKOPTUKAIbLHBIX
KJIETOK, BBIIEJICHHBIX 13 3MOPMOHAJIBFHOIO MO3Ta U
KyJIbTUBHPOBAHHBLIX B JIaTepaJbHOM KEJIyHOYKe
B3POCJIBIX MblIIIei. 11 TpaHCIUIaHTAlMK OBLIN BbI-
OpaHBI KJIETKM HeokKopTekca sMoprnoHoB GFP MbI-

meit D14.5, KoTopble HAXOASATCS Ha CTaINN HeHpOHO-
reHesa v, B OTJINYME OT HEKOMMUTUPOBAHHBIX SMOpH-
OHAJIBHBIX M WHIYLUPOBAHHBIX TLTIOPUIIOTEHTHBIX
CTBOJIOBBIX KJIETOK HE MOTYT (pOPMUPOBATH TEPATOMBI
(Gutierrez-Aranda et al., 2010). Mcnons3ys OT-ITLIP B
peaTbHOM BpeMEHU MBI ONIPEIeIIIN COCTOSTHIE TU(d-
¢depeHIIUPOBKH KIIETOK B HEOKOPTEKCE SMOPHOHOB
cragnit D14.5 1 D19.5. Ilo sxkcnpeccuu MPHK renon
CTBOJIOBBIX KJIeTOK Pax6, Sox2, Nes; manogudde-
peHIIMpPOBaHHBIX HeMipoHOB Dcx, Tubb3; nuddepeH-
nupoBaHHBIX HeiipoHOB NeuN; acrpornntoB GFAP n
cuHanTodu3nHa Syp (HaUMHAaeT SKCIIPECCUPOBATLCS
B Heaud depeHIIMPOBAaHHBIX HEMIpOHAaX) OBLIO MOKa-
3aHO, YTO MPEINOYTUTENbHEE TSI TPaHCIIAHTALIUN
KJIETKM KOphl D14.5. B HMX BBICOKOIT YpOBEHBb IKC-
MPECCUN MapKePOB CTBOJIOBBIX KJIIETOK, OTCYTCTBYIOT
nuddepeHIMpOBaHHBIE HEMPOHBI U HET ITHAJIbHBIX
kietok. PesynbpraTter OT-T1L P MBI moaTBEepaAMIN M-
MYHOTUCTOXMMUUYECKUM aHAIU30M CPE30B, IIe Oblia
MoJIydeHa KapTWUHA pachpelejeHUs pa3HbIX TUIIOB
KJIETOK TIO CJIOSIM B HEOKOpTekce D14.5 sMOpMOHOB,
YTO B LIEJIOM COOTBETCTBOBAJIO PaHEee MPOBEIeHHBIMU
ucciaenoBanusiMu (Englund et al., 2005; Hori et al.,
2014; Lodato, Arlotta, 2015; Gliven et al., 2019). Cre-
IYIOIIVM IIIarOM B pa3paboTKe TEXHOJOTUH MOIyde-
HUA 11epeopabHBIX 3D arperaTos in vivo ObIJIa HETTO-
CpeICTBEHHO TPaHCIUIAaHTALIUSI KJIETOK SMOPHUOHAJb-
HOTO HEOKOpTeKca MBIIICH B KeIyJdodeK Mo3Ta
B3POCIBIX MBIIeii. BeineneHHbpIe GPOHTATBHBIEC OT-
JIeabl HeoKopTekca D14.5 MCroIb30BaJIM JIJIST TTIPUTO-
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Puc. 4. CtpykTypa TpaHCIUIaHTaTa U3 KJIETOK SMOPUOHATBLHOIO HEOKOpTeKca Mbliieii (D14.5) B xkenynouke Mo3ra peliMnueHTa
(30 cyr). [TonoxurenbHass UMMYHOTUCTOXMMMUYECKAs peaklvs KIETOK K MapKepy 3peliblx HelipoHoB NeuN. I[TioTHoe ckorm-
JIEHUE KJIETOK B LIEHTPaJIbHOM 00J1aCTH, Ha TTeprdeprn obpasyeTcst MapriuHajibHasi 30Ha. TpaHCIIaHTaT BbIAEJIEH TyHKTUPOM.
LV — natepanbHbIil Xelymodek. MaciTabHbIi oTpe3ok: 100 MKM.

TOBJICHUSI CYCIIEH31M, B Ipolecce 00pabdOTKU KIIET-
KU TePsUTM KOHTAKThI 1 olllapuBajiuch. B pe3yibTaTe
MOJIydeHHAas CyCITeH3UsI COCTOsIa U3 HEOOIbIIIUX ar-
peraToB M OTAEIbHBIX OKPYIJBIX KJIETOK HE MMEIO-
X oTpocTKOB. HaMm ymamock 0OHApYyKUTh, YTO yKe
yepe3 S CyT mocJie oIepaliiy, B IIOJIOCTH JIaTepaabHO-
ro Xejaymoyka (OpMHUpYeTCsl KJIETOUHBIM arperar, B
KOTOPOM BBISIBIISIIOTCSI MUTPUPYIOIINE HEPOOIacThL.
K 30 cyT TpaHCcmIaHTaT COCTOSIT U3 3pEJIbIX HEMPOHOB
U acTpouuToB. HaMu OBLJIO yCTAaHOBJIEHO, YTO IS
ycrnentHoro pa3BuTtus 3D KOpTHUKaIbHBIX arperaTtoB B
XKeIyaodyKax MO3Ta HeOOXOIUM IJIUTEIbHBIN CPOK, B
HameMm skcnepuMeHTe 90 cyr. CorjlacHO TaHHBIM
JIMTEpaTypHhl IJIsl pa3BUTHS LiepeOpaaIbHbIX OpraHOM-
JIOB B CUCTEME in Vitro TaKXKe TpeOyeTCs NIUTEIbHbBIA
cpok, okoio 60 cyr (Eiraku et al., 2008; Fan et al.,
2019), a ipu TpaHCIUIAaHTAllUX CTBOJIOBBIX KJIETOK B
XKeJyao4YeK MO3Ta MOJIOIBIX KPBIC, POCT TPaHCILJIaH -
TaTa 3aKkaHuYuBaeTcsd yepes 60 mHeii (Pothayee et al.,
2018). B HaleM skcriepruMeHTe OBLIO YCTAaHOBJICHO,
yTo K 90 cyT B KiieTkax 3D 1iepedpaibHOro TpaHCILUIaH-
TaTa 3KCIIPECCUPYETCSI MapKep 3pelbiX HEWpPOHOB
NeuN*. [IUTOApXUTEKTOHMKA TPAHCILIAHTATA BbIIJIA-
Jejla CIIeayIoIInM oOpa3oM: auddepeHIInpoOBaHHEIE
HEMPOHBI PaCIIOjIarajiich TOJBKO B LIEHTpaJIbHOI Ya-
CTU TpaHCIUIaHTaTa, Ha epudepruu BhISIBJISIIACH 30HA
06e3 KJIeTOK, YTO HAallOMUHAJI0 MapruHajJbHYIO 30HY
WJIN TIEPBBI clIoil HeoKopTekca. Cyas 1o JIuTeparyp-
HbiIM uctouHukaMm (Pothayee et al., 2018), maHHBII
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daxT paHee He HaOJIOHAJICS B TPaHCIUIAHTaTaX, I10-
JiyaeHHBbIX U3 kKopTukaibHbix HCK. Ha nepudepuu
TpaHCIUIaHTaTa (OpPMUPOBaIaCh 30HA MOTPAHUYHOMN
MeMOpaHbI, KOoTopasl, Kak 1 B HOpMaJIbLHOM MO3re,
obuta chopmuposana GFAPT acrpouuramu. ITorpa-
HUYHasi MeMOpaHa TpaHCIUIaHTaTa BO MHOTMX MECTax
coIpuKacajiach ¢ MEHAMMON CTEHKU KeJTyaouKa, Ofl-
HaKo, INIMAJIbHOTrO pyolia MeXKAy TKaHSIMU JOHOPA U pe-
LIMITMEHTa He BO3HUKAJIO, YTO KOHCTAaTUPOBAIU U
npyrue uccienonatenu (Pothayee et al., 2018). M1
HaOJIIoJad OMMCAHHOE APYTMMU aBTOpaMu IpPoO-
HukHoBeHne DCX' KIeTOK pelunueHTa B TKaHb
tpaHcmanTaTa (Pothayee et al., 2018), HO He BBISIBU-
mu murpaumn GFP kietok m3 TpaHcmiaHTata B
TKaHb PELIMIINEHTAa, TAKXKE ONUCAHHYIO 3TUMU aBTO-
pamu. B TpaHCcIIaHTaTax OBLIM BBISIBICHBI KJIETKM,
skcrpeccupyomue Sox2. CorracHo JaHHBIM JIMTE-
paTypbl SOX2 OOBIYHO CUYMTAIOT MapKepPOM HEPBHBIX
CTBOJIOBBIX KJIETOK, KOTOPBIE PACIIPEACIISIOTCS B pa3-
HBIX 00J1aCTsIX SMOPHUOHAIBHOIO U B3pOCIOro MO3Ta.
OnHako, ero 3KCIIpeccus TakKe ObLla onmucaHa U B
nrddepeHINPOBaHHBIX HEMPOHAX B PA3IMYHBIX 00-
JIaCTSIX HEPBHOM CHUCTeMBI (OCOOEHHO B Tajlamyce,
crpuatyme, Heokoprtekce) (Ferri et al., 2004). Kpome
TOTO, €CTh TaHHBIE 00 3KCIIpecCcru SOX2 B OTIEIbHBIX
actpouutax (Cahoy et al., 2008). Takum obGpaszom,
OOHapyXKeHHas] HaM1 B HEKOTOPBIX KJIETKax TpaHC-
TIJTAHTATOB 3KCHpeccust SOx2 He MOXET JOCTOBEPHO
TOBOPUTH OT TOM, YTO B HEM IIPUCYTCTBYIOT CTBOJIO-
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. +
Puc. 5. CtpykTypa TpaHCIUIAaHTaTa U3 KJIETOK HeOKOpTeKca Mblleii (D14.5) B xxenynouke Mo3ra peunueHTa (30 cyt). GFAP
aCTPOLIMTHI pacripeneieHbl pABHOMEPHO I10 TpaHCILIaHTaTy. TpaHCIUIaHTAT BbIIeIeH MyHKTUPOM. LV — naTepajbHbIi XKey-
nmouek. MacmTaGHbI oTpe3oK: 100 MKM.
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Puc. 6. CtpyKkTypa TpaHCILIaHTaTa U3 KJIETOK 9MOPHMOHATIBLHOIO HEOKOpTeKca Mblleit (D14.5) uepe3 90 cyT nocJe nepecaaku B xKe-
JIyoYeK Mo3ra MbIIu. [1ooXuTeIbHass UMMYHOTMCTOXMMUYECKAs! Peakiust KJIETOK TpaHCIIaHTaTa K MapKepy 3pesibiX HEMPOHOB
NeuN. HelipoHbI 3aHUMAIOT LIEHTPaIbHYIO 00JIACTb, T10 Ieprdeprn 0dopasyeTcsi MapruHaibHast 30Ha. B TpaHcIiaHTaTe BUIHBI CO-
cyabl (OTMEYeHBI CTpesiKaMu). TpaHCIUIaHTaT BbIIEIeH MyHKTUPOM. LV — atepalibHbIi XKetynodeK. MacimrabHbIi oTpe3ok: 100 MKM.
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Puc. 7. TpaHcriaHTaT U3 KJIETOK dMOPHOHAJIIBHOTO HeoKopTekca Mbllei (D14.5) B xkeaynouke Mo3ra peliMIMeHTa yepe3
90 cyt nocne onepauuu. [TonoxuTenpbHass UMMYHOTHUCTOXMUMUYECKAS peaKlysl KJIETOK TpaHCcIuiaHTata K Synaptophysin (Syp).

B TKaHU 4e€TKO BBIPaXXEHBI COCYIBI (OTMEUEHBI CTpeJIKaMi). TpaHCIUTAHTAT BhIIEIEH ITyHKTUPOM. LV — jtaTepaibHBIi XKeTyao-
yek. MacitaGHbIit oTpe3ok: 100 MKM.

Puc. 8. CtpykTypa TpaHCIUIaHTaTa B XKeJIyI0uKe Mo3ra perumueHTa yepe3 90 cyTok nociie orepauuu. [TonoxureabHass UMMY-

HOTHCTOXMMUYECKAs peaklusl KJIETOK TpaHCIUIaHTaTa K Sox2. TpaHCIUlaHTaT BblAeIeH MyHKTUPOM. LV — naTepalibHbIit Xeiry-
nouek. MacmTaOHbIi oTpe3oK: 100 MKM.
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Puc. 9. TpaHcriaHTaT U3 KJIETOK SMOPUOHAJILHOTO HeoKopTekca Mbllieit (814.5) yepe3 90 cyT nociie onepaium B XXeay10uKke
Moa3ra peuumueHTa. ITooxurelbHass UMMYyHOTHUCTOXMMUYECKas peaKiys KIeToK K MapKepy actpountoB GFAP. Ha rpanuie
TpaHCIUIAHTATa KJIETKW 00pa3yloT MOTrpaHUYHYIO IIMAIbHYI0 MeMOpaHy (glia limitans). Mexmy TKaHSIMU TpaHCIUTAHTATa U pe-
LMITMEHTa IJIMaJbHOro pyoiia He obpa3yeTcs. TpaHCIIaHTaT BblAeeH MyHKTUPOM. LV — jtaTepaibHblii xKeslynodyek. Maciutab-
HBII 0Tpe3oK: 100 MKM.

Puc. 10. TpaHcruiaHTaT U3 KJIETOK SMOPUOHAIBHOTO HeoKopTekca Mblei (D14.5) B Kellymouke MO3Ta pelMITMeHTa yepe3
90 cyT nocne ornepauuu. Backynsipuzanusi TpaHCIUIAaHTaTa, BbISIBJIEHHAs! C MIOMOILBIO JIEKTUHA C (hJIyOPECLIEHTHON METKOIA.
Cocynbl OTMEYEHBI CTpeIKaMu. MaciuTaGHbIi 0Tpe30K: 40 MKM.
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Puc. 11. TpaHcruiaHTaT U3 KJIETOK 3MOPUOHAIBHOTO HeoKopTeKkca Mblei (D14.5) B Kellymouke MO3Ta pelMITMeHTa yepe3
90 cyt nociie onepauuu. Murpauust DCX™ kj1eTok cyOBEeHTPUKYJISIDHOIW 30HBI PELIMITMEHTA B TPAHCILIAHTAT BAOJb BpacTalo-
IIUX coCcynoB. TpaHCIIaHTAT BbIAEICH MyHKTUPOM. LV — jarepanbHbIi xKerynodekK. MacimTabHbIi oTpe3oK: 100 MKM.

BBIE KJIETKH, a TpeOyeT NabHEMIIIEero UCCIeI0BaHMSI.
B Hamem ucciaemoBaHUM MapKep CHUHAITHUYECKUX
BU3HKYJT CUHANITOMU3WH ObLI BEISIBIICH B TPAHCILIAH-

IMorpannyHast mambHast MeMOpaHa

MapruHanbHasi 30Ha

3oHa nuddepeHIIMPOBAHHBIX
HEMpPOHOB

@ Heiiponsl

Puc. 12. Camoopranusanusi CyCcrieH3upOBaHHbBIX KJIETOK
9MOpUOHAJIbHOrO HeoKopTekca B 3D cTpyKTyphl, Hamo-
MUHaoIIMe KOPTUKAJIbHbIE 1iepeGpaybHble OpraHOU/IbI,
rocJie TpaHCIJIAHTallMKY B Xeynoyek mo3sra. LV — yare-
paJIbHBII XeJTyIouYeK.

OHTOIEHE3 TtomM 52 Ne3 2021

tate. [1o nanHbiM Pothayee et al. (2018), B mogoOHbIX
TpaHCIIJIAaHTAaTaX HaJIWYKe 3pesiblX CUHAIICOB Ha
KJIeTKaxX BBISBJISIETCSI C TIOMOIIbIO 3JEKTPOHHOM
MUKPOCKONUU. B nomnojsHeHue K apXUTEKTOHUYE-
ckor opranmsauum 3D 1epeOpalbHBIX arperaTos,
MBI TaKXKe OOHAPYKWIM UX BACKYJISIpPU3AIIUIO CO CTO-
pOHBI MoO3ra peuumnueHTa. Mbl Mopdosoruyecku
BBISIBJISLIM cocynbl B 30 CyTOUHBIX TpaHCIJIaHTaTax,
a o maHHbIM [lotau (Pothayee et al., 2018) Backy-
JIIpu3alnsa HauynmHaeTcsd Ha 6—8 cyr. MHTepecHO,
YTO COTJIACHO JIMTEPATYPHBIM JaHHBIM, LlepeOpalib-
Hbl€ OpraHOW/Ibl, TIOJyUYeHHbIE in Vitro U TpaHCIUIaH-
TUPOBaHHbIE B MapeHXUMY MO3ra T'PbI3YHOB TaKXKe
BackyJisipusupyiorcst (Mansour et al., 2018). ITpoBo-
ISl CpaBHEHME MEXIy Halleit paboToii 1 paboTamu
ITorau u Mancyp (Pothayee et al., 2018; Mansour et al.,
2018) HeoOXx0aMMO OOpPaTUTh BHUMaHWE Ha pa3inuue
3a1a4 U pe3ysibTaToB. OHU U3Y4YUJIU KOOTIEepalUio
MEXIy MoAcCa’k€HHbIMU KJIeTKAaMU M MO3TOM peLv-
MUEHTAa, B3aMMHBII POCT BOJIOKOH, MUTPALIUIO KJIETOK
U BackyJisipusaluio. B To Bpemsi Kak MbI TMoKazaiu
BO3MOXHOCTb CaMOOPIraHM3alliu CYCIIeH3UPOBaH-
HBIX KJIETOK HeoKopTeKkca B 3D cTpyKTypbl, HAlTOMU-
Halollie KOPTUKAJIbHBIC liepeOpaabHble OPraHOUIbI
(puc. 12). Mcrnionb3oBaHUEe MapKepoB IS CIieuur-
YEeCKMX HEUPOHOB CJIOEB HEOKOpTEKCa MO3BOJUT B
JNaJIbHEHIleM TOYHEe OIpeNeuTh UX CTPYKTYpY.
Kpowme Toro, 3Ty Moaiesib MOXHO UCHOJIb30BaTh JJIsI
U3Y4YEHUS pa3BUTUS KJIETOK UesIOBEKa, MPU yCIOBUU
paboThl ¢ UMMYHOIE(PUIIMTHBIMHA MBIIIIAMU.
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SAKJTIOYEHHUE

HccnenoBanue 1iepeObpalibHBIX OPTaHOUIOB MMEET
OoJpIIIOe 3HAUeHUE IS (pyHIAMEHTAILHOM HAayKd W
MeOULIMHEL. B Hactosieil paboTe mpencTaBiieH allb-
TEPHATUBHBINA 3KCIIEPUMEHTAIBHBIN MMOIXOA K CO3a-
Huto 3D arperaToB, MOOOOHBIX IIepeOpaTbHBIM Opra-
HougaM. Mcrnonb30BaHO KyJIbTUBUPOBAHKE HEOKOPTH -
KaJIbHBIX CTBOJIOBBIX M MajoauddepeHIIMPOBAHHBIX
KJIETOK B TOJIOCTSIX XKeJIyJOuyKa MO3ra SKCIepruMeH-
TaJIbHBIX SKUBOTHBIX i1 vivo 063 CIIelIMalIbHbBIX ITUTAa-
TeJIbHBIX CPeJl, KOTOPhIE 3aMEHSIIOTCS CITMHHOMO3IO-
BOI XMAKocTbio. @opMupoBaHue 3D arperatoB ¢
BBIPAXKEHHON IUTOAPXUTEKTOHUKON MPOUCXOAUT B
tedeHue 90 mHell. XapaKTepHOI1 0COOEHHOCTBIO 3TUX
CTPYKTYD SIBJISIETCS] UX BBICOKAsI CTETIIEHb BACKYISIPU-
3aliy, KOTOpasi OTJAMYaeT MX OT OPTaHOUIOB, CO-
3MaHHBIX in vitro. TakuM 06pa3oM, XXeTyaIouKd MO3Tra
MBI MOTYT CIIYXXUTh MHKYOATOPOM IS Pa3BUTUS
BaCKYJISIpU30BaHHBIX TPEXMEPHBIX ILepeOpaibHbIX
CTPYKTYP, HAITOMUHAOIINX OPTaHOW/IBI.
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Development of 3D Cerebral Aggregates in the Brain Ventricles of Adult Mice

K. K. Sukhinich® *, K. M. Shakirova?, E. B. Dashinimaev'- 2, and M. A. Aleksandrova'
!Koltzov Institute of Developmental Biology of the Russian Academy of Sciences, Moscow, 119334 Russia
2Pirogov Russian National Research Medical University, Moscow, 117997 Russia
*e-mail: sukhinichkirill@gmail.com

The cerebral organoids are three-dimensional cell cultures formed from brain-specific cell types arising from
embryonic or pluripotent stem cells. Organoids provide an opportunity to study the early stages of brain de-
velopment and diseases of the central nervous system. However, the modeling of organoids is associated with
a number of unsolved problems. Organoid production techniques involve a complex cell culture process that
requires special media, growth factors, and often the use of a bioreactor. Even under standardized conditions,
structures of different morphology are formed: from disorganized cell aggregates to structured mini-brains,
which are selected for study. For natural reasons, organoids grown in vitro do not have a blood supply, which
limits their development. We tried to obtain cerebral aggregates similar to organoids in an in vivo model,
where vascular growth and tissue blood supply are provided, for which we transplanted a cell suspension from
the mouse embryonic neocortex into the lateral ventricles of the brain of adult mice. Therefore, the medium
for cultivation was the cerebrospinal fluid, and the lateral ventricles of the brain, where it circulates, served as
a bioreactor. The results showed that the neocortex from E14.5 is a suitable source of stem/progenitor cells
that self-assemble into three-dimensional aggregates and vascularized in vivo. The aggregates consisted of a
central layer of mature neurons, the marginal zone free of cells and a glia limitans, which resembled cerebral
organoids. Thus, the lateral ventricles of the adult mouse brain can be used to obtain vascularized cell aggre-

gates resembling cerebral organoids.

Keywords: cerebral organoids, neocortex, transplantation, GFP, immunohistochemistry, RT-PCR
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M3ydeHsl JoKanu3auus U pacnpenaeeHue MUKPOTJIUOLIMTOB B SMOPHOHAIBHOM CIIMHHOM Mo3re (CM)
KpbICHI B TIepuoa (popMUpPOBaHUST MPEAIIECTBEHHUKOB JIBUTaTEIbHBIX HEWMpOHOB. st nneHTudukanmnm
KJIETOK MUKPOTJIUY IIPUMEHSIIU aHTUTea K 6eJiKy Iba- 1. 151 uccienoBaHusl TMHAMUKY pa3BUTUS KJIETOK
aMb6puoHanbHoro CM MCIOoIb30Bav CJIEAYIOIINE UMMYHOTUCTOXUMUYECKE MapKepbl: BAMEHTUH (Map-
Kep KJIeTOK paauajbHON 1K), 1abJKOPTUH (MapKep HelipoOiacToB) U CMHANTOMU3UH (MapKep CUHam-
THYeCKUX Be3ukyn). [lokazaHo, 4TO TIpeAIIeCTBEHHNKN MUKPOTJIMU MTPOHMKAIOT B JTOP3aJbHYIO YacTh
CIIMHHOTO MO3Ta Ha 12 cyT 3MOpHOHaJIbHOIO pa3BUTHUS, a B 001aCTH (POPMUPYIOLIMXCS MOTOHEMPOHOB 00-
HapyXUBarOTCsI Ha 14-e CyTKU. YCTaHOBJIEHO, YTO SMOPUOHAIBHBIE MUKPOTJIMOLIMTHI HAXOISITCST B TECHBIX
B3aMMOOTHOIIEHUSX C OTPOCTKAMM PAJAMATIBLHOM [NIMU U OTPOCTKAMU HEMPOOIacTOB nepenHux poros. Uc-
clieoBaHUe AMHAMUKM pa3BUTHS A9MOpHUoHaIbHOro CM KpBICHI U COTIOCTaBJIeHHE TTPOLIECCOB €ro TMCTO-
reHesa ¢ Jjokajauzauueit 1 Mop@oJIorndyecKuMU U3MEHEHNUSIMU SMOPUOHATBHOM MUKPOTJIMY YKa3bIBaeT Ha
ee yJacTue B CUHAIITOreHe3e U B 1uddepeHIIMPOBKe MOTOHEMPOHOB (HEMPOHOTeHEe3e).

Karoueesnie cro6a: CHUHHOI MO3T KPBICHI, SMOpPHUOTreHe3, MUKPOIIMOLMTEI, 6e1oK Iba-1, mabnkopTuH, cu-
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BBEAEHWE

MUKpOTJIMOLIMTHI SIBISIIOTCSI aBTOHOMHOM caMo-
OOHOBJMOIICHCS TMOomyJIsIuueil (parouuTUPYIOIIIX
kinetok ITHC, ocymecTBasiommx HeEIIpepbIBHBIN
KOHTPOJIb BHEKJIETOUHOM Cpeabl KaK Mpu (hU3n0jI0-
FMYECKUX, TAK U TIPU MATOJIOTUYECKUX COCTOSTHUSIX.
CorjacHo COBpPEeMEHHBIM IIpPeACTaBIIEHUSIM, MUK-
POTJIMOLIUTEI IIPOMCXOIAT U3 3PUTPOMUEIIONTHBIX
KJIETOK-TIPEAIIECTBEHHUKOB KEJITOUHOTO MeIlKa,
npoHukatonnx B IIHC Ha paHHuX sTammax nmpeHaraib-
HOTO Pa3BUTUSI U CITOCOOHBIX COXPAHSITLCS B TTOCTHA-
TajgbHOM nepuone. Ilocie popMupoBaHUS reMaTO3H-
nedanmdeckoro Oapbepa, ITONMYJISIIUS MUKPOTIUHA
nopaepxuBaeTcs ImyTeM nposudepauuu (Tseng et al.,
1982; Ginhoux et al., 2010; KopxeBckuii u ap., 2012).
BonbmmHCTBO MccnenoBaHuii, MOCBSIIEHHBIX TTPO-
HUCXOXACHUIO MUKPOTJIMOLIMTOB OBLJIO BBHITIOJIHEHO Ha
MBbIIIIAX W PHIOKAX JAHUO. 3HAYUTEIIHLHO MEHBIIIE UH-
dopmaLu o0 paHHei KOJTOHU3ALMU KIIETKAMU MUKPO-
MU HepBHOM cucteMbl Kphic (Tseng et al., 1982; Wang
etal., 1996). [TokazaHo, 4TO B (PM3NOIOTMUECKIX YCIIO-
BUSIX MuKpormus npucyrcreyeT B LIHC B HeakTuBM-

poBaHHOI1 (pa3BeTBICHHOI) (hopme. PazBeTBIIeHHBIE
MUKpPOIJIMAJIbHbIE KJIETKU CIIOCOOHBI pearupoBaThb
Ha BO3HUKampIIWe u3MeHeHus1 romeocrtasa ILIHC,
BCTYIIasl B IPOLIECC aKTUBALIMU, YTO COMTPOBOXKIACTCS
pa3Ho00pa3sHEIMU MOPPOPYHKINOHAITBHBIMA U3ME-
HeHusiMu. M3BecTHO, 4yTOo MuKporaus 3peoil ITHC
OCYLIECTBJISIET 3aIUTY OT MOBPEXIAIOIINX areHTOB
myteM (parouurosa, Ipe3eHTalud aHTUTEHOB U CEeK-
peuuru IIPo- 1 IPOTHUBOBOCIIAIMTEIbHBIX IIUTOKU-
HOB; OCYIIECTBIISICT peOpraHu3anio HEMPOHHEBIX 11e-
nei MmyTeM HENOCPEACTBEHHOIO B3aMMOJCUCTBUS C
CUHAIcaM!, UX IMMHUHAIUY U MOLYJIUPOBAHMS aK-
TUBHOCTU HEWPOHOB; BBIIIOJHSET HEMPOIIPOTEKTOP-
HYI0 (PYHKIIHIO, CTUMYJIHUPYET POCT aKCOHOB, CIIO-
COOCTBYIOT BBKMBaHMIO U IUGdEPEHIIUPOBKE MPeI-
IIECTBEHHUKOB ouroneHapouuntoB (Tremblay et al.,
2010; Tay et al., 2017; Li et al., 2020). B MHoroumuc-
JIEHHBIX MCCIEOOBAaHMUSAX M3y4aeTCs y4JacTHhE OTHUX
KJIETOK B MaTOTeHe3¢ HelpoaereHepaTUBHBIX 3a00J1e-
BaHMI (pacCeTHHBIN CKIIEPO3, 00Ie3Hb ANbLIreiiMepa
W JIp.), X peaklys Ha WHQEKIIMOHHBIC ITOPaKEHUS
HEPBHOM CUCTEMBI 1 TPaBMbI TOJIOBHOIO Y CIIMHHOIO
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moara (Koioc, Kopxesckmii, 2020). boibiiioe BHUMA-
HUE B HAy4yHOM JUTepaType yIessieTCsI MUKPOIJIM-
aJIbHBIM KJIETKaM KaK peryasaTopaM pa3BUTUS TOJIOB-
HOT'O MO3Ta B HOpMe U IPU MOBPEXIAIOIINX BO3IEI-
CTBUSIX B MpPEeHATaIbHOM W PAaHHEM MOCTHATAJIbHOM
nepuogax (Pont-Lezica et al., 2011, 2014; Michell-
Robinson et al., 2015; Lenz, Nelson, 2018; Sufieva
etal., 2020). PazBuTue MUKPOIJIMM, KaK II€PBOTO
MIpeACTaBUTES TJIMAJIbHBIX KJIETOK B HEPBHOM TPyO-
Ke, TIPOMCXOIUT B HEMOCPEACTBEHHOM OGIM30CTH OT
I depeHIUPYIOIIMXCSI HEHPOHOB, aCTPOLIMTOB U
OJINTONCHAPOLIMTOB. ACTPOLIUTHI X OJIMTOACHIPOLI-
TBI TIOSIBJISTIOTCSL B Pa3BUBAIOIIEMCS CITMHHOM MO3Te
(CM) Ha OoJiee MO3MHUX CTAAUSIX MPEHATATbHOIO pa3-
Butus (Chaboub, Deneen, 2012; Tien et al., 2012; Chen
etal., 2017). BTo CBUAETEIBCTBYET O BAXKHOM POJIM MUK-
POIJIMOLIMTOB MpY Pa3BUTUM HEPBHOM cuCTeMbI. J1o
CHX ITOP OCTAeTCs1 MHOTO HEM3YYEHHBIX BOIIPOCOB, Ka-
caloIIUXCs YI4aCTUSI MUKPOTJIMU B IPOLIeCCaX TUCTO-
reiesa CM u B moamepXaHWU €T0 roMeocTasa.
@DOyHKOWK, BBHIMOJIHIEMbIE IIpeAllleCTBEHHUKAMU
MUKPOTJIMOILIMTOB Ha Pa3HBIX 3TAllax IIpeHaTaJIbHO-
ro pa3BUTHSI, a TAKXKE 0COOCEHHOCTHU 3aceJICHUs pa3-
BuBatomierocst CM MHMKpoOIIMaJbHBEIMU KJIeTKaMU
ocTaloTcsl HesscHhIMU. McclienoBaHusI, KacaolInecs
U3Yy4eHUsS] MUKPOIJIUM B SMOPUOHATbHOM CITMHHOM
MO3Te¢ MJICKOITMTAIOIINX, HEMHOTOYMCICHHBI U BbI-
MMOJIHEHBI HAa 3MOpuoHax Mblmein u nrul (Calderd
et al., 2009; Rigato et al., 2011).

]_le.]'[b HaCTOALIECTO NCCIIEAO0OBAaHMA COCTOIA B U3y -
YECHHNU PaACIIPCACIICHUA MUKPOIJIMAJIBbHBIX KJIICTOK B
CIIMHHOM MO3I€ KpPbIChI B IICPUO 3M6pI/IOHaJ'II)HOTO
1 paHHErO IMOCTHATaJIbHOI'O pa3BUTHAA.

MATEPUAJIBI U METO/J bl

B HacTosi1ieM uccnenoBaHur u3ydeH hopMupyro-
muiics CM kpbIc, HaunHag ¢ 11 cyT sSMOproHaIbHO-
r'o pa3BUTHSI, TO €CTb C MOMEHTA 3aKPbITUSI HEPBHOI
Tpyokum (Altman, Bayer, 2001), mo poxnenus. Pabora
BBINTIOJTHEHA Ha 3MOpuroHax kpwic Bucrtap 11—-19 cyr
pazsutusa (E11—E19, n = 30) 1 HOBOPOXAECHHBIX
kpbicax (P1, n = 3). PaboTa ¢ XKUBOTHBIMM ITIPOBOIJIACH
B cOOTBeTCTBMHU ¢ “IlpaBmmamMm IpoBeneHHUsT padoT C
HUCMOJb30BaAHUEM 3KCIIEPUMEHTAJIbHBIX >KUBOT-
HbIX” U ¢ cobmoneHreM EBponeiickoii KOHBEHIIMU
O 3alllMTe TO3BOHOYHBIX XKMBOTHBIX, MCIOJb3YEMBbIX
ISl 9KCIEPUMEHTOB WJIM B WHBIX HAyYHBIX LIEJISIX
(1986 r.). UccnenoBaHmne omo06pPEeHO STUYECKUM KO-
mutetoM @I'BHY “UBM” (mmpotokonr Ne 3/19 ot
25 anpens 2019). ¥V sMOpUOHOB Y HOBOPOXKJIEHHBIX
KpbIC BblAeasIN (pparmeHTsl CM B 00J1acTH 1IeiiHO-
ro oTaesia Ha ypoBHe 3—5 cermeHTa. Marepnan Quk-
CUpOBaJIM B HUHK-3TaHOA-popmanbaerune (Kor-
zhevskii et al., 2015) B TedeHUE CYTOK, 00E3BOKMBAIN
B CIUpPTax Bo3pacTalolleil KOHLIEHTPAluKU U KCUJIO-
Jie, 3aJiMBayiv B napacduH. M3rotaBiuBaiy cepuiiHbIe
cpe3bl TOJIIMHONW 5 MKM. JIJIsl BBISIBJIEHUSI KJIETOK
MUKPOIJIMU TIPUMEHSJIU MOJMKIJIOHAJIbHbIE KO3bU
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aHTUTEeJIa K KalbIWii-cBI3bIBaomeMy Oenky Iba-1
(ionized calcium-binding adapter molecule 1) (pa3Be-
nenue 1 : 200, AbCam, Benuko6GpuraHusi). bejok
Iba-1 gBmsteTcst MapKepoOM MUKPOTIIMOILIMTOB HEPB-
HOIi cucTeMbl U APYrux HarolUuTUPYIOLIUX KJIETOK U
MO3BOJISIET MACHTU(UIIUPOBATh 3TU KJIETKU KaK BO
B3pociom opranuizme (Koimoc, Kopxesckuii, 2020;
Streit et al., 2014; Kongsui et al., 2014), Tak u B 3M-
opuoreHe3e (Rigato et al., 2011; Ueno et al., 2013;
Marsters et al., 2020). Ilepen mpoBemeHEM UMMYHO-
TUCTOXMMMYECKOI peakumu Ha Iba-1 mmpousBoanamn
TEIUIOBOE AeMAacKMpOBaHUE aHTUTeHA. BJIoKMpoBKy
DHIIOTEHHOI IIepOKCHIA3bl U HECIeHN(PPUIECKUX
CaliTOB CBSI3bIBAHUSI AaHTUIEHA, & TAKXKE BBISIBJICHUE
CBSI3aBILIMXCSI TIEPBUYHBIX aHTUTEJT IIPOBOAMIIN C UIC-
MOJIb30BAHMEM peareHToB m3 Habopa Anti-Goat
HRP-DAB Cell & Tissue Staining Kit (kat. Ne S008,
R&D Systems, CIIA). ITpoayKT UMMYHOTMCTOXU-
MUYECKON peaKIuyd BBISIBSUIA C IIPUMEHEHUEM
3,3'-mnamunHoben3uanHa (DAB+, K3468, Agilent,
CHLIA). Yactp npernapaToB OKpalllUBaJM TOTYUIM-
HOBBIM cumHuUM no Huccmro. st MapKupoBaHUS
GOpPMUPYIOIIUXCS CUHATITUYECKUX KOHTAKTOB B BEH-
TpayibHO#T yacT CM 3MOPHUOHOB KPBIC 1 HOBOPOXK-
JIEHHBIX XWBOTHBIX ITPOBOIIN MMMYHOTHUCTOXUMU-
YeCKO€ BbISIBJIEHUE CUHANITO(MU3WHA — IJIMKOIPOTEU -
Ha MEJIKUX IIPECUHANTUYECKUX ITy3bIPbKOB HEPBHBIX
kitetok (Komoc u ap., 2015) ¢ npuMeHeHrEM KPOJIM-
YbUX TIOJIMKJIOHAJTBHBIX MepBUYHBIX aHTUTel (MON-
RTU1195, Monosan, Hunepnanmei). B xadecTtBe
BTOPUYHBIX aHTUTEJ HNPUMEHSJIM peareHThl 13 Ha-
oopa Reveal Polyvalent HRP/DAB Detection Sys-
tem kit (SpringBioscience, CIILIA). ITpoaykT umMmy-
HOTHMCTOXMMHUYECKOM PeaKIIMM BBISIBISUIM C IIPUME-
HenueM 3,3'-munamuHobensuauHa (DAB+, K3468,
Agilent, CIIIA). [TonyyeHHbIe mpenapaTbl aHATU3U-
pOBalIi C UCHOJIb30BAHUEM CBETOBOTO MMKPOCKOIIA
Leica DM750 (I'epmaHust), n3o0paxkKeHUs MOJIydaau
¢ npuMeHeHueM orokamepsl ICC50 (Leica, 'epma-
Hus1). O0pabOTKY M300paKeHUI IIPOU3BOIMIIN C II0-
MoIIbIo mporpaMMHoro obecrieuenust LAS EZ (Lei-
ca, 'epmaHus).

st piryopeclieHTHOII MUKPOCKOIIMM C 1IEJIbIO
BEISIBIIeHUsT Ibal-comepxkammx KJIeTOK B KadecTBe
BTOPUYHBIX PEareHTOB MNPUMEHSUIM OMOTHMHWIMPO-
BaHHEIC aHTUTEJIAa IPOTUB UMMYHOIJIOOYJIMHOB KO3bI
n3 Habopa R&D Systems (CTS008, R&D Systems,
CIIA), a Takke KOHbBIOratT cTperTaBuarHa ¢ QiIyo-
poxpomoMm Cy2 (#016-220-084, Jackson ImmunoRe-
search, CIIA). [Jns uneHTUdUKAIUM paguajibHON
i B dopmupywomemcs CM 3MOpPUOHOB KpPhIC
MIPUMEHSUIM MOHOKJIOHAJIbHBIE aHTUTEJIa K BUMEH-
tuny (Kinon V-9, M0725, Agilent, CIIIA) u BTOpu4-
Hble aHTUTEJa, KOHBIOTUPOBAHHBIE C TETPAMETUIIPO-
mamuHuzotrnonaHatoM (TRITC) (Agilent, CIIIA).
Heiiputel nnddepeHIUpyIOMMXcsT HEHPOHOB ITe-
peaHux poroB CM sMOpHOHOB KPhIC BISIBJISIJIU C ITO-
MOIIbIO ITOJIUKIOHAJBHBIX KPOJIUYbUX AHTUTET K
naonakoptuny (DCX) (ab18723, Abcam, Beaukoopu-
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Puc. 1. CxeMbl monepeyHbIX cpe3oB 1ieitHoro otaenaa CM kpeic Ha E13—14, E16—18 u P1. I — angpHas mactunka; 11 — 6a-
3aJIbHAasI TJIACTUHKA; 1 — (hOPMUPYIOLINIACS LIEHTPaAIbHBIN KaHaT; 2 — 3IIEHIMMHBIN CJIOi; 3 — MAaHTUIHBIN CJI0it; 4 — Mapru-
HaJILHBII CJTOI; 5 — MOHHAas IUTACTUHKA; 6 — MepemHsist Geast craiika; 7 — epeaHsisl CpeAMHHAs Ieb; 8 — cepoe BEIIeCTBO
nepenHux poroB CM; 9 — 6enoe BeliecTBo repeaHux poros CM.

TaHus, pa3BeneHue 1 : 500) 1 BTOpUYHBIX aHTUTEN,
KOHBIOTMPOBAHHBIX C TETPaMETWIPOIAMUHU30TUO-
nua"HatoM (TRITC) (Agilent, CIIIA). Ilpemapatst
aHAJIM3UPOBAJIY ¢ MPUMEHEHNEM KOH(MOKAIBHOTO JIa-
3epHOoro Mukpockorna LSM 800 (Zeiss, I'epmaHus).
Jns Bo3oyxxkneans dayopecueHnn Cy2 MpUMeEHSTH
nazep 488 um, 111 TRITC — 561 um. AHanu3 uzobpa-
JKEHUM TPOBOAUIN C MCHOJBb30BAaHUEM IPOTrpaMMbl
ZEN 2012 (Zeiss, I'epmanust).

C 1Lenblo OLUEHKM CHeUM(UIHOCTU B3aUMOICH-
CTBMSI AaHTUTEJI C TKAHEBBIMU aHTUT€HAMU U1 J1J1s1 BbI-
SIBJICHUST BO3MOXKHOTO HeCHel(pUIECKOro OKpaIln-
BaHUS IUIs1 KaXI0il MMMYHOIMCTOXMMUYECKOI peak-
LIMY TIPOBOIM/IM OTPHULATEbHBIA U IOJOXUTEIbHbIN
KOHTPOJIb. BMECTO MepBUYHBIX aHTUTE Ha cpe3bl Ha-
Hocuu pasbasutenb mig antuten (S0809) (Dako,
Hanus). B kayecTBe ITOJIOXUTEIBHOIO KOHTPOJIS
ObUIM WCITOJIb30BaHBI MUKPOTJHMOLMTEI Ha cpe3ax
CM B3pOCJIbIX XUBOTHbIX.

st OLleHKM W3MEHEHUI KOJIMYeCTBAa MUKPO-
IJIMOLIMTOB B M3y4aeMOoIi 001acTH IPOU3BOIMIIN IO -
cueT ymnciaa Iba-1-mMMyHOITO3UTUBHEIX KJIETOK, CO-
JepXallux SiIpo B INIOCKOCTU Ccpe3a, Ha COUHUILY
iomwany (1 Mm?) 6a3aIbHOMN MJIACTUHKYU CIIMHHOTO
Mo3ra 3MOpPHOHOB U BeHTpaibHOI yactu CM HOBO-
POKIIEHHBIX KPBIC.

M3mepenue 1wiomany n3ydaeMoii o0JlacTu ocCy-
IIECTB/ISUIM C UCHOJb30BaHUEM mporpamMmbl Imagel
(NIH, CIIIA). JaHHble TUCTOTpaMMbl MPUBEACHBI
KaK cpeoHee 3HaYeHWe B TPyMIle CO CTaHOApPTHOM
ommoKoit. CTaTMCTUYIECKUI aHAJIN3 Pa3JInIUil MEXITy
rpyIIaMu IIPOBOIWIM C MCHOJIb30BaHUEM HellapaMeT-
pudeckoro kpurepuss Kpackema—Yommca (Hemapa-
METPUUYECKMI JUCIIEPCUOHHBIN aHAIN3) C TTOCHEIyIO-
LM MIPOBEICHEM MOITAPHBIX CPABHEHUIA C TIOMOIIILIO
Kpurepust ManHa—Yutau npu p < 0.05.

CrpykrypHble ocobeHHocTH Iba-1-comepxkaimx
KJIETOK OIPENeIsiiv C y4eTOM UX ToTlorpaguu B ripe-

JieJaxX BEHTpaJIbHOM YyacTu (3MEHAVMMHBINA, MaHTUI-
HBIII 1 MAaPTUHAIBHBIN CJION 0a3aJIbHOU MIACTUHKM)
dopMuUpyIoIIerocs: CMMHHOTO Mo3ra Kphic. Ha puc. 1
MPUBEICHBI CXeMbI TONEpeYHbIX cpe30B CM KphIC Ha
pa3HBIX CPOKaX Pa3BUTHUS C YKa3aHMEM 30H, Ha3Ba-
HMS KOTOPBIX UCITOJIb3YIOTCSI aBTOPAMM HACTOSIIIETO
HcclieoBaHus IS 0003HaYeHUs JloKanuzauu Iba-
1-MMMYHONIO3UTHBHBIX KJIETOK.

PE3YJIbTATDBI

Ha nornepeyHbIX TMCTOJIOTMYECKHUX Cpe3ax SMOPHO-
HajabHOro CM oTMeUeHO HECKOJIBKO 30H KOHIIEHTpa-
i Iba-1-MMMYHOITO3UTUBHBIX KIJIETOK B Pa3HBIX €rO
yacTax. B Hacrosieit pabore oCHOBHOe BHMMaHUE
YAENSIIA BEHTpaIbHOI yacTu (popmupytomierocss CM,
MOCKOJIbKY UMEHHO 31IeCh 3aKJIabIBAIOTCSI OCHOBHbIE
HeiipoHBbI, 00eCcIIeYnBaroIIe IBUTATEIbHbBIE (DYHKIINU.

VYcranosneHo, uyto Ha E11 B HepBHOI1 TpyOKe, KO-
TOpas NpeacTaBieHa ICEBIOMHOTOCIOMHBIM HEMPO-
snutenaveM, Iba-1-ummyHono3utuBHble (Ibal+)
KJIETKM OTCYTCTBYIOT. Ha cienytoliye cyTku pa3Bu-
s (E12) enuHWYHBIE UMMYHOITO3UTUBHBIE KJIETKU
HauMHAIOT TPOHUKATh B (DOPMUPYIOLIMIACS CIIMHHOM
MO3T KPbIChI, IPEUMYILIECTBEHHO B 1OP3JIbHOM YacTH.

Hauwunag ¢ E13, B BeHTpaiabHOI YaCTU pa3BUBa-
forrerocst CM 3MOpMOHOB KPBIC MOXKHO MIEHTU(DU-
LIAPOBATh CJIO OKPYIVIBIX HEIpOoOJIaCTOB B 30HE IUd-
depeHLMPYIOIIMXCS KIIETOK, JAIOIIMX HAaYyaJlo CEPOMY
BelecTBy nepeaHux poroB CM. Cpenu HUX IIPUCYT-
CTBYIOT €IMHUYHBIE KJIETKHW, OPUEHTUPOBAHHbIC Me-
JIroaTepabHO M MMEIOIE OTPOCTOK, HAaIpaBjIeH-
HBIN K Hapy:KHOM 1moBepxHocT CM, B TTOCTIEICTBUHA
dopmupyrolure nepeaHuit Kkopemok CM. Ha atom
CpOKe HaMM He ObLIO OTMEYeHO npucyTcTBue Iba-1-
MMMYHONO3UTHUBHBIX KJIETOK Cpeau HEMpoO0JacToOB
pa3BUBaOIIMXCS TepegHUX poroB. KpaiiHe penko
ObLIM OTMeUeHbl efMHUYHbIe Ibal+ KJIeTKu B a1eH-
IMMHOI 30HE.
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Puc. 2. Iba-1-UMMyHONO3UTUBHbBIEC KJIETKU (POPMHUPYIOLIETOCsS] CIIMHHOTO MO3ra 9MOpHUOHA KPbICHI Ha 15 CYyTKU pa3BUTHSI.
Crpenka — anornrto3Hoe Teablie. UMMyHOrucroxumMuueckasi peakisi Ha 6eok Iba-1, mokpacka TOJyUIAMHOBBIM CUHUM (a);
uMMYHoOITyopeciieHTHas peakius Ha 6etok Iba-1 (Cy2 — 3eneHoe okpammBanue) u BuMeHTHH (TRITC — kpacHoe okpatim-
BaHUe); KOH(OKaIbHas TazepHast MUKpocKonus (6). Macirab 20 MM (a), 50 MkMm (0).

Ha E14 B CM 3M0pHUOHOB KpPbIC UIEHTUDULIUDPY-
JOTCSI TP KOHLIEHTPUYECKUX CJIOSI: DTEHIUMHBIN,
MaHTUHHBIA U MapruHaJIbHbIM. MaHTUIHBINA CIOM
0a3aJbHOM TJIACTUHKU B BEHTPO-JIaTepaJIbHOI YacTh
MpeACTaBlIeH OKPYIJIBIMU KJI€TKaMu, HEKOTOPhIE U3
KOTOPBIX UMEIOT INIMHHbBIE OTPOCTKU, TPOXOASIINUE K
nepudepuu pazpusalomerocss CM u popMmupyromie
Mpe3yMIITUBHbIE nepeaHue Kopeiku CM. Takxke B
9TO#l 30HEe UAECHTU(ULIMPYIOTCS OOP30-BEHTPAIbHO
OPUEHTUPOBAHHBIE KOMUCCYPATbHBIE BCTABOYHBIC
HelpoOmacTel. Ibal+ KjIeTKM B BEHTPaJIbHON YacTu
MaHTUIHOTO CJIOSI HEMHOTOUYHMCJICHBI, Yallle pacriojia-
raloTcs Ha rpaHulle MEeXIY MAaHTUIHBIM U MapTrUHAIb-
HbIM clossMU. Takue HMMMYHOIIO3UTHUBHbBIE KJIETKHU
MMEIOT BEPETEHOBUIHOE WM OKPYIJIOE TEJIO C OMHUM
WY ABYMSI OTpocTKamMu. ENMHUYHBIE amMeOOouIHbIe
KJIETKHU TIPUCYTCTBYIOT B 00J1aCTU (POPMUPYIOLIUXCS
MOTOHENPOHOB.

Ha 15 cyr B MaHTUiiHOM cJioe 06a3aJbHOM ILia-
CTMHKU UACHTU(DULIMPYIOTCS I0P30-BEHTPaJbHO
OPUEHTUPOBAHHbIE KOMUCCYpPaATbHBIE HeIPOOIaCThI,
KJacTepbl MOJIOJBIX MOTOHEMPOHOB M OKpYyXKalollne
MX BCTaBOUHBIE HelipoOacTel. KirleTku 1oHHOI 11a-
CTMHKHM MMEIOT OTPOCTKH, KOTOPBIE MTOCTUTAIOT Oa-
3ajibHOI MeMOpaHbl CM U B IIOCIeACTBUU (hOPMUPY-
IOT BEHTPAJIbHYIO CPEIMHHYIO 1IeJib. B MaHTHITHOM
cloe 6a3anbHOM IIacTUHKU Ha E 15 BhIsSIBICHBI KpYII-
HbIe aMmeOouaHbIe Ibal+ KiIeTKM HepeaKo obpasyro-
1ue rpynikl (puc. 2a; puc. 56). Kpome Toro, Ha 3ToM
CpOKEe TaKxKe OBLIM OTMEUYeHBbI aMeOOUIHbIE UMMY-
HOITO3UTUBHBIE KJIETKWA B o0OJIacTH, Mpuiexalleit K
dopMupyloleics rnepeaHen 6eoi craiike: HeOOJb-
mue ckoruieHns Ibal+ KIIETOK JIOKAIM3YIOTCS MEX-
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Iy TOHHOW IUIaCTMHKON M MaHTUMHOII 30HOIT Oa-
3aIbHOM TU1acTUHKMU. OToenpHble aMebonaHbie Iba-1+
KJIETKUA 3TOM 30HBI OPUEHTUPOBAHbI TOPU3OHTAILHO,
OHU MOBTOPSIOT HampaBJIeHHE aKCOHOB, (pOpMHpPYIO-
X TepenHiol Oenyro craiiky. Cpean OTPOCTKOB
KJIETOK JOHHOM TJIaCTUHKU, 0OPA3yIOIINX CPEAUHHYIO
6opozny CM, UIMMYHOITO3UTUBHBIX KJIETOK He OOHa-
pyxeHo. B MapruHajisHOM ciioe 0a3aibHOM MIacTUH-
KU UACHTU(ULUPYIOTCSI UMMYHOITO3UTHUBHbBIC KJIETKU
BEpPETECHOBUIHOI M aMeOMOIHOM (hOpMBI 6€3 OTPOCT-
KoB. Takue KJIETK1 4aCTO OPUEHTUPOBAHbI BIOJIb BO-
JIOKOH MapTrUHAJIBHOTO CJIOS.

OtnenbHble Iba-1-MMMYHOITO3UTUBHBIE KJIETKU
npuiaexar K Vim-coaepxkallluM OTPOCTKaM paauajib-
Hoit Tiiuu. Takke BBISIBJIEHBI €IUHWYHbIE aMeOOuI-
Hble KJIETKU, OPUEHTUPOBAHHbIE MeAuoaTepaibHO
Ha rpaHUlle MapruHaJILHOW W MaHTUIHOI 30HBI Oa-
3ILHOM TIJIACTUHKMU, TEPHEHIUKYISIPHO 10 OTHOILIe-
HUIO K BUMEHTUH-COAEPXKaIIUM OTpOCTKaM (puc. 20).

B BeHTpabHOI YacTH CIMHHOIO MO3ra SMOPHUOHOB
kpbic E16—17 onpenenstrorcst o6y1actit hOpMUPOBAHUS
WHTEPHENPOHOB Y M30JIMPOBAHHBIE (DOPMUPYIOITUECS
npurarenbHbie sapa. Ha E16—17 B maHTuiiHO# 30HE
0azajbHOM TIACTUHKM ((hopMUpYIOIIeecs cepoe Be-
1IeCTBO nepeaHux poroB CM) ameb0ouaHbIE UMMYHO-
MMO3UTUBHBIC KJIETKU ITPeo0IafaoT B 001acT opMu-
pyronmnxcsd nBuratenbHbIX smep CM. OmHako OTIeihb-
Hele Ibal+ kneTku ¢ ameOougHONW Mopdonoruei
MPUCYTCTBYIOT U CPEIN pa3BUBAIOLIMXCS MHTEPHEPO-
HOB. Ha 3TOM cpoke Takoke ObLIN BbISIBJICHBI € IUHUY -
HBIe aMeOOMIHbIC UMMYHOIIO3UTUBHBIE KJIETKHU B 00-
Jactu (popMUpyIOLIeics ITepeaHeit 0eToi cuaiiku.
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Puc. 3. Iba-1-uMMyHOITO3UTUBHBIE KJIETKU BOJIM3U OTPOCTKOB MOJIOJBIX HEMPOHOB (a) M OTPOCTKOB paavabHOM Iinu (0) B
CM KpbiIchl Ha 16 cyT SMOPUOHAILHOTO pa3BUTHS. JBoiiHas MMMYHOLIMTOXMMKUYECKasl peakiius Ha 6es1ok Iba-1 (Cy2 — 3ene-
Hoe okpammuBanue) u 1abakopTuH (TRITC — kpacHoe okpammBanue) (a); IBOMHAS MUMMYHOIIUTOXMMUYECKasl peakiivs Ha Oe-
Jok Iba-1 (Cy2 — 3eneHoe okpammBaHue) u BuMeHTUH (TRITC — kpacHoe okpammBanue) (60). KondokanbHast nasepHast

MUKpockonusi. Maciutad 20 MKM.

Takske B 3TOT epro pa3BUTHUS B MAPTUHATIBHOM
clioe 0a3aJlbHOM MJIACTUHKU WIEHTU(UIIMPOBAHBI
Ibal-conmepxamme aMeOOMIHBIC KIETKN, HAXOI I -
ecsl B HEeMmocpeICTBeHHON O0m3oct K DCX-umMmy-
HOIO3UTUBHBEIM BOJIOKHAM M, BEPOSTHO, B3alMO-
neiicTByomme ¢ HuMu (puc. 3a), a Takxke Iba-1-um-
MYHOITO3UTUBHBIEC KJIETKH BEPETEHOBUIHO (pOPMBI,
OPMEHTUPOBAHHBIE BAOIb Vim-MMMYHOIIO3UTUBHEIX
OTPOCTKOB paguaibHOi rmuu (puc. 30). OToenbHbIS
Iba-1+ xneTku okpyxarmT Vim-coaepxkalinue CTpyK-
TYpPBI, paCHOJIOXEHHBIC HEIIOCPEICTBEHHO MO 000-
nmoukamMu CM — cybnuanbHble HOXKM paguaibHOM
[JINH.

CnuHHOI MO3T SMOPUOHOB 18 CyT pa3BUTUS UMe-
eT psd OTJWYMII MO CPaBHEHUIO C MpeIblAyIIUMM
cpokamu. Penmynupyercs sIeHIMMHBIN CIIOH, Mpe-
3YMIOTUBHBIN LIEHTPAIbHbINA KaHaJI CTAHOBUTCS YXe€,
B MAaHTUITHOM CJIO€ MOXXHO BHUAECTh 001acT (pOpMU-
pOBaHMS MOP3AJIbHBIX U BEHTPAJIbHBIX POrOB, pac-
LW PUJICS MapTUHAJIbHBINA CI0M, BEHTpaJbHAas U 1OP-
3aJIbHasl CpeAMHHBIE 0OPO31bl CTAHOBSTCS OoJiee 3a-
METHBIMMU.

Ha E18 B popmupyromnieMcst cepoM BeIIeCTBE Me-
penHux poroB CM MMMYHOIIO3UTUBHbBIE KJIETKU pac-
MpeaeieHbl JOCTATOYHO PABHOMEPHO KaK B 00J1aCTH
dbopMUpYIOLIVXCS IBUTATEBHBIX SIEp, TaK U Cpeaun
MoJoAbIX MHTepHelipoHoB. OTnenbHbIe Ibal-conep-
XKallye KJIETKA UMEIOT OKPYIJIoe TeI0 U HECKOJIBKO
TOHKMX Pa3BETBJICHHBIX OTPOCTKOB (puc. 4a). OgHa-
KO OobIIast yacTh Ibal-comepxkalmx KJI€TOK UMEET
HETMPaBUIBHYIO (DOPMY € YTOIIIEHHBIMU MAJIOBETBSI-
LIUMUCS OTPOCTKAMM.

MNMMyHOTIO3UTUBHBIC KJIETKHU B 00JaCTU (pOpMU-
pylolieiics nepeaHeii 6enoii criaiiku Ha E18 nmetor
Mop¢oJIOTUYECKNE TPU3HAKKN paMU(PULIIPOBAHHBIX
MUKpOrTMOUUTOB. MIX TOHKHUE IJIMHHBIE OTPOCTKU
HEepeIKO OPUEHTUPOBAHLI BIOJIb BOJIOKOH, PaCIIOJIO-
KE€HHBIX 104 JOHHOM IJTACTUHKOMN 1 (pOPMUPYIOIINX
Oenyro CIaiiky M BOOJIb OTPOCTKOB KJIETOK ITOHHOM
IUIACTUHKY, (OPMUPYIOIINX CPEIMHHYIO OO0pO3my
(puc. 40).

Yepes cyrku (E19) snmennmmusiii cioit CM Kpbi-
Cbl YMEHBIIIAETCs, LEHTPaJbHBIII KaHal CyxXaeTcs,
pacmupsieTcsl o0JIaCTh (DOPMUPYIOLIETOCS CEPOro
BeliecTBa 1 Oeiioro BemrectBa CM, BeHTpalbHaS U
Jop3ajibHast 00po3Abl, KOTOPhIE IesSIT Oejioe Bellle-
ctBo yrayoustores. Ha E19 B hopMupyroiiemcs ce-
poM BelecTBe nepeaHux poroB CM runeprpodupo-
BaHHBbIE (puC. 5T) U amMeOOUITHbIE MUKPOTJINOLMTHI
BBISIBJIEHBI IPEUMYIIIECTBEHHO CPEIU MOJIOIBIX MH-
TEPHEWPOHOB, PeAKMeE 13 HUX IIPUCYTCTBYIOT B 00JIa-
CcTu (POPMUPYIOLIMXCS ABUTaTeJIbHBIX siiep. B ¢op-
MUpYIOLIEeMCsI 0eJI0M BelllecTBe IepeaHux poros CM
TakKe BBISIBICHBI Ibal-MMMyHONO3UTHUBHBIE KIIET-
KU. DTO MeJIKME KJIETKU HelpaBUIbHOI (OPMbI MU
BEpPETECHOBUIHBIE KJIETKH, OPUEHTUPOBAHHLIE BIOJIb
BOJIOKOH, IIPOXOOSIINX Yepe3 0e10e BEIIeCTBO.

CrnimHHOI MO3T HOBOPOXKIEHHOM KPBICH OT/IMYa-
€TCsI OT SMOPMOHAILHOTO YBEJIMYEHHBIMM pa3MepaMu
0eJIoro M Ceporo BelllecTBa. B IlepBhle CyTKM I1OCHE
poxaeHus (P1) B cnuHHOM MO3re KphIC IIPUCYTCTBYET
OoJbIIoe KomuecTBo Iba-comepxkalliux KjieTok. B ce-
POM BellleCcTBe BEHTpaIbHBLIX poroB CM, UMMYHOIIO-
3UTUBHBIC KJIETKH pacIIpeieIeHbl pPABHOMEPHO 1 UME-

OHTOTEHE3 Ne 3

TOM 52 2021



N3MEHEHUA MToNnyjiAuonM MUKPOTJIMOLIUTOB 213

(a) T

L5 vz
v ‘".’

(6)

Puc. 4. Iba-1-MMMyHONIO3UTUBHbBIE KJIETKU (hOPMUPYIOLLETOCS CEPOro BellIeCTBa MepeHNX POrOB CIIMHHOTO MO3ra KphIChI ()
U 30HBI hopMUpYyIOLIIeiics TepeaHeit Oeioit cnaiiku (0) Ha 18 cyTKr SMOPHUOHAJIIBHOTO pa3BUTHUsI. UTMMYHOTHMCTOXMMUYECKast

peaxius Ha 6eyiok Iba-1. Macira6 20 MKM.

IOT HEMIPaBWIBHYIO (hOPMY C YTOJIIIEHHBIMA MaJIOBET-
BSIIIMMUCS OTPOCTKaAMM (pUC. 5€) WM MMEIoIIne
TOJICTBIE KOPOTKHE OTPOCTKM (TMNepTpodUpPOBaH-
HbIe U KyCTUCTble MUKPOIIMOUWTHI). EmMHMYHEIE
KJIETKUA UMEIOT IJIMHHbIC TOHKHE pa3BEeTBJICHHbBIC OT-
pocTKr. UMMYyHOITO3UTHBHBIC KJIETKH TTepeaHeii 0e-
JIOI cITaiikil MMEIOT OKPYIJIbIe TeJla M BETBSIIUECS
OTPOCTKMU, OPUCHTUPOBAHHBIC BIOJIb aKCOHOB KO-
MUCCYpaJbHbIX HEHPOHOB WJIM HEPBHBLIX BOJIOKOH,
00pa3yoIInX CpeauHHYI0 60po3ay. OmHaKO MUKPO-
[JIMOLUTHI 3TOM 30HBI MO MOP(MOIOTMYECKUM TIPpU-
3HaKaM OTJIMYAIOTCS OT paMU(PUIMPOBAHHON MUK-
pOTJIIMU B3POCJBIX KMBOTHBIX, CpeAd HUX MHpeodiia-
Jal0T TUIIEPTPOMUPOBAHHbBIE KIETKU.

C npuMeHeHrueM METOoJa UMMYHOTMCTOXMMUYE-
CKOT'O BBISIBJICHMSI CHHANITODU3MHA OBbLIO ITOKA3aHO,
YTO HayMHas ¢ 15 cyT aMOpHOHAILHOIO Pa3BUTHUS B
dopmupyrommxcsa nepegHnx porax CM Kpbic nmeH-
TUGUOUPYIOTCS  MMMYHOIIO3UTUBHBIE  OTPOCTKU
Helipob6iacToB (puc. 5a). K 19 cyrkaM pa3BUTUSI UM-
MYHOPEAaKTUBHOCTb IIPOSIBIISIIOT CMHANITONOAOOHBIE
OKPYIJIbIE CTPYKTYpPBI, PACIIOJIOXKEHHbBIE Ha MOBEPX-
HOCTU HEMpoOJIacTOB M MX OTPOCTKOB (puc. 5B). B
MEPEeIHNX POrax CIMHHOIO MO3Tra HOBOPOXKIEHHBIX
KpBIC peaklys Ha CUHANTO(MU3UH ITO3BOJIMIA BbI-
SIBUTb OOJIbIIIOE KOJMYECTBO CHHAIITUYECKMX OyTO-
HOB BOKPYT TeJI HEIipOHOB U MX OTPOCTKOB (puC. 51).

IIpn npoBegeHUM OTPULIATEIBHOIO KOHTPOJIS
JUISI UMMYHOTUCTOXMMMYECKUX peakKluM IJIsT BCeX
HUCIMOJIb3YEMbIX B CCJIENIOBAHUY aHTUTEJ Ha TIperia-
paTax oKpalllMBaHUs BBISIBICHO He O0bL10. [1pu mpo-
BEICHUU TOJIOXUTEJIBHOIO KOHTPOJISI UMMYHOpPEaK-
TUBHOCTb OTMedeHa B MukpormonuTax CM. Hecrre-
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LMULIECKOTO OKpallUBaHUS U aBTO(IYyOPECLIEHIINMU
He HaOJII0JaJIoCh.

KonunyecTtBeHHbII aHaIU3 IMOKa3aj, YTO C MOMEH-
Ta BXOJa MEPBBIX MUKPOTJIUOLUTOB B BEHTPAJIbHYIO
yactb CM (E14) 10 poxXaeHus INIOTHOCTD pacIpe/e-
JIEHUS KJIETOK MUKPOTJIUU yBeJIMUMBaeTcs 6oJiee ueM
B 5 pa3 (p < 0.05) (puc. 6). YcTaHOBJIEHO, YTO Hau-
0oJblliee UBMEHEHHME KOJIMYeCTBa KJIEeTOK HabIo1a-
eTCsl B paHHMI nepuon sMopuoreHe3a — mexay E14
n E15. UYnciio MUKpOTINOINTOB Ha € TMHUILY THIOIA -
a1 6a3anbHON miuacTUHKU CM B 3TOT IepUOJ BO3-
pactaet B Tpu pasa (p < 0.05) (puc. 6).

OBCYXIEHUE

B mociiennue ronbl MHOTOYMCIIEHHBIE UCCIIeI0OBA-
HUSI JOKAa3bIBAIOT 3HAYMMYIO POJIb KIJIIETOK MHUKpPO-
mu B pa3Butuu LIHC (Ueno et al., 2013; Pont-Lezi-
ca et al., 2014; Reemst et al., 2016). OgHako pacnpe-
JeJeHrne MUKPOTJINOLIMTOB B pa3BuBaronieMcss CM u
nX (QYHKIMOHAJBbHOE 3HAaYCHME Ha Pa3HBIX 3Tallax
sMOpHoOTeHes3a He SICHO 10 cux mop. [IpoBeneHHoe B
HacToslleli paboTe conocTaBieHUE MPOLIECCOB, TIPO-
HCXomsInux B pasBuBaloniemcss CM, ¢ pacrpeneie-
HUEM U JIOKalIn3alueil MUKPOIUIIUTOB TTO3BOIMIIO
MPEAIOIOXKUTb yJdacThe 3TUX KJIETOK, KaK TEepBBIX
aKTUBHO (DYHKIIMOHUPYIOIIMX ITIMOLIMTOB, B IIpEHA-
TaJIbHOM HEHPOHO- U TJIMOTreHe3e.

IMTokazaHo, 4yTo B aMOproHaibHOM CM MUKpOTIU-
aJIbHbIe KJIETKW, HE 00JIafaloT IJIMHHBIMUA OTPOCTKA-
MM, 2 UMEIOT aMeOOUTHYI0, KYCTUCTYIO WJIM TUIIEPTPO-
¢upoBaHHYI0 (popMy BILIOTH A0 MO3IHETO MpeHaTallb-
HOTO ¥ paHHEero IMOCTHaTaJIbHOTO IMepuona. To ecTb,
110 MOpP(dhOJIOTMIECCKIM TTPHU3HAKAM SMOpHOHAaIbHAas
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Puc. 5. Cunantodu3nH-MMMYHOITO3UTUBHBIE CTPYKTYPbl 1 MUKPOTJIMOLUTBI B CITMHHOM MO3re KpbIc Ha 15 ¢y (a, 6), 19 cyT
(B, ) >MOPUOHAJIBHOTO PAa3BUTUS U TIOC/IE poxXAeHUs (1, €). UMMyHOTMCTOXMMUYEeCKKME peaKliMi Ha CUHANTOGU3uH (a, B, 1)
u 6enok Iba-1 (0, r, €). MacmTab 50 Mmxm (a, 6); 20 mxm (B, T, 1, €).
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Puc. 6. Junamuka usmMeHeHus: Koiauuecrsa [ba-1-umMmyHo-
TMO3UTUBHBIX KJIETOK B BeHTpaibHOI 001acti CM KpbIc Ha

pasHBIX cpokax passurusi. * — pEI4 M EIS < g5 w0 _
PEI4IPLC ) 05, HEISUEIG—I7 EI6-17u EIS—19; EIS—19uP1 5 |

MUKpPOIIUS 0JIM3Ka K aKTUBUPOBAHHOMY TUITY MUK~
POIIMOLUTOB B3pocyioro cnuHHoro Mo3ra (Komoc,
Kopxesckuit, 2020). OgHako HeJaBHUE MCCIea0Ba-
HUS JEeMOHCTPUPYIOT, YTO pa3BUBAIOIIASICI MUKPO-
[JIMsI He BCTYIIAeT B KJIACCUYECKMIA TTPOLIeCC aKTHBa-
LIUHM, B IPOTUBOIOJIOXHOCTh MUKPOTJIUN B3POCIBIX
JKUBOTHBIX, KOTOpasi aKTUBUPYETCSI B OTBET HA BOC-
najJieHue Wi HelipoaereHepalo. DMOpuoHaabHas
MUKPOIIUS (DEHOTUIUYECKU 3HAYMTEIBHO OTIMYA-
€TCsl OT aKTUBMPOBAHHON MUKPOTJIMU B3POCIBIX XKH-
BoTHBIX (Bennett et al., 2016). Takke psa uccieno-
BaHUI JTEMOHCTPUpPYET OoJjiee BBICOKYIO CKOPOCTb
MUTpallU¥ 3MOPUOHAILHLIX MHUKPOTJIUOLIMTOB IO
CPaBHEHUIO C aKTUBUPOBAaHHBIMU KJIETKAMU B3pOC-
soit THC (Stence et al., 2001; Swinnen et al., 2013).
BepositHo, opMa KIIETOK, JIUIIEHHBIX JIMHHBIX pa3-
BETBJICHHBIX OTPOCTKOB, IIO3BOJISIET ITOAICPXKUBATH
BBICOKYIO MOOWMJIBHOCTh MUKPOIJIMOIIUTOB U obecre-
YyBaTh MUTPALIMIO U KOJIOHU3ALWIO Pa3IUYHbBIX 00J1a-
creit pazBuBaronierocss CM. TakmM 00pa3oM, sSMOpHO-
HaJIbHasi MUKPOIJIUSI O0JafaeT YHUKaIbHBIMU CBOM-
CTBaMHM, OTJIMYAIOIIMMU €€ OT “aKTMBUPOBAHHBIX U
“nokostiuxcss” MukporionuToB LIHC B3pocabix k-
BOTHBIX.

HamMu oTtmedeHo, YTO Ha TO3MHUX CPOKaxX dM-
OpuoreHe3a M B paHHEM MOCTHATAJIILHOM IIepPHUOIE,
Hapsiay C TUIIEpTPOGUPOBAHHBIM, KYCTUCTBIM 1 aMe-
OMOTHBIMY KJIETKAMU MUKPOTJINH, B TIEPETHUX pOrax
CM KpbIC NOSIBJISIIOTCSI TIEPBbIE KJIETKU C JIMHHBIMU
TOHKMMHM BETBAIIUMUCS oTpocTKamu (1mmocie E18).
MOXHO TIPEeAmnoJIOXUTh, 9YTO TaKWe Mopdoyormye-
CKMe M3MEHEHMUS CBSI3aHBI C MEPEXOMOM KIIETOK OT
BBICOKOI MOOWMJIBHOCTH K CTallHOHAPHOMY COCTOSI-
HUIO C TIpeobagaHueM KOHTPOJIMPYIOIMNX (hyHKIINMN
C MEJTBIO BBISTBICHUST OTKIIOHEHUWI ToMeocTa3a, KOH-
TpOoJist QYHKIIMOHUPOBAHUSI HEMPOHHBIX CETEH U CU-
HaIITUYIECKOTO PeMOIETMPOBAHMSI.
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Hacrosmmee nccienoBanne sMOpMOHATBHON MUK-
POTIINY Ha Pa3HBIX CpoKax (POPMHUPOBAHUS CIITHHOTO
Mo3ra I1oKa3ajo, YTO €€ JIoKaJu3alus U3MEHSIETCS B
pa3Hble IepuoAbl pa3BUTU. JMHaMMKa pacmpeaesie-
HIST MUKPOTJTMAJIBHBIX KJIETOK MOKET OBITH CBSI3aHA C
TMCTOTeHETUUECKUMMU TIPOLieCCaMU, TIPOUCXOISIIIIMMU
B pa3BuBamplieMcsas CM, TakuMu Kak IIpoJirdepaiusi,
nporpaMMupyeMasl KJIeTo4Has TMOejb, MUTpalusl U
mmddepeHINPOBKA, CHHANITOTeHE3, pa3BUTHE U PEOp-
raHu3alus HEMPOHHbIX LIETIEHA.

MUKpPOTIMOLUTHI SIBJISIIOTCS PE3UICHTHBIMU MaK-
podaramu IIHC 1 cnocoOHEI K haronmro3y. Bozmok-
HO, ofHa U3 UX (PyHKLMI B SMOpUOTEHE3e CBSI3aHa C
aronTo30M HelipobiacToB. B xome Hacrosiero mc-
cliefoBaHUS B 0a3aJibHOW MJIaCTUHKE 3MOPUOHAb-
Horo CM ObU OOHapyXkeHbl eNMHUYHbBIE aronTo3-
Hble Tesblia. OCHOBBIBAsICh HA JIMTEPATYPHBIX TAHHbBIX
MOXHO TIPEAIoOKUThb, YTO MACHTU(MULIMPOBAHHAS
HaMu amMeOouIHass MUKPOIJIUS, MPUCYTCTBYIOIIAs B
o61actu (OPMUPYIOIIMXCSI MOTOHEMPOHOB, Ha4M-
Has ¢ E15 MoxeT mpuHMMAaTh aKTUBHOE YYacTHE B UX
MPOTPaMMUPYEMOI KJIETOYHO Tubesu, IpoucXosi-
et B BeHTpajbHOM YyacTu 3MOpuoHaibHoro CM B
3TOT MEPUO/I.

Hamu ormedeHO, 94TO NPOHMKHOBEHUE paHHEH
MUKPOIJIMM B MaHTHUMWHBINA CJI0M ©Oa3ajlbHOM TIia-
cTUHKU (Oyayllee cepoe BEIIeCTBO MepPeIHUX POroB
CM) coBniagaeT ¢ BaxKHOI ctanueit pazsutuss CM, Bo
BpeMsI KOTOPOI HEMPOHHBIE CETU CTAHOBSTCS (PYHK-
LIMOHAJIbHBIMUY M HAUMHAETCsl CUHanToreHes. 1o iu-
TepaTypHBbIM TaHHBIM U3BECTHO, YTO CUHANITOTEHE3 B
BeHTpasbHOM yacTi CM Kpbic HaumHaetcd ¢ E13.5
(Vaughan, Grieshaber, 1973; Prasad et al., 2008). Co-
IJ1acHO JaHHBIM aBTOpoB, Ha E13.5 u El4.5 B BeH-
TpambHOM 4YacT CM KpBICH WACHTU(MUIIMPYIOTCS
eIMHUYIHBIE AKCOCOMATUYECKIE CUHAIITUIECKNE KOH-
TaKThI, coAepXKaIllie HEMHOTOYMC/IEHHBIE CUHATITYE-
cKue my3bIpbKU (110 3—4 B 0yToHe). [lo3nHee, B Iiepuon,
MogBIIeHUs TiepBhIX pediekcon (E 15.5 u 16.5) xomu-
YeCTBO OYTOHOB YBEJIMYMBAETCSI, YMCJIO CUHAITHYE-
CKUX TYy3BIPbKOB B 30HE TPECUHANTUYECKON MeM-
Opanbl Takxke Bo3pactaeT (Vaughan, Grieshaber,
1973). IIuk cunanroreHe3a 8 CM HabmomaeTcs B 11e-
puon E16—17 (May, Biscoe, 1975). 1o HamuMm maH-
HBbIM CMHANTOMU3UH, SIBJISIONIUNACS O€JIKOM CHUHAIl-
tnyeckux Be3ukyn (Komoc u np., 2015), HaumHast ¢
E15, napenTuduimpyercss B OTPOCTKAaX pa3BUBaIO-
IIMXCS ABUTATEIbHBIX, BCTABOYHBIX 1 KOMUCCYPaJTb-
HbIX HEMPOHOB, YTO CBUIETEIbCTBYET O Hayaje ero
aKTUBHOM TPaHCHOPTUPOBKM OT TeJla HEPBHBIX KJIe-
TOK K HE3PEJIbIM CUHAIITUYECKMM KOHTaKTaM B 00Jia-
ctu nepegHux poroB CM. CuHanTo(u3nuH y4acTByeT
B pery/siiuy GYHKIIMOHUPOBAHUSI CUHAIICOB, BKIIIO-
Yasi TaKre IMPOLIECChl KaK 9K301IMTO3, OMOreHE3 U 9H-
nounto3 Be3ukya (Kwon, Chapman, 2011). Cunan-
To(U3MH-coAepKalllie CUHAMTOMOAOOHBIE OKPYT-
JIbIE CTPYKTYPhI BOJIM3U T€J MOJIOABIX HEIPOHOB U UX
OTPOCTKOB HMIACHTU(UIIMPOBAHBI HaMM, HAYMHAS C
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E19, B nepuon akTuBHOTO (byHKIIMOHUPOBAHMS HEii-
POHHBIX LIENEH.

B Hacrosimiem mcciaenmoBaHuu Iba-1-umMmyHomno-
3UTUBHBIC KJIETKU B 00J1aCTU (DOPMUPYIOLINXCS TIe-
pEeIHUX POroB BIIEpPBbIE OOHApYy:KEHBI, HAauyMHAasl C
E14, B nepuon Hauasa oOpa3oBaHUsI TIEPBBIX HE3pe-
JIBIX CHHANTHYECKNX KOHTAKTOB B BEHTPaJIbHOI Ya-
ctu popmupyronierocst CM. Bo Bpemst Haubonee ak-
TuBHOTO crHanToreHesa (E16—17) nmomynsuus MUK-
POTIIMOLIUTOB B 3TOM 00JIACTU YBEJIMYMBACTCS. DTO
MOXET OBIThb CBSI3aHO C y4aCTHEM 3MOPHMOHAJIBHBIX
MUKPOTIJIMOLIMTOB B Mpoliecce o0pa3oBaHUsI, yCTpa-
HEHMSI U30BITOYHBIX Y PEMOIESIMPOBAHUS CUHAIITH-
YeCKMX KOHTaKTOB.

IMocme poxnenns B CM KpbIC TIpOgoKaeTCS aK-
TUBHBIM CUMHAIITOTeHE3 U pa3BUTHE HEHPOHHBIX Ce-
teii. B nepenanx porax CM HOBOPOXIEHHBIX XKM-
BOTHBIX MACHTU(MDUIIMPYETCS OOJBbIIOE KOJIMYECTBO
OKPYTJIbIX CUHANTO(MU3NH-UMMYHOITIO3UTHUBHBIX CU-
HanTU4YeCKUX OYTOHOB Ha TeJIaX U OTPOCTKAX Helpo-
HOB. 1o HallIMM MaHHBIM B 3TOT NIEPUO B BEHTPaJIb-
Hoii yactu CM monyJsiiuysi MUKPOTJIMOIIMTOB 1OCTa~
TOYHO MHOI'OYMCJIEHHA, YTO CBSI3aHO C AKTUBHBIM
CUHAITOTeHEe30M, MPOUCXOASIINM B 3TO O0JIACTH.
Kaxk uzBectHo, B pasBuBatoineiicss LIHC HelipoHHast
CeTh He 00J1aJaeT TOYHOCTBIO M CTPYKTYPUPOBAHHO-
CTbIO, XapaKTEpHOM Ml 3pejioii HEPBHOM CUCTEMBI
(Hua, Smith, 2004). KoindecTBo 00pa30oBaBILINXCS
CUHAIICOB U30BITOYHO. B TIpoliecce CMHANTUYECKOTO
MpYHUHTa OOJIbIIOE KOJIWYECTBO KOHTAKTOB yIaJIsi-
I0TCSI, OCTaBIIIMECS K€ TIOAAEPKUBAIOTCS, CO3PEBAIOT
U KOHTpoaupyroTcs. Cuuraercsi, YTO OCHOBHBIMU
KJIETKaMU-MOIYJIITOPAMM CMHAIITUYECKON 00pe3Ku
B npouecce pazButus LITHC sgBisitoTcss MUKpOTIINO-
muthl (Wake et al., 2009; Tremblay et al., 2010; Scha-
fer et al., 2012). Mmest 1oCTaTOYHYIO CTEIIEHb BETB-
JICHUSI OTPOCTKOB, MUKPOIJIMSI B MOCTHATaJbHOM
Iepuolie CIIOCOOCTBYET CO3pEBAaHMUIO CUHAIITHYE-
ckux KoHTakToB (Mosser et al., 2017), KOHTpoJIUpy-
eT uX GYHKIMOHAJIbHOE COCTOSIHHE U TTOTEeHLIMAIb-
HO CIIOCOOCTBYET YCTpaHEHUIO He(MYHKIIMOHAIb-
HbIX coenuHeHuii (Wake et al., 2009; Kim et al.,
2017; Filipello et al., 2018).

B HacrostiieM wuccienoBaHUM OBLIO OTMEYEHO
yBeIM4eHUE KoaudecTBa Ibal-MMMYyHOIO3UTUBHBIX
KJIETOK B MapTUHAJIBHOM cjIo¢ 0a3aJIbHOM TIaCTUH-
ku CM, HauuHas ¢ 15 cyT aMOpHUOHATBHOTO pa3BuU-
st Kpbic. C IpyMEeHEHNEM METOA TBOITHOTO NMMY -
HOMIYOPECHEHTHOIO OKpallMBaHWS YCTAaHOBJICHO,
YTO MUKPOTJIMOLUTHI 3TOI obiactu CM pacrojara-
IOTCSI B HemocpeacTBeHHOoM Oym3octu ot DCX-co-
JIepKalluX aKCOHOB MOJIOIBIX MOTOHEHPOHOB, ITPO-
XOISIIIMX Yyepe3 0es10e BEIISCTBO MEpeIHUX POrOB U
dopMUPYIOIINX NPEe3yMITUBHBIC IIEPEIHNE KOPEIII-
k1 CM. Takoe B3auMolleiicTBEe MOXET CBUIETEIb-
CTBOBAaTh O BJIIMSIHUM dMOPUOHAIILHBIX MUKPOIJINO-
LIATOB Ha pocT HelipuToB. CyIlIeCcTBYIOT KOCBEHHEIC
JI0OKa3aTeJIbCTBA TOTO, YTO MUKPOTIIMOIIMTHI CITOCO0-

KOJIOC, KOPXXKEBCKUH

HBI OKa3bIBaTh BIMSHHE Ha POCT aKCOHOB (0JIOKMPO-
BaTh WIX CTUMYJIMPOBATh) Y U3BMEHSIThH HallpaBJIcHUE
nx pocra. IlpenmnosnaraeTcss, YTo B pa3BUBaIOIICIICS
IHHC, ocobenHo B 0ejoM BellecTBE, OHU CITOCO0-
CTBYIOT POCTY aKCOHOB 1, BO3MOXHO, HAIIPaBJISIIOT
HEWpUTHl MyTeM cuHTe3a TpombocnoHauHa, IGF1,
NT3 1 HanpaBASIOIINX MOJIEKYJ, Takmx Kak Slit, Ne-
trin; a Tak;ke MHI'MOUPYIOT pocT, cuHTe3upyss RGMa
(Chamak et al., 1994; Wehrle et al., 2005; Hata
et al., 2006; Ueno et al., 2013; Reemst et al., 2016).
OnHako neTaau TaKuX B3aMMONIEHMCTBUII OcCTalOTCs
HeM3y4YeHHBIMU JO HACTOSIIEr0 BpeMeH!U. Takke He
W3BECTHO, IIPOMCXOIST JIM TAKKE IIPOIIECChI BO BPEMST
HopMasbHoro pa3putus LIHC vnu munis npu moBpe-
XKICHUMU.

B HacTosiiiemM ucclienoBaHUM OTMEUYEHO, YTO Ha
paHHUX cTagusx pa3sButust (HauuHas ¢ E15) Iba-1-
MMMYHOITO3UTUBHBIE KJIETKHA HAKaIJIUBalOTCSI B 00-
JactTu GOopMUPOBAHUS MepeaHeili 0enoi cnaiiku. DTta
CTpyKTypa (commissura alba anterior) IpencraBisieT
CcO00Ii ITy4YOK HEPBHBIX BOJOKOH KOMUCCYpPaJIbHBIX
WHTEPHENPOHOB, 00eCIeYnBaIOIIMX CBSI3b C HEMPO-
HaMM Ha KOHTpajaTepaJbHOM CTOPOHE CIMHHOTO
Mo3ra. Bo3aMoXXHO, BBHISIBJIEHHBIE B JaHHOM 00J1acTU
MUKpPOIJIMAJIbHbIE KJIETKM MOTYT OKa3biBaTh BJIMSI-
HIUE, COBMECTHO C KJIeTKaMU JOHHOI IUIAaCTUHKM, Ha
MpOXOXIeHNEe HelipuTaMu cpeanHHOoM mau CM. B
HUCCJIEAOBAHUSIX, TIPOBEACHHBIX in Vitro, IPOJEMOH-
CTPUPOBAHHO, YTO MUKPOTJIVS IPUHMUMAET aKTUBHOE
y4JacTHe B pocTe HeMpHTOB ITyTeM skcnpeccu BDNEF,
ceKpeluuu IUIa3MMHOTeHA U TpPOMOOCIOHAMHA
(Nagata et al., 1993; Chamak et al., 1994; Yang et al.,
2012). CuuTaeTcs, YTO0 MUKPOTJINS, TOKAIM30BaHHAS
B o0JiacT (hOPMUPYIOIIMXCSI TPAKTOB OEJIoro Belle-
CTBa B Pa3/IMYHBIX OTIEJIaX TOJIOBHOTO MO3ra, CIOCO0-
CTBYET POCTY aKCOHOB, (DOpMUpPYET IIyTh POCTa ITy4Ka
OTPOCTKOB HEMPOHOB ITyTeM (paroLTo3a N30bITOUHBIX
KJIETOK M OTPOCTKOB, YCTpaHsSISI TMOHYIINE AKCOHBI.
Taxske MOXHO IIPEIIIOIOKUTD, YTO MUKPOTIMOILIUTHI
dopMupylolIeiicss 30HBI TIepeaHeil Oesoil craiiku
Y4YacTBYIOT B KOHTpOJIE Iipoliecca (hOpMUPOBAHUS ITyY -
Ka HEPBHBIX BOJIOKOH U3 OTIEJIFHBIX aKCOHOB (¢haciim-
KYJISILMUA aKCOHOB). B 10OJ1b3y 3TOro mpearoaoxkeHust
CBUIETEIIBCTBYIOT pe3y/IbTaThl ucciiemoBanuii IToHT-
Jle3nka c¢ coanr. (2014). Ha Momenu cucTeMHOro Iipe-
HaTaJIbHOTO BOCHAJICHUS U C UCTOILIEHUEM MOMYJISIIIU
MUKPOIVIMOLIMTOB aBTOpaMM ObLIO IIPOAEMOHCTPUPO-
BaHO, YTO M3MEHEHNE aKTUBHOCT MUKPOIJIMM MO30-
JINCTOTO TeJia MPUBEJIO K IehacyKyJIsSIIUu A0pcallb-
HBIX KaJJTO3aJIbHbIX aKcOHOB (Pont-Lezica et al., 2014).

C npuMeHeHHEeM JIBOMHOIO MapKUPOBaHUSI HAMU
MOKa3aHo, YTO B (GOpMUPYIOIIEMCsI O€JIOM BellleCTBa
nepegHux poroB CM kpeic yacTts Iba-1-comepxkammmx
KJIETOK, IPEUMYIIECTBEHHO BEepeTeHOBUIHOI (op-
MBI, PACIIOJIAraloTCs B HEMIOCPEACTBEHHO OJIM30CTH OT
TOHKMX Vim-MMMYHONO3UTHUBHBEIX OTPOCTKOB pamgu-
aJIbHOM TJIMM, a TaKKe B KOHTAKTe C CyONMaIbHBIMU
HOXKAMU paguajbHON TJIVMK, 00Opa3ylolMu IIorpa-
HUYHYIO TIHMaJIbHYI0O MeMmOpaHy. BzamMmonmeiicTBue
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MUKPOIJIMOILIUTOB C PalalIbHOM IIMei ObLIO OTMEYe-
HO paHee B (opMUpYIOILIeiicsl ceTyaTke Ia3a (San-
chez-Lopez et al., 2004) 1 B pa3BUBarOIIEMCS] CHUHHOM
moare Mmbieii (Rezaie, Male, 1999; Rigato et al., 2011).
Takoe pacrnonoxeHue MOXET CBUIETEIbCTBOBATH O
paauagbHON MUTPALUU Pa3BUBAIOIIUXCS MUKPOTINO-
LIMTOB O OTPOCTKaM paauaiibHoOl ruu. Kpome Toro,
MO JIUTEPATYPHbIM NTaHHBIM M3BECTHO, YTO MUKPO-
JIMOLUTHI, MpoayLupys okcua azota (NO), CriocoOHbI
peryupoBaTh Mepexojl OT HepoHOreHe3a K Iiuore-
He3y M CHOoCcOOCTBOBaTh CO3PEBAHMUIO ACTPOTIUU
(Béchade et al., 2011). /151 moHUMaHMsI B3auMoeii-
CTBUS DTUX JIBYX INIMAJIbHBIX MOMYJSAIAI B SMOpUO-
reHese TpeOyloTCsl JOMOJIHUTEIbHbBIE UCCIIEAOBAHUS.

SAKJTIOYEHHUE

B HacTos1ieM ucciienoBaHMM IT0Ka3aHo, UTO Iep-
BbI€ KJIETKU PaHHE MUKPOTJIUN OOHAPYKUBAIOTCS B
nmopsanbHOit yactu CM Ha 12 cyT IpeHaTaIbHOIO
pazButusl. B BeHTpambHOM YacTy 3MOpPHOHAIILHOIO
CM ennMHUYHBIE MUKPOTJIMOLUTHI MOSIBISIIOTCS Ha
14 cyt, B nepuon dopmupoBaHuss DCX-comepxka-
X HelipoOiacToB. CKOIJICHUS MUKPOTJINOLITOB B
3TOM 001aCTH HAOIIOJAI0TCSI, HAaUMHas ¢ 15 cyT, B I1e-
pyoa HAKOIUIEHUSI CUHaNTo(gU3MHA U aKTUBHOIO
(GYHKIIMOHMPOBAHMS HEUPOHHBIX Hemneit. B manb-
HelinreM B BeHTpanbHOM yacT CM ITOCTOSTHHO TPpU-
CYTCTBYIOT TPYIIIbl KJIETOK MUKPOIJIMH, BEPOSITHO,
OCYIIECTBJISIOIINE PETYyJISIIUIO IIPollecca CHUHAITO-
reHe3a, pocTa OTPOCTKOB MU(GEPEeHIIMPYIOIINXCS
HEpPOHOB M (PYHKIIMOHUPOBAHUS HEMPOHHBIX 1Ie-
Mei. YCTaHOBJIEHO, YTO B IIEPHUOI C MOMEHTA IIOSIB-
JIEHUSI MEePBBIX KJIETOK MMUKPOTJIMU B BEHTPAIbHOM
yacTu 3MOproHajabHOTO CM 10 pOXKIESHUS KOIUYe-
CTBO MUKPOIJIMOLIMTOB yBEJIMYMBAETCsI Oojice YeM B
5 pa3. IlpruemM HamMOONBIIMIT POCT YMCIA MUKPO-
[JIMOLIUTOB B BeHTpaibHOI yact CM HabmonaeTcs B
paHHWI TIepron SMOpHUoTreHe3a — Mexxny 14 u 15 cyr.
OTMe4YeHO, YTO MUKPOIJIMOLUTHI MEPEIHUX POTOB
CIIMHHOI'O MO3Ta B IIpPOliecce pa3BUTHUS IIpeTepIieBa-
0T MOP(OIOrnIYecKre N3MEHEHUS: OT KPYIJIBIX ame-
OOMIHBIX KJICTOK B paHHEM SMOpPUOTeHe3¢e 10 OTPOCT-
YaThIX MUKPOIJITOLIMTOB Ha MO3IHUX CPOKaxX 3MOpU-
reHe3a M B MOCTHATAJILHOM IIepuoAe. YCTaHOBJIEHO,
YTO KJIETKM 3MOpUOHABbHONM MUKpormmu CM Haxo-
JISITCSI B TECHBIX B3AMMOOTHOIIICHUSIX HE TOJILKO C OT-
poctkamMu D CX-MMMYyHONO3UTHBHBIX HelpoOia-
CTOB, HO U C paJiiaJIbHBIMU IITUOLIMTAMU. DTO CBUIEC-
TEJILCTBYET O TOM, YTO MUKPOIJTMOLIUTHI, KaK IIEPBHIE
muddepeHnupoBaHHble KieTku CM, oGnagaroiiye
3HAYUTEJbHBIM PEryJIITOPHBIM MOTEHIIMAJIOM, OKa-
3pIBAIOT BJIUSIHME KaK Ha HeilpoHOTeHe3, TaK 1 Ha
[JIMOTEHE3.

OUNHAHCHUPOBAHUME PABOTHI

PaGota BhINToIHEHA B paMKax rocygsapCTB€HHOro 3aja-
HUA (Deﬂepaanoro TroCcyaapCTBEHHOTO OIOJIXKETHOTO Ha-
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y4HOro yupexaeHus “VIHCTUTYT SKCIIEpUMEHTAILHOM
MEIULIUHBI" .

COBJIIIOJEHUE OTUYECKUNX CTAHIAPTOB

ITpu BEITTOJTHEHUM JAHHOTO UCCIIEIOBaHUS BCe MaHU-
MTYJISILMY € JTAG0PaTOPHBIMU KUBOTHBIMM TTPOBOIWIINCH B
cooTtBeTcTBUM ¢ “IIpaBmiaamu IpoBeneHus paboOT ¢ uc-
MOJIb30BAaHMEM 3KCIIEPUMEHTAIBHBIX XKUBOTHBIX” U C CO-
omoneHreM EBporieiickoit KOHBEHIIMU O 3allUTE MTO3BO-
HOYHBIX XMBOTHBIX, UCITOJIb3YEMBIX JUISI SKCIIEPUMEHTOB
WX B WHBIX HaydHbIX 1esix (1986 r.). McciaemoBaHme
ono6peHo stnueckuM komureroM ®I'BHY “UDM” (ripo-
tokos Ne 3/19 ot 25 anpenst 2019).

KOH®JIMUKT MHTEPECOB

ABTOpBI 3asIBJISIIOT 00 OTCYTCTBUM KOH(MIMKTA UHTE-
pecos.

NMHDOOPMAILIUA O BKIIAIE ABTOPOB

Astopbl E.A. Konoc, /1.9. KopxeBckuii pazpadoTanu
SKCIEPUMEHT, IIPOBEJIM aHAJIN3 MaTepuraia, y4acTBOBaIN
B 00paboTKe JaHHBIX, OOCYKICHUU Pe3yJIbTaTOB U HAIMM-
CaHMU TEKCTa CTaThU.
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Developmental Changes of Spinal Cord Microglia Indicate
its Participation in the Regulation of Neuronogenesis and Synaptogenesis

E. A. Kolos" * and D. E. Korzhevskii'
!Institute of Experimental Medicine, ul. Acad. Paviova, 12, St. Petersburg, 197376 Russisa
*e-mail: koloselena 1984@yandex.ru

In the present study, the localization and distribution of microglia in the rat embryonic spinal cord (SC)
during motor neuron precursors formation were studied. Anti-Ibal antibody was used to identify microglia.
The following immunohistochemical markers were used to study the dynamics of the embryonic SC cells de-
velopment: vimentin (a marker of radial glia), doublecortin (a neuroblasts marker) and synaptophysin (a
marker of synaptic vesicles). It was shown that microglia precursors penetrate into the dorsal part of the de-
veloping spinal cord at day 12 of gestation and are identified in the developing motor neurons region at em-
bryonic day 14. It was found that the cells of embryonic microglia are in close relationship with the processes
of the radial glia and the processes of the anterior horns neuroblasts. Comparison of the spinal cord histogen-
esis processes with the localization and morphological changes of embryonic microglia indicates its partici-
pation in synaptogenesis and differentiation of motor neurons (neuronogenesis).

Keywords: rat spinal cord, embryogenesis, microglia, Iba-1, doublecortin, synaptophysin, vimentin, immu-
nohistochemistry
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WM3ydyen mexaHu3Mm ydactusi reHOoB MsxI u Pax9 B pa3BuTum 3y0OB Yy MbIIU. JJaHHBIE MUKPOYMIIOB
GSE32321, kotopsle coaepxkaiar oopasibl opasibHoro anutenus (Epi) u 3yOHbIX Me3eHXMMaJIbHBIX KJIETOK
(Mes) mbleii, akcrpeccupytomux MsxI n Pax9 n HoOKayTHBIX 110 JaHHBIM I'eHaM, ObLIM MCIIOJb30BaHbI
st uneHTudukanuu quddepeHuanbHo 3kenpeccupyembix reHoB (DEGSs). 3atem Hanbosee 3HaYMMble
TeHHbIe MOIY/IX ObLIM HccaenoBaHbl B rpynmax Epi-Msx, Epi-Pax, Mes-Msx u Mes-Pax ¢ momoliibsio aHa-
JIu3a B3BEIIEHHBIX ceTeit Ko-aKkcrpeccur reHoB (WGCNA). Ananus 6a3sl naHHbIx Gene Ontology (GO) u
CKPUHUHT T€HOB-LIEHTPAJIbHBIX Y3JIOB PETYJISITOPHOI CETH ObLIM BBITTOJHEHBI Ha MOAYJISIX C HAUOOJbIlIei
peJieBaHTHOCTEIO. Beero BoisiBiaeHo 1467, 986, 1212, u 1293 DEGs coorBeTcTBeHHO B rpynmnax Epi-Msx,
Epi-Pax, Mes-Msx u Mes-Pax. boutn nneHTH(GOUIIMPOBAHbI YeThIPe aCCOLMMPOBAHHBIX TEHHBIX MOMYJIS.
[TpuMeHeHMe MeToa aHau3a oboralleHus Mo (GyHKIIMOHABHON TTpUHAMIeXXHOCTH (0a3a naHHbIXx GO)
MO3BOJIMJIO T0Ka3aTh, UTO 3TU FeHbl OKa3bIBalOT HEraTUBHOE PETYJSITOPHOE BO3eiicTBre Ha nposaudepa-
LIMIO0 KJIETOK, KJIETOYHYIO aire31i0, pa3BUTHE KPOBEHOCHBIX COCYIOB U MOp(doOreHe3 KpOBEHOCHBIX COCY-
noB. B kauecTBe 0CHOBHBIX reHOB ornpeneneHbl IDH3A, SSPN, F1341n CBLN 1, ypoBeHb 3KCIIPECCUU KO-
TOPBIX BapbUPOBaJl B pa3Hble MOMEHTHI BpeMeHHU. bosee Toro, mokaszaHo, yto /DH3A n CBLN 1 BoBieYeHBI
B OKMCJIUTEJIbHO-BOCCTAHOBUTEIbHbBIE METaOOJMYECKHUE MPOLIECChl C YYaCTUEM KOIH3MMOB, a TakKXe B
MEXKJIETOUHYIO anre3vro. Mbl ipearioiaraeM, uto Msx I u Pax9 IBISIIOTCS KJIOUeBBIMU, HO HE €MHCTBEH-
HBIMU PEryJjsiTopaMu mpoliecca GopMupoBaHMs 3y00B y MbIllieii. B 3TOT mporecc Takke MOryT ObITh BO-
BiedeHbl reHbl IDH3A, SSPN, FI3AIu CBLN1

Karouesnie crosa: Msx1, Pax9, mexanu3msbl pa3Butus 3yooB, WGCNA
DOI: 10.31857/S50475145021030083

BBEAEHWE

PazButre 3y00B, HauuWHasi ¢ mpoiaudepalnuu
I depeHIMPOBKY KJIIETOK U 40 (DOPMUPOBAHUS 3y~
0a Ha MaKpoMOpP(POJOTUUECKOM YPOBHE, PETYINPY-
eTCsl cepueil TOUHO CKOOPAUHUPOBAHHBIX CUTHAIOB
(Jheon et al., 2013; Li et al., 2013). Pa3Butue 3y0oB
MJIEKOMUTAIOIIMX MMPOUCXOIUT B pe3ysibTaTe B3au-
MOIEUCTBUSI KJIETOK SIUTEIUS SKTOAEPMBbI YEIIo-
ctu (Epi) m KJIEeTOK OIOHTOT€HHOM Me3€HXUMBI
(Mes), npousBomHbix HepBHOTO TpedOHs (Thesleff,

2003). BaxHyro poiib B peryiassuuu MopgoreHes3a 1
B3aMMHOTO PAaCMOJIOXKEHUSI 3yOOB UIPalOT B3aWMO-
MEeWCTBUS MEXKITy SIHUTENIMEeM 3adaTka 3y0oa U KIleTKa-
MM OIIOHTOT€HHOM Me3eHXMMBbI, (POPMUPOBAHNE K-
TONEPMAJTBHOTO SMUTEINS YeTIOCTH, auddepeHim-
ajbHasi JKCIIpECCUsI TEHOB B  ME3CHXUMATbHBIX
KJIETKaX, a TaKXKe JIOKaJIbHbIE CUTHAJIbI, PETYJIMPYIO-
e MopdoreHeTHIecKre IBUKEHMS KJIIETOK 3a4aTKa
3yba (Bei, 2009; Jussila, Thesleff, 2012). Mccienona-
HUSI MOJIEKYJISIPHBIX MEXaHU3MOB Pa3BUTHSI TUCILIA-
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31U 3yOOB y MBILIEN ITOATBEPIAUIINA, YTO HOPMUPOBa-
HYe 3y0OB CTPOro KOHTPOJIUpPYeTCcs reHeTndecku. Ha
CEeTOOHSAIIHUN NeHb n3BecTHO He MeHee 200 reHoB,
KOTOpbIE IETEPMUHUPYIOT PaCIIOIOKEHUE, KOJINYe-
CTBO, pa3zMep u popmy kaxmnoro 3yoa (Thesleff, 1998;
Arte, 2001).

MyrtanTHas popma Paired Box Gene 9 (Pax9) BbI-
saBjeHa B Jjokyce 14ql2-13 renoma, nmmHa MPHK
aToro reHa coctapisieT 1630 m.0. [OMO3UTOTHBIEC MBI-
1 ¢ gepuruToM Pax9 ymuparoT BCKOpe MOCIe POXK-
nenus (Peters et al., 1998). ¥ Takux mbliieit HabJ0-
JIaeTcs IMOJIHAasI IToTeps 3y0OB U Ie(heKThl pa3BUTHSI,
TaKMe Kak paclleJrHa BepxHero Heba 1 fedopmanust
XPSIIIEBBIX CTPYKTYP. DMOPUOHAILHOE pa3BUTHUE 3Y-
00B 11pu HoKayTe Pax9 oka3biBaeTcs 3a0JI0KMPOBAHO
Ha CTaauu MOYKU. DTO yKasbIBaeT Ha To, 4yTto Pax9
HEeo0XoouM MJISI Pa3BUTHUS 3yOOB Ha 0oJiee MO3IHUX
cragusx, yem cramus rmouku (Peters et al., 1998). Ot-
cyrctBUe Msxl TIpUBOAWIO K KpaHUodalaabHbIM
nedexTaM pa3BUTHS, BKIIIOYAsl pacllieInHy Heba, Ha-
pyIIeHUE Pa3BUTHUS PE3LIOB, HEIOPA3BUTUE AJIbBEO-
JISPHOM KOCTM HUXXHEU YETIOCTU U OKOHYAHUE DM-
OpPMOHAJILHOTO pa3BUTHUS 3yO0OB HA CTagWU ITOYKU
(Satokata, Maas, 1994). Ha ocHOBaHUU 3TUX TaHHBIX
MOKHO cliejiaTh BBIBOJ O TOM, UTO Pax9u Msx1 urpa-
IOT BaXKHYIO POJIb B PEryJIsIHUU pa3BUTUMN 3yOOB, OJI-
HAKO MEXaHM3M MX ASMCTBUS HEU3BECTCH.

MeTton aHann3a B3BEIIEHHBIX CETEH KO-9KCIIpec-
cum (Weighted gene co-expression network analysis,
WGNCA) — 3T0 MOIIIHBIM METOI CUCTEMHOI OMOJT0-
TUM IJIST aHAJIU3a MOJIEKYJISIPHBIX MEXaHU3MOB pery-
JISILIMU PA3BUTHUSA U B3aMMOJNECUCTBUIL KOMIIOHEHTOB
reHeTUYeCKUX peryiasaTopHbix ceteir (Langfelder,
Horvath, 2008). OToT MeTOn ITO3BOJISIET BBIACIUTH
MOMOYJIN KO-3KCIPECCUPYIOIINXCSI T€HOB HAa OCHOBE
MaTpHUIIbl TTOMApHBIX KOPPEISLUMUA MeXIy dKCIpec-
cueil TeHOB, a 3aTeM WIEHTUPUIIMPOBATh KIMHUYE-
CKY 3HAYMMBbIE MOYJIY, BBISIBUTH KJIIOUEBbIC PETYJISI-
TOPHbIC T€HbI B CUTHAJIBHOM IIyTU U OLIEHUTbH BHYT-
puMonyJbHbIe CBsI3U U poiu reHoB (Oldham et al.,
2008). bnaromapst ncnons3oBanuio merona WGNCA,
Kanr u coaBroph! (Kang et al., 2016) ycrielrHo WaeH-
tuduumrpoBanu redsl TMEM2294, LEPRELI, and
GAD 1 xaK y3noBbie reHbl (hub-reHbI), IPOAYKTHI KO-
TOPBIX HEOOXOAUMBI JJISI OHTOTEHETUUECKOIO Tepe-
X0/a OT MOJIOYHBIX K IIOCTOSIHHEIM 3y0aM. OHU cre-
JIaId BBIBOJ O KJIIOUEBOM POJIM B PEryJIsIHUUA 3TOrO
Mpolecca CIAeayoIUX MOMYJIe: KaablIMeBOTO CUT-
HaJIbHOTO ITyTH (calcium signaling pathway), B3aumo-
JIEMCTBUM PelIeNTOPHBIX OCJIKOB KJIETKH C BHEKJIC-
TouHbIM MaTpukcoM (ECM-receptor interactions) u
HEUPOAKTUBHBIX B3aMMOIEUCTBUN JIUTAHI-PELIEIITOD
(neuroactive ligand-receptor interactions). /Ipyroii komn-
JiekTuB aBTopoB (Jia et al., 2016), ncnonb3ys WGNCA,
roKa3ajiv, u4to hsa-miR-376a-2, hsa-miR-376a-1, hsa-
miR-15a n hsa-miR-424 MOTyT OBITH aCCOLIMUPOBAHBI
¢ OoJsie3Hblo Asblireiimepa. Vcronb3oBaHWE METOIA
WGCNA B KOMOMHAIIMM C JaHHBIMU IO T€EHETUYE-
CKUM MapKepaM MO3BOJIIIO niaeHTugumponatb USTF
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n EADs3 Kak TeHBI, y9aCTBYIOIINE B BOSHUKHOBSHUN
ceMeiiHo# KoMIUIeKCHol runepaunuaemuu (Plaisier

et al., 2009).

Panee O’KonHnemn u coaBTopsl (O’Connell et al.,
2012) mpuMeHWIN NOAX0I CUCTEMHOI OMOJIOTUM JIJIST
PEKOHCTPYKIIMM Pa3BUTHUSI 3y0a KaK CJIOXHOTO opra-
Ha, COCTOSIIIETO U3 HECKOJIbKUX TKaHe. ABTOPBI UC-
MOJIb30BAJIU JaHHbIE, TOJYYEHHbBIE C TOMOII[bIO MUK-
pouurnioB (GEO accession: GSE32321), aHanus npo-
duis sKcnpeccuun s TeHoMa B 11€JIOM, JaHHbIE U3
JIUTEpaTyphl, UHTETPATUBHBIN OMOMH(MOPMATUUIECKUIA
aHaju3 U TeHeTUYeCcKue MoJiesu in vivo. B pesynbrare
ObUIM BBISIBJIEHBI KJIIOUEBbIE B3aUMOAEHCTBUS MEXITY
STMUTEIMATBHBIM U ME3EHXMMAJIbHBIM KOMIIAPTMEHTA-
MU (GOpMUpPYIOIIErocsl 3yba, OCHOBaHHbIE Ha 00Opat-
HO CBSI3U MEX]y CUTHAJIbHBIMU ITyTsMu Wnt 1 Bmp.

B HacTosilieM McciaenoBaHUM Mbl UCTIOJb30BAIU
manHable GSE32321 u3 6a3nl ganHbelx Gene Expres-
sion Omnibus (GEO) u npumenmiu meron WGNCA
TSI BCECTOPOHHETO U3YYEHUs] MeXaHU3Ma B3aMOJIEN-
ctBUst Pax9 n Msx1 B poliecce pa3Butusi 3yooB. Llenb
Halllero MccienoBaHus Oblaa Cleaytolasi: BbISIBUTh, C
WCIIONIB30BAaHUEM Pa3IMYHBIX OMOMH(OPMaTUUECKIX
METONOB aHajv3a, BO3MOXHbIE MEXaHU3Mbl B3aMMO-
nevictBust Pax9w Msx 1 B pa3BUTUM 3yOOB MbIILIN.

MATEPHAJIBI U METO/1bI
Ionyuenue oannbix

Hanubie MukpountioB GSE32321 (O’Connell et al.,
2012), ovutu 3arpyxexnl u3 GEO (http://www.ncbi.
nlm.nih.gov/geo/). [JdaHHBle TpPeACTaBISIN CO0Oit
105 cBsI3aHHBIX 0OPA3IIOB IMUTENNST POTOBOM TTOJIO-
CTH M I€HTAIHHBIX Me3eHXUMAaJIbHBIX KJIETOK MBITIH,
coopannbix Ha E10.0, El11, E11.5, E12.0, E12.5,
E13.0, E13.5, u E14.5 nHu pa3Butusi. Mbl CKOHLIEH-
TpUpOBaIUCH HA poiu Msx I n Pax9 B pa3BUTUU 3y0OB
mbi Ha E13.5 neHp oHTOTeHEe3a. brutn ripoBeieHbI
cleaylolue cpaBHeHUs: anuTenuii, Msxl wildtype
(n = 3) vs. knockout (n = 3); me3enxuma, Msx I wild-
type (n = 3) vs. knockout (n = 3); snurenuii Pax9
wildtype (n = 3) vs. knockout (n = 3); Me3eHxuMa,
Pax9wildtype (n = 3) vs. knockout (n = 3). Kpome To-
ro, oOpasiibl, COOpaHHbIE Ha IPYTUX CTAAUSIX Pa3BU-
THSI, UCTIOIb30BAIMCH JIJISI TTPOBEICHUSI aHaIn3a A1~
HaMWKHU 3KCIIPECCUU KITIOYEBBIX TEHOB (Tab. 1).

Ilpedsapumenvhas obpabomka OaHHbIX

Maiinbl aHHOTALIMI 30HI0B UCIOJb30BAIVCH JIJIST
COIIOCTaBJICHMS 30HJIOB C COOTBETCTBYIOIIMMU IeHa-
mu. Te 30HIBI, IJIST KOTOPBIX OBIJIO BBISIBJIEHO OOJiee
OIHOIO TeHa, ObLIM OTOPOIIEHBI, HO 3a HadyaJbHOE
3HAYEHME IKCIIPECCUM IeHa, COOTBETCTBYIOIIETO He-
CKOJIBKMM 30HIaM, ObLIO B3STO CpeaHee 3HAaYCHUE
O BCEM COOTBETCTBYIOIUM 30HAaM. YToObI Mpu-
OJIM3UTH CMEIIeHHOE pacIpeae/ieHre TaHHBIX K HOp-
MaJIbHOMY, JaHHBIe ObuIM log2-TpaHcdopMUpoBa-
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HBI, a 3aTeM HOPMAaJIM30BaHbl METOJOM CPEIHEKBAI-
patuuyHoii Hopmanuz3auuu (Troyanskaya et al., 2001;
Fujita et al., 2006).

Ckpunune dugghepenyuanvro
axcnpeccupyroujuxcs eetoe (DEGSs)

INaket limma (Gentleman et al., 2006) B R 3.1.3
OBLI MCIOJIB30BaH IS onpenaenaeHusT audepeHI-
aJIbHO DKCITPECCUPYIONIUXCS TEHOB M COOTBETCTBYIO-
X YPOBHEM 3HAYMMOCTH (p-value) B TpyMITax cpaB-
HeHus: snmrenmii, Msx1 wildtype vs. knockout; me-
senxuMa, Msx] wildtype vs. knockout; smurenmit
Pax9 wildtype vs. knockout; mesenxuma, Pax9 wild-
type vs. knockout. Meron Benjamini—Hochberg (BH)
(Benjamini, Hochberg, 1995) ucnonb3oBajncs s
OLICHKY YPOBHSI JIOXKHOTOJIOXUTEJIbHBIX pPe3yabTa-
toB (false discovery rate, FDR) (Benjamini, 2010) u
ITOTIPaBKM Ha MHOXKECTBEHHOE TECTUPOBAHMUE.

I'ennr ¢ FDR <0.05 u |IgFC| > 1 cunranucs nud-
(bepeHIMaIbHO DKCIIPECCUPYIOIIMMHMCS.

C nomomwio R-makera pheatmap 1719 reHoB, Tud-
depeHIIMaTbHO 3KCIpeccupytommxcs B rpynmnax Epi-
Msx, Epi-Pax, Mes-Msx, u Mes-Pax, ObU1 IIpoBeieH
nepapxudeckuii kimacrepuHr (Szekely, Rizzo, 2005;
Press et al., 2007) 1 mOoCTpOEeHHI TEMJIOBbIC KapThl HA
ocHoBe EBkimnoBbix pacctosHumii (Deza, Deza, 2009).

Ilocmpoenue cemu Ko-akcnpeccuu u UOeHMUGUKAuus
KAUHUYECKU 3HAUUMbBIX MOOYeH

IMaker R mporpammer WGCNA (https://labs.genetics.
ucla.edu/horvath/CoexpressionNetwork/Rpackages/
WGCNA/) ObLI UCITOJB30BaH 151 TIOCTPOSHUSI CETU
KO-3Kcrpeccuu mis nuddepeHIrnaibHO 9KCIPecCu -
pyromuxcss TeHoB B 4 rpyrrax. CHagaja Oblia McC-
noabs3oBaHa GyHkIUsT WGCNA pickSoftThreshold
JUTSL BBIYMCJICHUSI MSITKOTO TTOPOTOBOT0 3HaYeHwUs [3
C Y4ETOM KpHUTEpUs 0€3MacIITaOHOCTH CETHU. 3aTeM
OblJ1a MOCTPOEHAa B3BEllIeHHAsI MaTprlla CMEXHOCTU
no dopmyine a,,, = |c,,P (¢,,, = Koppensums [Mupco-
Ha JJIs TeHa m U TeHa A; a,,, = 3HaueHue QYHKIUU
CMEXXHOCTHU JIsl TIapbl TEHOB M U M, TIapaMeTp CXO/I-
cTBa). 3aTeM MaTpulla CMEXKHOCTU ObLIa 3aMEHEeHa
Ha MaTpully Torojiormyeckoro cxoactsa (TOM). To-
MOJOTUYECKOE TIePEKPhITUE TPOBEIEHO C YYETOM
CTeNeHM HecXoacTna. s naeHTuuKamm MoayJIein
Te€HOB UCITOJIb30BaJICSI TMOPUAHBIN METOA TMHAMUYE-
CKOTo oOpe3aHus JeHAporpaMmbl. MUHUMaJIbHbBIN
pa3Mep WIS TIOJIyIeHHBIX IeHApOTrpaMmM cocTasisut 30.

Hoenmughukayus Kaunuvecku 3Ha4uUmMbix modyaeil

st Toro, 4toObI OMNMpenenuTb, KakKue MOIYJIU
MMEIOT OTHOIIEHME K Pa3BUTHIO 3yOOB, OBIII MCITOIb-
30BaH T test nj1s ornpeneaeHUs YPOBHSI 3HAUMMOCTH
(P-value) mns mPHK-kanmumatoB B rpymmax Epi-
Msx, Epi-Pax, Mes-Msx nu Mes-Pax. 3HauuMocTh

BAHI u np.

Tabmuua 1. Uudopmanmronnas tabnuua GSE32321

DnuTenuii

2

Mesenxuma

E10

E10_Bmp4

E10_FGF8

E10-Gsk3b

E10-SSH

Ell

El1.5

E12

E12.5

E13

E13 Bmp4

E13_FGF8

E13-Gsk3b

E13-SSH

E13.5

E13.5 Msx1_null
E13.5_wildtype_Msx1_Epi_1
E13.5_Pax9 null_Epi_1
E13.5_wildtpye Pax9_Epil
El14 —

[\S]

DN W W W N W W W W

W W W W W

|
N W W W W W W W W W wn W W W

st kaxnoro reHa (GS) ompenensnachk Kak 1gl0 ot
P-value. B kauectBe 3HaueHus1 moayasi (MS) uc-
MOJIL30BaJIN cpeiHee 3HaueHue GS TaHHOTO MOIYJIsI.
Kaxk mpaBuiio, MOmyJib ¢ caMbIM BBICOKUM 3HAYEHHEM
MS olnieHUBaJICS KaK CBSI3aHHBIN ¢ 3a00J1€BaHUEM, a
HamnboJIee pejieBaHTHBII B OTHOILIIEHUM 3a00JIcBaHUS
MOIyJIb B 4 Tpymnmax ObLI MOCTPOEH IPHU MOMOIIN
nporpaMMbl Cytoscape 2.8.2 (Smoot et al., 2010).

AHanuz pynHKyuonanbHo20 0bocaueHUs

I'eHbl, BXoId1e B TeHETUYECKYIO PETYISITOPHYIO
CETb, OBLJIM CONOCTABJIEHBI C GPYHKIIMOHATBLHBIMHU y3-
mamu B GO, a mis aHann3a OMOJIOrMYeCKUX IIPoIiec-
COB MCITOJIb30BaJicsl TIporpaMHbIi TakeT GOstat
(Falcon and Gentleman, 2006). P-value < 0.05 6511
MPUHAIT KaK IMTOPOTOBOE 3HAYEHHE.

ITlouck y3no06bix (hub) eenoé u eopuzonmanshoe
cpagHeHue 3HaveHuil IKkcnpeccuu hub-zenoe

CreneHb CBA3ZHOCTH y3J1a — 3TO KOJUYECTBO MEXK-
TreHHBIX cBs13eit, cxonsauxca B HeM (Estrada, 2006).
V31161 ¢ 60J1ee BBICOKOM CTEIIeHbIO CBI3BHOCTU UTpa-
IOT 3HAYNTEJIBLHYIO POJIb B ITOCTPOEHHOI ceTH (Jeong
et al., 2001) u paccmaTpuBarTCs B KauecTBe hub-re-
HoB. [1pu noacueTe crereHeit y310B ObLTU BHIOPAHBI
hub-rensr n3 cereit Epi-Msx, Epi-Pax, Mes-Msx n
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Taomma 2. KoangectBo MOJIyJ'Ieﬁ 1 KOJIMYECTBO I'€HOB B YETHIPEX BLIACJICHHBIX I'PDYIIIIAaX
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Neo monyins |YepHsiii| Cunuii | Kopuunessiii | 3enenblit | Cepslit | KpacHbiii | Bupio3oBbiii | 2Kentblit
EPI-13.5-Msx 6 — 237 198 79 265 — 588 100
EPI-13.5-Pax 5 — 206 157 — 205 — 295 123
MES-13.5-Msx 6 - 173 84 58 221 — 615 61
MES-13.5-Pax 8 54 308 152 61 192 58 406 62

Taﬁ.mua 3. KO3(1)(I)I/IHI/IGHTBI KOppCJIAIUN MEXKIY KaXXAbIM IIBETOBBIM MOIYJIEM U 3a00J1€BaHUSIMU B YEThIPEX UCCIICIO-

BaHHBIX IPYTIIax

Ne monynst |Yepnsiii | Cunuii | Kopuunessiii | 3enensblii| Cepniii | KpacHbiii | Bupto3oBbiit | ZKenTbrii
EPI-13.5-Msx 6 - 0.86 0.92 0.71 0.28 — 0.78 0.8
EPI-13.5-Pax 5 — 0.87 0.91 — 0.3 — 0.9 0.82
MES-13.5-Msx 6 — 0.93 0.79 0.8 0.25 — 0.9 0.81
MES-13.5-Pax 8 0.81 0.89 0.92 0.82 0.27 0.63 0.83 0.71

Mes-Pax coorBerctBeHHO. Kpome Toro, 3HadeHUs
aKcIpeccun hub-reHoB BEIOMpPAINCh U CPaBHUBAINCH B
Pa3HBIX BpeMEHHBIX TOYKaxX. AHaimm3 oboramieHuss GO
g 10 Bemymmx hub-TeHOB TakKe TTPOBOIMIICS C YC-
nonb3oBanneM GOstat (Falcon, Gentleman, 2006) c
P-value < 0.05 B kayecTBe MOPOrOBOIO 3HAUYECHMUSI.

PE3VJIbTATDBI

Cxkpunune ougpghepenyuanvro
SKCHPECCUPYHOUUXCS 2eHO8

B pesynbraTe CKpUHMHIAa B OOIIEH CIOXHOCTHU
1467 muddepeHINAIBHO KCIIPECCUPYIONINXCI Te-
HoB (DEGs) 0b111 00HapykeHbI B rpymie Epi-Msx,
986 DEGs — B Epi-Pax, 1212 — B Mes-Msx, u 1293 —
B Mes-Pax. HUepapxmueckas xiacrepuzaunsi DEGs B
YyeThIpeX IpyIiiax mokasaHa Ha puc. 1. 3HayeHus 9KC-
npeccun DEGS 3HauUUTEIbHO pa3inyaliuCh MEXITY
KOHTPOJIbHBIMU Y HOKAQyTHBIMM 00pa3liaMu B KaXKIOi
rpymiie. IToaTomy Bce 00pa3iibl ObUTA HAASXKHO TU(-
¢depeHIIMpoBaHbl Ha ocHOBaHUM 3Kkcnipeccuu DEGs.

Ilocmpoenue cemu Ko-3xcnpeccuu
u udenmughukayus ee Karouesuix mooynei

s Toro, 4ToObl MPOBEPUTH, COAECPXKAIUCH JIU B
oOpa3uax “BeIMafarolnve’” 3HaYeHUsI, ObUIM TpoaHa-
JM3upoBaHbl rpaduku Kiacrepusauuu DEGs B rpyri-
nax Epi-Msx, Epi-Pax, Mes-Msx u Mes-Pax (puc. 2).
AHayIn3 1oKasajl, UYTo 00pa3libl BCEX YEThIPeX IPYIIIT
He colepXXaju CyllleCTBEHHbBIX “BbIOPOCOB”. B 1emsx
COOTBETCTBUS TpeOOBaHUIO 0€3MaCIITAOHOCTHU CETH,
OBLIO TIPOAHAJIM3UPOBAHO 3HAYCHUE “MSITKOro” T0-
pora . 3nauenue B ipu nocrxkennu R? 0.9 cocras-
o 16 mra Epi-Msx, 14 — mns Epi-Pax, 18 — mis
Mes-Msx u 16 — mist Mes-Pax (puc. 3).

B cooTBeTCcTBUM € KIacTepu3anieil mocie InHaMK-
YECKOro 00pe3aHusI AEHIPOrPaMMbI, BBICOKO KOPPEI-

OHTOIEHE3 TtomM 52 Ne3 2021

pOBaHHBIC TEHBI OBUIM CTPYIIIMPOBAHBI B MOIYJIM.
Bcero B Epi-Msx 66110 6 Moayieii, B Epi-Pax — 5, B
Mes-Msx — 6, B Mes-Pax — 8 (ta6. 2). KpoMe Toro,
KOJIMYECTBO TEHOB, COOTBETCTBYIOIIMX COOCTBEH-
HbIM 1IBETOBBIM MOYJISIM, HECKOJBKO OTIUYAIOCH
Ipyr ot apyra (puc. 4).

Hanee OBUI IMPOBEACH aHAIN3 MOAYJIeil, KOTOpbIE
HanOoJjiee 3HAYMMO aCCOLMUPOBAINCH C KIMHUYE-
CKUMMU TIpU3HAKaMU, U, CJIeI0BaTeIbHO, UMEJIN O1O-
Jnoruyeckoe 3HadyeHue. ['pynmsl Epi-Msx, Epi-Pax,
Mes-Msx n Mes-Pax comepxxaayu MHOTOYMCIIEHHBIE
MOJIYJIM TEHOB, KOTOPbI€ ObLIN JOCTOBEPHO CBSI3aHBI
¢ 3aboseBaHusIMU. KpoMe Toro, ObIJI0 YCTAHOBJICHO,
YTO KOPUYHEBHIN (pUC. 5a), KOPUIHEBBIA (pHC. 50),
CUHUI (pUC. 5SB) 1 KOPUYHEBBII MOIYJIU (pUC. S5T) SIB-
JISIIOTCSI HamboJiee pejicBaHTHBIMM MOJIYJISIMU T€HOB,
MMEIOT HanOOJIBIIYIO 3HAYMMOCTH (€ KO3(h(hUIIEHTOM
koppessuu >0.9) B rpyrmax Epi-Msx, Epi-Pax, Mes-
Msx u Mes-Pax cooTBeTcTBeHHO (TabJ1. 3). Moaynu,
00J1amalonIre BEICOKOM acCOLMAaTUBHOCTBIO C OIIpe-
JeJIeHHBIMU KJIMHUYEeCKMMU MPpU3HAKaMU B pa3jiny-
HBIX TPYIIIIaX, IIOKa3aHbl B KO-3KCIIPECCUOHHOM CeTU
(puc. 6).

GO-aHanu3 odoranieHud

OcnoBHble DEGS B KTIOYeBBIX MOIYISIX OBLIN
MPOoaHaTU3UPOBAHbBI C TIOMOIIIBIO aHAIM3a OBEPIIPE-
craBieHHBIX TepMuHOB GO. B yactHOCTH, B “KOpHY-
HeBoM” Mopyiie Tpyriel Epi-Msx Obu1o BBISIBIEHO
oOoraleHre TepMUHA “OTpULATebHasT PETySIIUS
nponudepaumu kKiaetok” (GO:0008285). B “kopuy-
HeBoM” MomyJte Tpyrmisl Epi-Pax ObL1 oboraieH Tep-
MUH “umuto30ib” (G0:0005829). B “cuHeM” momyiie
rpyribel Mex-Msx ObUI B 3HAYUTEIBHOM CTeIeH 000-
raiieH TepMuH “knerodyHas anre3us”’ (GO:0007155).
B “xopuuyHeBOoM” Mopayse rpymnibl Mex-Pax Obuim
JIOCTOBEPHO obOorallleHbl TEPMUHBI “KJIETOYHas ai-
re3us” (GO:0007155), “pa3zBuTre KPOBEHOCHBIX CO-
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Puc. 1. LiBetoBast kKapTa 3HaY€HM1 SKCIPECCUU I'€HOB B rPyIINax

cynoB” (GO:0001568) u “mMopdoreHe3 KpoBEeHOC-
HbIX cocynoB” (G0:0048514) (puc. 7).

Ypoenu sxcnpeccuu hub-eenos
HQ pa3AuYHbIX cMaousax paseumus 3y006 t

Ha ocHoBe ceTH, IMoKa3aHHOU Ha puc. 6, ObUIU
BBISIBJICHBI hub-TeHbl ¢ Hamboyiee BBEICOKOM CTelle-
HBIO TOCTOBepHOCTH. TakmmMm hub-reHaMHM B ceTsIX
Epi-Msx, Epi-Pax, Mes-Msx u Mes-Pax rpyri OblI-
JI, COOTBETCTBEHHO, KaTaJIUTUYECKAsI CyObeINHM -
na 3-anbha (IDH3A) m3onmuTpaT-geTuapOTreHas3bl

BAHI u np.
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: (a) — Epi-Msx, (6) — Epi-Pax, (B) — Mes-Msx , (r) — Mes-Pax.

(NAD(+)), capkocman (SSPN), anbda 11e1b Koary-
JsiumoHHoro dakropa X111 (F13A41) v ipeniiiecTBeH-
Huk Cerebellin 1 (CBLNI). Ha puc. 8 moka3aHbl
YPOBHHU 3KCIPECCUHU BBIIICYIIOMSHYTHIX hub-reHoB
Ha pa3HbIX CTAAUSIX pa3BUTHUS 3y0a. DKcrpeccus reHa
IDH3 0nu1a caMoil BBICOKOIT Ha HAadYaJbHOW CTaauu
E10, HO TTOCTENNEHHO CHUXKalach C TSUEHUEM BpeMe-
HU U CHOBa yBeJInuMBaiach co cranuu E11.5. Dkc-
npeccus reHa F1341 mogHsSIIach 1O CAMOTO BBICOKO-
ro ypoBHs Ha ctanuu E11, 3aTeM mocTterieHHO CHUXKa-
JIach 1 IOCTUTJIA CAMOTO HU3KOI'O YPOBHS HA CTaIUU
E13. Ha cramguu E13.5 skcrnipeccus rena F1341 BHe-
Ne 3 2021
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Puc. 2. AHaim3 KjacTepu3alvy reHoB o rpynnaM: (a) — Epi-Msx, (6) — Epi-Pax, (B) — Mes-Msx , (r) — Mes-Pax. KpacHbim
BBIIEJICHBI 0OPa3Ibl OT HOKAYTHBIX 0CO0Ei, Y4epHBIM — HOPMa, KOHTPOJIbHBIE O0PAa3IIbI.

3alHO 3HAYUTEIbHO YBEJIMUMIACh. DKCIIPECCUS reHa
SSPN 6bUIa caMoil BBICOKOI Ha HadaJIbHOM cTamguu
E1l o cpaBHeHMIO C IPYTUMU BpEMEHHBIMH TOJYKa-
mu. C TeyeHueM BpPEeMEHU 3KCIIPECCHUS IIOCTEIIEHHO
CHMKaJIach, a 3aTeM yCUJIMBAJaCh, HAUMHAsI CO CTa-
nuu E12.5. Tlocie 3Toro ypoBeHb 9KCHPECCUU BbI-
paBHMBAJICS, OCTaBasICh B IIpeieiax HeOOIbIIIOTO I1a-
nma3oHa u3MeHeHMii. Ilokaszarenm 3KCIIpeccuM TIeHa
CBLN1 mennenHo cHukanuch co ctanguu E10—E11.5 u
BHE3aITHO Pe3KO0 Bo3pociu Ha ctaguu E12, mocnie ge-
ro TEHACHIIMS K OBICTPOMY POCTY MPOIOJIKIIIACH 10

OHTOTEHE3 Ne 3
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KOHIIa U3y4eHHOI0 BpeMeHHOTO MHTepBajiia. Kpome
TOTO, OB IPOBEICH aHaJIM3 OBEPIIPEICTABICHHBIX
tepmuHoB GO mig 10 Benymux hub-reHoB (puc. 9).
Br110 06HapykeHo, uTo B hub-y3nax rpynmbl Epi-Msx
oboralleHbl TAKUe KJII0YeBbIe (YHKIIMM KaK “OKMCIU-
TEJIbHO-BOCCTAHOBUTEJILHBIIT METa0OJIMYECKUil IIpO-
necc kopepmeHToB” (GO:0006733). [IpumeyaTenbHO,
uyto reH /DH3A TakXe OBLI BOBJICUECH B peain3allnio
atnx pyukuuii. s hub-y3noB B rpyrme Epi-Pax ObI-
JIa B OCHOBHOM XapaKTepHa “KJIeTOYHAsI aare3usi yepe3
MOJIEKYJIbI AIT€31U, aCCOLIMMPOBAHHbBIE C IIUTOILIa3Ma-
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Puc. 3. OnpeneneHne MATKOTO ITOPOTOBOTO 3HAYESHUS JIJIST B3BEIIEHHOTO aHAIN3a TeHETUYECKON PEryIsTOPHON CEeTH KO-3KC-
npeccuu st rpyni: (a) — Epi-Msx, (6) — Epi-Pax, (B) — Mes-Msx , (1) — Mes-Pax.

THYeckoii MemopaHoit” (G0:0098742). Hub-y3nel B
rpynre Mex-Msx ObUIM 3HAYMTEITBEHO OOOTAIIIEHBI TEP-
MUHOM “nuddepeHIInpoBKa MIBAHHOBCKMUX KJIETOK
(G0:0014037), a B rpynne Mex-Pax — TtepMuHOM
“KJeToyHas1 anre3ust yepe3 MOJICKYJIbI aure3nu, ac-
COLIMMPOBAHHbIE C ILIMTOIUIa3MaTUYEeCKO MeMOpa-
Hoit” (GO:0098742), kak u hub-y3zen CBLNI. B 1o
xe BpeMst SSPN u F13A1 He TIOnydMJIA KAKOTO-JI100

oOoraieHusI HU 110 OTHOU U3 (YHKIIWIA.

OBCYXIEHMNE

3y0bl MJIEKOMUTAIOIINX (POPMUPYIOTCS B IIPOLIEC-
ce OpraHoreHesa, OCHOBAHHOIO Ha CaMOPEryJIUpYIO-
IIAXCS B3aUMOICHCTBUSX MEXIY SITUTEINEM U ME3€H-
xumoii (Saxen, Thesleff, 1998). ¥ mbliieit HabmogaeT-
CsT HECKOJIBKO CTaguii pa3BuTHs 3yda. Bo-11epBhIX, Ha

MecTe Oyayiiero 3ydoa hopMHUpyeTcsl SNuTeIuaibHas
iakoja (JIOKaJIbHOE YTOJIIIEHWE DITUTENUS YEeTIOCT-
Hoii akTonepmbl) (meHb E11.5). 3arem yTojIleHHBIN
3yOHOI 3MUTeINii HauMHAeT BTOPratrbcsl B Jiexa-
LIIYIO MTOJ HUM OJIOHTOT€HHYIO MEe3eHXUMY, KOoTopasi
3aTeM KOHIEHCHUpYyeTcs BOKpYr Hero (meHb E12).
OTOT npoliecc NPpUBOIUT K (DOPMUPOBAHUIO MTOYKU
3y6a (neHp E13). HenaBHMe nccienoBaHus IoKas3a-
Ju, 4to nuddyHaupyolmre GakTopbl pocTa MOTYT
CIIY>KUTh CUTHAJILHBIMU MOJIEKYJIaMU, oOecrieurnBa-
IOLIMMU B3aMMONEHCTBUE DMUTENUS U ME3eHXU-
MaJIbHbIX KJIETOK B OpraHOoreHe3e 3yba, a TakXkKe B aK-
TUBALIMIO WM UHTUOMPOBAHUE IKCIPECCUU TE€HOB,
CBSI3aHHBIX C pa3BuTHeM 3yb6a. B mpoliiecce pa3BuTusi
3y0a TPaHCKPUIILUOHHBIN (hakTop MsX B OCHOBHOM
UIpaeT pojib Memauaropa nepemaum curHaiga (Chen
et al., 1996). Kpome Toro, Pax9, KOTOpbIii HEIIPEPHIBHO
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Gene dendrogram and module colors (Epi-E13.5-Msx) Gene dendrogram and module colors (Epi-E13.5-Pax)
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Puc. 5. Pacnipenenenue cpeqrero GS 1 ommb6ok B Moayisix Tpymit: (a) — Epi-Msx, (6) — Epi-Pax, (B) — Mes-Msx , (1) — Mes-Pax.
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BAHT u np.

Puc. 6. Cetu ko-3kcnpeccuu: (a) — Epi-Msx, (6) — Epi-Pax, (B) — Mes-Msx, (r) — Mes-Pax. Po30BbIM 11 KpaCHBIM 0603Haue-
HBI Y3JIBI C TIOBBIIIIEHHBIM YPOBHEM SKCIIPECCHUM, 3€JIEHBIM U JKEJITHIM — Y3IIbI CO CHIDKEHHOM aKcIpeccueit. KpacHble 1 3eieHble
Y3JIBI SIBJISTIOTCSL hub-y31amMu, KOTOpbIe UMEIOT GoJiee BLICOKUI PaHT B CETH U SIBJISTIOTCS ITPEIMETOM JaHHOTO MCCIIeTOBaHUSI.
PasMep Kpyra COOTBETCTBYET YPOBHIO y3j1a B ceTH. JIMHUSIMU 0003HAYeHbI B3aMMOIECCTBHSI MEXKTY Y3IaMHu.

BKCIPECCUPYETCS B OOHTOTEHHOM ME3eHXUME, SIBJISI-
€TCsI BAXKHBIM PETYJISITOpOM MopdoreHe3a UMEHHO Me-
3eHXUMAJIPHOI, a HE SIUTEINAIbHOM TKaHU 3y0a.
DTOT T'eH MOXeT OBITh UCITOJIb30BaH B KaUeCTBE Map-
Kepa OHOHTOTeHHOM Me3eHXUMbI. [ToHM>XXKeHHasT 3KC-
npeccust Pax9 MoXeT IIPUBECTU K aIloITo3y 3ayaTka
3y0a. boisiee Toro, akcnpeccust Pax9 Takxke Mo3BOJIsI-
€T Me3eHXMMaIbHOMY 3a4aTKy Ha CTaaiuu MOYKHU 3y0a
IpUOOPECTU CIOCOOHOCTh MHAYLIMPOBAThH 9KTOIMYE -
cKuit anmTeanii K dopmupoBanmto 3ydoa (Tucker et al.,
1998).

IIpn cpaBHeHMM Tpoduieit 3KCIIPECCUM TSHOB
Msx 1w Pax9, 6p111 MOKa3aHbI 3HAYMTEJILHbBIC Pa3jiu-
yusi MEeXIy oOpasliaMu JIMKOTro THUMA U HOKayT-00-
pasuaMu 3OUTEIUS U Me3eHXUMbI. Takum obpas3om,
MBI TIOATBepanin, 4to MsxI n Pax9 urpaiotr BaxXHYyIO
pOJIb B pa3BUTUM 3y0a. AHAIM3 OBEPIIPEACTABICHHBIX
TepmuHOB GO T1103BONMMIT  ycTaHOBUTH, 410 DEGS

YYaCTBYIOT B HETATUBHOM PETYJISILIUM KJIETOYHOI MpO-
Judepaluu, aare3uu KJIeToK, pa3BUTUU KPOBEHOCHBIX
cocyioB U MopdoreHese KPOBEHOCHBIX COCYIOB.
Hub-renamu rpymm Epi-Msx, Epi-Pax, Mes-Msx u
Mes-Pax 0w, coorBeTcTBeHHO, IDH3A, SSPN,
F1341 v CBLNI. Ilpu cpaBHEHUM 3KCIIPECCUU 3TUX
T€HOB B KaXXJ10ii BpEMEHHOM TOYKE MOXHO yOeIUTh-
csl, YTO cpemHue 3HadeHUs sKcrnpeccun IDH3A,
FI1341, SSPN v CBLN1 B pa3HbIX BpeMEHHBIX TOUKaX
obputn paszHeiMu. Kpome Toro, IDH3A OblI 3HA4YM-
TeapHO oboramieH TepMuHOM GO, CBI3aHHBIM C Me-
Ta0OJIMUYECKUM MTPOLIECCOM OKUCIEHUSI KopepMeHTa,
a CBLN1— tepmuHoM GO, CBSI3aHHBIM C KJIETOYHOI
aJire3uci.

CpaBHeHUe MpodUsT 3KCIPECCUU T€HOB 310PO-
BbIX U MATOJIOTUYECKMX TKAHEil HEeCHbI BBHISIBUIIO 61
rpyniry augdepeHIInaIbHO 3KCIIPECCUPYIOIIMXCS Te-
HOB (TOP 2). I'eHbl 3TUX Tpynn HEraTUBHBIM 00pa3oM
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Puc. 7. Gene Ontology (GO) aHanu3 oboraieHust it MoayJieit rpymnmn (a) — Epi-Msx, (6) — Epi-Pax, (B8) — Mes-Msx , (1) —

Mes-Pax.

PeTyJIMpYIOT KJeTouHylo Ipoimdepannio (Demmer
et al., 2008). AHaTOrM4HBIM 00pa30M, HETaTUBHAS Pe-
TYJISIITINS KIIETOIHO Ipordepalivs TOCTOBEPHO KOP-
peMpoBajia ¢ IMPOoIlecCaMM Pa3BUTHS 3yOOB B TPYIIIIE
Epi-Msx. Ilpenpinyiiee mMccienoBaHre BBISIBIIIO W3-
MEHEHMS paHHEei 3KCIIPECCUM TeHOB B KIIETKAX ITYJTh-
bl 3yoa genoBeka (HDPC), obpaboTraHHBIX AuMeTa-
kpwiaTtoM TpuaTwieHrukois1 (TEGDMA) (ncnons-
30BaJIaCh KOHIICHTPAIMS C HU3KON TOKCHYHOCTHIO).
Kitactepnsiit anamm3 oborameHus rpyrt GO BbISIBIL,
uyro DEGs ObUIM CBSI3aHBI C aare3ueii KJIeToK, pa3Bu-

9 —|{—=— Epi.msx.IDH3a
—e— Epi.pax.SSPN
—a— MES.msx.FI3A1
8 -—+— MES.pax.CBLNI

3
|

Expression level
W (@)
1 1

N
1

Ell EIL5S E12.0 E12.5 E13.0 EI13.5

Time point

E10

Puc. 8. KpuBast ntHaMuKM 3KCIIpeccur TeHOB, Haubosee
CUJIbHO CBSI3aHHBIX B rpymnmnax: (a) — Epi-Msx, (6) — Epi-
Pax, (B) — Mes-Msx , (r) — Mes-Pax B Kaxablit MOMEHT
BpPEMEHU.
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THEM KPOBEHOCHBIX COCYIOB U MOP(OreHe30M Kpo-
BeHOCHBIX cocynoB (Cho et al., 2014). DTo 0OBSICHSI-
€TCsI TeM, YTO U3MEHEHUS B TKAHSIX ITYJIbIbI BIUSIOT
Ha pOCT 3y0OB. AHAJIOTMYHBIM 00pa3oM, aHaIMU3 000-
rameHus: tepMmuHamMu GO gist rpynnbsl Mes-Pax mo-
KazaJl CBSI3b C KJIETOYHOI aare3ueii, MopporeHe3oM
KPOBEHOCHBIX COCYIOB, pPa3BUTUEM KpPOBEHOCHBIX
cocyaoB. AHanu3 oboralleHus ajist Tpynnbl Mes-Msx
BBISIBWI CBSI3b C aaresueit kinetok. Ilo pesynbratam
STUX UCCIIENOBaHUIA, pEryJIsIis pa3BUTHUSI 3y0OB MO-
KET OBITh CBsI3aHA C HEraTUBHOI peryasiiueil Kie-
TOYHOI Mposindepalnu, aare3uu KJieTokK, pa3BUTUS
KPOBEHOCHBIX COCYIOB M MopdoreHe3sa KpOBEHOC-
HBIX COCYIIOB.

CBLNI1 (cerebellin 1 precursor) siBisieTcsl OAHUM
13 KOMIIOHEHTOB '€ HETUYECKOU pPeryIsITOPHOI CeTU
reHa 7P63. OH y4yacTBYeT B peTyJISILIMU OAOHTOTeHe3a
W paHHUX CTamWuii pa3BUTHS 3y0a dYepe3 MOMYJISIINIO
KJIETOYHOM aJare3uu, KJIETOYHOI CUTHaJIM3aluu U
BMNUTEINATbHO-ME3eHXUMHBIX B3aumoaeiictBuii (Ro-
stampour, 2018). [Ipenbiayiiye vucciegoBaHUs MOKa-
3a, 9yTo CBLN1 HeoOXonuM ISt pEeTYIISIIINUA Pa3BU-
TUSI IEPBUYHOIO TPOMHUYHOTO HepBa Ha paHHe cTa-
mn  ¢opMupoBaHus 3y6a. HepB Mor mpocturarh
SIMTEIIMAJIBHBIX KJIETOK 3y0a mpuMepHo Ha E10 meHp,
M aKCOH HAuMHAaJI pacTu 110 3y0a Ha CTaauu IpopacTa-
Hus (Lumsden, 1988; Kettunen et al., 2005). CBLN1
ObUT OXxapaKTepM30BaH B 3TOM MCCIEIOBAaHUM KakK
hub-reH 1 y4aCTHUK KO-3KCIIPECCUOHHOM ceTU. bbi-
JIO TMOKa3aHo, YTO ypoBeHb dKcrpeccuu reHa CBLN 1
ObpU1 MakcuMalieH B Hadaje craguu E10. ITpumeua-



230 BAHT wu nap.
(a) (©)
Nicotinamide nucleotide metabolic process — _ Cell-cell adhesion via plasma-membrane adhesion molecules — _
Pyridine nucleotide metabolic process — _ Vesicle-mediated transport in synapse —{ _
Pyridine-containing compound metabolic process — _ Response to interleukin-18 — _ .
. . ) p.adjust o p-adjust
Oxidoreduction coenzyme metabolic process | _ Cellular response to electrical stimulus —| _
Gap junction assembly — _ 0.002 Phosphatidylserine metabolic process — _ 0.0025
0.003 0.0030
Regulation of translational fidelity — _ 0.004 Phosphatidic acid biosynthetic process — _ 0.0035
Coenzyme metabolic process —| _ 0.005 Cardiolipin metabolic process —{ _ 0.0040
2-oxoglutarate metabolic process —| _ Establishment of endothelial intestinal barrier — _
Glyceraldehyde-3-phosphate metabolic process — _ Positive regulation of heat generation —| _
Convergent extension — - Phosphatidylglycerol metabolic process — _
0 05 1.0 15 20 0 05 1.0 15 20
(8) ()
Schwann cell differentiation - _ Cell-cell adhesion via plasma-membrane adhesion molecules — _
Peripheral nervous system development — _ Regulation of membrane potential _
Myelination —{ _ Homophilic cell adhesion via plasma membrane adhesion molecules | _
p.adjust ) L p.adjust
Ensheathment of neurons — _ Regulation of postsynapse organization — _
i e 0.002 . . o 0.0010
Facial nerve structural organization — _ 0.003 Multicellular organismal signaling —| _ 0.0015
Regulation of tau-protein kinase activity — _ 0.004 Postsynapse organization _ 0.0020
0.005
Glial cell differentiation — _ Lung development — _
Facial nerve development — _ Respiratory tube development — _
Facial nerve morphogenesis — — Respiratory system development —| _
0 05 10 L5 20 0 1.0 20 3.0

Puc. 9. Gene Ontology (GO) ananu3 o6oramenus mis1 10 HauBbicinx hub-y3noB B rpyniax: (a) — Epi-Msx, (6) — Epi-Pax,

(B) — Mes-Msx, (r) — Mes-Pax.

TenbHO, uTo CBLN] GBI 3HAaYMTEJILHO OOOralleH
GO TepMuHOM “anre3ms KiIeTok”. eicTBUTEIBHO,
B3aUMOICMCTBUSI KJIETKA-KJIETKA M KJIeTKa-BHEKJIE-
TOYHBIM MaTPUKC UTPaIOT KIIIOUYEBYIO POJIb B MOIYJISI-
VY THTACTUYHOCTH/5KECTKOCTH OIpPEACIeHHBIX YIaCT-
KOB 3MaJIeBOr0 OpraHa, 4yTo BusieT Ha MOp(oreHe3 3y-
6a (Lesot, Brook, 2009). OcHoOBbIBasiCb Ha HalllMX
pe3yabTaTax, MOXHO IIPEAITOJOXUTb, YTO B Ciaydae
CHUXKeHMs ypoBHs akcripeccun MsxIu Pax9, CBLN1
MOXKET UTPaTh BaXKHYIO POJIb HA CTAAUN PA3BUTUS 3Y-
6a E10 mocpencTBoM peryJsinuu aare3uu KJIeToK.

Kpome Ttoro, mnokaszaHo, 4to Ko3H3uM Q10
(rCoQ10) oka3bpIBaeT paHO3aXUBJIAIOIICE ACHCTBUE
Ha MSITKME TKaHU TTocie yaaJaeHus 3yda y KpbIC myTeM
PETyJISIIMU OKHCIMUTEIBHOTO cTpecca M 3(PPEeKTUB-
HocTu pabdotel mutoxoHapuii (Yoneda et al., 2014).
DTU NaHHBIE TTO3BOJISIIOT MPEATOJIOXUTh, YTO B pa3-
BUTUU 3y0a MOXeT ObITh 3a1e/iICTBOBaH MPOLIECC META-
0osM3Ma 3TOro KosH3uma. B maHHOM uccienoBaHUU
¢yukuus IDH3A okazajiach 3HAUMTEJILHO oOoralieHa
MMEHHO LIS Ipoliecca MeTaboim3ma 1IaHHOTo Kogep-
MEHTa. DTO II03BOJISIET TIPEANONOXUTh, uTo IDH3A
MOXKET ObITb BOBJIEUEH B pa3BUTUE 3yOa MPU CHUXKEHU N
peryasitiuu MsxI n Pax9 miyteM y4acTusi B MeTaboJIu -
YeCKOM Ipoliecce KopepMeHTa. Y MBIIIIE-MYyTaHTOB
no IDH3A 6r1a uccinenoBaHa poiib /DH3 B pazBuTHUU
JlereHepaTuBHOro (PEHOTUMNA CEeTYATKU, HO ITaHHBIX
00 U3MeHeHnU (peHOoTuMna 3y0OB Y 3TUX MEIIICH HET
(Findlay et al., 2018). B HacTosi11iee BpeMsl TpaKTHue-
CKM He mMeeTcs TaHHbBIX 0 ponr IDH3A, SSPN, F13A41

B pa3BUTUM 3y00B. OIHAKO HAa OCHOBAaHUM HAIIUX
JaHHBIX MOXET OBITh CAEJIaHO MPEAIOI0KEHUE, YTO
IDH3A, SSPN, F13A1 neificTBUTEJILHO MOTYT IIPUHM-
MaTh y4acTHE B PETyJISILIUM pa3BUTUS 3yOOB.

Bmecte ¢ Tem, mpodunb skcnpeccun CBLNI,
IDH3A, SSPN u F13A1 He GBUI IPOBEPEH C UCIIOJIb-
30BaHUEM TaKMUX BKCIEPUMMEHTAJbHBIX IIOIXOMOB,
Kak koJimdyectBeHHBbIH TP aHanu3, UMMYHOTUCTO-
XUMMS WY Tuopuan3auus in situ. bonee Toro, B3au-
moneiicTBus Mexxny MsxI v IDH3A nim SSPN, a Tak-
ke Pax9wn FI3A1 nnu CBLN1 He ObIIM TOKa3aHbI B
MccaeI0BaHUSIX in vivo UM in vitro. HakoHell, moTeH-
unanbHasg poirtb IDH3A, FI134A1, SSPN n CBLNI B
pa3BuTUU 3y0a ObLIa TOKa3aHa C MOMOIIbIO OMOMH-
¢dopMaTUYECKIX METONOB, HO He ObLIa 3KCIEPHUMEH-
TaJIHO YCTaHOBJIeHA. [1JIst ToATBep>KAeHSI HAIIIMX Pe-
3yJIbTAaTOB HEOOXOMMMBI JaJIbHEHIIIEe UCCIeIOBaHMSI.

OUNHAHCHUPOBAHUWE PABOTDI

OTcyTCTBYET.

COBJIIIOJEHUE OTUYECKUNX CTAHIAPTOB

Hacrosd1uag crarbgd He CONEPXUT ONUCAHUA BBINOJ-
HEHHBIX aBTOPOM UCCIIENOBAHUIN C y4aCTUEM JIIOAEH WIN
HICTIOJIb30BAaHUEM XXUBOTHBIX B KAUeCTBE OOBEKTOB.
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The mechanism of involvement of Msx I and Pax9 in tooth development in mice was studied. The microarray
data GSE32321 which contained the Msx 1 and Pax9 wildtype and knockout samples from mice oral epithe-
lium (Epi) and dental mesenchymal (Mes) cells were used to identify the differentially expressed genes
(DEGsSs). Then the highest associated gene modules were explored in an Epi-Msx group, an Epi-Pax group,
a Mes-Msx group, and a Mes-Pax group by weighted gene co-expression network analysis (WGCNA). Gene
Ontology (GO) database analysis and hub genes screening were performed on the modules with the highest
relevance. A total of 1467, 986, 1212, and 1293 DEGs were identified in Epi-Msx group, Epi-Pax group, Mes-Msx
group, and Mes-Pax group, respectively. Four highest associated gene modules were identified. GO enrichment
analysis showed that these genes were enriched in the following terms: negatively regulated cell proliferation, cell
adhesion, blood vessel development and blood vessel morphogenesis nvolved in tooth development. The hub
geneswere IDH3A, SSPN, F1341 and CBL N, their gene expression values varied at different time points during
tooth development. Moreover, IDH3A and CBLN I were significantly enriched in oxidoreduction coenzyme
metabolic process and cell-cell adhesion terms. Msx/ and Pax9 play an important role in tooth development
in mice. These genes are probably associated with IDH3A, SSPN, F134A1 and CBLN1.
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OJIbI'A TEOPTUEBHA CTPOEBA (1925-2021)

DOI: 10.31857/50475145021030095

5 aaBaps 2021 1. Ha 96-M Tody YyILIa M3 XU3HU
Onbra I'eoprueBHa CtpoeBa — AOKTOp OMOJOTMYE-
CKUX HayK, ITpodeccop, BEIIAIOIINICS YICHBIN, CIIe-
UQIUCT B 00JIaCTH OMOJIOTUY Pa3BUTHSI, CO3AATENb
Hay4yHOTro HalpaBlieHUs B 00JIaCTU CpaBHUTEIbHBIX
5KCIEPUMEHTANIbHBIX MCCIEN0BAHUIA pa3BUTHS IJ1a3a
no3BoHouHKIX. bojee 20 et O.I'. CtpoeBa 3aBeaoBa-
nma JlaGopatopueil KieTouyHO mudepeHIMPOBKU
MNucturyra 6uonornu passutus uM. H.K. Konbsiiosa
PAH (MBP PAH). M3BecTHOCTh B Hallleil CTpaHe U
3a pyoexxoM Onbre I'eoprueBHe NMpUHECTU MUOHEP-
CKME 3KCIIEPUMEHTAJIbHBbIE WCCJIENOBAaHUS PaHHETO
pa3BUTHS T[Jla3a MJICKOIUTAIOIIUX, PETUHAIBHOIO
nurmeHTHoro armtenus (PI1D), nzyyenue mopgore-
HETUYECKOW POJIM BHYTPUIJIA3HOTO JABJIEHUS B pa3-
BUTHU 1a3a. [To nHunmatuse Onbru ['eoprueBHbI U B
TECHOM COTPYIHWYECTBE C MEAMKaMU ObUIO CO3AaHO
HOBOE OMTATIbMOJIOTUYECKOE JIEKAPCTBEHHOE Cpel-
CTBO, BHEIPEHHOE B MEIUIIMHCKYIO TTPAKTUKY.

B 1946 rony emte crymeHTKOI 3 Kypca bromormyae-
ckoro (¢akynereta MI'Y mmenn M.B. JlomonocoBa
no pekoMeHaauuu JI.B. KpylmHcKoro oHa Havaja
pabotaTth noa pykoBoactsoM I'.B. Jlonamrosa B Jla-
6opartopun MexaHuku passutusg um. [1.I1. ®unatosa
MHcTUTYTa HIMTONOTUU, TUCTOJIOTUN U SMOPUOJIOTUUN
AH CCCP (Brnocaencrsuu UBP PAH). C nera 1947
no BecHy 1949 rona oHa BBIITOIHSIA AUTUIOMHYIO pa-

0OTy IO TeMe COOTHOIIEHUS Pa3BUTHSI TJIABHUKOB U
Teja y JMYMHOK aMduOuii, nccienyst poiab ME3eHXU-
MaJIbHO-3TMUTEIUAIBHOTO B3aWMOOTHOLIEHUS B Jie-
TEepMUHALIUM PA3BUBAIOILIMXCS OPraHOB B 3MOpPHUO-
HajbHOM pas3Butuu. B 1949 rogy Onbra I'eoprueBHa
3alIATWIA JUTUIOMHYIO paboTy U MOCTYIWJIa B aclu-
paHTypy Kadeapsl aMmOpurosoruu 6uodaka MI'Y (3a-
Benytoniuii Kadenpoit B.B. ITommoB), mpomoizkast BecTu
paboTty Ha 6a3e JJaboparopun MEXaHUKM Pa3BUTUSI M.
H.I1. ®dunaroBa 1non pykoBoacTsoM I'.B. Jlomnaiona.
B 1951 rony oHa 3amuTuia KaHAMIATCKYIO IUccepTa-
ouio “OKcnepuMeHTaTbHOE UCCIeIOBaHUES ITPUYNH-
HBIX CBsI3eii B pa3BUTUU TJIABHUKOB U KOHEYHOCTEM Y
JIMYMHOK aMduomMit”, mocie 4ero ObLj1a 3a41caecHa Ha
JIOJDKHOCTh MJIAJIIIETO HAYYHOTO cOTpyaHuKa B MH-
ctutyT Mopdosioruu xkuBoTHbeix AH CCCP, u3 koto-
poro BriocJjiencTBUM Bbiaeausicss MHCTUTYT Guosornuu
pazsutusg uMm. H.K. Konsmosa PAH. B crenax uH-
crutyTta Onbra I'eoprueBHa npopadotana 70 jier.

ITon pykoBoactBoMm I'.B. Jlomamosa Obra I'eop-
rMeBHA y4acTBOBaJIa B pEeIIEHUU ITPOOIEeMbI IPEOI0-
JIEHUs] TPAHCIUIAHTALIMOHHON HECOBMECTUMOCTH, a
TaKkKe B pa3paboTKe METOAUYECKMX MOJIXOI0B K U3y-
YEHUIO MCXaHM3MOB PEreHepauvmn CE€T4YaTKM MJICKO-
nuTaIX. B 3TOoT nepuom mponcxoanao coBeplleH-
crBoBanue Oibru ['eoprueBHBI KaK TaJAHTIMBOTO WM
M300peTaTeIbHOTO SKCIIEPUMEHTATOPA.

ITepuon coBmecTHOI padotsl ¢ I'.B. Jlomamnroseim
OBLI OTMEUYEH KPYITHBIMM OOOOIIAIOIIMHU ITyOIUKa-
usiMu: 0630p B Advances in Morphogenesis (Lopashov,
Stroeva, 1960), cratbs B Journal of Embryology and Ex-
perimental Morphology (1960) 1 moHorpadus “Pa3pu-
THE T7la3a B CBETE BKCIIEPUMEHTAJILHBIX MCCIIeHOBa-
auit” (Jlomamos, CtpoeBa, 1963), TiepeBencHHasT B
1964 rony B Uspaunie Ha anrmiickuii 36K (G.V. Lo-
pashov, O.G. Stroeva. Development of the eye: exper-
imental studies. 1964. Israel Program for Scientific
Translation, Jerusalem). Pe3ynbTaThl nccienoBaHUit
opun gonokeHbl Onbroit 'eoprueBHOIl Ha Mexay-
HapOmTHOI 3MOpHOIOrnIecKoit KoHpepeHnuu B I1a-
puxe (1959).

B te xe rompl Onbra I'eoprueBHa COBMECTHO C
JI.LA. Huxutnnoit u T.A. letnacd padoTaia 1mo teme
TepecaaKu saep y 6ecXBoCThIX aM(bUOUiA IJIsT UCCIen0-
BaHUS SIIEPHO-TIIAa3MEHHBIX B3aMMOICHCTBUIA B pa3-
putuu. C 3TOM 1LIeJIbIO B HEOTIONOTBOPEHHYIO SHYKJIC-
WPOBAHHYIO SIAIIEKIIETKY TepecaknBaji sIpa KJIeTOK
Ha CTaguy GJIACTYJIbI, Pa3HBIX CTaIWI TACTPYJIBI U Apa
COMAaTHUYECKUX KJIETOK. Pe3ypTaThl ObLIN ITPEeACTaB-
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JIeHBI Ha MeXXImyHapoaHOM SMOPMOIOTHIECKOM KOH-
depenum B XeabcHKY (1963) 1 B OT€UeCTBEHHBIX U
3apyO0eXKHbBIX ITyOTUKAITUSIX.

B caMocTosSTeIbHBIX 3KCHEPUMEHTAILHBIX WC-
cienoBanusax Onbry I'eoprueBHY MHTEpecoBaa IIpo-
onmeMa TpaHcauddepeHINpPoBKU KieTok PITD kpeic
B CETYATKY B IIeproJI SMOpHUOHANBHOTO pa3Butus. C
camoro s Hadyaina PIID merepMmHMpoBaH Kak Ta-
KOBOIi, MJIM Ha paHHUX CTaAUsIX OH CIIOCOOEH IIpe-
BpamaThCs B CETUYATKY KaK y 6€CXBOCTBIX aMdpuounii?
DTOT BOIIPOC HUCCIEAOBANCS B YCIOBUSIX KyJIbTUBU-
pOBaHUS 3a4aTKOB IJIa3 B OPraHHOM KyJIbTYpe C UC-
MOJIb30BaHUEM B KaudeCTBE KYJIbTYPaJbHOM Cpembl
XKMOKOCTY MEepeaHeil KaMephl IJIa3a B3POCIBIX KPEIC.
PesynabTaThl MHOTOUMCIEHHBIX 9KCIIEPUMEHTOB, ITPO-
BeneHHBIX Onbroit I'eoprueBHOI MO IIepecanke Iia3-
HBIX 3a9aTKOB Ha CTAOMSIX IJIa3HOTO My3bIPs U IJIa3HO-
ro 6okaja, ObLJIM 00OOIIEHBI B €€ TOKTOPCKOM AUC-
cepTaluy, 3alluileHHOoMi B1968 roxay.

B cBoeii pabote Onbra I'eoprueBHa BIiepBble TTO-
Kazaja, 4TO Ha CTaausIX SMOPHOHAIBHOTO Pa3BUTHUSI
kpbic (1o 17-ro nHs) PIIO criocobeH mpereprieBaTh
peTUHaNbHYI0 TUPdEepeHIMPOBKY B IIpeAeiaxX ClIos
PII®D, uro mmddepeHINpoBKa pamy>KK1i W OUIAAP-
HOTO TeJia B KpaeBbIX 30HaX IJ1a3HOTO O0OKajia 3aBUCUT
OT UHIOYLMPYIOIIETO BIIMSHUS SIUTEIUS XPYCTaTU-
Ka, a cocyaucTasi ooonouka — oT BiaussHust PI13D. I1o-
cie 17-ro asmMOpuoHaIbHOTO IHS TpeBpaiieHuss PI1D
B C€TYATKY HE IPOUCXOAUT. DTOT pe3yIbTaT OKa3aJCs
BaXXHBIM IUISI OOBSICHEHUSI BPOXKACHHBIX aHOMAJIMIA
IJla3a 4YeJIoBeKa, TaKMX KaK TUIIMYHas M aTUIIMYHAas
kosioboMbl. B 1971 romy mo maTepuanaM auccepTaluu
ObL1a oITyOJImKoBaHa MoHorpadms “MopdoreHes u
BPOXKIEHHBIE aHOMAJIMU TJ1a3a MJIECKOITUTAIOIIMNX .

B nanbHeitiiem Momesbio ucciienoBaHuii Onbru
I'eopruesHsl ctan PIID ceprix kpbic (CK) B npe- u
IMOCTHATAJILHOM Pa3BUTUM Y SMOPHOHOB MTHLI, HA KO-
TOPOM UCCJIEOBAJIA COOTHOIIIEHUE TTPOLIECCOB MTPOJIU-
depauuu U MenaHOTHYECKON auddepeHIMPOBKU B
cranosJieHnn ¢pyHkumii PI13. IToka3aHo, 4To y TeIwio-
KPOBHBIX XUBOTHBIX auddepeHmponka PIID ompe-
nensiercst pakTopoM HaTskeHUs. DopMUpoBaHUE Xe
COCYIMCTOI ODOJOUKU M3 OKPYXKAMOIIEl Me3eHXUMBbI
3aBHCHUT OT HOpMaibHOU nuddepeHposku PI13D.

B skcnepumeHTax nos pyKoBOACTBOM U IIPU yda-
ctum Onbru 'eoprueBHBI ObUIO TI0OKA3aHO, YTO Y HO-
BopoxaeHHBIX CK B PITD B pe3ynbrate mponudepa-
TUBHOM aKTUBHOCTU IIPOUCXOIMUT MpeoOpa3oBaHUeE
MOITYJISILIAN VICXOJHO OTHOSIIEPHBIX KJIETOK B IOy~
JISILUIO OBYSAepHBIX. K MOMEHTY OTKPBITHS BEK IBY-
sIIepHBbIE KJIETKM B LIeHTpaiabHOM 30He PI1D moctura-
10T 80%. ABysanepHbiMu kietku PIID craHoBsTCs B
pe3ynbTaTe MUTO3a, HEe 3aBEpIIAIOIIErocsT IINTOTOMM--
eir. Ilpn stom xnetku PIID crocoOGHBI coBMeNIaTh

OJIbI'A TEOPTMEBHA CTPOEBA (1925-2021)

KJIETOUHYIO TIponrdepanuio U CriemnuIecKyio aud-
depeHLIMpPOBKY (MejlaHu3al1Io). beuio mokazaHo, 4To
cTeneHb MelaHu3aluuu Kietok PITD xoppemupyer c
koM G,-a3HbIx KJIeTOK (3-U CyTKU TOc/e poxkie-
HUs), Koraa kieTtku PITD Hanboiee BoCIpUUMYUBEI
K MEJaHOTPOITHBIM TOPMOHAaM, M UMEHHO Ha 3TOT
MepHOd, MPUXOIUTCS MUK MEJIaHOTPOITHBIX TOPMO-
HoB B KpoBu CK. TakuMm oGpa3oM, BIIepBbIc ObIIa
000CHOBaHAa 3aBUCUMOCTh MeJIaHOTUYECKON mudde-
perupoBku PITD CK oT MenaHOTpPOITHOM aKTMBHO-
CTU TIepenHel oM runodusa, KoTopasi, B CBOIO O4e-
penb, peryIupyeTcsi cepoToHMHOM. BbLio Takke oOHa-
pyXeHo, 4To y Kpbic PI1D obiamaer CriocoOHOCTBIO K
daronnToly MeMOpaHHBIX JUCKOB HAPY>KHBIX CETMEH-
TOB (hOTOPELETITOPHBIX KJIETOK CETYATKU 3aI0JITO 10
¢dhopMUpOBaHMS 3TUX CETMEHTOB B HOPMAaJILHOM pa3-
BUTHUMU.

Pa6otel Onbru ['eoprueBHBI TTONB3YIOTCS MPU3HA-
HUEM B Hallleil cTpaHe 1 B MupoBoit Hayke. B 2003 1.
Ogpre I'eoprueBHe (coBMmecTHO ¢ 1.6.H. B.1. Muraiio-
BbIM) Obuta mpucyxkneHa [Ipemust umenu A.O. Koa-
JIEBCKOTO 3a IIUKJI paboT “HcciienoBaHrue MexaHu3MOB
I depeHIMPOBKU U TpaHCAUMHEepeHIIMPOBKA KIIe-
TOK B CpaBHUTEJIbBHOM psity MO3BOHOYHBbIX”. B 2020 T.
Omsre I'eoprueBHe ObBIIa BpydeHa BeJOMCTBEHHAs Ha-
rpaga MunHoOpHaykn Poccuu — mouyeTHoe 3BaHUE
“IToueTHBINI pAaOOTHUK HAYKU W BBICOKHUX TE€XHOJO-
ruit Poccuiickoit @enepaniyn”.

Hewmanoe mecto B xku3Hu Onbru I'eoprueBHbI 3a-
HUMajla Hay4YHO-OpraHM3allOHHAasl IesTeIbHOCTb.
Omna OpUIa YJIEHOM PEIKOJIIETNH KypHaiaoB “OHTO-
reHe3” u “ApxuB aHaTOMUU, TUCTOJIOTUX U SIMOpPUO-
JIOTUM”, OpraHU3aTOPOM U JOKJIATUMKOM psia Hayd-
HBIX KOH(pEepEeHIINI 1 IIIKOJI TT0 OMOJIOTUN PAa3BUTHS,
yuTaaa JeKUMu Ha Kadeape smopuonoruu MI'Y, B
TounucckoMm l'ocymapCTBEeHHOM YHMBEpPCUTETE, Ha
kadenpe uuronorum JII'Y, B MUHCTMTYTE TITa3HBIX 00-
Jie3Heit uM. I'eaeMrosbla. Onbra ['eoprueBHa siBJsiach
COCTaBUTEJIEM WJIM OTBETCTBEHHBIM PEIAKTOPOM KHUT
0 3aMeyYaTeIbHBIX YYeHbIX 11KoJbl Hukomas KoHcraH-
tuHoBnYa Konwliosa — M. A. Partontopte u b.JI. Actay-
poBe. Ilepy Onbru I'eoprueBHEI IpPUHAMICKUT Ooiee
TpeX COTeH HayYHBIX ITyOIMKAalInii, IBe MOHOTpadnu, a
TaKKe psii MaTEHTOB U M300PETCHUIA.

Onbra 'eopruesna CTpoeBa oco3HaBalIa BEJIMKYIO
CWJIY HPABCTBESHHBIX TPATULIMI U SBIISIa COOOM 00-
pasel;, 0ECKOMITPOMUCCHOTO CIYXXKE€HUSI MHTepecaM
Hayku. Csetiast mamsath 06 Onbre ['eoprueBHe Ha-
BCErlla OCTAHETCS B HAaIlle MaMsITH.

A.B. Bacunwes, M.C. 3axapos,
M.B. Yrpiomos, U.I'. [TaHoBa
pinag@mail.ru
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