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BaxHeiiast mpobieMa B UCCIIeIOBAHNM KaJUTYCOB PACTeHM in Vitro — B3aMMOOTHOIIIEHWE SHAOTEHHBIX U
5K30TreHHBIX (PaKTOPOB, BIMSIONIMX Ha (DOPMUPOBAHUE KaJUTyCOB (“Kajurycoobpa3oBaHue™) U UX pa3BUTHE
Ha MHOYKIIMOHHOM cpene (“KaurycoreHes”). OcoOBIii MTHTepeC BBI3BIBAET TaKOI SHIOTeHHBI (paKTOp, Kak
HUTOGU3NOIOTUYECKMIA CTaTyC 9KCIUIAHTOB i1 Vivo U KaJlJTyCOB B IMHAMMKE KyJIbTUBUPOBAHUS in vitro. B
0030pe Ha TTpUMepe XITEOHBIX 371aKOB ITPOBEACH aHAJIN3 JINTEPATYPHBIX U COOCTBEHHBIX JAHHBIX 110 BBISIBICHUIO
TUCTOJIOTUYECKUX U TOPMOHAJIBHBIX OCOOEHHOCTE MHUIIMATBHBIX KJIETOK KaJUTYCOB B OKCITJIAHTaX — HE3PEJIbIX
3apofbIlIax in vivo, a Takxke (OpMUPYIOIINXCS U3 HUX MOP(OTEHHBIX KaJJTyCOB B XOIEe Pa3BUTHS in Vitro.
PaccMmoTpeHbl mpeAcTaBlIeHHbBIE B JIMTEPAType OTBEThl HA HEKOTOPBIE JUCKYCCUOHHBIE BOTMIPOCHI, CBSI3aH-
HbIE€ C THAYIIMPOBAaHUEM MOP(MOTEHETUIECKOI KOMIIETEHTHOCTH W PEITPOrPaMMUPOBAHMST Pa3BUTHSI MHU -
LIMAJIBHBIX KJIETOK KayutycoB. [TpoBeneHHOEe cpaBHEHUE KaJulycOOOpa3oBaHMsI U KaJlJIycoreHesa in vitro ¢
HEKOTOPHIMU aHAJIOTUYHBIMU COOBITUSIMM i1 Vivo TIOATBEPXKIaeT MTPaBOMOYHOCTh MPUHITNATA YHUBEPCATb-
HOCTH IIpolieccoB MopdoreHesa in vivo u in vitro (bareirunaa, 2014 u panee). O6cyXXnaeTcst IepCHeKTHB-
HOCTh MCITOJTb30BaHMS €NMHOM (MHTETPUPOBAHHOI) SKCIIEPUMEHTAILHONW CUCTEMBI “3apOIbIll in vivo —
KaJUTYC in vitro” B Ka4eCTBE MOJICJIU JJIsI U3yUYEeHUSI CII0XKHe111ero Orosornueckoro eHomeHa — Mmopdore-
He3a pacTeHUIA.

Karouesvie caoea: 3apomablll in vivo, KaJUIyC in vitro, IUTOMOU3NOIOTHsI, MOp(MOTreHe3 pacTeHui, XJIeOHbIe

3J1aKU
DOI: 10.31857/50475145021040042

BBEIJEHUWE

[lepBBie pabOTHI, TOCBSIIEHHBIE ITOIYIYCHUIO Ka-
JIyca M3 M30JIMPOBAHHBIX YYaCTKOB Me30(hIIa JINCTA U
M3YYECHUIO KAJUTyCOT€HEe3a in Vitro, TIOSBUINCH €lle B
koH1ie XIX—naugaire XX BB. (110: Ikeuchi et al., 2013;
Sugiyama, 2015; Kruglova et al., 2018a), omHako oj-
HO3HAYHOU Je(PUHULINU 3TOU CTPYKTYPHI HE MTPEIJIO-
xeHo. HauboJtee neranbHOE oIpeacieHre IIpuBeae-
Ho B paborte T.b. bareiruHoit (2014): kamutyc — uHTe-
TpUpPOBaHHAsI CUCTEMa, 00pa3yIoIIasics KaK 9K30T€HHO
(B pe3ynbTaTe Ipoardepanny IMOBEepXHOCTHEIX KJIe-
TOK pa3JIUYHbIX TKAaHEH pacTUTEIbHOIO OpraHu3Ma),
TaK ¥ DHIOTEHHO (B TJIyOMHE 3THX TKaHEii); M3Ha-
YaJIbHO COCTOUT W3 OJHOPOIHBIX KJIETOK, KOTOpbIE
MOCTEIIEHHO MMPeo0pa3yloTcsl B CUCTEMY T'PYIIT IreTe-
POTEHHBIX KJIETOK, MMEIOIINX MOP(OTreHETUICCKIE
MOTEHIIMY, KOTOPbIE PeATM3YIOTCS Pa3IUUYHbIMU My-
TIMHU MopdoreHe3a (mo0aBUM: IIPU 3TOM HEKOTOPbIE
myTy MopdoreHe3a B YCIOBUSIX ik Vitro IIPUBOLAT K
¢GOpPMUPOBAHUIO TIOJHOLIEHHBIX PAaCTeHUIi-pereHe-
paHTOB. — Aém.).

237

IpennpuHSTH MOIBITKM pa3padoTaTh MEPUOIM-
3anuio (G opMHUPOBaHUS U PA3BUTUS KAJIITyCOB in Vitro.
B 3Trx B3anMOCBsI3aHHBIX IIPOLIECCaX BBIACIISIOT, Ha-
npumep, Kpurudeckue crtaguu (Kruglova et al.,
2018a), dasel mHoykum u skcmnpeccun (Yu et al.,
2019). B 11e10M k€ 3TOT BOIIPOC OCTAETCS OTKPHITHIM.
ITo-BunmMoMy, MOXXHO TOBOPUTH O (POPMUPOBAHUU
KajutycoB (“KajurycooOpa3oBaHue”) M YCIOXHCHUU
UX CTPYKTYpHI (“Ka/ulycoreHe3”) Ha MHIYKIITMOHHOM
Cpele in vitro 1 O pa3BUTUM TPYIII KIIETOK KaJLIyCOB
10 pa3JIMYHBIM ITyTSIM MOpdOoTeHe3a Ha pereHepal-
OHHOW cpene in vitro.

PazHoobpa3ue KautycoB, TTOJy4YeHHbIX Ha MHIYK-
LIMOHHBIX Cpenax in Vvitro, CBOIUTCI K JIBYM KOH-
TPACTHBIM TPYyIINaM: CIIOCOOHbIE U HE CITOCOOHBIE K
MopdoreHe3y Ha pereHepallMOHHbIX cpeiax in vitro,
WHa4de roBopst — MOp@POTreHHbIE U HEMOP(MOTSHHBIC
(mogpobHee: 3uHatyiummHa, 2020). OgHako Kpome
TepMHUHA “MOpP(OreHHbII” B JUTEpaType MO OTHO-
LIEHUIO K 00pa30oBaBIIMMCS KaJlJIycaM MCIOJb3YIOT-
CsI TAKKE TEPMUHEBIL “OpraHOTeHHbIN”, “3aMOpPHUOTreH-
HBII”, “pereHepallMOHHBINA (pereHepallMOHHO CITO-
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COOHBII)” KaJUTIyC, XOTS IIpU 3TOM (PaKTUISCKU pPedb
UIIeT O Kajiayce, B KOTOPOM TOJIbKO B JajibHeuIleM
OyayT oTMedeHBI MyTH MopdoreHesa in vitro, B TOM
yucje TMpUuBoAsine K (GOpMUPOBAHUIO pereHepaH-
ToB. Ha Hain B3risia, ynmorpebiieHrue TSpMUHOB “Op-
TaHOTSHHEIN”, “3MOPUOTeHHBIN”, “pereHepaloH-
HBII” TIO OTHOHIEHWIO K MOpP(OTeHHBIM KaJLTycam
METOINYECKHN He COBCEM KOPPEKTHO, TTIO3TOMY B TaH-
HOIi cTaTbe MbI OylaeM MPUMEHSITb TOJIbKO TEPMUH
“MopdoreHHbIN Kautyc” (majiee — KaJUIyC, €CJIM He
OTOBOPEHO CITeIINAJIBHO).

CnocoO0HOCTh K 00pa30BaHUIO KAJLIyCOB in Vitro
OTMEUEeHa y OJKCIUJIAHTOB IIPEeACTaBUTENIEd MHOTUX
CeMeNCTB pacTeHMIA. bobIoil MpakKTUYeCKU1 NHTE-
pec B 3TOM OTHOIIEHUH BBI3bIBAIOT 3JIJAKU — KOMMEP-
YeCKM ILIeHHas TpyIIia pacTeHMid, y KOTOPBIX C TPY-
JIoM 1 (hopMUPYIOTCS KaJUTYCHI in Vitro, i pereHepu-
PYIOT U3 HUX PacTeHUs in vitro N ex vitro. Bompocsl
KaJUTyCcOOOpa30BaHUs U3 Pa3IUYHBLIX SKCIIAHTOB
3J1aKOB M KaJUTyCOreHe3a Ha MHAYKIIMOHHBIX/pereHe-
palIMOHHBIX Cpelax in vitro IIpoaHaJIN3UPOBaHEI aB-
TopaMH paHee B 0030pHOIi padore (Kruglova et al.,
2018a). OmHaKO CTPEeMUTEIBHBINA POCT IO IUKAIIIA B
00JTacTy OMOTEXHOJOTUYECKUX aCIEKTOB MCHOIb30-
BaHUSI KaJUTyCOB 3JIaKOB 3acTaBJjiseT ellie pa3 oOpa-
TUTBCS K 3TUM BompocaM. BaxkHo, Ha Hail B3IJISI,
J1aTh OoJiee MMPOKYIO OLIEHKY HE3PEJIbIX 3apObIIIeit
3J1aKOB in vivo KaK MEPCIIEKTUBHBIX 9KCIUIAHTOB JIJIST
MOJTy4YEeHUS KaJJTyCOB in vitro, 00paTuB 0cO00€ BHU-
MaHWe Ha TUTO(MU3NOIOTTIECKIM CTATyC 3TUX DKC-
IUIAHTOB BO BpeMsI MHOKYJISIIUY Ha MHAYKIIMOHHYIO
cpeny in vitro. DTOT CTaTyC, COIPSIKEHHBIN ¢ MOpdO-
TCHETUYECKOM KOMIIETEHTHOCTBIO KJIETOK 3apOAbIlla,
OTpaXkaeT B3auMOJIEUCTBUE CTPYKTYPHBIX (LIUTOTMCTO-
JIOTHYECKNX) Y (PyHKIIMOHAIBHBIX ((PU3MOJIOTMIECKIUX,
IJTaBHBIM 00Pa30M TOPMOHAJIbHbBIX) CBOMCTB 3KCITJIaH-
ToB. KpoMe Toro, BaskHO ¢ TaKMX XXKe IIMTO(MU3NOJIOTH-
YeCKMX MMO3ULIMIA 1aTh OLIEHKY 1 C(pOpMUPOBaBIIEMY-
¢Sl KaJIIyCy B AMHAMUKE Pa3BUTUSI HA MHAYKITMOHHOM
cpene in vitro. MeTog0JIOTMYECKIM TIOIXOA0M aBTO-
pOB JAaHHOTO 0030pa CIAYyXXUT 0a30BbIIA TIPUHILIUII
YHUBEPCAJIbHOCTH IPOLIECCOB MOp(OreHe3a B pacTe-
HUSX in vivo U in vitro (batbiruna, 2014).

enp naHHOI OO30pHOI CTaTbM, SIBJSIOLLIEHCS
MPOIOJKEHEM ITyOJIMKAIlMii aBTOPOB IO pa3iand-
HBIM IpobjeMaM MCCedoBaHMsI Kalycoobpa3oBa-
HMS 1 KaJlycoreHesa pacTeHul in vitro, — IpOBECTU
aHaIN3 JIMTEPaTypHBIX U COOCTBEHHBIX HAHHBIX IIO
LHUTO(MU3NOJIOTUYSCKUM OCOOCHHOCTSIM HE3pebIX
3apoabIlIeii 3JJaKOB KaK 3KCIJIAHTOB IJIs ITOJy4EeHUS
KaJUIyCOB, a TAKXXKE paCCMOTPETh HUTO(DU3UOIOTYC-
CKHE acNeKThl MHUIIMALIMY (DOPMUPOBAHUS 3aPOJIbI-
IIEBbIX KAJIYyCOB HAa MHAYKIIMOHHOM cpene in vitro, B
CpaBHEHUU C HEKOTOPBIMU aHAJIOTUYHBIMU COOBITU-
MU in vivo.

KPYTJIOBA u ap.

MHULHAJIBHBIE KIIETKU KAJJIYCOB
B HE3PEJIBIX 3APOABIIIAX 3JIAKOB

IIpobrema mopgoeenemuueckoii KomnemeHmMHOCMU
KAemoK 3KCNAAHMO8 in ViVo KaK UHUUUAABHBIX KAeMOK
Kaanycos in vitro

IIpoGiema KOMITIETEHTHOCTHU KJIETOK DKCIIJIAHTOB
K KaJlTycoOoOpa30BaHUIO in Vifro OblIa MOCTaBJEHA
ellle B CaMBIX paHHUX UCCJIEIOBAHUSIX 3TUX IPOLEC-
coB B paborax XabepysiaHATa, BHIABUHYBIIETO THUTIO-
Te3y TOTUIIOTEHTHOCTH JIIOOOW XXWBOM KJIETKU
(Haberlandt, 1902, mo: byrenko, 1999). Bonbinoe
3HAYCHME PEILICHUIO 3TOI MPOoOJIEeMbl IPUAAETCS U B
COBPEMEHHBIX UCCIIENOBAHUSIX, CBI3aHHBIX C aHAIU-
30M pa3JIMYHBIX aCIIEKTOB pereHepalii pacTeHUIA B
KaJUTYCHBIX KYJIbTYpax in vitro (Harmpumep, IUKJT 00-
30pHbIX padort Ikeuchi et al., 2013—2019).

K HacrosiiieMy BpeMeH MHOTOYUCIEHHBIMU UC-
C/IeIOBAaHUSIMU YCTAHOBJIEHO, YTO B KauyecTBE IKC-
TJIAHTOB AJIsI TTOJIyYSeHUSI KAJITyCOB BO3MOXHO HUCTIOJIb-
30BaHME PaA3IMUHBIX BEreTaTUBHbBIX, TEHEPATUBHBIX 1
SMOPMOHAIBHBIX CTPYKTYp. KJeTKM 3KCIJIaHTOB B
aJICKBAaTHBIX YCJIOBUSIX N Vitro TIPOSIBJISIIOT KOMIIE-
TEHTHOCTb K 00pa30BaHUIO HE TOJIbKO Pa3HbIX TUIIOB
TKaHei 1 OpraHoB (CBOMCTBO ILUTIOPUIIOTEHTHOCTH),
HO 1 HOBOTO OpraHM3Ma 3a CYeT Pa3IMYHbIX ITyTei
MopdoreHesza (CBOMCTBO TOTHUIOTEHTHOCTU) (Tep-
MUHBI TpuBeAeHbI Mo: baTteirnna, 2014).

Ycnex B popMUPOBAaHUHU KAJUTyCOB OIIPEIEISIETCS
KOMILUIEKCOM B3aMIMOCBSI3aHHBIX HIOTCHHBIX U 3K-
30reHHbIX (hakTopoB (0030phl: Ikeuchi et al., 2013;
Galillochet, Lohmann, 2015; Sugiyama, 2015; Kruglo-
va et al., 2018a; Rocha et al., 2018; Feher, 2019; 3una-
tyanuHa, 2020 u gp.). C no3uuu TEpMUHOJIOTUHN B
obyiacT 6MOJI0TUH pa3BUTUS pacTeHU (1mo: Mense-
neB, IllapoBa, 2014) sHmoreHHbIe (haKTOPHI (OPMU-
pOBaHUSI KaJLUIyCOB MOXHO paclieHMBaThb KakK IpH-
CYTCTBHE B BKCIUIAHTaX CIIOCOOHBIX K BOCHPUSITUIO
MHIYKTOpPa TapTeTHBHIX MOP(MOTeHETUIECKN KOMIIE-
TEHTHBIX KJIETOK (KOTOpbIe MOXKHO OTPEASIUTh KaK
“MHMLaTbHBIEC KJIETKU KaJTyCOB™), TOrma Kak 9K30-
reHHbIe (haKTOphl — KaK MHAYKTOP KaJLIycooOpa3o-
BaHUSA in Vitro U3 TaKUX KJIETOK.

I[IpyHLMIIMaTEeH BOIPOC: MHULIMATbHbBIE KJIETKU
yKe 00J1agaroT MOop@POreHeTUIECKO KOMIIETEHTHO-
CTbIO B YCJIOBUSIX in ViVO WJIU UMEHHO YCJIOBUS TTpe-
BapUTEJILHOTO CTpecca in situ /Wi KyJIbTUBUPOBa-
HUS in vitro (B 3aBUCUMOCTHU OT UCTIOJIb3YEMOM METO-
JIVKW) UHIYLIUPYIOT TIpUoOpeTeHne MHUIIMATbHBIMUA
KJIETKAMM CBOIMCTBA TaKOIl KOMIIETEHTHOCTH?

Psan uccienoBareseii monaraioT, 9To 00pa3oBaHUE
KaJUIyCOB CBSI3aHO C (PYHKIIMOHUPOBAHUEM in Vitro
yKe CYILLIECTBYIOIIUX B 9KCIUIAHTE iM ViVo KIIETOK, 00-
JIaalolvx orpeae/ieHHbIMU cBoiicTBaMu. Tak, 3Ha-
YUTEIbHAS POJIb CTaTyCca MHUILMAIBHBIX KJIIETOK B UX
KOMIIETEHTHOCTH K (hDOPMUPOBAHUIO KAJIJTYCOB IIPO-
JIEeMOHCTPUPOBaHA B LIMKJIE pabOT, MOCBSILEHHBIX
KYJIBTYpe in vitro He3pellbIX MbUIbHUKOB ITIICHUIIEL.
YcraHoBIEHO, UTO (OpMUpOBaHME KaJUTyCOB MpPU

OHTOTEHE3 Ne 4
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STOM IIPOUCXOAUT U3 TAKUX KJIETOK ITBIBHUKOB ix ViVo,
Kak mMukpocniopsl (bateiriaa u ap., 2010), a crmoco6-
HOCTb MUKPOCIIOP K MHAYKIIMY 00pa30BaHUS KAJIJTyCOB
oIpefiesisieTCsl TIaBHBIM 00pa30M UX HeCTaOUIbHBIM
MPEAMUTOTUYECKUM COCTOSTHUEM, CTPYKTYPHBIMU
cBolicTBaMM (MEPUCTEMAaTUYHOCTBIO), a B LICJIOM —
UX CTATyCOM CTBOJIOBBIX KJIETOK, COTJIACHO OPUTH-
HanpHOM KoHuenuuu T.b. Bateirnnoit (baTeirnna,
2014 u paHee).

BoabIIMHCTBO XXe uccaeaoBaTeieid CYUTaIoT, YTO
¢dopmMuUpoBaHUe KaJulyca — 3TO pe3yabTaT UHAYLIUPO-
BaHHOTO penporpaMMUPOBaHUSI U3HAYATIBHO “HOp-
MaJbHBIX” KJIETOK 3KCIUIAaHTa B ILUIIOPU-/TOTUIIO-
TEHTHOE COCTOSTHUE B YCJIOBUSIX TpeaBapUTEIbHOM
CTpeccoOBOi OOpaOOTKM in sifu VIA Ha HaYaJIbHOM
aTamne KyJabTuBUpoBaHus in vitro (Ikeuchi et al., 2016,
2018, 2019; Feher, 2019; Liet al., 2019). B pa6ote, mo-
CBSIIIIEHHOI 0030py MCCeOBAaHUM TeHHOU perysi-
TOPHOM CeTU NPU pereHepaluuu pacTeHUl, Mpoje-
MOHCTPUpPOBaHa pOJib Psda TPAHCKPUIILIMOHHBIX
¢$akTOpoB B KJIETOUHOM peNpoOrpaMMUPOBAHUU TIPU
0o0pa3oBaHUU Kajulyca, MpeaBapsiolleM pereHepa-
uuto (Ikeuchi et al., 2018). ¥ HekOTOpbIX MyTaHTOB
Arabidopsis B ycnoBuUsIX in vivo UIeHTUDULINPOBAHBI
reHbl U TPAHCKPUIIIMOHHBbIE (DAKTOPBI, Y4acCTBYIO-
e B obpaszoBaHuu Kasnyca in vitro (Cheng et al.,
2015). AHaornyHbIe pe3yJIbTaThl IIOTYyYeHbI IIPY MH-
IyuupoBaHuu (HOPMUPOBAHUSL Kajljlyca U3 MapeH-
XUMHOI TKaHu Populus trichocarpa (Tuskan et al.,
2018) u u3 mpopoctKoB Nicotiana sp. (Li et al., 2019),
MPU BTOM TaK>Ke BbISIBJIEHO yYacCTUE CUCTEM psiia Te-
HOB. Bomnpoc penporpaMMHUpOBaHUs WHULIMAIbHBIX
KJIETOK KaJlJlyca pelllaeTcsl MU B KOHTEKCTe oOlieit
npo6JieMbl U3MEHUYMBOCTU T€HOMA PACTEHUM B KYJIb-
Type in vitro (Ikeuchi et al., 2015; Pykalo, Dubrovna,
2018), 1 B CBSI3M ¢ UBMEHEHMUSIMMN TPAHCKPUIIILIMOH-
HBIX mpodmieit atux kietok (Pasternak, Dudits,
2019). B uHULMAIBHBIX KJIETKAX KaJUTyCOB OTMEYEHBI
BbICOKME ypoBHU HakoruieHnss MUKpoPHK (Chu et al.,
2016; Alejandri-Ramirez et al., 2018; Juarez-Gonza-
lezetal., 2019; Lopez-Ruiz et al., 2019) — KJ1104eBBIX pe-
TYJISTOPOB MPOSIBJIEHUSI TOTUTIOTEHTHOCTU KJIETOK pac-
TeHuit u nuddepeHmanmy ux passuTtus (Singh et al.,
2018).

besycioBHO, MOp(OreHeTUIECKN KOMITETEHTHEBIC
KJIETKM 3KCIIJIAaHTOB CMIOCOOHBI BOCIIPUHUMATh BO3-
JIEJACTBME CUTHajla WHIOYKTOpa K IIPUOOPETEHUIO
TUTIOPY-/TOTUIIOTEHTHOCTH OJiaromapsi COOTBETCTBY-
IOLIEMY MOAU(PUIIMPOBAHHOMY COCTOSHUIO XpOMa-
tuHa (Maury et al., 2019), KoTopoe accolMupyeTcs ¢
OTIEJIbHBIMU IIpOrpaMMaMM 3KCIIPECCUM T€HOB
(Ojolo et al., 2018; Hajheidari et al., 2019). Ha nmpume-
p€ MHUIIMAJBHBIX KJIETOK KaJIJTyca 3TO HaIlpaBJICHUE
HCCJIENOBaHUI, OMHAKO, HE MPEACTABICHO B TOCTYII-
HOI JMTeparype, XOTsl BaxkKHasl pojb MOIU(UKAIIMI
XpoMaTHHa IIPOAEMOHCTPUPOBAHA TSI pa3/IMYHBIX pac-
TeHWI B MHAYKIIMHM TAKOTO IyTh MopdoreHesa in vitro,
Kak coMarunyeckuii amopuoreHe3 (Duarte-Ake et al.,
2019; Mendez-Hernandez et al., 2019).
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UpesBbluaiiHO BaxKHBIM SIBJISIETCSI BOIIPOC O Jie-
muddepeHIManN CHSHUAIN3NPOBAHHBIX WHUIIM-
aJIbHBIX KJIETOK BKCIUIAHTA — UX MepeXoay K MpoJu-
depanu npu (popMUpPOBAHUU Kajuyca in vitro. Ele
Ckyr u Mutep (Skoog, Miller, 1957) BbicKa3bIBaIu
MHEHME, 4TO MOoHATHE “neamddepeHInanus Kie-
TOK” TECHEHWIIUM 00pa3oM CBSI3aHO C ITIOHSTUEM
“Kayutycoobpa3oBaHue”; 6ojiee TOro, caMa CTpyKTy-
pa ObUIa Ha3BaHA “KaJUIycoM” M3-3a CXOJICTBA C MO-
307b10 (nart. callus — M030JIb) — HEOPraHM30BAHHO
pactyuieii Maccoil neanddepeHIMPOBAaHHBIX KJe-
ToK. Kamryc ¢ aTux mo3mnuii TpagullMOHHO pac-
cMaTpuBaeTcs Kak mnpojmdepupylolias Macca Ie-
nmnuddepeHupoBanHbix Kietok (Bbyrenko, 1999;
Wang et al., 2011; Motte et al., 2014; Gaillochet,
Lohmann, 2015; Iwase et al., 2015; Raizada et al.,
2017; Lopez-Ruiz et al., 2019; Popielarska-Konieczna
et al., 2020). 3ameTuM, 4TO O BaxXHOCTU neaudde-
peHIIMaly cOoOOIIaeTCs U B paboTax Mo CUTHAJIUHTY
B KJIETKAX 9KCIUIAHTOB COMAaTUYECKOTO SYMOpHOTeHe -
3a in vitro (Mendez-Hernandez et al., 2019). Bricka-
3aHO, OJHAKO, MHEHHUE O TOM, 4To AeauddepeHina-
LI1SI B CTPOTOM CMBEICIIE SIBIISIETCS peBepcueii nudde-
peHIMaluu, o3TOMYy O0pa3oBaHUE Kajiyca — 3TO
pe3yabTaT TpaHcauddepeHIalul KJIeTOK, IMTPUBO-
Jsileil K TOBBILIEHUIO TTOTEHLIMM Pa3BUTUS U/WIU
npoandepanmu Kietok (Sugimoto et al., 2011). B ka-
YyecTBe aJlbTepPHATUBLI TepMHUHY “‘memmuddepenima-
s’ TIpeJIoKeH yOayHbIN, Ha Halll B3IJIsSIA, TEPMUH
“krnetouHoe nepernporpammupoBanue” (Ikeuchi et al.,
2018). B emom, HecMOTpsI Ha IIUTEIBHYIO NCTOPUIO
U3y4deHUsI, BOIIPOC O AeauddepeHInalui KJIETOK 10
HaCTOSIIIIETO BpEMEHU TaKKe OCTaeTCsl TUCKYCCUOH-
HBIM (IIOIPOOGHO 3TOT BOIIPOC U MCIIOJIb3yeMasl Tep-
MUHOJIOTUS TIpOoaHaJIM3upOBaHBI B padote: Feher,
2019).

CrienyeT NMOAYEPKHYThb, 4YTO AajleKO He Kaxias
KJIeTKa 3KCIUIaHTa, Jaxe obyiagarouias in vivo CBO-
CTBaMM ILTIOPU- ¥ TOTUIIOTEHTHOCTH, CTAHET MHULIY-
aTbHOM M JACT Hadajio KaJuIycy in vitro. BeickaszaHo
MHEHME, YTO K M3BECTHOM Mepe HeNpeacKa3yeMOCTH
MopdoreHesa (IIpu JI000M IIyTH, HE TOJBKO IIpU
KaJuycoreHesze. — Aém.) MHUIIAAIBbHON KJIETKU B
YCJIOBUSIX in Vitro, B OTJIMYKE OT BITOJIHE MpeacKa3ye-
MoOro MopgoreHe3a 3UroTsl B YCIOBUSIX in Vivo, TIPU-
BOJSIT SIIUTCHETUIECKUI XapaKTep €€ KOMIIETEHTHO-
cTU, “Hemonxoasiias’” ¢a3a KJISTOUHOT'O IIMKJIa, ITPU
KOTOPOM XpOMAaTHH HE CIIOCOOEH K BOCIIPUSITUIO CUT-
HaJla-UHAYKTOpa, a TaKKe HU3KUU YPOBEHb CIICILIM-
¢uyHOCTU caMoro curHana-uHaykropa (XKypaBnes,
Owmenpko, 2008). C 3TMM MHEHHMEM CJIEAyeT corja-
CUThCSI.

B uenom, Bormpoc 0 Mop(oreHeTu4eCKoii KoMmIe-
TEHTHOCTH U CBSI3aHHBIE C 3TUM BOIIPOCHI pEIIporpaM-
MmupoBaHusl u auddepeHuManmy/aenuddepeHma-
LU WHULMAJIbHBIX KJIETOK 3KCIUIAHTOB i1 Vivo, Naro-
IIUX Hadajao KaJUIycy in Vitro, CIeoyeT OTHECTU K
JIMCKYCCHUOHHBIM.
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Ha npumepe npencraBuTesieii MHOTUX ceMeCTB
pacTeHuii, KaK MOKPBITOCEMEHHBIX, TaK U TOJIOCE-
MEHHBIX, YCTAHOBJICHO, YTO 3KCIJIAHTHI, (DOPMUPY-
IolMe KaJlIyC in Vitro, NOJKHBI HAaXOOUTBhCS, Kak
MpaBUJIO, Ha PaHHUX CTaausx pa3BuTus. Tak, naH-
HbIE€ O TIPEUMYIIECTBE B MHAYKIIMU KaJTycoOOpa3o-
BaHUSI 3KCIIAHTOB OoJjiee paHHUX CTaIWii pa3BUTUS
MOJTyYeHbI MPU UCCIENOBAHUM HE3PEbIX MbUIbHUKOB
mueHuisl (Kpyrinosa u ap., 2005; bareiruHa u np.,
2010; CenpoumMupoBa u ap., 2016) u puca (Sahoo et al.,
2019), cemsanoneii Arabidopsis (Raizada et al., 2017),
TKaHeW “MoJIoAabIX” KOpHEW M HaA3eMHBIX OPraHOB
Arabidopsis (Sugimoto et al., 2010), “momoapIx” M-
ctbeB Boea hygrometrica (Sun et al., 2019), a Takxe
anyuKaJdbHBIX MEPUCTEM MMOOETOB MHOTUX PACTEHUIA.
OTHU pe3yabTaTbl MOXKHO OOBSICHUTD TEM, YTO UHAYK-
Mg o0pa3oBaHUs Kajulyca MpeariojiaraeT pernpo-
rpaMMUpPOBaHUE MHUILIMAJIbHBIX KJIETOK, K YeMy, T0-
BUAUMOMY, OoJiee MpeapaciooXeHbl KJIETKU MOJIO-
IBIX opraHoB. Takue KJIEeTKHA, BO3MOXKHO, CITOCOOHBI
K 0oJiee JIerkoMy CTUMYJIMpPOBaHUIO AeauddepeHmn-
alyu B TUIIOPU-/TOTUIIOTEHTHOE COCTOSIHUE MyTeM
srmureHeTndecko momudukanu JHK v crienndmn-
yecKux (akTOpOB TPAHCKPUIILIUU.

Lumogu3zuonoeuueckuii cmamyc He3peavix 3apoobiuieli
31aK08 6 cmaduu SmMopuoeenesa in vivo, OnmumatbHou
0151 UHOYKUUU hopMuposarnus Kaiiycos in vitro

He3spenple 3apoablii 37aKOB KaK IEPCIEKTUB-
HbI€ 9KCTIJIAHTHI IJTSI TIOJyYeHUs] KaJlyca U3y4aloTcs
yKe JOCTAaTOYHO JUTHTeNIbHOe BpeMst (byTeHko u mp.,
1986 u np.). UccremoBaHUSIMY, CHIELAATBLHO TTOCBS -
IIEHHBIMU CPAaBHUTEIBHOM OLIEHKE B MHAYKLIMHN KaJLTy-
CO00Pa30BaAHUSI in Vitro 3peJTbIX U HE3PEBIX 3aPOJIbIIIEHA
muenuibl (Kpyrmosa, Karaconosa, 2009; Dagustu,
2014; BerukoBa u ap., 2016; Kpyriosa u ap., 2019a) u Ky-
Kypy3bl (Ali et al., 2014; Juarez-Gonzalez et al., 2019),
ITOKa3aHo, YTO TP MPOYMX PABHBIX YCIOBMSIX HaU-
OOJIBIIMM KaJLLIyCOT€HHBIM MOTEHILIMAJIOM 00JIanaroT
WMEHHO He3peJIble 3aPOIbIIIN.

J11s1 BBISIBJIEHUSI TMTO(MU3MOJIOTMIYECKOTO cTaTyca
He3peabIX 3apoAbllieil 3J1aKOB, ONTUMAJIBHBIX IS
dopMUPOBAHUS KaJJIyCoOB in Vitro, HEOOXOINMO
3HaTh, HA KAKOW CTaauy dMOpHOreHe3a OHU HaXo-
JIATCS.

XOpOILIIO U3BECTHO, UTO 3UTOTUYECKUI 3MOpHOTE-
HE3 pacTeHUH in vivo MIpencTaBasieT cOO0M emUHBIN
MPOLIECC, B pe3yJIbTaTe KOTOPOI'O U3 UCXOIHOM KITeT-
KW — 3UTOTHI — (DOPMUPYETCS 3peblid 3apOAbILI, 00-
JIamaroumuin BceMu MOp¢GOreHeTUIeCKUMHU MTOTCHIIN -
SIMA B3pOCJIOTO pacTeHUsI. 3apOAbIIl pa3BUBAETCS
COIJIaCHO oNpeAeeHHBIM NAaTTePHAM KJIETOYHBIX Je-
JICHWIi, a BBISIBJICHHbIE SMOpUOreHETUUECKIE 3aKO-
HBI (3aKOH MPOMCXOXACHWSI, 3aKOH 4YHCEJI, 3aKOH
PACIIOJIOXEHUSI, 3aKOH 5KOHOMUHU ) OTPAXKAIOT CIIOXK-
HOCTb 3TOro mpoiecca (OMOPHUONOrUs IIBETKOBBIX,
1997, 2000; bareiruna, 2014; De Vries, Weijers, 2017
u 1p.). B To xe BpeMsi, B cBoeM Mop¢oreHese 3apo-

KPYTJIOBA u ap.

JBIII TIPOXOIMUT PSIi B3aMMOCBSI3aHHBIX CTaauil (B
TEPMUHOJIOTUM Pa3IUYHbIX aBTOPOB, NEPUOIOB, a3,
3TAIoB), pa3jIMYalolIUXcs KaK 1o Mopdodu3noao-
FMYeCKUM mpolieccaM, GyHKIIMOHAILHOI Harpyske,
MPOIOJKUTEIBHOCTU, TaK U 3HAYEHUIO 1151 NaJIbHEe i -
mrero pa3putus. Kaxnas U3 craauii sMOpuoreHesa,
HECMOTpsI Ha BCe pa3HOOoOpa3ue MPOUCXOISIINX B
9TO BpeMs TPOLIECCOB, HalpaBjieHa Ha peaiu3alivio
MOp(hOTeHETUYECKOro TTOoTeHIaIa 3apOIbIIIa U OH-
TOT€HETUYECKOM MporpaMMbl pa3BUTHsI OCOOU B 1ie-
JIOM, a 3apofibllll IEMOHCTPUPYET CBOMCTBA TUHAMMY-
HOM CUCTEMBI C MYJIbCUPYIOLINM XapaKTepoM hyHKIIY-
OHUpPOBaHUsI cBouX 3ieMeHTOB (baTbirnHa, 2014).

BrisBiieHue ctanmuy pa3BUTHSI HE3PEJIOTO 3apOIbI-
1Ia 3JaKOB in Vivo, ONTUMAJIbHOM Ojsl MOJYy4YeHUS
KaJlIyca in vitro, OCJI0XKHEHO TeM, YTO IIPU OMOTEXHO-
JIOTMYECKMX MCCIEOOBAHUSX MPEICTaBUTEICH 3TOro
CeMeliCTBa HE HCIIOJb3YeTCsS eauHas YHU(DUIIMPO-
BaHHas Tiepuoau3alust amMoOpuoreHesa. OTcyTcTBHE
TaKOM IIepUOAMN3aLIMKY BO MHOTOM OOYCJIOBJIEHO OCO-
OEHHOCTIMHM KaK IIpolecca 3MOpuoreHes3a, Tak M
CTPOEHUSI 3peJioro 3apoipbliiia 3j1akoB. CBoeobOpas-
HBI TOPCOBEHTPAJIbHBINM CITIOCOO pa3BUTUSI 3apOIbI-
Il1a HaYMHasl C 3UTr0Thl, CIieln(uKa opraHoreHe3a 1
YHUKaJIbHOE CTpOE€HUE BBICOKOAU(pPEpEeHIIMPOBAH-
HBIX OPraHOB 3peJIOro 3apoiblllla Aaji OCHOBaHUE
BBIIEIATh OCOOBIN THIT 3MOpHoOTeHe3a MIISHUIBI —
Graminad (bateiruna, 2014 u panee). IIpaBomou-
HOCTb BbIOelieHusT Graminad-tuma sMOpHOreHe3a
MOATBEPKIAECTCS HCCIENOBAaHUSIMM 3MOpHOreHe3a
pa3InYHbBIX BUIOB 371aK0B (1mo: Kruglova et al., 2020).
YHUMKAJIbHOCTh 3MOpPHOreHe3a 3J1aKOB YCJIOXHSIET
BBIACICHUE YETKUX MOP(POJIOTrMUYECKUX KPUTEPHEB
cTaauii ux pa3BUTHs. B mpakThke KyJIbTUBUPOBAHMS
in vifro HE3peJbIX 3apOMBIIICH 31aKOB OOJBIIUHCTBO
aBTOPOB B KA4eCTBE 3KCIUIAHTA YKa3bIBAIOT “He3pe-
JIBIN 3aponbIln”, 0e3 JeTaTu3aluu.

st pelieHUs1 3Toit MpoOJieMbl TIpeaIoXeHa Tie-
puomm3anusi SMOpHOTeHe3a 3J1aKOB, IOCTAaTOYHO
ynoOHast B OmotexHojiorndeckoin mpaktuke (Kpyr-
JoBa, 2012). ABTOp Ha OCHOBaHWM BPEeMEHU MOCJIe
HMCKYCCTBEHHOTI'O ONBLICHMS IIpemiaraeT BbIICISITh B
SMOpHOreHe3e 3JIaKOB 3Tan HemmuddepeHIInpoOBaH-
HOTO 3apojpbliia (CTaguu: 3UroTa, AByKJIETOYHBIN 3a-
POIBIII, YETHIPEXKICTOUHBII 3aPOIBIII, MHOTOKJIETOY-
HBII 3apopIiil), 3Tar MopgoIorudecKoit nugdepeH-
LMalMy 3apojbliia (CTaAMy Hadvajla opraHoreHesa,
aKTMBHOT'O OpraHoOIreHe3a, 3aBepIIeHIsI OpraHoTeHe3a)
u atan auddepeHIIMPOBAaHHOTO 3apobliia (CTaguu
¢hOpMHUPOBAHHOIO 3apOJIBIIIIA U 3PEJIOTO 3apO/IbIIIA).

DTa nepuoausaiys Oblia UCIOJb30BaHa TIPU Je-
TaJIbHBIX CPAaBHUTENbHBIX MCCIENOBaHUSIX (hOPMUPO-
BaHUSI KaJUTyCa HE3PEJbIMU 3apOIbILIAMUA MHOTOUYUC-
JICHHOU TPYIIbI TEHOTUMOB MIITeHUIIbl. MHOKYyIMpoBa-
HUE B YCJIIOBUS KYJIBTYPBI i71 Vitro HE3PEJIbIX 3apPOAbILIEN
B BbIJIEJIECHHBIX CTaIUSIX SMOPUOTeHe3a BbISIBUIIO, YTO Y
BCEX W3YYEHHBIX TE€HOTUIIOB MPU MPOYUX PABHBIX
yCca0BUAX (COCTaB MHIAYKIIMOHHON cpeibl, husuye-
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Puc. 1. He3pesnblii 3apoablil MIIEHUIBI B CTAAMM aKTUBHOTO OpraHOreHe3a o JaHHBIM CBETOBO (a) U TPaHCMUCCUOHHOM
3JIEKTPOHHOM (6—1) MUKPOCKOTINU. Y CIOBHBIE 0003HauYeHUsT: Am — amuioruiact, Ch — xioporuiact, Cl — koneontwibs, CW
— kireroyHast cteHKa, EPR — sHmorutasmaruyeckmit petukymom, Gr — rpaHa, L — nmunmmnHas karuist, M — mutoxoHapusi, N —
sinpo, Pl — mmasmonecma, RM — Mepurctema kopHs, S — cycnieH3op, SG — KpaxMaJabHOe 3epHO, SC — IIUTOK, SM — Mepuctema
noGera. LlIkana: (a) — 100 MxM, (6) — 500 HM, (B) — 400 HM, (T, 1) — 200 HM. (a—T) — opUT. AaHHbIE; (1) — 11o: Seldimirova et al.,

2017. TTosiICHEHUS B TEKCTE.

CKUe€ YCIOBUS KyJIbTUBUPOBAHMS in Vitro W Ap.) Ha4a-
JJ0 MOp(dOreHHBIM KajurycaM naBaiu 12— 14-cyTou-
HBI€ 3apOIBIIIN, HAXOAUBIIKUECS in Vivo B CTaIUU aK-
TUBHOI'O OpraHOI'eHE3a.

l'uctonornueckuit aHaau3 roxkasaji, 4To JJIs Ta-
KUX 3apOoAbIlIeit XapaKTepHO 000CO0JIeHNE 3a9aTKOB
OpraHoB (CeMsIIOJISI-IIUTOK, O0ET), IPeACTaBISHHbBIX
aKTUBHO JIEJISIIIINMICS MEPUCTEMATUICCKIMM KJICTKA-
MU. BaxkXHO MOMYEpPKHYThb, UTO 3TU KJIETKU TOKPHITHI
TOHKUMU obojoukamMu (puc. la) (Seldimirova et al.,
2017; Kpyriosa u np., 2019a). Kinetku xapaktepusy-
FOTCS BBICOKOI MeTaboMMUeCKO aKTUBHOCTBIO, UTO
MOATBEPKAACTCS UX YJAbTPACTPYKTYPHBIMU MOKa3a-
tenssMu (puc. 10—11): 3HaAUUTEIILHBIM KOJIMYECTBOM
CBOOOMHBIX PUOOCOM, AMUJIOILUIACTOB, €IMHUYHBIX
Pa3BUTBIX XJIOPOIUIACTOB, MUTOXOHIAPUIA C XOPOIIIO
Pa3BUTHLIMU BHYTPEHHUMHU MeMOpaHaMM, aKTUBHBIMU
KOMIUTIEKCOM [OJTBIKU M TpaHyJISIPHBIM 3HIOIIIa3Ma-
TUYECKUM peTUKyIyMoM (Seldimirova et al., 2017).

B psne paboTt npuBoOmsTCS CBEIEHUS O HEMHOTO
MHBIX BpeMEHHBIX MHTEpBaiaX, MPOIIEAIINX CO Bpe-
MEHU OTBIJICHUS 3JTAKOB, He3peJIble 3apOIbIIIN KOTO-
pBIX (hopMUPOBAIIN KAJUTIYCHI in vitro. Tak, y mimeHu-
IIbI 3TOT MHTepBaj cocTaBlisu1 10—16 cyt (MupourHu-
yeHko u gap., 2014; Dagustu, 2014; Khlebova,
Nikitina, 2016), kykypy3sl — 9—18 cyT (Ali et al., 2014;
Hong et al., 2017; Juarez-Gonzalez et al., 2019), stu-
MeHsT — 14—16 cyt (UepHoB, [Tenaunen, 2011). dan-
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HBbIE O CTaTyCe 3apOIbIILICi aBTOPHI HE IIPUBOIST, O~
HaKO B 3TOT MHTEPBaJI BpeMEHU HE3PEJIble 3aPOAbIIIN
3J1aKOB Takxke, MO-BUIMMOMY, HaXOISATCS B CTaaiuM
aKTUBHOTO OpraHoreHe3a, COMIaCHO MEePUOaN3aIn
(Kpyrnona, 2012). MoxHo mojaratb, YTO U B 3TUX
cllydasix HayaJlo KajulycaM JalT MepucTeMaruye-
CKHE€ KJIETKUA 3a4aTKOB OPraHOB 3apojbilna. Takoe
CXOACTBO Pe3yJbTaTOB MOXET CBUIETEIbCTBOBATH 00
ornpeaesieHHOM YHMBEPCAJIbHOCTU CTaauu 3MOpPUO-
reHesa 3/1aKoB (2 UMEHHO — OpraHoreHe3), BO BpeMs
KOTOPOI 3apObIIIM KOMIIETEHTHBI K (hOopMHUpOBa-
HUIO KaJllyca in vitro.

Yro KacaeTcst KOHKPETHBIX OPTaHOB HE3peJIbIX 3a-
ponbiiieit, GOPMUPYIOLIUX KAJLTYChI in Vitro, TO BbISIB-
neHo, yro y mmenunsl (Kpyrmosa, Cenpoumuposna,
2011; MupomtHudeHkKo u np., 2014; Seldimirova et al.,
2016), kykypy3sl (Rakshit et al., 2010; Sun et al., 2013;
Lowe et al., 2018; Lopez-Ruiz et al., 2019), ssumeHs
(Slesak et al., 2013) kayurychl OepyT Ha4yajio OT CeMsi-
JIOJIU — IIUTKA. DTO XOPOIIO OTpakeHo, Halprumep,
Ha MHUKpodoTorpadusx, MpeacTaBIeHHBIX B CTaThe
Jlone3-Pyn3 ¢ coaBt. (Lopez-Ruiz et al., 2019), roe
MPUBEAEHBI JaHHbIE U3yUYeHUsI 001acTu (hopMUpPOBa-
HUS KaJlJTyca M3 HE3PeJIoTo 3apoIbIia KYKypy3bl Me-
TOAOM CKaAHUPYIOIIEH 3JIEKTPOHHOW MUKPOCKOIIUU.

CBelneHMI 0 Ipyrux opraHax 3apojblilia 3J1aKOB,
YYaCTBYIOIINX B 00pa3oBaHMU KaJTyCOB, B MTOCTYI-
HO TUTepaType HaMu He oOHapykeHo. [1o-BruaumMo-
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My, TOJBbKO ONpeNecICHHBIE OpraHbl HE3PEIOro 3apo-
JIBIIIA KOMIIETEHTHBI K KaJLTyCOOOpa30BaHUIO in Vitro,
Mo KpaiiHEW Mepe y M3Yy4YEHHBIX B 3TOM OTHOILUEHUU
3J1aKOB.

l'icTonornyecku BBISIBIIEHO, YTO KaJUTyChl (pop-
MUPYIOTCS U3 KJIETOK 3MUJIepPMUCA IIIUTKA HE3PETbIX
3aponpllieii 371akoB (ImogpodHee cM Huke). Takue
HaOJIIOAEHMUSI COOTBETCTBYIOT CBEICHUSIM OO0 aKTHB-
HOM poiu 3MuaepMuca BO BpeMsl pa3BUTUSI pacTe-
HUM, KaK 3TO MOKa3aHO, HallpUMep, MOJIEKYJISIPHO-
TCHETUYECKUMM HCCIIENOBAaHUSIMM 3TOW TKAHU IIPU
¢dopmupoBaHum KopHeit (Short et al., 2018) u moderon
(lida et al., 2019) Arabidopsis B ycnoBusix in vivo. Cneny-
€T TIOMYEPKHYTh, YTO KJIETKM SIMUACPMICA IIIUTKA He-
3peNIbIX 3apoIblllieii 371aKOB IIPU COOTBETCTBYIOIIUX
YCJIOBUSIX in Vitro CTIOCOOHBI K Pa3BUTHUIO U MO ITyTU
¢dhopMHUpOBaHMS COMAaTUYECKNX 3aPOIBIIIEH, KaK 3TO
BBISIBJIEHO Y KyKypy3hl (Lowe et al., 2018).

M3BecTHO, UTO 3MMUASPMUC IIIUTKA MO CBOEMY I'e-
HEe3WUCYy MPEeACTaBIISIET CO0O0I IIPOTOASPMY, WU DM-
OpuoaepMy — HOKPOBHYIO TKaHb 3apOJbIila, Y 00Ib-
IIIMHCTBA BUIOB, B TOM YMCJIE 3J1aKOB, (POPMUPYIOIILY-
IOCS Ha JOCTAaTOYHO PaHHUX CTAaUsIX SMOpHOreHesa,
IIPY 3TOM CTaIMSI BEIJICHEHUSI IIPOTOAEPMBI CYUTACTCS
KpUTUYECKO B pas3BuUTUM 3apoapiia (bareirmHa,
2014 v paHee). B KoHTeKCTe TaHHOI CTaThU OCOOEH-
HO BaXXHbI JaHHBIE O BBICOKOI MpoJimdepaTuBHOM
aKTUBHOCTHU KJIETOK MPOTOAEPMBI in Vvitro (mo: AH-
poHoBa, 1997), a TakxXe CBeeHUS O KJIeTKaX MPOTO-
JIepMbl KaK MHUIIMAJBHBIX KJIETKAaX COMaTHMYeCKUX
3aponpiiieit 31akoB in vitro (Joshi, Kumar, 2013).
BnioiHe BO3MOXHO y4yacTue mpoTOAepMbl U B (hop-
MUPOBAaHUM KAJUTYCOB in Vitro, XOTSI TAKOT'O polia CBe-
JIEHUS B IOCTYITHOM JIMTepaType OTCYTCTBYIOT.

be3ycioBHO, Ba)KHO OXapaKTeprU30BaThb CTPYKTY-
pbI, OKpyKarolllue He3pesblii 3apojblill 37akoB. B
YCIIOBUSIX [M ViVO TOKPBITbIE TOHKOM OO0OJIOYKOIt
KJIETKM DIUJIEpMUCA LIMTKA HE3PEJIbIX 3apoibliiieit
rpaHUyaT ¢ 3HAOCIEPMOM — IeTepOreHHOI TKaHbIO,
clTy>Kallleil He TOJIbKO MCTOYHMKOM IMUTaHUS 3apo-
JIblllIa, HO, YEPE3 TOPMOHAJIbHbIE CUTHAJIbHBIE TYTU U
MOCPEACTBO OMOXMMUUYECKUX, TPAHCKPUILIMOHHBIX
U 3MUTEHETUUECKUX (DAKTOPOB, — OMHUM M3 PETyJIsi-
TOPOB pa3BUTHUS 3apOoAbINIa B eNUHON cucTemMe “3a-
ponbi—aHaocnepm” (Lafon-Placette, Kohler, 2014;
Doll et al., 2017; Duarte-Ake et al., 2019). [To-Buau-
MOMY, MMEHHO IOTPAHUYHOE IOJIOXKEHUE KJIETOK
3MUIEPMHUCA IIMTKA BO MHOTOM CIIOCOOCTBYET UHIY-
LIMPOBAHMIO B HUX KaJlJTycooOpa3oBaHus in vitro. He-
cllydyaliHO BO MHOTUX OMOTEXHOJOTMYECKUX MPOTO-
KoOJlax JJis YCIEUIHOIo MOJy4YeHHUsl KaJllyca peKo-
MEHJIyeTCsl pa3MelllaTh OTAeJIEeHHbIE OT SHIO0CIIepMa
WHOKYJIMPYEMbI€ HE3peJble 3apoiblllid 371aKOB Ha
arapM3oBaHHYIO Cpely UMEHHO IIMTKOM BHU3, IS
UX HEMOCPEJICTBEHHOTO KOHTAKTa C BELIECTBAMU M-
TaTeJIbHOI Cpelbl, 3aMEHSIIOIIME HI0CTIepM (IJ1aB-
HbIM 00pa3oM, UHIYKTOpaMU-TOPMOHAaMU, CM. HU-
Ke), 4yeMy CHOCOOCTBYeT IPOHUIIAEMOCTb TOHKOM
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000JI0YKM KJIETOK 3nuaepmuca. B To xe BpeMsi B
KOHTEKCTE TaHHOU CTaTbU BasKHO MOMYEPKHYTh, UTO
1 KJEeTKU CaMOro 3HAOCIepMa MOTYT CIYXKUTh UC-
TOYHUKOM (pOPMUPOBAHMSI OPraHOTEHHOTO KaJjliyca,
KakK 3TO mokazaHo st Actinidia arguta (Popielarska-
Konieczna et al., 2020).

Bce T naHHBIE CBUIETEIBCTBYIOT O BBICOKOM
MopdoreHeTUYECKOM MOTEHIIMAJIE KJIETOK HE TOJIbKO
OMpPENEIEHHBIX OPTAaHOB HE3PEIBIX 3aPOMIBIIIECH pac-
TEHUI, HO U OKPYKAIOLIUX UX TKAHEH.

HemanoBaxxHoe 3HaYeHUE, 1MO-BUIMMOMY, UMEET
1 MO3UIIMOHHOE PACITOJIOXKEHUE MHULIMATBHBIX KJle-
TOK KaJIIyca B CUCTeMe KJIETOK 1 TKaHel 3KCIUIaHTa.
Konuemnuus mosunmoHHoi nHpopmaiuu (Wolpert,
2016 u paHee) ObLIa MpPeMIOXKEHA IS ITOHUMAHUS
IIPOCTPAaHCTBEHHO-BPEMEHHOM OpraHu3aluyd MOp-
doreHe3a B cICTeMe 1IeJJOCTHOTO oprann3ma. C maH-
HOI KOHLIETILMEN TECHO CBSI3aHA KOHLIENLIMS TapreT-
HBIX KJ1eToK (Osborne, McManus, 2009), cBouM UH-
IUBUIYaJbHBIM IIO3UIIUOHHBIM  PACIIOJIOXEHUEM
yepes crietnduyeckre 6eJIKOBbIe MapKephbl 1eTEPMU-
HUPOBAHHBIX PAacIoO3HABaTh CHEUUOUUSCKUIA SHIO0-
TEHHBII WM 3K30TeHHBI CUTHaI K (DOPMHUPOBAHUIO
opraHa (B KOHTEKCTe JTAHHOTO 0030pa — Kaymyca. —
Asm.). KoH1lenms no3nuiMoHHONM MH(GOpMAalNi, KaK
Y KOHIENIS TAPTeTHBIX KJIETOK PaClleHUBAETCS 1C-
cliefoBaTeIIMU HEOJHO3HAYHO — OT aKTUBHOTO
NpUMEHEHUSI MpPU aHaIW3e pPa3IUIHBIX aCIeKTOB
pa3BUTUS KJIETOK, TKAaHEW 1 OPraHOB pacTeHUii in vivo,
in vitro n de novo (4y6, 2010; Perilli et al., 2012;
Chavez-Hernandez et al., 2015; Gaillochet et al.,
2015; Janocha, Lohmann, 2018; Lopez-Ruiz et al.,
2019), BkiIOYas U3y4yeHUE BIUSHUST MO3UIIMOHHO-
3aBUCHMOI PeryJIsiiuyd T€HOB Ha HEKOTOPBIE IIPO-
eccel MopdoreHesa (lida et al., 2019), mo ux oleHKHU
Kak (hopMaJIbHbIX, peAyKIIMOHHO-MEXaHUCTUYECKUX
(Jaeger et al., 2008). DTOT BOIIpOC TaKXKe CIIEIYET OT-
HECTHU K KaTeropuu JUCKYCCUOHHBIX. OMHAKO MOJI0-
KUTEJIbHOM, Ha Halll B3MISIA, Oblla Obl pOJib 3THUX
KOHIIETIIWI B HIOHUMaHUM TOTO, B KAKOM MECTE 9KC-
IUIaHTa 1 TI0YeMY MMEHHO 31eCh HaXOAsITCS KJIETKHU,
crocoOHbIe c(hOPMUPOBATH KAJLTYC.

BaxxHo nmaTh OlLIEHKY 3HIOT€HHBLIM TOPMOHAM B
He3peJIbIX 3apOoAbIIIax 3JJaKOB Ha ONTUMAaIbHONI IS
VMHIYKOUA (POPMHUPOBAHUS KaAJUIYyCOB CTaguM SM-
OpuoreHesa in vivo.

XOpollIo U3BECTHO, YTO B XOJ€ 3UTOTUYECKOTO
sMOpHroreHe3a pacTeHUI in vivo IOCTeNeHHO ¢Gop-
MUpYeTCSd COOCTBEHHasi MHOTOKOMITIOHEHTHasl Cu-
cTeMa TOPMOHOB, AKTUBHO YYaCTBYIOILIIUX B PETYJISI-
IIAU BCEX MPOIIECCOB POCTA U Pa3BUTUS 3aPOJIBINICIA.
OCHOBHYIO pOJib B TaKO# Peryasiiiii UTparoT KiItoue-
Bble TOPMOHBI MOpdoOTreHe3a pacCTeHUit — ayKCUHBbI,
YCKOPAIOIIKE POCT KIIETOK, [IUTOKUHUHBI, YCKOPSIO-
1I1e NeJieHUs KJIETOK, a TakKe aOCIU3UHbBI, TOPMO-
3q1me oba mpoiecca. DTOT BOIIPOC, KaK M CBSI3aH-
HBI C HUM BOMIPOC TEHETUYECKOTO KOHTPOJISI TOPMO-
HAJIbHOW PETYJSLIUU PA3BUTHUS 3apOMBIIIA, AKTUBHO
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U3ydaeTcd MNpU aHaIu3e BCeX IOCIeAOBATEIbHBIX
CTaguii 3MOpHOTeHe3a IBYIOJIbHBIX, OCOOEHHO —
MopeabHOTO pacteHust Arabidopsis thaliana (TBopo-
rosa, JIyrosa, 2018; Radoeva et al., 2019; Smit et al.,
2020; Tian et al., 2020). CTumyaupyroliasi pojab 3H-
JIOTeHHBIX TOPMOHOB IT0OKa3aHa U IIPY COMaTU4eCKOM
SMOpHUOTeHese in vitro IByAONbHBIX, HaIIpuMep, Ara-
bidopsis (Radoeva et al., 2020).

B otnuume ot ABYIOJBHBIX, UCCIAESAOBAHUS POIU
TOPMOHOB M KOHTPOJIMPYIOIIHNX MX (PYHKIIMOHUPO-
BaHME I'eHOB B ®BMOpHoOTeHe3e 3J1aKOB He TaK MHOTO-
YUCJICHHBI, JOCTATOYHO OTPBLIBOUHBI M KacaloTcs
IJIaBHBIM 00pa30M BBISIBJIEHUS POJIU OTAEIbHBIX TOP-
MOHOB Ha OTAEIbHBIX CTAAUSIX PA3BUTHS 3apOIbILIeit
(mo: Kruglova et al., 2020). OcHOBHOe BHUMaHUE UC-
cliefoBaTe Iy yaS S IOT U3yUeHUIO y4aCTUS TOPMOHOB B
¢dOopMHUPOBAHUM TIOKOSI Y MIPOPACTAHUU 3PEbIX 3ep-
HOBOK 351akoB (Zhang et al., 2016; Czajkowska et al.,
2019; Seldimirova et al., 2019a; Wang et al., 2019).

Kak 1 y 1By#OIbHBIX, Y 3JIaKOB BBISIBJIEHA 3aBUCH -
MOCTb (hOPMHMPOBAHMS W Pa3BUTUSI 3apOIbIIICii OT
ayKCMHOB M IIUTOKMHWHOB IIPEMMYILIECTBEHHO Ha
HavyaJIbHBIX CTAIUSIX SMOpHOreHe3a. Y CTaHOBJICHO, YTO
5TU TOPMOHBI TIPUCYTCTBYIOT HA PAHHMX CTadUsIX BM-
opuorenesa meHulibl (Hess et al., 2002; Fan et al.,
2007; Ceapaumupona u ap., 2017), kykypyssl (For-
estan et al., 2010; Doll et al., 2017), puca (Zhao et al.,
2019). Ha ontumanbHOI 111 popMUPOBaHUS KaJLIy-
ca CTaIuM OpraHoreHes3a BbISIBJIeHA MMMYHOTHUCTO-
XUMHUYecKas Jiokanuzanusa aykcnHa MYK B kieTkax
anyuKaJIbHOM YaCTH 3apOobIllia U Pa3BUBAIOIINUXCS Op-
raHoB 3apojpiieit nieHuubl (CelpauMuUpoBa U Op.,
2017) u staumens (Cenpoumupona u ap., 20186). AHa-
JIOTUYHBIC NaHHBbIE MO ayKCHMHAM TOJy4YeHBl MpU
OLIEHKE TOPMOHAJILHOI'O CTaTyca HEe3peJIbIX 3apOIbl-
IIEii, Tal0IIMX HA4aJI0 COMaTUUYECKOMY SMOpHOTeHe-
3y in vitro psima 31akoB (Seldimirova et al., 2016,
2019b; Dziurka et al., 2019). IUTOKMHUHBI TAKXKE BbI-
SIBJICHBI B HaUaJIe SMOpHUOreHe3a, HallpuMep, KyKypy3bl
(Chen et al., 2014) u sumens (CenpbauMupoBa u Jp.,
20180), a Takke B Hayajie COMaTUYE€CKOI0 IMOpuore-
He3a in vitro meHunbl (Seldimirova et al., 2016; T'a-
JuH n ap., 2018). B memoMm, riaBeHCTBYIOIIAsT POIb
ayKCUHOB U LIMTOKMHUHOB HAa PaHHMX CTAIUSIX pa3-
BUTHS 3aPOJIBILIENA 3JIAKOB, KaK 3UTOTUYECKMX N Vivo,
TaK ¥ COMaTUYECKUX in Vitro, BIIOJIHE OOBSICHUMA, €C-
JIM YYUTBIBATh aKTUBHbIE MOP(MOTreHETUYECKIE IIPO-
LIECCHI B TAKMX 3apObIIIIaXx.

Yro kacaercs ABK, To y 371aK0B, KaK 1 IBYIOJIb-
HBIX, TTOBBIIIIEHHOE COIEePXKaHWE 3TOTO TOPMOHA BBI-
SIBJICHO TPEUMYIIECTBEHHO B 3apojbllllax Ha MO3/-
HUX CTaIMsIX dMOpUOTeHe3a U B 3pebIX 3¢pHOBKaX
(Hess et al., 2002; Fan et al., 2007; An, Lin, 2011;
Wu et al., 2011; CenbanumupoBa u 1p., 2018a). UMmy-
HOTUCTOXUMHWYECKUMHU MCCIACIOBAHUSIMU ITOOTBEP-
XneHo, 4yto sHporeHHas ADBK orTkmanpiBaeTcsa B
KJIeTKax 3apofpliia mieHulbl (CeabauMupoBa U ap.,
2017) u stamens (CenpaumupoBa u ap., 2018a) yxe B
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c(opMUPOBaHHBIX OopraHax. Takue TaHHbIE MOXHO
OOBSCHUTH TEM, YTO 3TOT FOPMOH MPEAOTBpAIlAET
MpeXaeBpeMeHHOe IpopacTaHue ceMsiH (Miransaria,
Smithc, 2014), a Takxke akTUBUPYET (DEPMEHTHI, Ka-
TaJIM3MpYIOIMe pactal HIMTOKUHUHOB, U UHTUOUPY-
€T DKCIIPECCUI0 T€HOB OMOCUHTE3a HUTOKMHUHOB,
YTO, B CBOIO OUepe/ib, MPUBOAUT K CHUXKEHUIO aKTUB-
HOCTU KJIETOYHbBIX JEJI€HUI U TOPMOXKEHUIO POCTO-
Bbix mnpoueccoB (BecemoB m np., 2017). BeickazaHo
MHeHue (CenpaumupoBa u ap., 2018a), yuro ABK B
MO3IHEM AMOpHOTeHe3e 3JIaKOB YJYacTBYET B CUHTE3€
aKTHMBHBIX (pOpM KUCI0pOaa, pa3phIXJISIONIMX KIETKA
KOJICOPU3bI, TEM CaMbIM CITOCOOCTBYSI IPOPACTAHUIO
3apOIBIIIEBOrO KOPHsI/KOpHEi. B 11e1oM, royyeHHbIe
JIaHHbIE MOATBEPXKIAI0T BaxKHY10 pojib ABK B co3peBa-
HUU 3apOIbIIIEHi 3JIaKOB 1 MEPEXOJIe CEMSH K TTOKOIO,
OIHAKO, COMIAaCHO MpoaHaJU3UPOBAaHHBIM JIMTEpa-
TYPHBIM TaHHBIM, 3TOT TOPMOH HE MPOSIBISET BHICO-
KO aKTUBHOCTH B CTaIUM OpraHOreHe3a 3apoablieii
3J71aKOB.

HccnenoBanusi reHOB, KOHTPOJIUPYIOIIUX TOPMO-
HaJIBHYIO PETYIISIIINI0 SMOpHUOTeHe3a 3J1aKOB, TaKXkKe
HE CTOJIb MHOTOYMCIICHHBI ¥ OTPHIBOYHBI B CpaBHE-
HUU C aHAJIOTUYHBIMU HCCIEAOBAHUSIMU IBYIOTb-
HbIx. Tak, y meHuisl (Zhao et al., 2014) u Aegilops
tauschii (Zhao et al., 2015) n3oamupoBaHbI 1 OXapaKTe-
pu30BaHbI TeHbl ceMelicTBa WOX, urparmoouiye poJib
KOOPAWHATOPOB TPAHCKPUITLIMY B XOA€ PAHHETO M-
OpuoreHe3a 3TUX 371aKOB. B mo3gHeM sMOpuoreHese
puca BeigBiaeHa nHaypyeMas ABK skcripeccns re-
Ha OSGH3-2 u3 cemeiictBa GH3, MOIyIUpyOIIETO
ypoBHU aykcuHOB 1 ABK (Du et al., 2012).

Takum obpaszom, ucciaenoBaHUsi UUTO(GU3NOIO-
TAYECKOTO CTAaTyca HE3PENbIX 3apOABIIIENA 371aKOB B
cTaguu >MOpHOTreHe3a, ONTUMAJILHON TSI MHUIIMA-
1 (opMHUPOBAHUSI KaJUTyCOB HAa WHIYKIIMOHHOW
cpene, B LIEJIOM CPaBHUTEJIBHO HEMHOTOYWCIEHHBI.
OmHako Takoro poja MccjieqoBaHMsI, Oe3yCJIOBHO,
BaXKHBI U TIEPCIEKTUBHBI, TOCKOJBKY CTaTyC KJIETOK
3apOJIbIIIA KaK MTHUIIAATBHBIX KJIETOK KaJlyca Urpa-
€T BAXHEUIIYIO, €CIIM HE OMPENECISIONIYIO, POJb B
WHULMAU (POPMUPOBAHUS KAJLUTYCOB 3JTAKOB in Vi-
tro. KpoMme Toro, nuddepeHiimanms He3peabix 3apo-
JBIIIEH 3]IAKOB CIIYXXWUT MOKa3aTeJIeM KOMITETEHTHO-
CTU X KJIETOK U K AaJIbHEMIIE pereHepaluuu pacTe-
HUI B KAJUTYCHBIX KYJIbTYpPaXx in Vitro, Kak 3TO TIOKa3aHO
g ssameHst (YepHos, IlenouneH, 2011), KyKypysbl
(Ali et al., 2014), murenuns (Dagustu, 2014).

OOPMUPOBAHUE 1N PASBBUTUE
3APOIBIIIEBDBIX KAJIJTYCOB 3JIAKOB
HA UHAYKIUMOHHOUW CPEAE IN VITRO
U UX HUTOPU3UOJOTMYECKHUN CTATYC

Hespenbie 3apoaplliy 3JTaKOB B CTaIUM aKTUBHO-
ro OpraHoreHesa pasMellaloT Ha cpele, Moa00paHHOIM
JIJISI UHIYKIIMYA (DOPMUPOBAHMS KAJITyCOB i Vitro.
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OnHa U3 TPUHUUITMATIbHBIX TPOOJIEM B aHATU3U -
pyeMoii 00J1aCTH UCCIeIOBAaHUM — OIIEHKA BEIlleCTB-
CTUMYJISITOPOB (MHIYKTOPOB), BBI3bIBAIOLIUX (hop-
MMPOBAHUE KAJLTYCOB in Vitro VYHULIUAJIbHOU IpyNIOM
KJIETOK He3peJibix 3apojbliiieii. CornacHo pe3ysibTa-
TaM MHOTOYMCJIEHHBIX MCCIEAOBAaHUM, Pa3TMUHBIX
9KCIUIAaHTOB Pa3HbIX BUIOB pacTeHUIi, B TOM UMCIIe
He3peabIX 3apoblllIeii 31aKOB, TJIaBHEUIIINE UHIYK-
TOPBI KAJITyCOOOpa30BaHUs in Vitro, — TOPMOHBI MHIYK-
LIMOHHO MUTATeIbHOM Cpelibl, NIaBHBIM 00pa3oM ayK-
CHMHBI, B TOM uncie cuHTetudyeckue (Motte et al., 2014;
Yu et al., 2017; Kruglova et al., 2018a; Shin, Seo,
2018). BrickazaHo MHEHHE, YTO B IIPOLIECCE TOPMO-
HaJIbHOW MHIYKIIMY KJIETKU 9KCIUJIAHTOB UCTIBIThIBA-
IOT 3HAUYMTEIbHBIN CTpecc, KOTOPBINA 3aITycKaeT Ieii-
CTBUE TPAHCKPUITIIMOHHBIX (haKTOPOB, CIIOCOOCTBYIO-
LIMX MIEPEXOAY ITUX KIETOK K UBMEHEHUIO TTPOTpaMMbl
pa3Butus in vitro (Duarte-Ake et al., 2019).

MexaHU3M UHOYHUPYIOIIEro ASMCTBUSI ayKCHMHa
JIETAJIbHO BBISIBJIEH B XOJI€ SKCIEPUMEHTOB IO KYyJIb-
TUBUPOBAHUIO in Vitro KOPHEBBIX 3KCIIJIAaHTOB Arabi-
dopsis Ha UHAYKIIMOHHOM Cpeie C MTOBBIIIIeHHO KOH-
LIEHTpallMeil 3TOrO0 TOPMOHA. YCTaHOBJICHO, YTO C
MMOMOIIIBIO TpaHCMeMOpaHHBIX PIN-0enkoB ayKcuH
MPOHUKAET B HEKOTOPbIE KIETKU IePULIMKIIAa KOPHS
(aBTOpPBI HE YKa3bIBAIOT, 10 KAKOMY MPUHLIUITY “BbI-
OmparoTcst” KIIETKHU, CKOpee BCETo, TIPU 3TOM TTPOSIB-
JIsIeTCs TIO3ULIMOHHAsST MH(MOpMAaLS 1/UIIU JeCTBYE
SHAOTeHHBIX CUTHAJIOB. — A6ém.) U HaKaIlJIMBacTCs B
Hux. UMeHHO Takue KIETKH C JIOKAJIbHBIM MaKCUMY-
MOM ayKCWHA Y COMYTCTBYIOLIEN JTOKAUTbHOU aKTUBA-
1I1eii ayKCMHOBBIX OTBETOB, KOHTPOJIUPYEMbIX HOCH-
TeJISIMU TIPUTOKA/OTTOKA ayKCMHA, HAYMHAIOT [Ie-
JUThcs (opMHpoBaHMEM Kajuryca. Iloka3aHo, 4TO
addhexkTrBHEE MCMOIb30BaTh MMEHHO CUHTETUYE-
CKH€ ayKCUHBI, KOTOPbIE HE TPAHCIIOPTUPYIOTCS U3
kietok PIN-Genkamm m, B OTJIMYME OT MPUPOTHBIX
ayKCUHOB, OYE€Hb CJIab0 METa0OJM3UPYIOTCS U CITO-
COOHBI BXOOUTH B KJIeTKU He3aBucuMo oT AUX/LAX-
Hocuteneii aykcuHoB (Kawochar et al., 2017). 3ame-
TUM, YTO TIOCTYIUIEHUE 3HIOTEHHOIro ayKCHhHa B
KJIETKU IIPOKaMOWUSsI BBISIBJIEHO W B YCIIOBUSIX in Vivo
Mpu opraHoreHese KopHs1 Arabidopsis thaliana, ipu
3TOM F'OPMOH aKTUBUPOBAJI IeMICTBHUE TPAHCKPUIILI-
oHHoro ¢akropa WUS11, yaactByiomiero B (popMu-
pPOBaHUU MHULIMAJILHBIX KJIeTOK KopHeii (Chen et al.,
2016). Y 3TOro ke pacTeHUs in vivo OTMEYEHO, UTO
MHTUOUTOP MOJISIPHOTO TPAHCIIOPTa ayKCUHA BIIMSIET
Ha MopdoreHe3 JUCTa W T€HEPATUBHBIX CTPYKTYP
pu pa3nnyHbIX pacumanusx (Bykova et al., 2016).

HccnenoBareny IpUBOAAT TaHHBIE O TIOJYICHUU
KaJJTyCOB M3 He3peJibIX 3apoibllleil 31aKoB Ha WH-
OYKIIMOHHBIX cpefax, COmepKallnux, KakK IIpaBUIIo,
SMITMPUYECKN TTOT0OpaHHBIC KOHIICHTPAIIUN TOPMO-
HoB. OmHaKO MPUBOASATCS CBEIEHUS U O OanaHce
MEXITy COmep>KaHNeM SHIOTeHHBIX W KOHIIEHTpaIeit
9K30T€HHBIX TOPMOHOB, ONTUMAJBHOM TSI MHIYK-
LUK (POPMUPOBAHUS KAJLTIYCOB in Vitro, U3 HE3pebIX
3aponpieit mmeHulbl (Kpyrimosa, CeapauMuposna,
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2011; Miroshnichenko et al., 2017; Seldimirova et al.,
2019b), stumens (Hisano et al., 2016), KyKypy3bl
(Rakshit et al., 2010; Hong et al., 2017). [TonuepkHeM,
YTO OaJlaHC SHAOTNCHHBIX/9K30I€HHBIX TOPMOHOB pac-
LeHUBAETCS KaK BasKHEHIINMI (paKTOP, OTIPENEIISTIOIIIIN
WHOYKLMWIO MHBIX, IOMUMO KaJJIyCOTeHe3a, MyTei MOp-
doreHesa in vitro, HampuMep, MHKPOCIIOPUAILHOTO
sMmbpuoreHesa (Zur et al., 2016) 1 ero MogudUKaLIMU —
nosmamMopuorenesa (Titova et al., 2016).

®opMHUpoBaHUE KaJUIyCOB — IIOCTATOYHO IJIH-
TeJIbHBIN Mpolecc. Tak, y MIIeHULIbI KaJLTyChl 0Opa-
gytotcs Ha 5 (Kpyrnosa, CenbnumupoBa, 2011, 2018;
Seldimirova et al., 2016), y KyKypy3bl — Ha 7 (Lopez-
Ruiz et al., 2019) cyTKu KyJIbTUBUPOBAHUST HE3PEJIBIX
3apopbllleil Ha MHIYKLIIMOHHO cpefe.

B cpaBHUTEIbHO HEMHOTIOYMCJICHHBIX padoTax
aHAJIM3UPYETCS TUCTOJOTUYECKUII cTaTyc o00pa3o-
BaBILIMXCS 3apOJbIIIEBBIX KAJIyCOB 3JIaKOB U U3ME-
HEHMe 3TOro craTyca o Mepe KyJbTUBUPOBAHUS Ha
WHIYKLIMOHHOM Cpelie in Vitro.

JetanbHbIMU ucciaenoBaHusiMu (Seldimirova et al.,
2016) ycTaHOBIIEHO, UTO Yy MIIIEHUIIBI KaJLTyC 00pas3y-
€TCsl U3 BMUIAEPMaIbHbIX KJIETOK IIUTKA HE3PEesbIX
3apoAblllieil WM U3 KIETOK, pacrnojaraloliuxcs
BIOJIb IPOKaMOMAIbHOIO TsiKa IMUTKa (puc. 2a, 20).
Kanycbl MHTEHCMBHO HapalllMBalOT Maccy IyTeM
MHOTOKPATHBIX MUTOTUYECKUX JejdeHuit (puc. 2B).
(3aMeTuM, YTO aHAJIOTUYHBIE SIBJIEHUSI OTMEUEHBbI B
YCIIOBUSIX in vivo TIDM pOCTE MEePUCTEMEBI KOpHS Arabi-
dopsis, IpoaHATM3UPOBAH U TeHETUUECKUiIT KOHTPOJIb
9TuX npoiieccoB: Moubayidin et al., 2010.)

Hanee HabGmogaeTcsl MOCTETIEHHOE CTAHOBJICHUE
TUCTOJIOTUYECKOM 30HATBHOCTH KAJIJTyCOB U reTepo-
TeHHOCTHU MX KJIETOK 1o opMe, pa3MepaM U CTpOe-
HUto. [Tpu 3TOM B TOJIIIIE KAJUTyCOB BBIIEJISIIOTCS TaK
Ha3pIBaeMble MOp(OTreHeTUIYeCcKe odaru (puc. 2r),
LIEHTPaJIbHbIE 30HBI KOTOPBIX TIPEICTABICHBI KOM-
MaKTHO PacHoOJOXEeHHBIMU MPOJuGepUupyrIuMu
MEpHUCTEMAaTUIECKMMHU KieTKaMu (puc. 2m1). AHAJIO-
TUYHBIE CBEACHUS TIOJNyYeHBI [JIsI 3apOIbIIICBBIX
kannycoB puca (Ijaz et al., 2019) u kykypy3sl (Lopez-
Ruiz et al., 2019).

Psin aBTOpOB HE MarOT OTAEIBHOTO Ha3BaHUS Ta-
KM IIEeHTPaTLHBIM 30HaM KJIETOK (hOpPMUPYIOIIMXCS
KaJUTyCOB, COOOIIIAasi O HAUTMIMU aKTUBHO JCISIINXCS
MepHuCcTEMaTUUEeCKUX KJIETOK B Kajulycax in Vitro
(Dakshayini et al., 2016). B HekoTOpbIX paboTax gaeT-
csl ompenesieHWe Kajayca KakK IUTIOPUITIOTEHTHOM
kieTouHoi macchl (Liu et al., 2014 1 ap.); MOXKHO MO-
JIaraTh, 4TO pe9b B JTaHHOM CJIydae UaeT UMEHHO O 30-
He MepUCTeMaTUYeCKUX KJIETOK, a He BCero Kajuryca.

BrickazaHO TIpenIrojiokeHne, 9TO KIETKH MOp-
doreHeTnyeckoro ovara 3apoHBIINIEBOTO Kajuryca
MMIIIEHUIIBI BBITTOIHSIOT (DYHKIWIO, aHAJOTHYIHYIO
WHUIIMATHHBIM KJIETKaM B alTUKaJIBHBIX MepUCTEeMax
cTe0sa U KOpHs meHulsl in vivo (EBceeBa u mp.,
2007). I1o HamreMy MHEHUIO, 3TOT BOIIPOC MHTEPECECH
W C TOYKHU 3peHUs U3y4eHUs TOKOSIIerocs IeHTpa
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Puc. 2. ®opmMupoBaHue 3apoabIIeBOro Kajutyca MIIICHMIIbI IT0 JaHHBIM CBETOBO MUKPOCKOMUU. YCIIOBHBIE 0603HaYeHus: C —
kanyc, CZ — HeHTpalibHas 30Ha, DSc — aereHepupylolnme KieTku mutka, MC — MepucteMarndyeckue Kiaetku, MCs — Mop-
doreHernueckue oyaru, PS — ripokamouanbHblil TsK, PZ — nepudepudeckas 3o0Ha, Sc — muTok. [llkana: (a, 6) — 200 MKM,
(B) — 500 mMxM, (1, €) — 100 MM, (1) — 50 MmxM. (a—B) — 110: Seldimirova et al., 2016 ¢ U3BMeHEeHUSIMU; (T—€) — OPUT. JaHHbIE.

TTosicHeHUsI B TEKCTe.

MepUCTEMBI KOpHS pacTeHuil in vivo. Ilon BaustHuEM
Pa3IMYHBIX (PAKTOPOB MOXET MPOU30NTH aKTUBALIUSI
JIeJIEHHIT HYKHETO CJTOST KIIETOK TaKOTO LIEHTpa (Kak Mo-
sararoT Paxau ¢ coasr. (Rahni et al., 2016), BO3MOXHO,
3TO CTBOJIOBBIE KJIIETKH ) B CTOPOHY YEXJIVKA, YTO TIPUBO-
JIAT K “OTKpbIBaHWI0” MepucTeMbl (Bystrova et al., 2015;
Basile et al., 2017). BeposiTHO, 1 B citydae Mopgore-
HETWYECKOTO oJara KaJiryca in vitro TIpOMCXOINUT Ta-
Kasl 3Ke aKTUBAlIUsI YaCTU ero KJIETOK IO IeiiCTBUEM
TOPMOHOB MHAYKLIMOHHOM Cpe/bl.

OHTOIEHE3 TtomM 52 Ne4 2021

ComnocraBjieHre ITaHHBIX WMMYHOIMCTOXMMMYE-
CKOTO MCCIIEN0BAaHMS DHIOTEHHBIX ayKCUHOB U LINTO-
KAUHUHOB B KJIETKAX 3apOALILIEBLIX KAJIJIYCOB ITIIE-
HULBI ¢ PE3YJAbTaTAMU UX TUCTOJIOMMYECKOrO aHAINA-
3a II0Ka3ajlo, YTO 3T TOPMOHBI JIOKAIM3YIOTCS
MPEUMYIIECTBEHHO B MEPUCTEMATUYECKUX KIIETKAX
AKTUBHO Pa3BUBAIOIIMXCS MOP(HOreHETUYECKMX OYa-
roB (Seldimirova et al., 2016).

Boxpyr 1ieHTpanbHO#l 30HbI MEPUCTEMATUUYECKUX
KJIeTOK (W1 MEpUCTeMaTUYECKOTO 0dYara/30HBbI)
KaJUTyCOB IMIIEHUIBI (hopMUpYyeTcs nepudepuiiHas
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30HA PBIXJIO PACITOJIOKEHHBIX NAPEHXUMHBIX KJIETOK
(puc. 2e). B Takux KjieTKax oTMedeHa BhICOKasl CTe-
MeHb BaKyoJM3alluu — IoKas3aTejlb 3aMeIJICHUsT MX
pocTa, a B LIEJIOM cTapeHus (mo: XaauiyeB W Ap.,
2014). AHanornyHbIe JaHHBIC TTOJTYISHBI U IJIsI 3apO-
neleBoro Kajinyca puca (Ijaz et al., 2019).

BaxHo 3ameTuTh, yTO (hopMUpPOBaHKE LIEHTPaAb-
HOI 30HBI M OKpYyXKarollleil ee nmepmudepruieckoi 30-
HbI KJIETOK BBISIBJIEHO W B YCJIOBUSX in Vivo B anu-
KalbHOM Mepucteme mobera Arabidopsis (Galvan-
Ampudia et al., 2016). B 3T0M MOXHO BHIETH OOIII-
HOCTb KJIETOYHBIX M TKAHEBBIX MEXaHU3MOB PAaHHUX
3TArlOB OPraHOTeHE3A N VIVo U Iin Vitro.

OnuH u3 penialomux (GakTopoB (HOpPMUPOBAHUS
KaJUIyCOB Ha MHAYKLIMOHHOM Cpele in vitro — MeX-
KJIeTOYHBIE B3auMOIeCTBUS. [1eliCTBUTENbHO, CUM-
IUTaCTUYECKME B3aUMOACUCTBUS TIOCPEACTBOM IIj1a3-
MOJECM B LICHTpaJIbHOII MepucTeMaTU4YeCKOil 30HE
MOpP(OTeHETUIECKOTO OYara KaJuIyCOB OTJIMYAIOTCS
OT TAaKOBBIX B OKpyXKalolleil mapeHXMMaTO3HOM Ie-
pudepruIecKoil 30He, TJe KOJIUYECTBO ILIa3MOIECM
CWJIBHO yMeHbllIeHO. CUMIIJIaCTUYECKUIT TPAaHCIIOPT
obecrieynBaeT HaASXKHBIM OOMEH KJIETOK HEeHTPAIb-
HOM 30HBI MOP(POTeHETUYSCKOTO 0Yara ropMOHaMU U
WHBIMM BellleCTBaMM, HEOOXOOUMBIMM KaK IS
(GYHKIIMOHMPOBAaHMS KJIETOK, TaK U JJIsI KOOpAMHA-
LI OeSITSJIbHOCTU KJIETOK B COCTaBE TaKMX 30H. DTO
MO3BOJISIET PAacCMaTpPUBaTh LICHTPAJIILHYIO 30HY Me-
PUCTEMATUYECKMX KJIETOK KaK WHTETPUPOBAHHYIO

CTPYKTYDY.

MHorue aBTOphI COOOIIAIOT O BaXKHOCTH CUMILIA-
CTMUYECKUX B3aUMOEHCTBUI U B paCTEHUSIX in Vivo, B
YAaCTHOCTH, B UX allMKaJbHBIX U JIaTepajbHbIX MEPU-
cremax (no: donyesa u ap., 2014). BaxxHocTb cumILIa-
CTUYECKMX B3aMOIICHCTBUI BBISIBJIEHA U HA pa3JIny-
HBIX CTaIMSIX COMAaTUYECKOro SMOpUOreHe3a in vitro 'y
Arabidopsis (Godel-Jedrychowska et al., 2020).

OTtnenbHas TIpobjieMa B 00JIAaCTHU MCCIIEHOBAHUS
dopMUpOBaHUS KAJUTyCOB in Vitro — BBISIBICHUE MO-
JIEKYJISIPHO-TEHETUUECKUX  OCOOEHHOCTEil  3TOro
npoiiecca. AHaJIM3 TaKUX ITyOJIMKAIlMii He BXOIWUT B
3a7a4M JaHHOM CTAaThW, OMHAKO MOXKHO PEKOMEHIO-
BaTh paboThI (Ikeuchi et al., 2018; Xu et al., 2018; Fe-
her, 2019; Li et al., 2019; Lopez-Ruiz et al., 2019).

CoracHO JaHHBIM MHOTMX HcCcleaoBaTenei,
copMHupoBaHHBIE MOP(MOTEHHBIE KaJLUTyChl 3JIaKOB
KaK 3apOJIBIIIIeBOTO, TAK 1 THOTO IMPOUCXOKICHUST —
9TO IUIOTHbIE KOMITAKTHbIE 00pa3oBaHUsI, MOP(HOJIO-
TUYECKU YETKO OTIUYAIOIINECST OT PBIXJIBIX HEMOpP-
¢doreHHBIX KaIycoB (IompoOHee: 3MHATYJUIMHA,
2020). Paznuuusi B MOpOJIOTUUYECKUX MTOKa3aTessIX
THUITOB KaJUTyCOB MONTBEPXKIAIOTCS TaHHBIMU, TIOJTY-
YEHHBIMM C TTOMOIIbIO CKAHUPYIOIIETO JIEKTPOHHO-
ro Mukpockoria (CenpauMupoBa u ap., 2016). OmxHa-
KO TOCJIe TIepeHOoca Ha CBEXYI0 MHAYKIIMOHHYIO Cpe-
Iy TOTO X€e COCTaBa KaJUIyChl, HAIIPUMED, TIIIIeHUITHI,
paHee 1o MOP(OJIOrMYeCKUM ToKazaTesIsIM oXapaKTe-
pU30BaHHBIE KaK HeMOP(OTeHHBIE, OKA3aJ1Ch CITO-

KPYTJIOBA u ap.

COOHBI K mpeobpaszoBaHuio B MopdoreHHbie (Kpyrio-
Ba, Cenpnumupona, 2018). Takue Tpanchopmalum
BHOCSIT JTOMOJHUTEIbHBIE TPYAHOCTU B ITOHUMaHUE
KaJUTyCOOOpa30BaHUs 1 KAJUTYCOTE€HE3A in Vitro.

VYABTpacTPYKTypHbIE XapaKTEPUCTUKU KIIETOK
Cc(OPMUPOBAHHBIX 3apPOJBIIIECBBIX KaJJIyCOB CBUIE-
TEJIbCTBYIOT O HAJIMYUM B HUX MPEANOCHUIOK IS
SHEePTeTUYECKUX 3aTpaT B XOJe JAJbHEUIINX aKTUB-
HBIX KJICTOYHBIX [LCHGHVIﬁ. ﬂﬂﬂ I[MIISEHMUIIbI OTO ITOI-
TBEPKOAETCS YBeJIWUEHHEM B KJIETKAaX KOJIMYECTBA
MMOJIMCOM, TUKTHUOCOM U JIMIUIHBIX BKIIFOUSHUI Ha-
pAany ¢ HAJIM4YMEM B MUTOXOHAPHUAX Pa3BUTHIX KPUCT,
a B IUIACTUIAX — KpaXMaJIbHbIX 3epeH (CelbIuMupo-
Ba, Kpyrioa, 2013). OTMeTuM, 4TO aHAJIOTUYHBIC
JNAHHBIE TIOJYYEHBI U TIPU YJIBTPACTPYKTYPHOM aHa-
Jm3e (POPMUPYIOIIMXCSI COMATUYECKUX 3apOAbIIICi
miIeHunsl in vitro (Seldimirova et al., 2017).

B uesniom, B 3aponbIlieBbIX KaJLTycax 371aKOB B XO-
Jie KYJIbTUBUPOBAHUS HA UHOYKIIMOHHOM Cpele in vi-
fro CO3MAI0TCS TUCTOJIOTUYECKUE TIPEATTOCHUTKA IS
Oynylieil peaiM3allud pa3IMyHbIX MyTeil Mopdore-
HE3a Ha PEreHEPALIMOHHOM Cpelie in Vitro.

TaknMm oOpa3zoM, HeECMOTpPSI Ha M3BECTHYIO CTE-
IeHb M3YYEHHOCTHU CTPYKTYPHBIX (LIUTOTMCTOJIOIM-
YeCKMX) OCOOEHHOCTEM (DOPMUPOBAHUS U PA3BUTUSI
3apOIBILIEBbIX KAJUTyCOB 3JIAKOB i Vitro, 1€TaJIbHbIC
MMO3TAIHbIE CBEACHUS 0 (PU3MOJIOTUYECKUX (TOpPMO-
HaJIbHBIX) aCIIeKTaX MX Pa3BUTHUS OT pa3MEIleHUS He-
3peJIOr0 3apoblllla Ha MHAYKIIMOHHYIO Cpeay 10
dopMUpoBaHUS “3peoro” Kajuryca OTCYTCTBYIOT.
OCHOBHOE BHMMaHHE B 3TOIl 00JIACTH, KaK U IIpU
W3YYCHUU KaJUTyCOB MHOI'O MPOMCXOXIECHMS Yy pa3-
JIMYHBIX paCTeHUi1, oOpalliaeTcsl Ha aHAINU3 SHIOTeH-
HOrO TOPMOHAJILHOIO CTaryca “3pejioro” Kajuryca
HEMOCPEACTBEHHO MepeJI ero MepeHoCoOM Ha pereHe-
pPalLIMOHHYIO CPeny in vitro. DTo 00YCIOBIEHO MpaK-
TUYECKON HEeOOXOOUMOCTBIO aIeKBAaTHOW 3K30rCH-
HOM TOPMOHAJIbHOM WHAYKLUMWHW Pas3IMYHbIX NyTeid
MmopdoreHesa B Kautycax (Cenpaumupona, Kpyrio-
Ba, 2015; Hisano et al., 2016; Yu et al., 2017, 2019;
Awan et al., 2019 u np.).

SAKJTIOYEHUE

Kannycoobpa3zoBaHue u KajutycoreHe3 in vitro Ha
MpuMepe pasIudHbIX PacTeHUII M3ydaloTCs B Teue-
HUE JOCTATOYHO JJIMTEILHOTO BpeMeHU. B 3Toi1 00-
JIaCTH MCCIEOOBAaHUI IIOMMMO HAKOIUIEHUST OOIIMpP-
HOT'0 AMIMPUIECKOI0 MaTepualia CaeJIaHbl U BaxKHbIE
TeopeTHyeckue ob6oOieHus. Hampumep, cmoco0-
HOCTbB K (pOpMUPOBAHUIO KAJUTYCOB in Vitro N pereHe-
palliy U3 HUX TTOJIHOLIEHHBIX PACTEHUM paclieHUBa-
€TCsI KaK OJHO U3 IPOSIBICHUN ITUIACTUYHOCTHU (I10-
JIMBapMAaHTHOCTH ) OHTOTeHEe3a paCTeHMI, BO MHOTOM
OOYCJIOBJIEHHOM NPUKpPEIJIECHHBIM 00pa3oM KU3HU
(Gaillochet, Lohmann, 2015; Ikeuchi et al., 2016,
2019; Feher, 2019; Maury et al., 2019).
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Baxwneiias mpo6iemMa B 3TOi 00J1aCTU UCCIEI0-
BaHU — XapaKTe€pUCTUKaA CBOMCTB Te€X 3KCILJIAHTOB
in vivo, KOTOpbIE JAaIyT HAYJIO KaJUlycaM Ha UHIYK-
LUOHHOI cpene in vitro. Ocodoe BHUMaHME B JaHHOM
0030pe yaeseHo HUTOPU3NOTOTUISCKUM 0COOEHHO-
CTSIM TaKMX 3KCIUIAHTOB, KaK He3pejble 3apOoAbIIu
371aKOB B CTaJuM OpraHOreHe3a, ONTUMAJIbHBIX IJIS
dopMUPOBAHUS KaJIJIyCOB in vitro. AHaIu3 auTepa-
TYPHBIX U COOCTBEHHBIX JAHHBIX ITO3BOJISICT TIPSO~
JIOXHUTH, YTO KOMIIETEHTHOCTD KJIETOK HE3PEJIBIX 3a-
ponblieii 31aKoB K (POPMHUPOBAHUIO KaJIJTyCOB in Vi-
fro 3aBUCUT HE CTOJIBKO OT BHEIIHUX CTUMYJIOB,
CKOJIBKO OT CTaTyca KJIETOK 3apOAbIlIeii B MOMEHT
WHOKYJISIIMY, @ UMEHHO — UX MEPUCTEeMaTUYHOCTH,
4TO OOYCJIOBJIMBAET MX CIIOCOOHOCTh K perporpam-
MHUPOBAHUIO B IUTIOPUITOTEHTHOE COCTOSIHUE B Haya-
Jie KyJIbTUBUPOBAHUS in vitro. JIJis1 371aKOB, O-BUIM -
MOMY, UMEHHO IIpUpoJa dKCIUIaHTa (B JaHHOM CJIy-
yae — HE3pPEJOoro 3apoJbIllia) SBISETCSI OCHOBHBLIM
dakTOpOM, ONpeAcHIIONINM MOP(POreHETUYECKYIO
CITOCOOHOCTh KJIETOK K (hOPMUPOBAHUIO KaJLTYCOB.
Kpome Toro, MeprucreMarndyecKue KJIETKM TaKUX 3a-
pOIBIIIE HE TOJbKO MOP(OreHeTUYEeCKH KOMIIe-
TCHTHBI W IUIIOPUIIOTCHTHBLI, HO M, IO-BUIUMOMY,
TOTUIIOTEHTHBI, MOCKOJBKY SIBIISIIOTCSI MCXOIHBIMU
JUIST KJIETOK/TPYII KJIE€TOK KaJIyCOB, peaJu3yIoIInX
pa3iu4yHble NyTU MOp@OreHe3a in vitro Ha pereHepa-
LIMOHHOM cpene.

B Guonoruu pa3BuTHs pacCTeHUA AETAILHO pa3pa-
0OTaHO MOHATHE “KpUTUIECKasl CTaaus”’ IS OLIEHKU
COIPSIKEHHOCTU MOPGOTeHETUIECKNX U MOpdodhu-
3MOJIOTUYECKUX MPOLIECCOB B PasBUTUU 3MOpPUO-
HaJIbHBIX CTPYKTYyp (Batygina, Vasilyeva, 2003; I1lam-
pos, 2008; bareirnHa, 2014). IToHsaTre “KpuTHYecKast
cTagusl aMOpuoreHe3a” MPUMEHEHO, HapuMep, Mpu
BbISIBJIEHUM OTHOCUTEJIbHOM aBTOHOMHOCTH 3UTOTUY e~
ckux 3aponsiieii in vivo (Kruglova et al., 2020b) u
MPpeJIOKeHO K MTPUMEHEHMIO MPU aHaJIM3e cCoOMaTH-
yeckoro amMopuoreHesa in vitro (Guo et al., 2020) pac-
TeHUl. BBIJIO OBI MepCIeKTUBHBIM ITPOAHATU3UPO-
BaTb W CTaAuW PA3BUTHUS HE3PEJIbIX 3apOJbIIICii,
KJIETKM KOTOPBIX CIy>KaT MHULIMAJIbHBIMU KJIETKAMU
KaJslycoB. MOXHO mosaraTb, YTO UMEHHO CTENEHb
nuddepeHIMany KJIeTOK B 3apOJIbIIIe, COMPSIKEeH-
Hasg C KPUTUUYECKMMHU CTaausIMU BSMOpUOTeHe3a,
OIpeNesieT UX BOCIMPUUMUMBOCTb K 3K30T€HHbBIM
ropMOHaM U Tiepexoi Ha MHAYLIMPOBAHHbII abTep-
HATUBHBIN MyTh KAJUIycOOOpa30BaHUSI in Vitro.

Elle onHO mepcreKTUBHOE HaMpaBlIEHUE UCCIe-
JIOBAaHWIT, KOTOPOMY IO HACTOSIIIIETO BpEMEHMU yaeisi -
eTCcsl HENOCTAaTOYHO MHOIO BHMMAHUSI, — aHalu3
KJIETOK MPOTOAEPMbI HE3PEJIOrO 3apoabliia, 001aga-
IOIIMX MOIIHBIM pereHepallMOHHBIM MOTEHIIMAIOM.
CpaBHeHUE KJIETOK IIPOTOAEPMBI C IPYTUMHU KJIeTKA-
MU 3apOJblilia 0 TAKUM ITOKa3aTessIM, KaK, Hallpu-
Mep, JIOKaIn3alys TOPMOHOB, YJIbTPACTPYKTYpPHEIE
XapaKTepUCTUKU, MOXET CIOCOOCTBOBATb BHISIBIIC-
HUIO LUUTO(MU3NOJIOIMYECKUX MEXaHU3MOB PEIpo-
rpaMMUPOBAaHUSI KIIETOK.

OHTOTEHE3 Ne 4

TOM 52 2021

K »Tum BaxkHBIM BOMIpocaM cJleayeT JOOABUTh U
BOIPOC 0 GYHKIIMOHAJILHOM B3aUMOJIEUCTBUM IHIO-
T€HHBbIX TOPMOHOB Ha CTaaWX Pa3BUTUS HE3PEJIOrO
3apoibllia in vivo, oTUMalabHON 1151 hopMUpOBa-
HUS Kajutyca in vitro. JIeiCTBUTEIILHO, CITOCOOHOCTD
FOPMOHOB BJIMATH APYr Jpyra — OJHA M3 BAaXXHbIX
OCOOEHHOCTEl TOPMOHAJIBHOW CHUCTEMBI pPACTEHUN
Ha pa3HBIX BTalax OHTOTEHE3a YW MPU PaA3TUYHBIX
yclioBUsIX IpouspactaHus (Maury et al., 2019; Ro-
manenko et al., 2020; Jogawat et al., 2021 u ap.). XoTts
TaKWe B3aUMONECUCTBUSI HE BBI3BIBAIOT COMHEHWIA,
nHbopMaIUs O BAUSHUM OJHUX TOPMOHOB Ha ApY-
TH€ B pa3BUBAIOIIUXCS 3apOIbIIIAX JOBOJIBHO MTPOTH-
BopeunBa. OTCYTCTBYIOT M 0000IIIAIOIIE CBEACHMS O
COJIep>KaHUM Pa3JIMYHBIX DHIOTEHHBIX TOPMOHOB B
KaJuTycax 3JIJaKOB B JMHAMUKE UX PA3BUTHUS OT pa3Me-
IICHUSI HE3PEJOro 3apolblllla HAa WHIYKIIMOHHYIO
cpeny in vitro 1o hopMupoBaHUS “3pesioro” Kajiyca.

Bce 3t Bonpockl, 1o HallleMy MHEHMIO, CJIeIyeT
pelIaTh UCXOIs U3 MOAX0Aa K HE3PEJIOMY 3apOIbIIILy
in vivo 1 3apoblllIeBOMY KaJJyCy Ha MHOAYKLIMOHHOM
cpene in vitro Kak equHON (MHTerpUPOBAHHOI) 3KC-
nepruMeHTalIbHOII cuctemMe. B maHHOII cTaThe Ha
ONpuMEpPEe 3JIaKOB Mbl MOCTApaJiMCh MOKa3aTb, 4TO
MopdoreHeTudyeckre coObITHSI, 3a7I0KEHHbIE B KJle-
TOYHBIX MpOrpamMMax pPa3sBUTHUSI HE3PENbIX 3apONbl-
el B yCIOBUSIX in Vivo, HaXOIST CBOIO pealn3alnio
MpY aJeKBaTHBIX YCIOBUSIX MHAYKUIUU (hOpMUpOBa-
HUS U pa3BUTHUS Kajutyca in vitro. OCHOBaHUEM LISl
WCIIOBb30BaHUSI WHTETPUPOBAHHON CHUCTEMBI “He-
3peJIblid 3apOAdbILI in Vivo — 3apOIbIIIEBbIi KaIyC
in vitro” cIy>kuT 6a30BBII IIPUHIUIT YHUBEPCAJIbHO-
CTHU TIpoliecCOB Mop(doreHe3a B pacTeHUSX in vivo N
in vitro (batbeiruna, 2014).

OTOT 0a30BBINA MIPUHLIMIT IPUMEHUM U IIPU OLICH-
K€ MOAHSITBIX B JAHHOM 0030p€ IUCKYCCHUOHHBIX BO-
IIPOCOB B CBSI3U C UCCIIeI0BaHUEM KaTycooOpa3oBa-
HMSI U KaJUIyCOreHe3a in vivo (TaK Ha3bIBaeMBbIi paHe-
BOI KaJITyC), a TAKKEe OpraHoreHe3a in vivo U in vitro.
Bo3MoXXHO, BO BCeX 3TUX CTydasix IeACTBYIOT CXOXUE
MexaHu3Mbl. bojiee Toro, BbICKa3aHO MHEHUE, UTO
KaJUTyCOTe€HEe3 in Vvitro cliemyeT OLleHMBaTh KaK OT-
JIebHBIN THUIT OpraHoreHesa de novo, CXOIHBIN ¢ TPO-
HeccoM (opMUpoBaHUsSI OOKOBBIX KOpHel in vivo
(Liu et al., 2014).

B nutepatype He pa3 momHHUMAanach poodjieMa uc-
MOJIb30BaHUSI KYJIbTUBUPYEMBIX N Vitro SKCIUIAHTOB
(byrenko, 1999; HocoB, 1999; Mashkina, Tabatskaya,
2020 u gp.) u ocobenHo kamrycoB (Ikeuchi et al.,
2016, 2019; Kruglova et al., 2018a, 2018b, 2020b;
Kpyrnosa u ap., 20196; Feher, 2019 u np.) B Kaue-
CTBE MOJIEJIBHBIX CUCTEM MPU UCCIEI0OBAaHUN MOP(DO-
TeHe3a pacTeHUl in vivo. J1efiCTBUTEIBHO, HECMOTPSI
Ha TO, 4YTO MOp(dOreHe3 in vitro He MEHee CJIOKEH, UeM
in vivo, XaJnychbl, KyJIbTUBUPYEMbIE B CTPOTO KOHTPO-
JUPYEMBIX 3KCIIEPUMEHTATOPOM YCJIOBUSX In Vitro,
MOXHO pacleHUBaTh KaK MEPCIEKTUBHBIE MOJETb-
HbIE CUCTEMBI JJIsI OLIEHKW Pa3]IMYHBIX B3aUMOJIEii-
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CTBYIOIINX MOP(MOTEeHETUIECKIX IIPOLIECCOB M MeXa-
HU3MOB uX peryiastiuuu. OCHOBaHUEM JIJISI UCTIOJIb30-
BaHUSI KaJUTyCHBIX MOJEJIeil CIIy>KaT KaK CBOMCTBA UX
MEpUCTEMATUUECKUX KIJIETOK (IUTIOpU- W TOTUIIO-
TEHTHOCTh), TaK W MOpP(OTeHEeTUUYECKNE COOBITHUS,
MpOUCXOIsIIMe B Kajtycax in vitro (muddepeHiia-
nus/nenuddepeHInaLg, perporpaMMHUpPOBaHUE
pa3Butus, tnddepeHInaIbHAS SKCIIPECCHS TEHOB).

DKcnepruMeHTalbHasd cCUCTeMa “He3peblit 3apo-
JIBIIII i1 Vivo — 3apOIbIIIEBHIN KAJUTYC in Vitro” MOXET
MOCIYXUTh al€KBAaTHOU MOJEIbI0 MPU U3YYECHUU
Ppa3INYHBIX aCMIEKTOB CJIOXHEHIIIero OMOJIOrn4ecKo-
ro ¢oeHomeHa MopdoreHesa pacTeHUIl Kak in vitro,
Tak M in vivo.
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Cytophysiological Features of the Experimental System
“Embryo in vivo — Callus in vitro” of Cereals

N. N. Kruglova'- *, G. E. Titova2, O. A. Seldimirova', and A. E. Zinatullina'
"Ufa Institute of Biology, UFRC of RAS, pr. Oktyabrya 69, Ufa, 450054 Russia
2Komarov Botanical Institute of RAS, ul. Professor Popov 2, St. Petersburg, 197376 Russia
*e-mail: kruglova@anrb.ru

The most important problem in the study of plant calli in vitro is the relationship between endogenous and
exogenous factors that affect the formation of calli (“callus formation”) and their development in induction
medium (“callus genesis”). Of particular interest is such an endogenous factor as the cytophysiological status
of explants in vivo and calli in vitro at the dynamics of culture. In the review uses the example of cereals are
analyzed the literature and own data on the identification of histological and hormonal features of initial cal-
lus cells in explants — immature embryos in vivo, as well as morphogenic calli formed from them during de-
velopment in vitro. The answers to some discussion questions related to the induction of morphogenetic com-
petence and development reprogramming of initial callus cells presented in the literature are considered. The
comparison of callus formation and callus genesis in vifro with some similar events in vivo confirms the valid-
ity of the principle of morphogenesis universality in vivo and in vitro (Batygina, 2014 and earlier). The per-
spective of using the single (integrated) experimental system “embryo in vivo — callus in vitro” as a model for
studying the most complex biological phenomenon — plant morphogenesis is discussed.

Keywords: embryo in vivo, callus in vitro, cytophysiology, plant morphogenesis, cereals
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KpuroxpaHeHne KepaTUHOILIUTOB YeJIOBeKa — 00s13aTeIbHbBIN 3TAall CO3AaHUS AMUAEPMATbHOTO IKBUBaJIEH-
Ta Koxxu. OMHaKO MepeBOAST KJIIETKU B CYCITIEH3UIO U 3aMOPaKMBast UX, Mbl CTAJIKMBaeMcs ¢ TpOoOJIeMOi ak-
TUBALIMY TEPMUHAIBHOM TrbepeHIITMPOBKM 1 allOINTO3a B KEPATUHOLIMTAX, YTO IPUBOIUT K MTOTEPE CTBO-
JIOBBIX M TTPOTEHUTOPHBIX KJIETOK B KyJIbType. [Ipn paspbiBe CBA3M MeXIy B1-WHTETpUHOM M BHEKIIETOU-
HBIM MaTPUKCOM B MOMEHT MepeBo/a KJIETOK B CYCIIEH3UIO MPOUCXOMUT MPAKTUYECKU OIHOBPEMEHHOE
BKIIoueHUe curHaibHoro nytu PI3K/Akt, ctumymupyiomiero mugdgepeHIMPOBKY, U allONITOTUYECKOTO
nytu Caspase-8. MblI IIPeAIooXuIn, YTO 3aMeJIsis IPOoLeCcChl TEpMUHAIBLHON 1M depeHIMPOBKY pa3-
HBIMU IYTSIMHA — 100aBIISIST paCTBOPUMBI (PMOPOHEKTHH, a Takke mHrnoutopsl P13-kinase u Caspase-8 B
cpeny st pa3MOPO3KM — BO3MOXKHO MUHUMU3UPOBATH MACCUBHbBIE TTOTEPU KEPATUHOILIMTOB U, B IMEPBYIO
odepelb, CTBOJIOBBIX KJIETOK MTOCJIe KPUOXPAHEHMST KEPATUHOIIMTOB B CYCIIEH3UM.

Karouesbie caoea: KepaTUHOLUTHI, KpUOXpaHeHKe, THdhepeHINPOBKa, altonTo3

DOI: 10.31857/S0475145021040066

IToBomoM K HammMcaHUIO JAHHOTO 00630pa MOCTy-
KUJIA I HAC HEOOXOAMMOCTh COXPaHEHUsI CTBOJIO-
BhIx KieToK (CK) mocite KkprnoxpaHeHUsT KEpaTUHO-
LIUTOB B CYCITIEH3UU. DTO BAXKHO, B YACTHOCTH, KOTIA
peub UIEeT O IIPUMEHEHUH KJIETOK B COCTaBe GMOMEIM -
LIMHCKUX KJIETOYHBIX MPOAYKTOB IIJIsSI pereHepaTUBHOI
MeIuIHbI. KproxpaHeHne KyJbTyp KepaTUHOIIUTOB
JJaeT BO3MOXHOCTh TUIAHUPOBAHUS XUPYPrUYECKUX
BMEIIATENIbCTB, HAKOIUIEHUsI MaTepuana IJIsl mocie-
IYIOIIVX OTlepallnii, MPOBeACHUS KOHTPOISI Kade-
CTBAa, TPAHCIIOPTUPOBKH ITOTYyIEHHbBIX TKAHEBBIX SKBU-
BasnieHTOB (Jackson et al., 2014). JIlaHHBIX 0 IIpUMEHEHNN
KYJIbTUBUPOBAHHBIX KEPATUHOLIMTOB YeJIOBEKa, 3aMO-
POXEHHBIX B CYCIICH3UM, MaJIo, HO TIPY 3TOM ITOKa3a-
HO, YTO JKU3HECITOCOOHOCTh KJIETOK ITOC/E 3aMOPO3-
KU B CYCITIEH3UM U B MOHOCJIOE TIPUMEPHO OIMHAKOBA
MPU CYILIECTBEHHO 00Jiee BBICOKOI CIOXHOCTHU TPO-
neaypsl xpaneHust B MoHocioe (Pasch et al., 2000).
Kpowme Toro, nokazaHo, 4TO HEKOTOPBIE IIPOTOKOJIBI
KPHOXpPAaHEHUSI CTUMYIUPYIOT TPondepaTUBHbBII
MoTeHIHa KieToK. [1pearnooXnuTeabHo, 3TO CBI3a-
HO C cejleKluveil Hanboyee YCTOMUMBBIX U OBICTPO
npoandepupylommux KeparnHonuTtos (Naaldijk et al.,
2016). CoxpaHeHnue HeaudepeHIUPOBAHHOTO (e-
HOTHUIA KYJTbTUBUPOBAHHBIX KEPATUHOLIMTOB KOXU 1
POTOBUIIBI TTOCIIE KPUOKOHCEPBAILIMU UTPAET HEMAIO-

BaXXHYIO POJIb IS MO3UTUBHOTO 3¢(deKTa TpaHC-
MJaHTallMK y 0KoroBbIxX nanueHToB (De Luca et al.,
2006; Jackson et al., 2017). Tak, BBICOKUI1 IPOLIEHT
HU3KoaudGepeHIIMPOBHHBIX KEPAaTUHOLIUTOB B CO-
CTaBe TpaHCIUIaHTaTa IIpU JIEYEHUHU ITALMEHTOB C
JIMMOAJIbHOKJIETOYHOM HEZOCTATOYHOCTBIO OXKOTO-
BOI ATUOJIOTUH IPUBOIUT K 3HAUMMOMY YIYUYIIIEHUIO
KJIMHUYEeCKUX pe3yibTaToB (Rama et al., 2010). On-
HOBpPEMEHHOE coxpaHeHue HeauddepeHIPOBaH-
HOTro (beHOTHUIIa ¥ BBICOKOTO MPOoJIn(epaTUBHOTIO I10-
TeHIa/a B KyJbType KepaTUHOLIUTOB HEOOXOIMMO
st OpMUPOBAHMUS MHOTOCJIOMHOIO IJIacTa Kepa-
TUHOLIMTOB, B KOTOPOM JOCTUTHYT OajaHC MEXIy IIpO-
mmdepanmeit ' nuddepeHponkoit (Metral et al.,
2017). XpaHeHHEe KepaTUHOLIMTOB TakKxKe HEeOOXOou-
MO B paboTe KJIETOYHBIX OAHKOB M KOJUIEKIIWI KJie-
TOYHBIX KYJIbTYp. ITOCKONIBKY monmyJsiuus HepBUY-
HBIX KEPAaTUHOLIUTOB reTepOTreHHA U COOEPKUT KJIeT-
KM pa3HOTO YPOBHS 1 PepeHIIMPOBKY, B TOM YHCIIE
SMUAEePMaJIbHbIE CTBOJIOBBIE, JIS1 YCIIEIITHOM PeKYJIb-
TUBALUU IIOCJI€ Pa3MOPO3KM M BEIEHUS KYJIbTYPhI
KPUTUYECKUM SIBJISIETCSI COXpPaHEHMSs IIyJa CTBOJIO-
BBIX U TIPOT€HUTOPHBIX KIETOK.

XpaHeHUe KepaTHUHOILIMTOB B CYCHEH3UU 3aya-
CTYIO TIpEICTaBisIeT cOo00il IPoOGIeMy, ITOCKOJBKY
XKN3HECITOCOOHOCTh M CTeNeHb MU depeHIIMPOBKUA
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STHUX KJIETOK CTPOIO 3aBUCST OT HAIMYUS KOHTAKTOB
¢ cyoctpatoM. Takum o6pa3oM, OOBIYHBIC IJISI IPY-
TMX KJIETOK IIOTEPU, BbI3BAHHBIE IMOBPEKIAIONIUM
IeiicTBUEM KPUOXPaHEHUs, YCYTYyOJISTIOTCS WHIYK-
nuei nuddepeHIIMPOBOYHBIX ITPOIIECCOB, KOTOPHIC
B CIy4yae KepaTUHOLIMUTOB O3HAYAIOT BBIXOH U3 KJie-
TOYHOTO LIMKJIA U HOCeAyIoIyio Tnoensb. CyliecTBy-
eT psIa KOHIEIIINK 3P(PEeKTUBHOI0 KpUOXpaHECHUS
(Woelders, 2004; Muller, 2004; Meryman, 2007; Rao,
2012; Averill-Bates, 2014), omHakKoO OYE€BHMIHO, YTO
JUIST KEpaTUHOLIMTOB OJTHUM M3 OCHOBHBIX YCJIOBUM
YCIIEIITHOTO BBIXOAA TMOCJE 3aMOPO3KU SIBJISIETCS
OGBICTPOE BOCCTAHOBIIEHHE MEXKKIIETOUHBIX U KJIETOU-
HO-MaTPUKCHBIX KOHTAKTOB.

B Haieii pabotre Mbl CTaIKMBaeMcsi ¢ T€M, UTO
KJIETKU, BBIIIEAIINE XXUBBIMU MOCTE KPUOXPAHEHUS
B CYCIIeH3UM (OKpacka TPUMAHOBBIM CHUHUM), OKa-
3bIBAIOTCSI HECTIOCOOHBI TPUKPEMUTHCS K MaTPUKCY
WJIN OTKPETUISIIOTCS OT HETO B TEUEHUE MEPBBIX TPEX
cytok. OOpaiiaetr Ha ce0s1 BHUMaHue TOT (pakT, 4To
KOJIMYECTBO MPUKPETIUBIIMXCS KJIETOK 3aBUCUT OT
coctaBa BHekJieTouHoro Matpukca (BKM) u or
TUIOTHOCTU IIOCE€Ba KEPaTUHOLIUTOB (HEOMYyOJIMKO-
BaHHbIe AaHHbIe). [Ipy 3TOM He Bce KJIETKU TMOHYT —
MPOAOIKUT KEPATUHOLMT MposindeprupoBaTh WIK Me-
pefinet K nuddepeHIUpPOBKEe 100 aroITo3y, Kak U3-
BECTHO, HAIPSIMYyIO 3aBUCHUT OT KosimdectBa [31-uHre-
rpuHa Ha ero memoOpane (Tiberio et al., 2002). Tak
KaK CUTHAJIMHT OT UHTETPUHOB SIBJISIETCS] KIIOUEBbIM
yciaoBueM BbDKUBaHUST KieTku (Pozzi et al., 1998),
MbI PACCMOTPUM 31eCh 1-UHTErpUH Kak Y3JI0BOi
3JIEMEHT, KOTOPHII Yepe3 B3auMOAEHCTBUE C pa3jiny-
HBIMM JIMTAHJIaMU CO3JaeT CUCTEMY, HEOOXOAUMYIO
ISl coXpaHeHus MposndepaTUBHON aKTUBHOCTHU
KJIETOK U UHTErpUpyeT MyTH anonTo3a u nuddepeH-
LIMPOBKU KE€PaTUHOLIMTOB. B TaHHOM cllyyae BakKHO
MOHSTh, KAK MOXXHO MMHUMHU3UPOBATh MacCUBHbIE
MOTEPU KEPaTUHOLMTOB U, B mepBylo ouepenb, CK
MocJje KpUoXpaHeHUsI KepaTUHOILIMTOB B CYCIIEH3MH.
MbI paccMOTpUM pa3jiMuHbIE BapUaHTbl BO3leii-
CTBUsI Ha MOJIeKyay [1-uMHTerpuHa, 4ToOBI Onpee-
JIUTb, HACKOJILKO Pa3HbIMU MOTYT OBbITh MEXaHU3MbI
U TIOCJIECTBUS TaKOTO BO3NEUCTBUSI, U KaKU€ BO3-
JIEACTBUST MOXKHO OKa3bIBaTh JUJISI COXPAHEHUS >KU3-
HECTIOCOOHOCTU KEpaTMHOLIMTOB MOCJe TpaBMbl
KPUOXPaHEHUSI.

Ponb MeXKIIETOUHBIX M KJIETOYHO-MATPUKCHBIX
KOHTAKTOB B ITOJAe p>KaHU M Mpondepaluy U coxpa-
HeHnu CK gaBHO ndydaercst. KirroueByio poib B mpo-
necce AUpEOEPEHINPOBKN KEPATUHOLMTOB UTpaeT
ERK-MAPK curnanpubeiit iyt (Zhu et al., 1999;
Levy et al., 2000; Haase et al., 2001; Evans et al., 2003).
JokazaHo, uto cucrema B1-unrerpun—MAPK in vitro
yyactByeT B momuepxkannn CK smmmmepmunca B He-
IuddepeHIIUPOBAHHOM cocTosgHUU. [Ipu Hapyiie-
HUM CUTHAJIMHTA OT MHTETPUHOB, B YaCTHOCTH OT 1,
3TOT 0ajlaHC MOXeET OBITh HapylueH. Tak, TpaHcdek-
LUSI KYJABTYPHl YEJIOBEYECKMX KEPAaTUHOLIUTOB MY-
TAHTHBIM [ 1-MHTErpMHOM (IOMMHAHTHAsI HETaTHB-
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Hasi MyTallvst), yMeHbllas aKcrpeccuio B1 Ha moBepx-
HOCTU KJIETOK, MPUBOAMUT K CHUXEHUIO KJIETOYHOM
anreauu u cyrnpeccun MAPK mytu, 4yto siBisieTcs
crumyioM K auddepeHuuposke CK (Zhu et al.,
1999).

Kpowme Toro, mokasaHo, 9To Ipoliecc rmpoandepa-
U 1 AuddepeHIMPOBKU HAIPSIMYIO 3aBUCUT OT
B3aMMoOeNcTBUST Pl-UHTErprHA C peLenTopaMu K
dakTopam pocrta. M3BecTHO, YTO OJMH M3 OCHOBHBIX
MyTeii BAUSIHUSI MHTETPUHOB Ha PELIETITOPHI K (DaKTO-
paMm pocTta — npoliecc TpaH3akTuBauuu. Perientopsl
K snuaepmaibHoMy dakTopy pocta (EGFR), TpoMm-
oonutapHomy daxkrtopy pocta (PDGFR), dakrtopy
pocta sHpotenus cocynoB (VEGFR) u op. aktusm-
PYIOTCS B pe3yJibTaTe CBSI3bIBAHWSI UHTETPUHOB C MO-
nekyinamu BKM (Moro et al., 1998; Soldi et al., 1999;
Danilkovitch-Miagkova et al., 2000; Miranti et al.,
2002). ObpaTHOE TOXKE CIIPaBEIJIMBO, U PELETITOPHI K
¢daxkTopaM pocTa CIocCOOHBI K TpaH3aKTUBAIIUU UH-
terpuHOB (Bagutti et al., 1996; Grassian et al., 2011).
AxtuBanimsgs EGFR, nHanmpumMmep, IpuBOIUT K TTOBBI-
meHuio akcnpeccun Bl u HaoGopor (Wang et al.,
1998). B pabote baryrtu (Bagutti et al., 2001) aBTOpbI
KCCJIEI0BaAIY POJIb Pa3IMUYHbIX (haKTOPOB B Mpoliecce
I OEepeHIUPOBKU 3MOPHUOHATBHBIX  CTBOJIOBBIX
kireTok (DCK) MBIIIM B anMaepMaabHOM Harpasiie-
Huu. OHU MoKa3aau, BO-TIEPBbIX, YTO HU KOHTAKT C
0OazajibHOM MeMOpaHO, HU MEXKJIETOUYHbIE B3aUMO-
NefiCTBUS ¢ BNUAepMabHBIMU KePAaTUHOLIMTAMU TaK
He ctumynanpoBanu DCK K nnddepeHIpoBKe, Kak
COKYJIbTUBUPOBAaHUE UX C (ubOpobdIacTaMu, CUHTE-
3UpYIOIIMMU B cpeay ¢akTophl pocTa. Kpome Toro,
oHM oOHapyxwmimr, yro DCK, 1momaydeHHBIE TyTEM
TpaHCheKIMU BEKTOPOM, OJIOKMpyromuM TeH [1-
WHTETPpUHA, 00J1a1a]T1 MEeHbIIIEH UyBCTBUTETLHOCTBIO K
¢akropam pocra pudpobdnactoB (aFGF, bFGF), dak-
Topy pocta kepatuHoluToB (KGF), Tpanchopmupy-
ouiemy ¢daktopy pocta (TGFa), uem DCK aukoro
TUIIA, U HY>XKJAJTUCh B UX 60Jiee BBICOKOU KOHIIEHTpa-
I B KyJbTYpPAJILHOI cpefe 1isl Hadana nuddepeH-
LIMPOBKU.

Takum oOpa3oM, cUTHaI OT uHTerpuHa 1, cBsi-
3anHoro ¢ BKM, a kpoMe Toro c¢ penentopamm K
dakTopaM pocTa, HEOOXOIUM IJISI COXpaHEHUsT Oa-
JTaHca Mexny mponudepanuein 1 mudepeHInpoB-
Koit. [Ipu 3TOM OTCyTCTBME CUTHaNTA OT [31-MHTErpH-
Ha, CBS3aHHOTO C MaTPUKCOM, MPUBOIUT K OECKOH-
TPOJILHOI Iposndepalvii, 9TO U HAOIIOAAETCS B psilie
3JI0KaUYECTBEHHBIX OMYXOJIeii, KOTOpbhIE Jaxke MpPH MO~
Tepe KOHTakTa ¢ OejKaMu MaTpuKca MpOoIoJIKaloT
nponudepupoBark (Hanahan et al., 2000; Reginato
etal., 2003).

OnmHa 13 KJIIOYEBBIX MTPO0IeM KPUOXpaHESHUS Ke-
PATUHOLIMTOB — MEPEBOJ X B CYCITEH3UIO. JIaBHO 13-
BECTHO, YTO TIepeXo] HOpMaTbHBIX KEPATUHOILIMTOB B
CYCIIEH3UIO COIIPOBOKIACTCS HavajgoM uX audde-
peHipoBku (Watt et al., 1993). ITokazaHo, 4TO Ke-
PATUHOLIMTHI B CYCIIEH3MM HAUYMHAIOT aKTUBHO CUH-
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Te3UpoBaTh MapKep TepMUHabHOU nudbepeHIn-
POBKM JIOPUMKPUH, 1 4epe3 24 4 yxe 100% xieTok
JIOPUKPUH-TTO3UTUBHBI. duddepeHIMpoBKN MOXKHO
n3bexaTbh, €C/IM KJIEeTKU B CYCIIEH3UU HAYHYT (hop-
MUPOBaTh CBSI3W MeXy [B1-MHTErpMHOM M PaCTBO-
pUMBIM (DUOPOHEKTUHOM, NOOABICHHBIM B KYJbTY-
pajbHyt0 cpeny. TakuMm 006pa3oMm, yaepxkaHue B Henud-
¢epeHIIMPOBAHHOM COCTOSTHUM HaMpPSIMYy1O 3aBUCHT OT
HaJIM4YKsl CUTHaia OT [l-MHTerprHa, CBS3aHHOTO C
¢ubpoHekTHoM. KpomMe 3Toro, mokasaHo, 4To Jia-
MuHUH V 1 KosanareH IV takke oOpa3yioT CBSI3M C
B1-uHTerpuHOM, HO B OTCYTCTBHE (DUOPOHEKTHHA HE
CMOCOOHBI OCTaHaBIMWBaTh Tpoliecc AuddepeHIn-
poBku (Watt et al., 1993).

Kpome Toro, nepeBon KepaTUHOILIMTOB B CyCIIEH-
3110 MOXKET COMPOBOXKIATHCS TAKXKE U aHOUKUCOM —
aroriTo30M, BbI3BAHHBIM OTKPEIUIEHUEM KJIETOK OT
MaTpukca. JlaHHBI MeXaHM3M omHcaH B pabote
Pemxunarto (Reginato et al., 2003), aBTOpbl KOTOpOiA
YCTaHOBWJIY, YTO CUTHAJT OT MHTETPUHA, CBSI3aHHOTO C
OeIKaMM MaTpUKCa, BJIMSIET Ha COXpaHEHME SKCIIPeC-
cun EGFR (penientop ogHOro M3 OCHOBHBIX MUTOTE-
HOB) KEPaTUHOLIUTOB, HAXOASIIMXCS B CyCIIeH3UM. BhI-
JIO TIOKA3aHO, YTO IIPUCYTCTBUE B CYCIIEH3MU MOJIEKYJI
BKM (Matrigel) coxpansier akcnpeccuio EGFR Ha
OIpeNeICHHOM YpOBHE, TPU 3TOM OJIOKMPOBaHUE
Bl-uHTErpMHAa MOHOKJIOHAJIBHBIMU  AHTUTEIAMM
MPUBOINT K CHMKEHUIO ypoBHS 3Kcnpeccun EGFR
(Reginato et al., 2003) TouyHO Tak Xe, KaK OTKpernJje-
Hue kepatuHouuToB oT BKM (Grassian et al., 2011),
npuyeM CUTHaJIOM K IuddepeHIIMPOBKE SBISIETCS
HE COOTHOIIIEHUE CBSI3aHHBIX U HECBSI3aHHBIX MOJIe-
Ky B1, a aGcomoTHOE YnciIo cBsizaHHbIX ¢ BKM mo-
Jekys1 B1-uHTerpuHOB (37eCh MMEET MECTO 10303a-
BUCUMBIi1 2 dhekT B3aumoneiicTBust B1-uHTerpuHa ¢
oenkamu martpukca). Ot ypoBHs a3kcnpeccun EGFR
HampsMyl0 3aBUCUT CHHTE3 IIPOAIIONITOTUYECKOTO
oenka Bim. B Hopme EGF nonasisier akcrnpeccuio
Bim, a 3Hauur 1 npoiecc amonro3a. OgHaKO B IIPO-
1ecce aHOMKKCa, HECMOTpPSI Ha IPUCYTCTBUE B Cpefie
MoJsiekyal EGF, aBTOpbl BUIEIM HEYKJIOHHBIA POCT
skcnpeccun Bim. Kak BBISICHUIIOCH, K 24 4 HAXOXKIe-
HUSI KEPATUHOLIMTOB B CYCIIEH3UN 3HAYUTEIbHO CHU-
xkaJjachk akcrpeccusi EGFR, cooTBeTCTBEHHO CUTHAJ
ot EGFR, cBsa3annoro ¢ EGF, He 610kupoBan cuH-
Te3 Bim. Kpome Toro, rmoBsimmenne akcrnpeccu Bim
HAIpSIMYIO 3aBUCEJIO OT HApYyIISHUS CBSI3U UHTETPU-
Ha 1 ¢ MaTpuKcoM: Mpu A00aBJICHUN aHTUTET, BJ10-
KUpyoimux [1-uHTerpuH, HaGJIIOAAIOCh TOBbIIIIE-
HUe 3Kcrpeccuu Bim B KepaTMHOLIMTaX, HAXOOUB-
IIMXCSI B CYCIICH3MHU, AaXKe B IIPUCYTCTBUM MOJIEKYJI
BKM B cpene (Reginato et al., 2003). 3aech, mo-Bu-
JIUMOMY, ITPOUCXOANIO KOHKYPEHTHOE MHTMOUPOBa-
HUE MEXIy aHTUTeJIaMU 1 (PUOPOHEKTUHOM 3a MOJIE-
Kyay Bl-uHTerpuna.

Yrto KacaeTcsl KpUOXpaHEHUSI KEPATUHOLUTOB B
CYCIIEH3WH1, OHO PUBOIUT K YBEJIMYCHUIO TOJIU KJle-
TOK B cocTossHumM amornro3a (Borderie et al., 1998;
Xiao, 2003; Heng, 2006), To ecTbh ycyryoJsieT mpolec-
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CBI, KOTOpPBIE 3aITyCKAIOTCI B KEPATUHOLMTAX IPU
MePEBO/IE NX B CYCIIEH3UIO.

B pa6ote Tubepuo (Tiberio et al., 2002) nokazaHo
BJIMSIHME KOHIIEHTpauuu B1-uHTerprHa KepaTuHO-
LIMTOB Ha BEPOSITHOCTb BKJIIOUEHUSI B HUX MeXaHH3Ma
afnorro3a. ABTOpbl JaHHOK pabOThl aHATU3UPOBAIU
TPU TPYIIIbI KEPATUHOLIUTOB, OTIMYABIIUECS CKOPO-
CThIO anre3uu K koyuiareHy IV tuna. MccinenoBanue
rudenu KieTok, mpoBedeHHoe meromoM TUNEL B
9TUX TpEX IrpyImnax, Mmokasaio, YTO B IEPBOM IpyIIIie,
colepxalleil BBICOKHMI MpOIEeHT [31-uHTerpuH-10-
3UTUBHBIX KJIETOK, allOITO3a MPaKTUUYECKU HE ObLIO.
ABTOpPBHI caenanu BeiBo, uTo CK 3aliuiieHbl oT aHO-
uKrca 06jarogapsi, B MepBylo o4yepelb, UX BbICOKOI
anaresuBHocTy. Kpome Toro, 66110 1okaszaHo, YTO JIv-
raHI — CBSI3bIBAIOLIAsS CIIOCOOHOCTD 053 1-MHTErpH-
Ha (OCHOBHOI1 penenTop K GUOPOHEKTUHY) CHMKA-
€Tcsl Mocyie mepeBoia KEPATUHOLIMTOB B CYCIIEH3UIO U
K 24 4 B1-MHTErprH MOJHOCTHIO NCYE3aET C MOBEPX-
HOCTU KepaTUHOLIMTA, KOMMUTUPOBAHHOTO K AU-
depenuuposke (Adams, 1990; Watt, 1993). HobGasie-
HUe aHTUTeN K B1-MHTerpuHy, MpeaoTBpaIlalnmx
ero cBsi3bIBaHUE C (PMOPOHEKTUHOM, HO HE aKTUBU-
pylollIMX ero, B nepBoit u BTopoii rpynmnax (CK —
AKCIPECCUPOBAIM MaKCUMaJIbHbII ypoBeHb [B1-MH-
TerpuHa — U paHHUE TIPOTreHUTOPHI) MPUBOIUIO K
3HAYUTEJIbHOMY YCWJICHHIO arlonTo3a B 3TUX KJIETKax
(Tiberio, 2002). Takum odpazom, CK MoryT ObITh Hau-
oosiee 3(pheKTUBHON MUILIEHBIO IS CHUKEHUSI CTeTie-
HU mubdepeHIIMPOBKY Yepe3 3 1-MHTerprH CUTHAJIMHT.

OT 4ero Xe 3aBUCUT Cyab0a KepaTUHOLIUTA, HAX0-
JIsIerocs B cycrieH3nn? M Kkakue mpoiecchl — aro-
nTo3a Wwin [uddepeHIMPOBKY — TOMUHUPYIOT B Ke-
pPaTUHOLIMTAX MPU MEPEBOJIE UX B CYCIIEH3UIO?

AHaJIM30M TIPOIIECCOB arnonTo3a n nuddepeHIT-
POBKHU KEPATUHOLIMTOB B CYCHIEH3UU UCCIIEN0BaTENN
3aHumMarotcs gaBHo (Terskikh, Vasil’ev, 2005). Panee
CYHTAJIOCh, YTO OHU MPOTEKAIOT MO Pa3IMIHBIM Me-
XaHW3MaM W MOTYT He 3aBUCETh ONWH OT IPYroro
(Mitra et al., 1997). ITo3nHee npeacTaBiaeHUS O B3au-
MOCBSI3M aIloITo3a U TepMUHATBbHON mruddepeHIm-
POBKM B CYCIICH3UH 3BOJTIOIIMOHUPOBAIIN.

Kak yxe ckazaHo BbIllle, CUTHAJIOM K nuddepeH-
LIUPOBKE KEPATUHOIIMTOB B CYCIIEH3UU SIBJISIETCS T10-
Tepst KoHTakTa Pl-uHTerpuHa ¢ BKM. B Teuenue
MEPBHIX 4 YaCcOB KepaTUHOIIMTHE HEOOPATUMO BBHIXO-
JISIT U3 KJIETOUYHOTO IIMKJIa, B TO BpeMsI KaK JOPUKPUH
B KJIETKaxX HaUMHAET ITOSIBJISIThCS HE paHbIIle, YeM Ye-
pe3 10 yacoB HAXOXIEHUS B CyCIIEH3WU. XOPOIIIO U3-
BECTHO, YTO TEPMHUHAJIBHYIO TU(dHEpeHIIUPOBKY Ya-
CTUYHO MOXHO MHTMOMPOBATh aHTUTEIaMU K [31-1HTe-
rpuHy (Adams et al., 1989; Watt et al., 1993), onHako
BaXKHO TIOHMMAaTh, YTO He Bce aHTUTeNa K [1-uHTe-
TPUHY 00JIaIalOT CIIOCOOHOCTHIO OJIOKMPOBATh TUd-
depenpoBky. B pabote Bart (Watt et al., 1993) uc-
cJienoBaTeIn SKCIIEPUMEHTUPOBAINU C Pa3HBIMU TH-
namu aHtuTes K B1-uHterpuHy (OHU MCIOIb30BATN
JIBE TPYIIIBl MOHOKJIOHAJIbHBIX aHTUTEJI: OJIOKUPYIO-
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[IMX U HEe OJIOKUPYIOIINX CBsI3b 31 -uHTerprHa ¢ Ge-
kamMu BKM (pnOpoHEKTUHOM, TaMUHUHOM M KOJI-
jgareHoM IV)) u oGHapyXWiu, 4TO TOJIBKO aHTUTEJA
M3 TepBOil Tpymmbl K cyobenuuuiie Pl crocoOHbBI
OCTaHOBUTH UM PEepeHITUPOBKY B cycrieH3nuu. Kpo-
M€ 3TOTO, aHTUTea U3 TIEPBOU TPYMIIbI K TeTEPOA-
mepam 0331 u o511 Takke ObUTM CIIOCOOHBI CyIIle-
CTBEHHO OJIOKMpOBaTh TUPGEepeHIIMPOBKY. Takum
ke 3¢heKToOM 00J1a7a I aHTUTESTa TEPBOU TPYITITHI K
cyobenuHuIaMm o3, o2, o5, IpUMeHsieMble B KOM-
TUIeKce ¢ aHTUTeaMu K 1. DTo MOATBEPAUIOCH TEM,
uyro KoyutareH IV m namuHuH (uranasl K o3B1 u
o5B1) 6rokupoBanu audbepeHIIMPOBKY JHIIb B KOM-
iekce ¢ pudpoHekTrHoM (Darribere et al., 1990; Watt
etal., 1991). Db deKTUBHOCTH aHTUTE IEPBOU TPYII-
bl ObLJ1a J0303aBUCUMOI: JIMIIIL B3STbie B KOHIIECH-
Tpauuu 250 MKT/MJI OHU GJI0KUpOBan auddepeH-
IIUPOBKY C 3(PDPHEKTUBHOCTHIO, OIU3KONU K (hudpo-
HekTuHy (Watt et al., 1993), 4To MOXeT yKa3bIBaTh Ha
YYBCTBUTEIBHOCTb INMPEPEHINPOBKU K KOINYE-
CTBY aKTUBUPOBaHHBIX CyObeaunuil 1. OnHako cTo-
UT OTMETHUTh, UTO Jaxe caM (PUOPOHEKTUH He ObLI
CITOCOOCH TTOJTHOCTBIO OJIOKMPOBATh IuddepeHIn-
POBKY B KepaTUHOILIUTAX, MepeBEeACHHBIX B CYCIEH-
3110. ABTOPBI OOBSICHSIIOT 3TO T€M, YTO CBSI3bIBAsICh C
MOJIEKYJIOi WMHTErpMHa Ha TOBEPXHOCTU KIIETKHU,
(UOPOHEKTUH B TO XKe BpeMsl He TTpeAoTBpalllaeT uH-
ruOMpoBaHUE BHYTPUKIIETOYHOTO TpaHCHOPTA Tpe/-
[IECTBEHHUKOB MHTerprHa 1, a Takke He CHUMaeT
6710K ruko3minpoBaHust B1-uHrerpuna. Kpome To-
ro, nobapjeHue GUOPOHEKTUHA He MpeaoTBpallaeT
CHUXEHUE 3IKCIpeccuu OeJIKOB, ydyacTBYIOIIUX B
dopMupoBaHUU (HOKAJBHBIX KOHTAKTOB Hapsay C
uHTerpuHamu (B-akTuH, GuIaMUH, O-aKTUHUH),
MpU NepeBojie KEPATUHOLIMTOB B CYCNIEH31I0. AHTH-
Teja U3 BTOPOU TPYIIbl HE OJOKMPOBAIU MPOLIECC
InddepeHIIUPOBKU, 1aXKe B3SITble B BHICOKOW KOH-
LIEHTPAlIUH.

MmMeHHO pa3pbiB cBsi3u B 1-uHTerpuHa ¢ hubpoHeK-
TUHOM CTUMYJIMPYET 3aITyCK B KEPaTMHOLIMTAX ITpoliec-
coB TepMuHaabHOI muddepeHmpoku (Levy et al.,
2000; Watt et al., 2002) u anomrrro3a (Stupack et al.,
2001). B pa6ote Hxeitnc (Janes et al., 2009) aBTOpBI
MoKa3ajau, YTO BKIFOYEHUE ITUX MPOLIECCOB IMTPOUCXO-
JIUT B KEPATUHOLIMTAX MPAKTUYECKU OMHOBPEMEHHO U
COIPOBOXIAETCS aKTUBAalLlMeil CUTHAJIBHOTO MYTHU
muddepenumpoBku PI3K/Akt u amonToTryeckoro
nytn Caspase-8. Kak n3BectHo, kmHaza PI3K Moxer
ObIThb akTuBUpoBaHa Oenkamu Ras (Erk/MAPK-
MyThb) W TIOCPEACTBOM JPYrUX CUTHAIbHBIX MyTeit
(VEGFR, uuTokuHbl, HWHCYIMH). Ilpu mnomoinu
TpaHC(HEKIIMM KEPaTUMHOLMUTOB PETPOBUPYCHBIM
BEKTOPOM, aBTOPbl BBOAMIN aKTUBUPYEMBbI TaMOK-
cudenoM (4-OHT) ren Akt (myrAktER) 1 nokazanu,
yto in vitro PI3K/Akt-nyTh BKJIt0OUaeTcs IIpU Mepexo-
Jle KepaTUHOLIMTOB U3 CTBOJOBOIO KOMITapTMEHTa B
cynpaba3ajabHBbIC CJIOM. DTO OBLIO MOATBEPKICHO C MC-
MOJIb30BaHUEM JBOMHOI OKpacKU aHTUTeIaMu K Akt 1
B1-vHTerpUHY in vivo. ABTOpBI OOHAPYKW/IM aKTHUBA-
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uuto PI3K/Akt mytu B cynpaba3ajibHbIX CIOSIX M-
JIepMu1ca, B TO BpeMsl KaK KJIETKU 6a3ajbHOTO CJIOS,
AKTUBHO 3KCIpeccupoBaBiive [31-uHTerpuH, ObLIN
oTrpunateabHbl 1o Akt. Ha ocHoBaHUM 3TUX 3KCITe-
PUMMEHTOB CIeJIaH BBIBOA O TOM, YTO BKJIIOUECHUE
PI3K nyTtu mporcXoauT Ha HAaYaIbHBIX CTaIUsIX -
¢depeHUMPOBKU (B 3€PHUCTOM U POIOBOM CJIOSIX
KkieTku Obut Akt HeratuBHBI). IIprMeHeHE MHTH-
outopos PI3K (LY294002) mpuBoAnJIO K OCTAaHOBKE
TepMUHAIBHON mnddepeHINPOBKM B CYCIEH3UM.
Kpome Toro, mporecc akTuBaiuy Kacra3 BO3MOXKXHO
ObLTO OCTAHOBUTH IMPH (hopMHUpOBaHUY CBsi3U B1-UH-
TerpuH-(PUOPOHEKTNH W BHECEHWM WHTHONTOpA
PI3K, uto roBopur o Tom, uro PI3K/Akt ocymecTB-
JISIET PETYJISILIMIO KacTlia3HOTO ITyTU. MeXay CUTrHaIb-
aHeiMu Iytsmu PI3K/Akt u Caspase-8 cyiiecTByeT
obpaTHasi CBSI3b: aKTUBALIMSI Ka3Ia3 MPUBOIUT K CHU-
xeHuio pochopmanposanust Akt. YToObI mpoaHaII-
31pPOBaTh BKJIaJ KACIIa3HOTO MYTU B CTUMYJISILINIO Ke-
paTUHOLIMTOB K nuddepeHIupoBKe B CYCIIEH3UMH,
aBTOPHI HCIIOJIB30BaJIM HWHIUOUTOP K IIHPOKOMY
criekTpy Kacmnas z-VAD-fmk, a Ttakxke crieumguue-
CKME€ MHTUOUTOPHI ABYX OCHOBHBIX ITyTeli aronTo3a —
Caspase-8 u Caspase-9-3aBUCUMBIX. BbIsICHUIOCH,
4TO TepMUHaJIbHasA OuddepeHIIUpOBKa OJIOKUPYET-
CsI BO BCeX TpeX ciydasix, Ho mHruourop Caspase-8
(z-1ETD-fmk) Tak ke acpdekTnuBeH, Kak z-VAD-fmk, B
TO BpeMs Kak uHruoburtop Caspase-9 (z-LEHD-fmk)
omokupyeT I EEPEHIUPOBKY TOJIHBKO YaCTUYIHO
(Janes et al., 2009).

IlepeBonsi KepaTUHOUMTHI B CYCHEH3UIO U IO~
Bepras Mx TpaBMe KPUOXpaHEHMs, Mbl HEM30EKHO
HapylllaeM MeXaHU3Mbl CUTHAJIMHTA, OTBETCTBEHHbIE
3a COXpaHEeHME XKU3HECIIOCOOHOCTH U CTeTIEHU TU(d-
¢depeHIMPOBKM 3TUX KJIeTOK. Haxomsch B cyclieH-
31U, KEPATUHOLIUTHI CTPEMUTEIIBHO TEPSIIOT CIIOCO0-
HOCTb K aITe€31H, IOCKOJIBKY KCIIPECCHS HHTETPHUHOB,
B 4aCTHOCTU [31-MHTerpuHa, MOCTOSTHHO CHUKAETCSI.
3amaya — IMIPUOCTAaHOBUTH MPOLIECC HEOOPATHMOTO BhI-
X0/a KEPaTUHOILUTOB M3 KJIETOYHOTI'O IIUKJIA U COXpa-
HUTh MaKCUMaJIbHOE KOJINYECTBO [31-MHTETpUH-TIO-
3UTUBHBIX KJIETOK B KyJIbType. MBI IIpenriojiaracm,
YTO 3aMeJIsIsl MPOlieCcChl TepMUHAIbHOU nuddepeH-
LIUPOBKU Pa3HBIMU MYTSIMU — T00ABJISIS pACTBOPUMBIIA
(GUOpPOHEKTUH, a Takke MHruouTophl K PI3-kinase u
Caspase-8, B cpeny IJisl pa3MOPO3KM — BO3MOXHO MU-
HUMHU3UPOBATh MAaCCHUBHBIC IIOTePU KEPATUHOIIUTOB 1,
B IIEPBYIO OUepe/ib, CTBOJIOBBIX KJIETOK ITOCJIE KpUOXpa-
HEHUs KEPaTUHOIIMTOB B CYCIIEH3UU.

PMHAHCHUPOBAHUE PABOTHI

PaGora nonaepxana Poccuiickum Hayunbivm @oHaOM
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Problem of Terminal Differentiation and Apoptosis during Human Keratinocytes
Cryostorage in Suspension

A. N. Popova'-* and E. A. Vorotelyak!- > **

IKoltzov Institute of Development Biology RAS, ul. Vavilova 26, Moscow, 119334 Russia
2Lomonosov Moscow State University, Leninskie gory 1, Moscow, 119234 Russia
*e-mail: popova.anna.n@gmail.com
**e-mail: vorotelyak @yandex.ru

Cryostorage of human epidermal keratinocytes is an essential stage in living epidermal equivalent manufac-
toring. However cryostorage of keratinocytes in suspension stimulates processes of terminal differentiation
and apotosis leading to massive loss of stem and progenitor keratinocytes. Suspension-induced signal of dis-
ruption between Pl-integrin and extracellular matrix causes simultaneous activation of PI3K/Akt- and
Caspase-8 pathways. We assumed that terminal differentiation could be blocked by fibronectin, PI13-kinase,
and Caspase-8-inhibitors added to culture medium after cryostorage in suspension.

Keywords: keratinocytes, cryostorage, differentiation, apoptosis
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PeTuHanbHbIil TurMeHTHBIN anutenuit (PI1D) sBisieTcst KIeTOYHBIM UICTOYHUKOM pereHepaluy CeTyaTku
y amdubuii in vivo n pa3Butusi 3a00JieBaHUI CETYATKN Y MJIEKOIMUTAIOIINX U YeJloBeKa. B ocHoBe o6oux
MPOLECCOB JIeXUT TpaHcauddepeHMpoBKa KiieTok PITD — npeBpallieHre B KIETKW MHBIX (DEHOTUIIOB: B
MEPBOM cllyyae HelpalibHbIe, BO BTOPOM — ME3eHXMMHBIE. B 0030pe onrcaHbl OCHOBHBIE 3Talbl TPAHC-
nuddepeHmpoBku Kietok PI1D: mHUIManus rpoiecca, MUrpamnus 1 npoiavdepanus KieTok, nearudde-
PEHIIMPOBKA, penporpaMMHpPOBaHUE U CTIELIMaNN3alllsl KIETOK B HOBBIX HarpaBieHusx. [IpuBeneHa nH-
dopmMaLust 0 MOJIEKYJISIPHO-TEeHETUUECKMX MEXaHU3MaX, 00eCIIeYBaIOLINX TTPOXOXIEHNE KJIeTKaAMU 3TUX
aTanoB. [IpeacraBiaeHbl MOJIEKYISIPHBIE YYACTHUKY PETYJISLIUU TpaHcAUDDEePeHIIUPOBKU CO CTOPOHBI 11e-
JIOTO OpraHu3Ma, JJOKaJbHOIO KJIETOUHOTO MUKPOOKPYKEeHUS (POCTOBBIX (DAKTOPOB, CUTHAJIbHBIX KacKa-
JIOB), 9KCIIPECCUU TPAHCKPUTILIMOHHBIX (DAKTOPOB, a TAKXKE PETYJISILIMUA CO CTOPOHBI antureHoma. OTMeue-
HBbI CXOJICTBA Y OTJIMYUS B MOJICKY/ISIPHO-TEHETUYECKUX MeXaHM3MaX peanu3alluy pa3inyarolimxcs cTpa-
teruii TpaHcauddepenuuposku PIID y ambuobuit 1 miaekonmmraomux. OOHapy:KeHNE MOJEKYISIPHBIX
KJTIOUEBBIX YYaCTHUKOB 3TOTO BHIOOPA CIIYXKUT KaK Pa3BUTUIO TEOPUU KIETOYHOTO perporpaMMUpPOBaHMS,
TaK 1 pa3paboTKe MOAXOM0B IS JIeueHUs TIpoudepaTUBHBIX 3a00JI€BaHU I CETYATKU YeJI0OBEKa, aCCOLIMU -
pPOBaHHBIX ¢ naTonorusimu PI1D.

Knrouesvie crosa: tnas, ceTyaTka, MUTMEHTHBIN SNUTENUN, TpaHCcAUPOEPEHLIUPOBKA, pereHepaLus, po-

JII/I(I)epaTI/IBHaH PETUHOIIATHUA, (I)aKTOpr TPaHCKPUIIIINU, CUTHAJIbHBIC MOJIEKYJIbI, SITUTCHOM

DOI: 10.31857/S0475145021040030

CITUCOK COKPAILIEHU

PII® — petnHAIBLHBII MUITMEHTHBINA STTUTETIA
HC — neiipanpHadg ceTyaTKa

T® — TpaHCKPUITIUOHHBIN (PaKTOP

DMII — snuTenaabHO-Me3eHXUMHBIN ITepexo
DM — srmpeTnHAIILHAasT MeMOpaHa

I1BP — nmpommdepatnBHasg BUTPEOPETHHOIIATHS
BKM — BHEKJIETOUHBIN MaTPUKC

[T P — mommMepasHas 1iemHasT peaxKiiast

BBEIJEHUWE

B HOpMaJTBbHBIX, HE TATOJIOTUYECKMX TSI TKaHei
OpraHu3Ma YCJIOBUSIX, KJIETKHA B3POCITBIX TTO3BOHOY-
HBIX COXPAHSIOT CTaGMIBHOCTD MM depeHIIPOBKMA.
HM3MeHeHMe KIIeTOYHOM MISHTUIHOCTH 03HAYaJI0 OBl

HEBO3MOXHOCTb JIJIsI TKAHU COXPAHSITh CBOIO 1LIEJIOCT-
HOCTB 1 JOJKHBIM 00pa3oM yHKIIMOHUPOBATh B CO-
ctaBe opraHusma. CtabMiabHOCTE TN depeHITNPOBKA
JIOCTUTAETCS TIOCPEACTBOM BIUTEHETUIECKOM perysisi-
LIMU B COBOKYITHOCTH C 9KCITPECCUEN TPAHCKPUTIILIMOH-
HbIX (hakTopoB (TD). U1 10, 1 Apyroe, B CBOIO 0UYEPEb,
JIUKTYeTCsI KIIETOYHBIM MUKPOOKPYKEHUEM 1 0011Ie0p-
raHU3MEHHBIMU peTyasaTopHbeIMU pakTopamu (Holli-
day, 2006; I'puropsta, 2018; Basinski et al., 2021).
IIpoTUBOMNOIOXHBIMU COCTOSIHUIO CTaOMJIBHOCTU
ABJISIIOTCA Jie- U TpaHCcIuddepeHIIMPOBKA KIIETOK,
IIUPOKO HCCIeAyeMble CO BpPEMEHHM OTKPBLITUS
Hx. l'opmonom (Gurdon, 1962) npeBpaiieHust tud-
depeHIIUPOBAHHBIX 3pelIbIX KJIETOK KHUIIEYHOTO
STIUTEINS TOJIOBACTUKOB B KJIETKM CO CBOMCTBAMU
OIUIOJIOTBOPEHHBIX OOLIUTOB TIPU TpaHCIJIAHTALIUU
aaep. [IpucTaabHBII UHTEpEC K U3MEHEHUSIM KJIE-
TOYHOM MACHTUYHOCTH Y MO3BOHOYHBLIX B TeUCHUE
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MOJIyBeKa TPUBEJ K HAKOIUIEHWIO TaHHBIX, CBUIE-
TEJILCTBYIOIIUX O TOM, YTO MOAOOHOE MPOUCXOAUT B
HaIpaBJIeHHBIX JJaOOPaTOPHBIX IKCIIEPUMEHTAX, TPU
MaTOJIOTUU M OOJIE3HSIX, a TAKXKe TPU pereHepanuu
(cMm. o063opkl: Jopling et al., 2011; Merell, Stanger,
2016). Y B3pocabIX peI6 1 aM(GUOMIi TTPOLIECCHI K-
TOYHBIX Je- U TpaHcIu(depeHIIUPOBKHU JIEXAT B OC-
HOBE pereHepaly yTpauyeHHBIX UJIH TOBPEXKIECHHBIX
TKaHeil 1 opraHoB (Alvarado, Tsonis, 2006; Jobling
et al., 2010).

SpyaiiimMu, CTaBIIMMHU KJIACCUYCCKUMM, IIPU-
MepaMM pereHepanuy MOCPEICTBOM TpaHcaudde-
PEHILIMPOBKU SIBJISIETCSI BOCCTAHOBJICHUE CETYATKU U
XpyCcTaJlnKa U3 KJIeTOK MUTMEHTHUPOBAHHBIX SITUTE-
queB rinaza Urodela (Okada, 1980, 1991; Eguchi,
1986). DT Momenu Ha MNPOTSKEHWM MHOTHUX JIET
MHOT'OCTOPOHHE HcCaeaoBaanuch. OCHOBHBIMU 3Ta-
naMu ObLIN: U3YyYEeHME KJIETOYHOTIO MOBEASHUST, MOP-
¢dosorum KJIeToK, TMHAMUKU TTpojudepalu, usme-
HEeHMI 00IINX U CIEHU(PUIECCKIX CUHTE30B, U3MEHE-
HUII MUKPOOKPYXEHUS M MOJIEKYJ HAAKIETOUHOU U
BHYTPUKJIETOYHOI pEryasdiyu Ipouecca, U HakKo-
Hell, MCCJIeIOBaHMUS MOJIEKYISIPHO-TEHETUIYECKOTO
naTTepHa 3KCIIPeCcCUu reHOoB. IIpuunHoii CTOIb Mac-
IITaOHBIX UCCJIENOBAaHUM ObLIO CTpeMJICHHUE MaKCHU-
MaJIbHO PacKpbITh BHYTPU- M BHEKJIETOYHBIC MeXa-
HUM3MBbI, JieXalllMe B OCHOBE TKAHEBOM W OpraHHOI
pereHepauuu y MO3BOHOYHBIX XXMBOTHBIX. IToHMMa-
Hue TpaHcaud@epeHIUPOBKUA HA KJIIETOYHOM U MO-
JICKYJISIPHOM YPOBHSIX ITPUOJIMKAJIO pa3padoTKYy CITO-
co0O0B JieueHUs 3aboyieBaHUt, TPU KOTOPBIX KOHBEP-
CUsl KJICTOYHOIO THMIIA UTpaeT KIIIOYEeBYIO POJb, a
Takke GOPMUPOBAIIO OCHOBY IJIsI OMOTEXHOJIOTYE-
CKOTr'0 BOCIIPOU3BOJICTBA YCIOBUMA, CTUMYJIUPYIOLIUX
pereHepanuio TKaHel Iji1a3a y MJIIEKOIUTAIOIINX 1 Ye-
JIOBEKa.

B ma6oparopusix UBP PAH, 6iaromapst ipodec-
copam O.I'. CrpoeBoii u B.M1. MuraioBy, co3agaB-
MM ¥ O0OTaTUBIIMM HalIpaBJIEeHUE MCCICAOBAaHUIA
pa3BUTUSI U pereHepanuy TKaHel I1asa B HOpMe U
MaToJIOTUM, 0CO00e BHUMAHUE YACISIOCH MOJSIU
pereHepany CETYaTKU 3a CYET KIJIETOK PETUHAJILHO-
ro murmeHTHoro anutenus (PI19) y Urodela (Stroe-
va, Mitashov, 1983; Mitashov, 1996, 1997). Ilapai-
JIETbHO B MUPE U3y4YaICs BOIPOC MpoandepaTUBHBIX
3a00JIEBaHMI 1 BIUTEIMAIbHO-ME3EHXUMHOIO TIe-
pexona (DMIT) knerok PIID ceTyaTtku riaza MiaeKo-
NUTaIIMX 1 4YenoBeka. B wactHOCTM, M3ydanuch
MOJIEKYISIpHbIC MEXaHMU3MBbI IIPOILIECCOB IIpordepa-
LIUY 1 KOHBepcUuU KiieToK PIID B Me3eHXMMHOM Ha-
MpaBjeHUHU, IIPUBOISIINE K pa3BUTHIO IIpoardepa-
tuBHOI BuUTpeoperuHonaruu (ITBP, PVR) (Mores-
calchi et al., 2013; Idrees et al., 2019; Zou et al., 2020),
a TaKKe TaKuX 3a00eBaHUI KaK IIpoiandepaTUBHAs
nuabernyeckass peruHonatus (Abu El-Rasral, 2013)
1 cyopeTHHaIbHBIN (Pubpo3 (Lopez et al., 1996).

B cratbe 00001LEH psia KIIOYEBbIX, TTOTYYEHHBIX
paHee, 1 COBPEMEHHBIX CBEISHMIA, paCKPhIBAIOIINX
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siBlieHue TpaHcaudbepeHUMPOBKU Ha TMpuMepe
KoHBepcuu Kietok PITD rnaza y ambuowmii 1 Miaeko-
nuTrapiux. Be paziuyaroniyecs: CTpaTeruu n3Me-
HeHuit nuddepeHunupoBku PIID — B HelipajibHOM
HarpaBJIeHUM Y aMpuOnit 1 ME3EHXUMHOM y MJICKO-
MUTAIOIINX — HAXOISITCS TOJ MHOTOYPOBHEBBIM pe-
TYJISITOPHBIM KOHTPOJIEM, KOPOTKO OCBEIIIEeHHOM B
ITaHHOM 0030pe. OOCy:KIaloTcsT BOIIPOCHI BpeMEeHHU 1
ycioBuii Bbioopa kiaetkamu PITD pa3HbIX MoOeKy-
JIIPHBIX CTpaTeruii Ijisi KOHBEPCUU B pa3HbIX Ha-
npaBieHUsIX. BHUMaHue yaelleHO BONpPOCY T'€HEeTH-
YEeCKOTO M BIUTeHETUYECKOTO COCTOSIHUI KJIETOK
PI1D Ha kitoueBoM 3Tarne TpaHcaudhepeHIIMPOBKU —
IPY BXOZE KJIETOK B ITpoandepaTUBHBINA UK U a3y
pernporpaMMHUpPOBaHUsI TeHOMA.

PETUHAJIbHBIA MUTMEHTHBIN
BIIUTEJINM TTO3BOHOYHBIX XKUBOTHBIX

PII® B3poCabIX MO3BOHOUYHBIX SIBJISIETCSI BHICOKO-
CIICUMAJIM3UPOBAHHON TKAHBIO — 3MUTEINAIBHBIM
MOHOCJIOEM MUTMEHTUPOBAHHBIX, MOJSIPU30BAHHBIX
KJIETOK, C XapaKTEpHBIMU 1 OOIIMMMU IJIsI BCEX U3Y-
YeHHBIX IT03BOHOYHBIX YyepTamu. PIID pacnosmoxeH
Mexay HelipanbHoit ceTuaTkoit (HC) u ee Backysip-
HBIM cJioeM, cHaOxaromuM HC HeoOXonuMBIMU Be-
mectBamMu 1 kuciopogoM (Ilanosa, 1993; Strauss,
2005; Fuhrmann, 2014) (puc. 1a). IToMmumo nepeHoca
BEIIIECTB I10 0a3aIbHO-aIMKAJIbHOMY IPaaleHTY KJe-
TOK, PIID BhBIIIONHSIET psim BasKHBIX (DYHKIIMIA, IIPO-
U3BOIS (paKTOPHI 1 CUTHAJIBHBIE MOJIEKYJIBI, TTIOAIEP-
>KUBalOIIe TOMEOCTa3 U HOpMalbHOEe (PYHKIIMOHU-
poBanue cerdyatkm (Strauss, 2005; Sparrow et al.,
2010). ITpu 3ToMm ocHoBHOI pyHkumeit PI1D sBaser-
¢ (parouMTOo3 CAYIIUBAIOIINXCS HAPYKHBIX CETMEH-
ToB potopenienTopoB HC, a 3aTeMm nx nepeBapuBaHue
C TTOMOIIBIO JIM30COM. DTO ITO3BOJISIET (POTOPELIEITTO-
paM CUHTE3MpOBaThb HOBbIC OTPOCTKU IS CBETOBOC-
MPUSITUSI, 00SCIIEUNBAET XKM3HECTIOCOOHOCTh KIIETOK U
MeTabom3M peTHHOMIOB. 1o cnx mop, HeCMOTpsT Ha
OTpe/ieJIeHHYI0 TeTePOreHHOCTb KJIETOYHOM TTOITyJIsI-
muu PI1D, HeT cBeneHMit 0 HAJIMYNY B HATUBHOM €TO
cJIoe in Situ CTBOJIOBBIX WJIM TTPOTE€HUTOPHBIX KJIIETOK
(Burke et al., 1996; Burke, Hjelmeland, 2005; Strauss,
2005).

HNE- U TPAHCAN®OEPEHLUNPOBKA
KJIETOK PII9, OITPENEJIEHWUE
KIIETOYHOM MAEHTUYHOCTU

Tepmun nmennddepeHIMpPOBKa TIpearoiaracT
Bo3BpaT auddepeHIIUPOBAHHONM KJIETKU B COCTOSI-
HUE ¢ OOJIBIINM ITOTEHILIMAJIOM Pa3BUTHUS, OJIU3KUM
TaKOBOMY y CTBOJIOBBIX M ITPOT€HUTOPHBIX KIIETOK.
Haubonee sspkyM IIpUMepOM SIBIISIETCS IIOJTydeHUE MH-
JIyLIAPOBAHHBIX ILTIOpUITOTeHTHBIX KiteToK (MITCK) 13
KYJIbTUBUPYEMBIX SMOPHUOHAIIBHBIX U 3pebIX (hrOpo-
0J1aCTOB MBIIH in Vitro TIOCPEACTBOM CO3JaHUS YCIIO-
BUI IS cBepxaKkcnpeccuu B HuX psga Td: Oct4,
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Sox2, KiIf4 u c-myc (OSKM) (Takahashi, Yamanaka,
2006). Cpenu apyrux, MeHee U3BECTHBIX IPUMEPOB,
BhIsiBIeH T® MyoD, skcripeccusi KOTOPOro Iocie
TpaHC(hEKIUM TeHa, CIIOCOOCTBYET IpeBpallleHUIO
kietok PIID, a Takke (pnOpo6IaCTOB M XOHAPOIIU -
TOB B MBIIIIeUHbIE KJIETKU in vitro (Davis et al., 1987;
Tapscott et al., 1987; Weintraub et al., 1989; Tapscott,
Weintraub, 1991). In vivo sBnenue nenuddepeHn-
POBKM TI0Ka3aHO JIsI pa3IMYHBIX TKaHel aMpuomii,
a TaKKe BBICIINX ITO3BOHOYHBIX ITOCIIE IIOBPEXKICHUS
U B ycioBusx nmatojioruu (Szibor et al., 2014; Yao,
Wang, 2020).

“TpancouddepeHINpOBKAa” — TEPMUH, BOIIE-
I B HAYYHBIN o6uxon B 60—70-X romax mpoIioro
cronetus (Weissenfels, Hundgen, 1968; Okada, 1975;
Eguchi, 1979). McxonHo OH oTpaxkas MmpeBpalleHue
MOJTHOCTBIO IU(PGEePEHIIMPOBAHHOTO KJIETOYHOTO
THUMA B WHOM, TakKKe AUddepeHIIMpOBAHHbBINA THUII,
MUHYSI TPOMEXKYTOUHBIN 3Tanm — aenuddepeHIn-
poBKy (Mills et al., 2019). ITo3xxe TepMuUH “TpaHc-
muddepeHIMpoBKa” YTBEpAWICS KaK Ioapa3yMeBa-
IOIIMI TI0 YMOJIYaHUIO HaJU4YUe IIPOMEXYTOUHOTO
COCTOSIHUSI, HEOOXOAMMOrO IJisI MOTepu KJIETKaMU
HWCXOMTHBIX (DEHOTUITNYECKHUX YePT, Ipojudepalun 1
BO3HUMKHOBCHUA YCPT APYyroro KJICTOYHOIO TUIIA
(Okada, 1980). TpaHcouddepeHLIMPOBKA SIBISETCS
IyOOKOM peopraHu3alneil KJIeTKM Ha BCEX YPOBHSIX —
OT TPAHCKPUIILIMOHHOIO 10 MOP(OTreHETUYECKOTO
(rmpu popMuUpoBaHUM de noVo TKAaHU U3 TIpETePIICB-
IIIMX KOHBEPCUIO KJIeTOK). B 3T0ii CBSI3M BHEKIETOU-
HbI€ CUTHAJIBI, PETYJIUPYIOIIYE IIPOoliecC TpaHCaud-
¢depeHIIMPOBKH, TOJKHBI padboTaTh KOOPAWMHUPOBA-
HO, HOCUTb YETKMI ITPOCTPAHCTBEHHO-BPEMEHHOM
xapaktep. MHorue n3 peryimpyionmnx (pakropoB U3-
BECTHHI (CM. HUKE), OTHAKO, KapTUHA UX AUHAMUYE-
CKOW CETH in vivo ellle najeka 10 1ojaHoii. B HacTogiee
BpeMsI Mpeanosaraercs, yro padbora TD u peryaupye-
MBI 3MUTeHETUYSCKUM JTaHaAadT, CIIOCOOHbIE aKTU-
BUPOBaTh WJIM MONABIATh Ty WIM HWHYIO IPOTrpaMmy
9KCIIPECCUU T€HOB, JIeXaT B LIEHTPe COOBITUI TpaHC-
muddepeHuupoku (Powell, 2013; Merell, Stanger,
2018; Grigoryan, 2020; Vanden Bosch, Reh, 2020).

Takum oGpazoM, Ipu TpaHCAUGDEPEHIINPOBKE
UMEET MECTO CMEHA “KIJIETOYHON WAEHTUYHOCTH
(“cell identity”), ompenensieMoil B pa3HOe BpeMs C
pa3HOI CTeNEeHbIO TOYHOCTU. TpaguLIMOHHO CITelU-
¢dryeckre KIETOYHbIE TUILI ONPEASIsiid, UCIOIb-
3ys1 Mopdosiorndueckue Kpurtepuu. I1o3:ke BBISICHU-
JIOCh, YTO 3TOTO HEIOCTATOYHO: HeBUAMMAS MOP(dO-
JIOTUYECKHU, HO TPUCYTCTBYIOIIASI HA APYTUX YPOBHSIX
U3Y4YEHUs] TeTEPOreHHOCTb, KaK MCXOIHOM TKaHU,
Tak 1 opMupylolleiicss B xoae TpaHcaupdepeHI-
POBKH, TpeOoBaa yrouHeHuii. B HatuBHoM PI13D BbIsiB-
JIEHBI PETUOHAIbHBIC OTJINYHUS B 9KCITPECCUU CTPYKTYP-
HbIX MOJIeKyJ (Schmidt, Peisch, 1986; Burke et al., 1996;
Burke, Hjelmeland, 2005; Durairaj et al., 2012) u B
criocobHocTtu K mpoaudepanun B cioe (Crtpoesa,
1971; Al-Hussaini et al., 2008; I'puropsin, 2015). I1pu
OMII knerku PIID miiekonmuTamolnux TOXE UMEIOT
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Puc. 1. CxemaTnueckoe M300paxkeHUE PETUHAIBHOIO
IMUTMEHTHOTO STUTEIUS BO B3aUMOJEMCTBUU C OKpYKa-
IOIMMU TKaHSIMM 33JHE CTeHKM TIjla3a MO3BOHOYHBIX
XUBOTHBIX. (a) — HOpMaJbHbIi r1a3. ®P — doropenen-
Topel, PIID — permHANbHBIII MUTMEHTHBIM SITUTENINIA;
MB — mem6pana Bpyxa; XO — xopounajibHasi 000JI09Ka:
CO — ckyepajibHas1 000104Ka. (0) — pa3oOIIeHUEe peTU-
HaJIbHOTO MUTMEHTHOTO 3MUTEIUsI ¢ (POTOPELETOPHBI-
MM KJIETKaMM CETYaTKM (CIpaBa) MO CPaBHEHMIO C HOP-
MaJIbHBIM cocTosiHueM (ciieBa). C — Koybouku (cones);
R — manoukwu (rods).

OTJINYUSI TI0 CTEIEHM IIPOSBIEHUS ME3eHXMMHOTO
deHoTHUIIA KaK in vitro, Tak u B xoge I1BP n npyrux
npoaudepaTuBHBIX 3a0o0aeBaHuii ceryatku (Chtche-
glova et al., 2020). BaxxHbIM 3TaroM cTajio IIpUMeHe-
HUE MMMYHOXMMHWYECKMX W MOJICKYISIPHBIX METO-
JIOB, CITIOCOOHBIX BBISIBUTH JIOKAJIM3ALUIO U YPOBEHb
9KCIIPECCUN T€HOB, OTBEYAIOIIMX 32 CUHTE3 CTPYK-
TypHBIX 6e1K0B, T® 1 cUrHajabHBLIX MOJIEKYJI. B mo-
clieqHee BpeMsI CTajo BO3MOXKHBIM M3y4eHUE TeHO-
MOB M TpaHCKpuNTOMOB mpenctaButeneit Urodela-
00BEKTOB HCCIIeNOBaHUS TpaHcaUdGepeHIIPOBKU
(Bruckskotten et al., 2012; Nakamura et al., 2014;
Nowoshilow et al., 2018; Biscotti et al., 2020); moxy-
YWJIO pa3BUTHUE M3YYEHUE SMUTSHOMA KJIETOK TJias3a
no3BoHOYHBIX (Aldiri et al., 2017; Corso-Diaz et al.,
2018; Dvorianchikova et al., 2019). ApceHan coBpe-
MEHHBIX ITIOJIXOA0B ¥ METOIOB OTCYTCTBOBAJI Ha 3Tarle
MOP@OJIOTUYECKUX UCCAeIOBaHUM TpaHCcaAUPdepeH-
LIUPOBKHU, ogHako, uMeHHo Torna O.I'. CtpoeBoii u
B.1. MuTtamoBsIM B OCHOBY HalIpaBJIeHUSI paObOTHI
OBUIO 3aJI0KEHO TIPEJCTaBIIEHNE O “TIePEKITIIOYCHUN
padoOThl TeHOB”, KaK OCHOBOIIOJIAraiolleM COOBITUH
KOHBepcum KiietouyHoro turma (CtpoeBa, MUTaIlOB,
1970; Stroeva, Mitashov, 1981). DTo 1O3BOJIMIO CO
BpeMEHEM BBLIBECTH pellieHre TPoGaeMbl TpaHCAU (-
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Puc. 2. [MocnenoBarenbHblE CTAINU PereHepaliMy ceTyaTKy y amduobuii (a) u pa3BuThs NpoandepaTuBHON peTUHOTIATUM Y
miekonuralomux (6). HC — HelipanabHas cetuaTtka; PI1D — peTuHanbHbIi NIUIMeHTHBIN anuTtenuit; KnPIID — tpancoudde-
penumpyoomuecs Kietku PI1D; PC — perenepart ceruatku; DMII — snutennomMe3eHXUMHBIN niepexon; DM — anmmpeTuHab-

Hasi MeMOpaHa.

bepeHIIMPOBKN Ha YPOBEHb M3YYCHUS €€ MOJIEKY-
JISPHBIX MEXaHU3MOB M PETYIISIIIUHN in Vivo.

TPAHCAVM®PEPEHIIMPOBKA KJIETOK
PII® ¥V B3POCJIbIX AMOHWBUU
N MJIEKOITUTAIOLOUX IN VIVO

PII® xBocratbix amdpuoduit (Urodela) obnamaet
CMOCOOHOCTBIO K pereHepalu ceT4YaTKU U AaeT sip-
KU IpUMEp eCTeCTBEHHOM KOHBEPCHUM B PETUHAJIbHbBIC
KJIETKH in vivo. Tlocie moBpexXaeHui T1a3a (OTCIONKI
CeTyaTKu, ¢ yIaJeHUsI, Tepepe3Ku 3pUTEIbHOrO HEP-
Ba) PIID cTaHOBUTCSI MCTOYHMKOM BOCIPOM3BOICTBA
HoBo#i cetyaTku (Stone, 1950; Hasegawa, 1958; Keefe,
1973; Stroeva, Mitashov, 1983; Mitashov, 1996, 1997;
Chiba, Mitashov, 2007; Yasumuro et al., 2017) (puc. 2a).
OCHOBHBIMU COOBITHSIMHM TIpollecca TpaHcIudde-
PEHIINPOBKM SIBJISTIOTCST: BBIXOH, KJIIeTOK 13 ciios PI1D,
MoTepsl UCXOMHBIX YepT U CBOMCTB (memauddepeHim-
poBKa), amMIumMduKanys, (GoOpMUPOBAHUE ITPOMEXKY-
TOYHOI IOMYJISIIUM TIPOIU(EepUpPYIONINX Heipooia-
CTOB, BBIXOJ MX M3 LIMKJIA PEerponyKunu u audde-
PEHIIMPOBKA PETUHAIBHBIX KJIETOYHBIX TUIIOB.
ITorenuun kierok PIID B KauecTBe KJIETOK-UCTOU-
HUKOB JIJIs BOCCTAHOBJIEHUSI CETYaTKN OOHAPY>KEHBI
U Y B3POCJIBIX 6€CXBOCTBIX aMuOUit, sryiiek X. lae-
vis (CBuctyHOB, Muraios, 1983). [1o3:xe mokazaHo,
YTO MpPU COXPAaHEHUM OrpaHUYMBAIONIE BHYTPEH-
HMI Kpai ceTyaTKM BacKyJISIPHOM MeMOpaHbI B XO/¢e
yaaJeHWsI UCXOMHOM ceT9aTKu, KieTku PIIO mokm-
JIalOT CJIO, MUTPUPYIOT, OCeB Ha MeMOpaHe IpOoJIu-
depupyior 1 GOpMUPYIOT pereHepar Tak ke, Kak 3TO
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npoucxoaut y Urodela (Yoshii et al., 2007; Araki et al.,
2007).

V gyenoBeka, Kak 1 y aM(dubOuMii, B OTBET Ha IIOBPE-
XaeHue ceTyatku kietku PIID TepsioT cBou anuTe-
JIajibHbIe XapaKTepUCTUKU, BBIMEILAIOTCS U3 CJIOS,
MUTPUPYIOT U TIPpOoauepupyror, TpaHcauddepeH-
LUAPYSICh IIPU 3TOM B ME3EHXUMHbBIE KJIETKH, 110100~
Hble MUO(DUOpoOIacTaM; MpY ABUXKEHUHU 3a TIpeaesibl
CEeTYATKM OHM M30eTaloT KJIETOUHOI TMOe I M CUHTE-
3upyloT KoMImoHeHTel BKM, yyactBys B (hopMupo-
BaHUM 3NUpPETUHAIbLHON MeMOpaHbl (BDM) (puc. 260)
(Kirchhof, Sorgente, 1989; Abe et al., 1998; Tamiya
et al., 2010; Wu et al., 2018). O6pazoBaHue DM B oT-
BeT Ha noBpexaeHue HC (yaliie pa3pbiB U OTCIONKY)
NPUBOINT K cokpammeHno DM Bmecte ¢ HC, 9TO BBI-
3bIBaeT CHMXKEeHME 3peHus. OnucaHbl 3Tallbl IIPOLIEC-
ca u ux peryasauus (Garweg et al., 2013; Tamiya, Ka-
plan, 2016; Zou et al., 2020). DMII knetok PI1D mMite-
KOTIMTAIOIIUX MOXKET MMETb MECTO HE TOJIbKO MpU
natojorusix (3abojeBaHusIX) IJla3a, HO U B IIpoliecce
BOCCTAaHOBJICHUSI CJIOsI, HaIlpuMep, II0CJIe BO3Ieii-
ctBus nazepom (Han et al., 2015). IlpeBpaleHust
kietok PIID miexonurarommx in vivo ipy DMII
noAIiagaeT o ompenencHue “tpaHcaudepeHIIn-
poBKa”, XOTsI BCTpeYaloTCs M APYrue onpenaesieHus,
HanpuMmep, “nucohyHkuus PI1D” (Zhou et al., 2020).

bonpnras mHdopMalusa, CBUIAECTEILCTBYIONMIAS O
BO3MOXKHOCTA TpaHCIUGGEPEHIUPOBKU  KIETOK
PI1D maexornuraloninx 1 4eJI0BeKa HaKOIUIEHa B pe-
3yabTaTe 3KCIEpUMEHTOB in vitro. WcciaenoBanus
CBUJETENILCTBYIOT O MposiBieHnu Kietkamu PIID
CBOMCTB MyJIbTUHOTEHTHBIX. PIID B3pocCibIX rpeI3y-
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HOoB (Engelgardt et al., 2005) u yenoBeka (MwuJromIm-
Ha u ap., 2009; Milyushina et al., 2011, 2012; Li et al.,
2019) B ycinoBuUsIX in vitro B IIpUCYTCTBUU MoOpdore-
HOB 1 (DAaKTOPOB POCTa IEMOHCTPHUPYET IIpoardepa-
nuto, neanddepeHINPOBKY U B HEKOTOPBIX CIydasix
npoaykuuio HelipoHoB. Ha cranuu neauddepeHm-
poBku kieTku PIID yenmoBeka mproOpeTaloT YepThl
HENPO3IMUTENNATbHBIX KJIIETOK, 3KCIIPECCUPYIOT Te-
Hbl OCT4, NANOG, KLF4, OTX2, PAX6 u NESTIN
(MwumommHa u ap., 2009, 2011, 2012; Ky3HeiioBa u 1p.
2014). B padote Canepo u ap. (Salero et al., 2012) mo-
KazaHo, yTo kjeTku PIID denoBeka in vitro crioco6-
HBI He TOJIBKO K BOCIIPOM3BOJICTBY CBOEro (heHOTUIIA
U MIPOU3BOJICTBY HEMPOHOB, HO U KJIETOK C IIpPU3HA-
KaMU ME3eHXUMHBIX (aIUII0-, OCT€O- U XOHAPOTeH-
Hoi1) muddepeHuupoBok. Ha muann xieroxk PIID
yenoBeka ARPE-19 moxkazaHo, 4TO CUTHAaJIbHBIN
nyTb Wnt sIBJISIETCS OOHUM U3 peryiasitopoB DMII
(Chen et al., 2012). Bce 3T0 IO3BOJIMIIO IIEPECMOT-
peTh CYIIeCTBOBABIINI B3TJIsIA HA TO, UYTO KOHBEPCHUST
PTID MoxeT mpoucxoauTh TOJBKO B Mpeaenax “Bo3-
MOXHOCTE I1a3HOro 3a4aTka”, a UMEHHO B 3KTO-
JiepMaJbHOM HampaBjieHUuM. Bce aTu naHHbIE CBUAE-
TEJIbCTBYET O 3ayoxkeHHoU B PIID nBoiiHOI KomIe-
TeHUUHU. MoJeKyasspHble M3MEHEHUSI B KJIETKax
KynbTuBHpoBaHHOTO PIID MiaekonmuTaommx nMeioT
CXOACTBO C COOBITUSIMU, mpoucxodsiumu B PITD
ampubuii mpu pereHepauunu cetdyatku in vivo (Engel-
hardt et al., 2005; Milyushina et al., 2012). DTo yka3bI-
BacT HA KOHCEPBATUBHYIO MOJIEKYJISIPHO-TeHETUYE-
CKYIO IIpUPOIY MEXaHU3MOB TpaHcaAn( e peHIIUPOB-
k¥ PIID y HU3MIMX ¥ BBICIIMX TTO3BOHOYHBIX.

NMHULOMALOUA ITPOLUECCA KJ'IETO‘IUHOI?I
KOHBEPCHU B PII® AMO®UBUU
N MIIEKOITUTAIOIIINX

Bormpoce! mHMIIManny KoHBepcuu Kietok PI1D y
aMmpuOuili U y MJIEKONMUTAIOIIUX OBbLIM MOAPOOHO
paccMOTpEHBI ISl OTpenesieHUsI CXOACTBA U OTJIU-
Y1 KIETOYHBIX COOBITUM (0030phl: Grigoryan, 2012;
Chiba, 2014). YcraHOBIEHO, YTO TPUITEPOM TpPaHC-
nuddepeHMpoBku gpisietcst pasodiieHue HC u
PIID, B yacTHOCTM pa3pylieHHe MHTepdOTOpeleI-
TopHoro marpukca (IPM), obecrieunBaloiero B3au-
MoJleficTBUEe MEXIy ABYMsl TKaHSIMM CEeTUYaTKU U UX
XKusHecnocobHocTh (Lazarus, Hagemann, 1992; I1a-
HoBa, 1994; Uehara et al., 2001) (puc. 16). de3uHTe-
rpalusi sSIBJSIETCSI TPUITEPOM COOBITUI, CyMMUPO-
BaHHBIX B 00I11eM Buae B Ta0a. 1. PanHue coObITUs
nocJie pazodiieHuss HC u PIIO y mo3BOHOYHBIX CBSI-
3aHbl C HApYILICHUSMU pedOKC-ToMeocTasa, pa3Bu-
TUEM OKMCJIUTEJILHOTO CTpecca, 3allyCKalollMMu B
KJIeTKaX BOCTIAJIUTEIbHYIO PEaKIMi0 U MMMYHHBII
otBeT (MapxkuranToBa, Cumupckuii, 2020). Ha ca-
MBIX HavaJlbHBIX 3Tamnax IpeBpaineHuit Kietok PI1D
CYLIECTBYET OOJIIIIOE CXOJICTBO BHE 3aBUCUMOCTHU OT
TOTO0, YTO CTajI0 MpUUnHOii pazoodiieHus PIIO ¢ HC,
M KakKyio cTpareruio kietku PIID BeIOepyT B maiab-
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HelllleM — cTaTh HelipoHamu npu pereHepanuu HC
y ampuOuMit min MpruoopecTy Me3eHXUMHYIO Tnudde-
peHLpoBKY npu DMII y miiekonuraronux. B oboux
cllydasix HabomaeTcsl Ae3HTerpalys KJIeToK B cioe
PII®D, HapyireHne B cucTeMe KOHTAKTOB U MEXKJIE-
TOYHBIX B3aUMOJICMCTBUI, U3MEHEHUS BO B3auMMO-
JIEHACTBUSIX C MOIJICKAIIMMU TKaHSIMU, IIpUOOpeTe-
HUE CIIOCOOHOCTHU K Murpauuu (063opsl: Grigoryan,
2012; Chiba, 2014). UMeOT MeCTO peopraHu3alius
nuTockenera v Kommno3uuud BKM Ha ¢poHe nuameHe-
HMIA CO CTOPOHBI IUPKYJIMPYIOIIEH KPOBU U UMMYH-
HOit cucteMbl. Bce 3T udMeHeHUs1, MPUBOAAT K Ae-
crabunuzauuu ¢deHotumna PI1D, deHoTunuyeckoit
TpaHc(OpMallMM IPU BBIXOME M3 CJIOS U MUTPALIUU
kinetok. IlapannenbHo mpoucxoguT down-peryssi-
LIYSI KCITPECCUU MOJIEKYJT — KOMIIOHEHTOB 3pUTE/b-
Horo mwmkna (Rattner et al., 2008; Garcia-Ramirez
etal., 2009) u skcnpeccuu OeJKOB creUM(UIHBIX
st PIID (Chiba et al., 2006; ABgoHuH u ap., 2008).
B To Xe BpeMs1 MMeeT MECTO Up-PeTyJISIIMS IKCIIPEeC-
cum 6enkoB TeruioBoro moka (HSPs) (Faktorovich
et al., 1992; Geller et al., 2001), psiza pocTOBBIX (hpak-
topoB (PEDF, VEGF, FGF, CNTF, IGF, TGF) n
KOMITOHEHTOB UX CUTHAJIbHBIX ITyTei (0030p: Strauss,
2005; Abu El-Asrar et al., 2007; Chen et al., 2015; Far-
jood, Vargis, 2017). YBenumuuBaeTcsl B3KCHPECCUS
MPOanoNTOTUYECKUX (PEPMEHTOB 1 T€HOB OBICTPOTO
pearupoBaHus Ha ctpecc (“immediate early response
genes” u AP-1 complex) (Kaneko et al., 1999; Reme
et al., 2003; Gelleret al., 2001). Bce cBsI3aHHBIE C pa3-
obumenneMm PIID u HC cobbitus, u y amouoduii, u 'y
MJIEKOTIMTAIONINX, MOXHO PacliecHUBaTh KaK YHUBEP-
cajbHbIe OTBETHl Ha KJIeTO4YHBI cTpecc (Rattner
et al., 2008; Grigoryan, 2012). Tem He McHee, TOMU-
MO CXOACTBAa M YHUBEPCAJIIbHOCTH PAaHHUX KJIETOY-
HBIX pEaKIUiA, ydacTUsl CUTHAJbHBIX MyTeH, Oei-
CTBME KOTOPBIX HAIIpaBJISHHO Ha 3alllUTy KJIETKHU OT
cTpecca, CYyIIeCTBYIOT 3BOJIIOLIMOHHO 3aKpEIUICHHEIS
(GyHKIIMOHATbHbIE OCOOEHHOCTH B CTPATETUSIX TTOBE-
neHwus kiaetok PITD y xBocTaThix amdpuoduii u Miaeko-
nurtatomux (MapkutanToBa, Cumupckuii, 2020).

N3MEHEHUA HUTOCKEJIETA, KOHTAKTOB
1N KOMITIOHEHTOB BKM B XOJIE
TPAHCOINOO®EPEHIIMPOBKHN KIIETOK
PI15 AM®UBNUN U MIEKOITUTAIOLINX

HwurockeneTt kireTok PIID saBnsieTcs orpaxkeHneM
ero 3MUTEINAIbHONM U (DYHKIIMOHAIBHOM Criel[aIn-
3allUM, a TakXke (PEeHOTUITMYECKON ITACTUYHOCTH.
MBI ucceqoBaii COCTOSTHUE ITUTOCKEeTa KIETOK
PI1D tputona PIl. waltlii B HopMe 1 B HaYajie KOHBEP-
cun. Manykims K pernporpamMmupoBanuio PI1D my-
teM uzosinuu HC (ynaneHue, oTciaoiika) MpruBOIM -
JIa K ”THTUOVMPOBAHUIO SKCIPECCUU IIUTOKEPATUHOB B
KJIeTKax, Haxomsmuxcs eie B ciioe PITO (I'puropsH,
1995; I'puropsin, AHTOH, 1995). To ke HabJIOaaJIOCh
MPY W30 U Juccoluannu Kietok PI1D tpurto-
Ha, YTO ObLIO BHI3BAHO MEHSIOIIUMUCS YCIOBUSIMMU:
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Taomumma 1. CXOZ[CTBO OCHOBHBIX COOBITUI 1 UX KIETOYHBIX U MOJICKYJISAPHBIX MOCJIEACTBUIA IIp1U HAPYILIECHWHU CBA3U KJIC-
TOK PETUHAJIBHOTO ITMTMECHTHOI'O 3ITUTCIINA 1 HCpraJILHOfI CE€TYATKMU

OCHOBHBIE COOBITUS TIPY HAPYIIEHUN
ces3u PII® n HC

KrneTtoyHble 1 MOJIEKYISIPHBIC
MOCJIENCTBUS MHULIAALIY
TpaHcauddepenurposku PI1D
in vivo y ampuouii

KJieTouHble 1 MOJIEKYJISIpDHbBIE
MOCJIEACTBUS MHULIALIUN
TpaHcauddepeHposku PI1D
IIPU OTCJIOMKE CETYATKHU Y YeIoBeKa

Pa3pyliiieHue cBsi3u anmuKaJIbHBIX
otpoctkoB PITD u doropenentopon

HapyiiieHue 3puTebHOIO LUKIIA,
arrornTo3 yactu KiaeTok B PI1D 1 HC

H3MeHeHUsT B KPOBEHOCHOM M UMMYH-
HOI1 cucTeMax B 3aHel CTeHKe IJ1a3a

AKTHUBAIIUST POCTOBBIX (DAKTOPOB U
CUTHAJIBHBIX MyTeM

Up-perymsaus skcnpeccuu HSPs n
TeHOB paHHETO pearnpoBaHms (imme-
diate-early response genes)
PeMonennpoBaHie BHEKJIETOYHOTO
MaTpukca 1 nurockeiera PI1D

Paspymenue UMDM, ocnabiaenue u
MOTepsI KOHTAKTOB MEXIY KJIIETKAMU
PI1® u cBs3u ¢ Mmem6panoii bpyxa,
BBIXOJI KJIETOK M3 CJIOSI, OTePs
SIUTEINATILHON MOPGhOJIOTUH,

BX0J B S-ha3y KJIETOYHOTO LIMKJIa

IIpekpaieHue cMHTEe3a MeJIaHMHA,
down-peryisius 6eJIKOB 3pUTEIbHOIO
[UKIA U cIIeIn(pUIecKIX OEIKOB
PII®

AxTuBanys GUOPUHOIUTUIECKUX
komnoHeHTOB KpoBH (TF, thrombin)
u cucteMbl KommuieMeHTa (C3, C5)

FGF2, IGF1, TGFB, MEK-ERK

HSPs 70, 90; c-Myc

VYyactue pubpoHEeKTHHA, IAaMUHIHA,
teHacunHa 1 N-CAM. UarubupoBa-
HUE [IUTOKEPAaTMHOB 1 Ha4YaJIo 9KC-
npeccuu 6eJIKOB HelipodrIaMeHTOB

Paszpymenue UMM, ocnabiaenue u
MoTEPS KOHTAKTOB MEXIY KJIETKaMU
PIID u cBs13u ¢ MemOpaHoii bpyxa,
BBIXOJI KJIETOK M3 CJIOsI, TOTEPST SITUTE-
JIMAJIbHOI MOp@OJIOTHH, BXOJ B
S-da3y KJIeTOYHOTOo IIMKJIa
IMpekpallieHne CUHTE3a MeJIaHUHA,
down-perysiius 6eJIKOB 3pUTEIbHOTO
[UKJIA U CIIeIn(puIecKIX OeIKOB
PII®

AxTuBanust GUOPpUHOIUTIIECKIX
KOMITOHEHTOB KpoBH (tPA), 6e1K0B 1
KJIETOK BOCTIAJICHHUS

PEDF, VEGF, FGF1,2, CNTF,
BDNF, IGF1, TGFP, MAPK-ERK

HSPs, c-Fos, c-Jun, AP1-complex

VYuactue TaMUHUHA U MTHTETPUHOB.
M3MeHeHne KOMITO3ULIMI KaATrepUHOB,
oUTOKepaTHOB, BUMeHTHHA 1 GFAP.
MBaumyanys skcrpeccuy 6eIKOB IIa-

(NF-200)

KOMBIIIIEYHOTO aKTUHA ((-SMA)

MoTepeil KOHTAKTOB KJIETOK IPYT C AIPYTOM, BBICTUIIA-
roieit PITD memOpanoii bpyxa u ¢poTopenienTtopamu
HC, 1.e. ¢ yrepeii TpexMmepHOro okpyxeHus. B To xe
BpeMs, B IIEPBbIX, BHICEIISIIOLIMXCS U3 CJIOSI I MEHSTIO-
mux ¢peHotun kiaetkax PITD, nHULIMUpoBaaach 3KC-
npeccus naH-HelipaiabHoro 6enka NF-200, mpu Ha-
JIMYUK B IUTOIUIa3Me MUTMEHTHBIX Irpanys (I'puro-
psiH, AHTOH, 1993). B xome pa3BuUTHUSI MOMyISLIMUU
HelipobiacToB (KjieTok ImoToMKoB PIID) ee nudde-
peHIpoBKM 1 MopdoreHe3a 6enkn NF-200 Hakar-
JIMBaJINCh. JIaHHBIE CBUIETEIBCTBYIOT O TOM, YTO 3a-
MellleHUEe cHenu@HuIecKux OeJIKOB IUTOCKENIeTa
PIID (uuTtokepaTHHOB Ha MaH-HeWpaJTbHbIE OETKN)
BXOJIUT B IIpOorpaMmy TpaHcauddepeHIINPoBKU. Bri-
COKasl CKOPOCTh IEPEeKIIOUYEHUSI Ha CUMTBHIBAaHUE C
reHoB, Kommpytommx Oeakm NF-200, cBumeTeln-
CTBYET O JIAOMJIBHOM COCTOSIHUM CUCTEMBI PETyJIsi-
LIMM SKCIIPECCUU TeHOB. Bompoc MoneKyIsIpHbIX U3-
MEHEHMII B CUCTEMe KJIETOUYHBIX KOHTAaKTOB, MaJjio
nsydyeH. [IpenBapureabHble JaHHBIE O JIOKAJIM3AIUN
oenkoB ZO (zonula occludens), acconpoOBaHHBIX C
IJIOTHBIMU KOHTakTamMu PIID, mokazanu yBelnde-
Hue sKcrpeccuu ZO-1 m 1epepacripefieieHue I10
KJIETOUHBIM mToBepxHocTsIM PITD. 1o Mepe manpHei-
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el Murpauuu u Jaeand@epeHIMPOBKU KIIETOK
PII®O skcmpeccus 6enka ZO-1 cHUXajaach, YTO BbI-
3BaHO IIOJIHOM yTepeli KOHTAKTOB M KOHTAKTHOTO
nHruouposanusa B cioe PIID (Huxonaes, 2018). B
CTadMJIM3alY U TUIACTUYHOCTU KJIETOUHOM nudde-
PEHLIMPOBKM CYIISCTBEHHYIO pojb urpaet BKM
(Hausman, 2007; Bonnans et al., 2014). Hamu otme-
YeHbl TMHAMMWYECKNE U3MEHEHHUS B JIOKAIU3aluu U
akcrnpeccun ¢udpoHekTrHa (FN) B cayyae MUKpO-
XUPYPruuecKoil OTCIOMKMU ceTyaTKu y TpuToHa. Ha
10-e cyt ummyHopeakuust FN-antureHoB Ha obpa-
OOTKY aHTHUTEeJIaMM CHMKajach Ha 0a3aJibHOM ITO-
BEPXHOCTHU, HO YCUJMBAJIACh Ha JlaTepaJbHBIX IO-
BepXHOCTSIX KieTok PIID, Bxomsimux B 3TO BpeMs B
dazy nponudepauuu (I'puropsH u np., 1990). Te ke
3aKOHOMEPHOCTH B HOPME M NPOIEeCCe KOHBEPCUU
PIID tputoHa orMeuyeHbl no3xke OpTU30M U COABTO-
pamu (Ortiz et al., 1992). ITockonbky FN-anre3anoH-
HBIII KOMITOHEHT MeMOpaHbl bpyxa 1 cmocoocTByeT
npuKpeniaeHnio Kinetok PI1D, cHmkeHme ero comep-
XKaHUS TIPU KOHBEPCUM MOXHO paccMaTpuBaTh Kak
SIBJICHUE, CITOCOOCTBYIOIIIEe BBIXOAY KJIETOK U3 CJIOS.
Ha ponp peryastopoB TpaHcauddepeHIMPOBKYU
PII® mperennyror m npyrne KomnoHeHTEI BKM n
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OasanbHBEIX MeMOpaH: TeHacuuH U N-CAM, takke
MEHSIIOIIME CBOIO BKCIIPECCUIO B TMpoliecce KOHBEp-
cuu PI1D tputona (Mitashov et al., 1995). Ha pan-
HeM 3Tane TpaHcauddepeHuupoBku PIID tputoHa,
oOHapyXeHa siiepHasi TpaHCJIoKallus 6eTa-KaTeHUHa
(B-catenin) omHOBpEMEHHO CO CHMXKEHUEM UMMYHO-
peaktuBHocT N-Cad (N-KaarepuHa), 4TO CIIYXKUT
BXoay KJIeTOK B S-¢pa3y (Yasumuro et al., 2017).

CocTossHHE MEXKJIETOYHBIX KOHTakKToB 1 BKM
BO MHOI'OM OIIPEACISIIOT cyab0y KiaeTok PIID mpu
npoandepaTUBHBIX 3a00JICBAHUSIX CETYATKA MJICKO-
nuTtatomux (Hiscott et al., 1999). CyiectBeHHas
poJib B KoHBepcum KiaeToK PITD mipu [1BP npunan-
nexut nomunentunay Z0-1 u E-Cad (E-kaarepuny),
MPUCYTCTBYIOLIEMY B CalTaxX MEXKJICTOYHOM aiure-
3un. beakn 0060MX TUIIOB y9acTBYIOT B (hDOpPMUPOBa-
HUU TUIOTHBIX KOHTAKTOB U aAre3MM, HEOOXOIMMBIX
IUISI COXpaHEeHMsI SNUTeINaIbHON TuddepeHIInpOoB-
ku 1 pyakuuu PI1D (Stevenson et al., 1986; Lee et al.,
2007). BHyTpUKIETOUHBIM OEJIKOM-MapKEpPOM 3ITH-
TeIMO-ME3eHXUMHOI mnddepeHINPOBKA, MNPEXKIE
BCETO, SIBIISIETCS COKpaTUTENIbHBIM Oellok o-SMA
(rMagKOMBIIIEYHBIT aKTUH anbda), o0ecIieurnBaio-
1T KJIETOYHYIO ImoaBkHOCTh PITD. Kpome Toro,
MIPUCYTCTBYeT BUMeHTHUH (Vim), Urparoniuii BasKHYIO
poJIb B CTAOMIM3ALM CTPYKTYPHl MHUIPUPYIOIINX
kietok. Ilpomyumpyemsrii kiietkamu FN sBiasercs
MapKepHBIM 0eJIKkoM (pubpo3a nmpu popMHUPOBAHUN
DM, HeoOXOmMMBLIM IJIS IEMOHUPOBAHUS MUKPO-
dubpmnn (Lee et al., 2007; Zou et al., 2020). B pe-
3yJIbTATe IIePECTPOMKN MEXKKISCTOUHBIX KOHTAKTOB,
noasepratoimuiicss DMII PIID nmpuobperaeT Me3eH-
XAMOMIOOOOHBI (PeHOTUIl, XapaKTepU3yIOIIUIACSI
YCHJIEHHOM 3Kcmpeccueit 0enkoB nurockenera (Vim,
a-SMA), noBHIIIIEHHBIM OTJIOXXeHHeM 0e1KoB BKM,
BKJIIOYass KosuiareH u ¢uopoHekTnH (Imamichi,
Menke, 2007). B mpoutecce DMII B PIID in vivo mpo-
WCXOOUT CHIDKEHNE 3KCIIPECCUM OdeCMOIUIaKIHA,
0OEJIKOB IIPOMEXYTOYHBIX (DUIAMEHTOB M IPYTHUX
KOMIIOHEHTOB YYacTBYIOIIMX B (DOPMUPOBAHUU [IE-
cmocoM. IIporecc compoBoXaaeTcss TakKsKe CMEHOM
naTTepHa 3KCIPEeCCUU IIMTOKEPAaTUHOB, CBOMCTBEH-
HbIX HaTuBHOMY PIID (murokepatunst 8 u 18) (Sher-
idan et al., 2005), 3aMeHSIOTCSA LIMTOKEpaTUHAMM 7 1
19, ycunmmBaeTcs akcnpeccus KoyutareHa I Tuna u FN
(Philp, Nachmias, 1987; Kigasawa et al., 1998). ®de-
HoTUTIMUecke m3MeHeHus PIID mpm DMII n mm-
rpayy BKJIIOYAIOT CHIDKEHUE SKCIIPECCUH SITUTEI-
ampHbIx MapkepoB ZO-1 u E-Cad, u yBenmmueHmue
9KCIPECCUM ME3CHXMMHBIX MapKepoB — O-SMA,
Vim, u FN (Lee et al., 2007). /I MBIIIM ITOKa3aHO
yBenmnuyeHre akTuBHOCTH TM® ZONAB u cHuXeHUe
Z0-1 ipu uamenennn ¢peHornna PI1D ot nmurmeH-
TUPOBAHHOTO 3MUTEINAJIBHOTO K (hHUOpobIacToIro-
nmoonomy (Georgiadis et al., 2010).

I'PUTOPAH, MAPKUTAHTOBA

[MPOJIMDPEPALINA, KAK COCTABJIAIOLLAA
IMPOLHECCA KOHBEPCHHA KJIETOK PIID
Y AMOUBUUN 1 MITEKOITUTAIOLIIUX

B wm3ydyeHum mnponudepaTuBHEIX MPOLECCOB B
PI1D B pa3BuTuu 1ri1a3a 1 Ipy KJIETOYHOM KOHBEPCUU
oombiroit Bkaang BHeceH O.I'. CtpoeBoit u B.1. Mu-
tamoBbIM (CTpoeBa, 1962; Stroeva, Mitashov, 1983;
Muramos, 1969a, 19696, 1970, 1974). C nmoMoIbio
MMITYJIbCHOTO MeueHUs *H-TUMUINHOM Y TPUTOHOB
T. vulgaris B HatuBHOM PI13D ynmanoch BEISSBUTH 110 3%
cuntesupylomux JHK knerok (I'puropsin, Mwurta-
moB, 1979). IMo3xke TNpu UCMOIb30BAaHUMU MeETOa
JIOJITOBPEMEHHOI MOCTAaBKM aHajora TUMWIWHA —
opomae3okcuypuauHa (BrdU), a Takke mpu MHOTO-
KPaTHOM BBeleHUM “H-TumuauHa, Hanuuue B PI1D
TPUTOHOB peaKUX KJIeTOK B paze cuHTe3a JIHK mox-
tBepaunochk (HoBukosa u ap., 2008). IIponudepa-
ous kJjeTok HatuBHoro PIID xapakrepusoBajach
JUIMHHBIM S-TIEpUOOOM U KpaiiHe peIKMMU MHUTO3a-
mu. EcTb maHHBIE, CBUOETEIBCTBYIOIINE O IIPUCYT-
CTBUH ITponudepupyiomux Kietok B PIID miekomnu-
tatommx (Al-Hussaini et al., 2008; Stern, Temple,
2015). OtMedeHO, YTO MEIJIEHHO IIpOIudepupyio-
e KiIeTKu B ciioe PI1ID 1M03BOHOYHBIX B HOpME U
IIpU IIOBPEXICHUM JIOKAJIM30BaHbI Ha epudepun —
oOjacTy HamboJiee TTO3MHETO CO3peBaHMs 3TOM TKa-
Hu (CrpoeBa, 1971; CununuHa, 1971; MwuTtaios,
1974; Kiilgaard et al., 2007). ¥ TputoHa npoaudepa-
nus B PI1D nHunmupyetcs Ha mepBoil Heaele ocie
pazobuieHus ero ¢ kinerkamu HC, 3aTem Bo3pacTtaer
U B TeUeHUe 2 Hell. JeP>KUTCS Ha BHICOKOM YpPOBHE.
IMapanenbHBIM COOBITUEM SIBJISIETCSI TIpeKpallleHue
CUHTE3a MeJIaHMHa U Bce 0oJiee YIIIyOoasiiolasics ae-
nuddeperuponka (I'puropsin, Muraios, 1979). B
xone aMImmdukauuu s kKietok PIID mokazaHbl
YMEHBIIICHUE BpeMEeHU KJIETOYHOrO LIMKJIAa U M3MeE-
HEHUS ero rapamMeTpoB: cokpailieHue G, 1 yBeiauue-
Hue S-das3el (Muraimos, 19696; Stroeva, Mitashov,
1983). BbIsicHEHO TakXKe, UTO Yy TPUTOHA JIJISI TPOSIB-
JIEHUsI TIePBBIX YepT CHelUaln3alii B pereHepare
CeTYaTKU KJIETKAM HYKHO ITPONTH 6—7 meJIeHUiA, 4TO
CBHUACTEIILCTBYET O HEOOXOOUMOCTH HAKOIUICHUS
omnpeneIeHHO 4YHCISHHOCTH KJIETOK B OJlacTeme
CETYATKM JUISI OKOHYATEJIbHOT'O IPUOOPETEHHUSI KIIET-
KaMM HOBBIX YEpPT — HEMPOHAJIBbHOU U TJIMAJIbHOM
nuddepeHurpoBok (MurtamoB, 1970; Mitashov,
1980). ITo3xe caemaHbl MOMBITKY BBISIBICHUS MOJIE-
KyJISIpHOTO MexXaHmu3Ma Bxoja KieTok PITD B S-¢azy
KJIETOYHOTO IIMKJIa, BBI3BAHHOIO pa3o0IleHreM
PII® u HC (Mizuno et al., 2012; Yoshikawa et al.,
2012; Yasumuro et al., 2017). Mu3yHO 1 COaBTOPHI UC-
cienoBav aktuBaimio MEK—ERK-kackana B PIIO
in vivo nocne ynanenuss HC (Mizuno et al., 2012). Ak-
TUBALUSI CUTHAJIILHOIO ITyTU ObLIa BBISIBJICHA 4Yepe3
30 MUH TIOCJIe PeTMHAKTOMUU. MI3MEHEHUST aKTUB-
HocTtu Tyt MEK—ERK wn3yyanu npu KpaTKoBpe-
MeHHOM KynbTuBMpoBaHud PIID B cocTaBe 3amHeit
creHku ri1a3a tputoHa (Yoshikawa et al., 2012). Ot-
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MEUYEHBI OCHOBHBIE COCTABJISIIOIINE 3TOTO COOBITHS:
BbICBOOOXIeHMe KiieToK PIID us-mox BnusiHus KOH-
takTHOro uHruouposanus, MEK—ERK, remapun-
3aBUCHUMBI CUTHAJIBHBIN OyTh. [10 MHEHUIO aBTO-
poB, aktuBanusgs MEK—ERK mnpoucxogut 3a cuer
Up-peryasy CUTHAJILHOTO ITYTH 110 MEXaHU3MY I10-
JIOXUTEIBbHOI 00paTHOI cBsI3K. JIJaHHBIE CBUIETEIb-
CTBYIOT O TOM, uto KieTku PIID tputona obmangaior
MEXaHU3MOM OBICTPOIO 3allycKa WHIYLIMPYIOIIETO
npoandepallnio CUTHAJIBHOTO KacKaaa U O IOoAnep-
>KaHWH ero B aKTMBUPOBaHHOI1 (popMe ellie B TeueHHe
7—10 mueit (Mizuno et al., 2012; Yoshikawa et al.,
2012).

Bonpoc mnponudgeparuBHoii akTtuBHOcTU PIID
MJICKOIIMTAIONINX M 4YeJoBeKa ITOAPOOHO pacCMOT-
peH B 0030pe (Stern, Temple, 2015). PanHee co3peBa-
HMe U cTtabunusauus auddepeHuuposku PIID, a
TakKKe YMCISHHOCTU TIONMYJISIIMKU B HOPME in Vivo
ONpeaeJIsIIOT BO3MOXKXHOCTb KpailHe pelKrUX MUTOTH-
yeckux aejaeHuii (Ctpoesa, 1961). OgHako cuTyamnust
MeHsieTcst ecnn nuddeperimposka PIID mecradom-
Ju3upoBaHa paszobmenueM ¢ HC, mpu matosorusix, a
TaKXKe B YCJIOBUSIX N Vitro B pe3yJbTaTe BO3NEUCTBUN
CO CTOPOHBI BHOCUMMBIX B CpPely POCTOBBIX (DaKTOPOB.
V 4enoBeka, KaK yKa3aHo BBIIIE, MHAYKIIWS TPOJIU-
depauuu in vivo 4aile Bcero conpoBoxaaercss DMII
1 BO3HUKHOBEHMEM ME3eHXMMHBIX KJIeToK (Casaro-
li-Marano et al., 1999; Tamiya et al., 2010). B psne
JIIPYTUX Cily4aeB, TaKUX, HAIpUMepP MpU BO3pacT-3a-
BUCHUMOII MakyJIsipHOM AereHepaluu, Ipoaudepa-
111 — HEYaCTOe COOBITHE 1 HE TIPUBOIUT K BOCIIOJI-
HeHUto ciosi PITD mocie rubesiv yacTu ero KJIeTOK
(Stern, Temple, 2015).

IMIpomudeparuBHas akTuBHOCTH PITD muekomnu-
TaIOIIMX M YeJioBeKa usydanacs in vitro (Flood et al.,
1980; Stern, Temple, 2015). OTMeueHO, YTO aKTUB-
HEbIi1 pocT PI1D in vitro yaiie Bcero IpuBOAUT K IOSIB-
JIEHUIO KJIETOK, paziaudarouieiicas mopdoiaorum B
CIIEKTPE OT BITUTEINAIBHBIX 10 (PrOpoO6IacTOIOI00-
Hbix (Tamiya et al., 2010; MuntomuHa u ap., 2011).
[Mponudepanus conmpoBoOXIaET U MPOsSIBIeHUE OoJiee
IIMPOKUX, CBOMCTBEHHBIX CTBOJIOBBIM KJIETKAM I10-
teHuuii PIID, B ompenelieHHBIX YCIOBUSIX in Vitro
OKAa3bIBAIOIIMXCS CIIOCOOHBIMU BXOIWTH B KJIETOY-
HbIM LIMKJA U OpOAYLUUPOBATH KJIETKM KaK HEUpo-
HaJIbHOM, TaK U Me3eHXMMHOM muHuii (Salero et al.,
2012). B Hacrosimee BpeMsi pa3pabOTaHbI yCIOBUS
in vitro, mo3BoJsTIonIe n3o6exatb DMII n HapabaThI-
BaTh OOJIBIIIYIO YUCIEHHOCTD KJIETOK, MUMEIOIINX (he-
HOTHII, OJIM3KMM K ucxogHomy. McciaemoBaHus mx
CBOICTB Ha YPOBHE TPAHCKPUIITOMA BBISIBJISIIOT DKC-
IIPECCUI0 MapKePOB MOBEPXHOCTU U (PYHKIIMOHUPO-
BaHUSI, OJM3KME TAaKOBHIM HAaTUBHBIX KieToK PIID
(Hu, Bok, 2001; Blenkinsop et al., 2013, 2015). IIpu
M3y4eHUM MeXaHM3Ma Bxoja KjieTokK PIID denoBeka
B (pa3y cunresa [IHK in vitro yctaHoBNI€HO, 4TO, Kak
M B cIIydae MHULIMAIWK nipoaudepannn Kietok PI1D
amM@uOMii, KIIIOUEBYIO POJIb UTPAIOT MUTOIESH-aKTH-
BUpoBaHHas1 mporenH kmHaza (MAPK) m kunHa3a,
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peryaupyemasi BHekjJaeTOYHbIM curHaioM (ERK)
(Zhang, Liu, 2002). Ha aTOM CUTrHajJbHOM MIYyTHU pe-
LIENITOp pocTOBOro ¢akropa akTuBupyer rasGTP-
azy, yto npuBoaut kK MAPK/ERK dochopunupona-
Huto (Hecquet et al., 2002). MAPK/ERK B cBolo oue-
penb, peryaupyeT 9KCIIPECCUI0 TPAHCKPUIITOB: C-myc,
Pax6, kif4, 1 MITF, cBUaeTEeILCTBYIOIIMX O TTOHIKE-
HyuM ypoBHS muddepenmposku PIT1D (Bharti et al.,
2006).

MOJEKVIIAPHO-TEHETUYECKHUE
CObbITUA, ITPOUCXOLAALLINE
I[MTPU PEITPOI'PAMMMWPOBAHWU PIID IN VIVO
Y XBOCTATbBIX AM®UBENU

Perenepauusi HC y xBocrtarbix amdubdbuii ocy-
LLIECTBJISIETCS] TI0J, KOOPAUHNUPOBAHHBIM KOHTPOJIEM
pabOThI FeHHBIX CETEM, B KOTOPBIX BEAYIILYIO POJIb UT'-
paioT T®D u curHajibHbIe OEJIKM, 3aIlyCKalollue WiIn
WHTUOUpYIOlMe KJoYeBble CUTHAJbHBIC KacKabl
(Chiba, Mitashov, 2007). B mabopaTtopuu moja pyko-
BojicTBoM B.M. MwurtaioBa B cepenuHe 90-x Haya-
JIUCh PabOTHI TIO OIpPeaeIEHUI0 MOJIEKYISIPHO-TEeHEe-
THdeckoro npodunasg kinerok PIID m murmeHnTHOTrO
SIIUTENS palyXKK1 Ha pa3HbIX dTalax pereHepaiuu
ceTyaTKM U XpyCTaJiMKa Yy B3pOCJOro TpPUTOHA
Pl waltlii (Mitashov et al., 1995; Markitantova et al.,
2003; MapkurtaHToBa u Ap., 2004; Muraiuos, 2007).
M3yuyenue HatuBHoro PIID TpuToHa nokasaio, 4To
KJIETKU 3KCIIPECCHUPYIOT T€HbI, OTBETCTBEHHBIC 3a
crieuMaJu3anuio 1 MeJaHOTeHHYIo nuddepeHI-
poBKky (MapkutaHToBa u 1p., 2004; ABIOHUH U Ap.,
2008; 2010; MapkuranToBa u ap., 2010, 2014, 2015;
Grigoryan, Markitantova, 2016). OcHoBHOe HaIlpas-
JIeHUe HallluX UCClieMoBaHUi ObLIO CBSI3aHO C MOUC-
KOM M U3y4YE€HMEM 3KCIIPECCUM PETYIITOPHBIX TEHOB,
1 TeHOB, KOAUPYIOIIUX MOJICKYJIbI, B3AUMOICHCTBUSI
KOTOPBIX MOTYT 3aMycKaTb U KOHTPOJIUPOBATh TpaH-
cmuddepennmponky PIID, mocnenyioiiyo Tpoian-
depaiuio HelipobaacToB U AUMHEepeHIIMPOBKY Kile-
TOK, TPUBOASIINX K BoccTaHoBNeHUto HC.

B ocHOBY momxona K U3y4eHUIO MEXaHU3MOB pe-
nporpamMmupoBaHus PITD u pereHepaliuy ceTyaTkKu
JIeTJiIa TUTIOTE3a CXOACTBA PETYISITOPHBIX MEXaHU3MOB,
KOHTPOJIUPYIOLINX MPOLECCHl Pa3BUTUS U pereHepa-
MM OJHOMMEHHBIX TKaHell. BiepBbie ¢ ncnoiab3oBa-
aneMm Metoga OT-TILIP n rmopunmsatmn in situ, B pe-
TeHepupylollleil ceTdyaTke B3pocabix Pl waltlii MBI
UIEHTU(PUINPOBAIM TOMEeOOOKCCOAEpKAIIe TeHBI
“rimasHoro mnojst” Pax6, Proxl, Six3, nmpuHamiiexa-
IIMEe PETyJaTOPHON CEeTU, KOHTPOJIUPYIOLIEU Mpo-
LIECCHI Pa3BUTHA TKaHel miasa (MapKuTaHToOBa U JIp.,
2004). Co BpeMeHEM peaKCIIpeccus psiaa KIIOYeBhIX
9BOJIIOIIMOHHO KOHCEPBAaTUBHBIX I'€HOB, KOIMPYIO-
mux TP u curHanbHble 6enku Pax6, Proxl, Six3,
Otx2, Fgf2 Oblna BBISIBCHA B pereHepalui XpycTa-
JIMKA U CeTYATKM y OPYIUX BUIOB aM(MUOMii, B TOM
yuciie xBocTaTtbix (Markitantova et al., 2004; Chiba,
Mitashov, 2007; Veldman et al., 2007; ABDOHWH u JIIp.,
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2010; MapkurtanrtoBa u ap., 2010, 2014; Sousounis
etal., 2013). MBI mcciienoBaad HPOCTPAaHCTBEHHO-
BPEMEHHOM XapakTep pacHpelesieHUsI ToMeoOOKC-
HBIX Pax6, Proxl1, Six3, Pitxl, Pitx2 v TKaHeCHeIn-
¢uuHbIX TeHOB RPE6S5 n Otx2 B Havyaje KOHBepCUU
PIID 1 Ha mocenoBaTeIbHBIX CTAAUSIX PEreHepaliu
ceTyaTKu TputoHa Pl. waltlii, c UCIOJIb30BAaHUEM Me-
tonoB I1LIP, rubpuauzauuu in situ 1 UMMYHOXUMUU
(MapkutanToBa u ap., 2004, 2010; ABnOHUH U 1p.,
2010). M3ydyeHue JokKanuzalliyd W paclpeaeseHus
MPHK noxkazano, yro tpanckpumnuusg MPHK rexnos
Pax6, Prox1 n Six3 B HatuBHoM PITD He HaGmonaeTcs,
¥ 9TO 3TU I'€HbI aKTUBUPYIOTCS Ha pAaHHMX 3Tarax pere-
Hepauyu cerdyatku (MapkuranroBa u ap., 2004). C
BHeIpeHneM B mccienoBanme MetomoB I[P, yma-
JIOCh MOJYYUTh OoJiee ITOJIHYIO KApTUHY IVMHAMUKU
9KCIIPECCUU U3yJ4aeMbIX TEHOB Ha MOC/IEIOBaTeIbHBIX
CTamusIX pereHepaluy, HaurHasl ¢ paHHuX. Tak, ¢ 1mo-
morpio OT-TTLP 6pUI0 MOKa3aHO, YTO aKTUBALIUS
reHoB Pax6, Six3, FGF2 npoucxonut Ha ¢poHe IToaaB-
JneHus1 ypoBHs 3kcrnpeccun MPHK perynsitopHoro
reHa Ofx2, KOHTPOJUPYIOIIETO MCXOAHYIO MeJIaHO-
reHHywo auddepeHInpoBKy Kietok PIID, a takke
reHa-mapkepa auddepenuuposku PIID — RPE6S
(ABmoHuH u ap., 2008). ITo naHHBIM JTUTEpaTyphl Ha
paHHel cTaauy pereHepaluy CeTYaTKu HaOmoaaeTcs
CHIDKEHME YPOBHS DKCIIPECCUU HE TONBKO reHa Orx2,
Ho 1 MapKepoB MestaHoreHe3a — RPE65, CRBP, asisi-
ommxcs muiieHsamMu 11 Otx2 (Sakami et al., 2005).
Haim pe3yibTaThl HAIIM COOTBETCTBUE C TaHHBIMU
00 U3MEHEHNM YPOBHS 9KCIIPECCUM KITIOYEBBIX PEry-
JIITOPHBIX TeHOB Pax6, Mitf, Otx2 Ha paHHUX CTaausIX
pa3BUTHS IJIa3a NO3BOHOYHLIX. [1oka3aHo, 4TO B OC-
HOBe (hbopMHUpPOBaHUSI HeMpOOIaCTOB pa3BUBAIOIIIEIi-
Csl CeTYaTKM JiexkaT aHTarOHUCTUYECKUe B3auMoeii-
CTBUS Mexay 3Tumu reHamu (Baumer et al., 2002).
CrienyeT OTMETUThb, YTO B JEIIMTMEHTUPYIOLIMXCS
kietkax PIID 3apermcrpupoBaHbl HU3KHE YPOBHU
MPHK Pax6, ProxI n Six3, 1o cpaBHEHUIO C IIPOIU-
depupyolIMMHI HelipobiacTaMu, 00pa3yIoIIMMHU 3a-
YaToOK CETYaTKU U XapaKTePU3YIOIIMMUCS aKTUBHOM
9KCIpeccueit, 0OHapy>KeHHOII Ha paHHUX CTaIMsIX
pereHepanmm BO Bcex HelpooOmactax 3agatka HC
(MapxkuranToBa u np., 2004). B aktuBHO mpoande-
pupyomnx HelpobiacTtax Oymymieil ceTdyaTKy MBI
UICHTU(PULIMPOBAIM TPAaHCKPUIILIMOHHYIO aKTHB-
HOCTb I'eHa HyKjieocTeMuHa (/Ns), KOmupylomero oe-
ok sapeinka. Conokanu3anus HYKJICOCTEMUHA U
Fgf2 B HeiipobiacTtax pereHepUpYIOLIEl ceT4aTKH
MO3BOJIWJIa BBIABUHYTh TPEAIONOXKEeHNe 00 UX yJa-
CTUM B PEryjsiLivy mpojudepaliii KJIETOK B COCTaBe
o01ero curHajapHoro mytv (MapkutaHToBa W Jp.,
2014, 2015; Markitantova et al., 2020). Ilpu sToM, c
y4eToM Mpoduis 3KCIPEeCCUU psijia U3YYEHHBIX pe-
TYJIITOPHBIX TEHOB U 0€JIKOB, KJ1eTKu PI1D TpuTtoHOB
MOTYT OBITh OTHECEHBI K KATeTOPUU KJIETOK C “MOJIO-
IBIM” (peHOTHTIOM. DTO O3HAYaeT, YTO B HUX Ha HU3-
KOM YPOBHE MoIiep:KuBaeTcs skcrnpeccuss T us
Yuclia peryasaTOpOB paHHEro pa3BUTHS Tja3a (early
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eye-field genes) (Pax6, Otx2, Mitf, Pitx1, Pitx2, Hesl),
Y4acCTBYIOIIMX B CIELU(PUIECKOM MOJEKYIIPHOM
KOHTEKCTe B KOHTpoJsie aguddepeHipoBku PIID B
sMmbpuorenese (RPE6S5, Pax6, Otx2, Mitf, Pitxl,
Pitx2) (puc. 3) (Grigoryan, Markitantova, 2016).

Hamm naHHBIE OPOAEMOHCTPUPOBAIM Yy4yacTHUE
IePEeUMCIIEHHBIX BhILIIE TeHOB B ()OPMUPOBAHUU pe-
TYJISITOPHOI CEeTH, KOHTPOJIUPYIOIIEH KakK TpaHC-
nuddepeHIMpoBKY KiieToK PIID, Tak 1 mmocienona-
TeJbHBIE CTaAUM pereHepaunu cerTyaTku. OTHUM U3
BaXKHBIX PE3YyJIbTATOB SIBUJIOCH OOHApPYXEHHE CXOI-
HOIO C pa3BUTHUEM MaTTepHa 3KCIIPECCUU T€HOB MH-
Tepeca Ha paHHel cTaauM pereHepalnm — B HEMpoOo-
nacrtax pereHepupytonieit HC. [TonyyeHHbIe JaHHBIE
MO3BOJIMJIM TaKXKe CAeaTh BHIBOM O TOM, YTO ITOCJIE
peTuHAKTOMUM B KjeTkax PIID rnasa tputoHa pe-
MIPECCUPYIOTCS T€HBI, OMPENeNSIOIINe UX UCXOTHbBII
¢heHOTHUI, 1 OMHOBPEMEHHO 3KCIIPECCUPYIOTCS HO-
BbIE€ PETYJISITOPHBIE Te€HBI, ITepernporpaMMUPYIOIIe
PII® mirs mipnobpeTeHWsT UMM CBOMCTB CTBOJIOBBIX
kJreTok (Mapkuranrtosa u ap., 2004; Chiba, Mitashov,
2007). TakuM oOpa3oMm, MPEAIOJOXEHUsI, CleaH-
aeie O.I'. CtpoeBoit m B.M1. MuramossM 0 “niepe-
KJouyeHun pabdoTtel reHoB” (CtpoeBa, MwuTallos,
1970; Stroeva, Mitashov, 1981) HallLI1 CBOE BKCIIEpU-
MEHTAJIbHOE TTOATBEPXKACHUE.

B PIID u mipm pereHepanmm ceTdaTKH Iia3a TpH-
ToHa Buna Pl. waltlii Mb1 BiepBbIe MASHTUDUIITPOBA-
JI1 romMeoOoKc-codepxkaiuue reHbl Pitxl, Pitx2 u
OIpENeTNIN JOKAJIU3alNI0 COOTBETCTBYIOIINX Oell-
KOBBIX IPOAYKTOB (ABmoHUH u ap., 2008; Mapxku-
TaHToBa U ap., 2010; ABooHuH u ap., 2010). Panee ¢
IMOMOIIBIO TeHHOTO HOKayTa, ObLIO MTPOAEMOHCTPHU-
poBaHO ydacTtue Piftx2 B peryJsiiiuu 3KCIIPECCUM Te-
HOB Otx2 u Mitf, KOHTPONIUPYIOIIVX MEJaHOTeHE3 B
xone muddepeHIpoBKH KiaeToK PIID mbimm. B
KCIIEpUMEHTAaX 1Mo OBep3IKcnpeccuu reHa Pitx] ObI-
JIO OOHAPYXXEHO CYIIECTBEHHOE CHIXKEHUE DKCITpeC-
cun reHoB Ofx2, Pax6, a Takke HelipaalbHOIO MapKe-
pa b-mybyauna B TnazHoM Ookajne u mMosre (Evans,
Gage, 2005). CornacHo 3TuM cBeaeHUSIM, U Pitx1, u
Pitx2 HaxonsTCcsl Ha BepXHell CTyNeHU UepapXuu re-
HOB, KOHTPOJIMPYIOLIUX MPOLIECChl MeJIaHOTeHe3a 1
HeliporeHe3a. Y XBoCcTaThiX aMpUOUii mocjie TpaBMbl
TKaHell OTMe4YeHa TaKXKe aKTHBAlUsI TEHOB UMMYH-
HOTO OTBeTa M NMPOTOOHKOTEHOB, M3 uuciaa T —
c-fos, c-myc, c-jun (Maki et al., 2009).

BaxHbIM cTajio omnpeaeneHWe BpeMEHHU, KoOrna
IIPOUCXOIUT PEeIIPOrpaMMHpPOBaHNE, KOIIa peain3y-
eTcd perreHne Kietok PITD TputoHa moiiTy mo mHO-
My niytu. C momolblo KoiaudectBeHHoi [TIHP Ha
M30JIMPOBAaHHBIX KJIETKAaxX YIAJIOCh BBIICHUTH, UYTO
nepBbie nodepHue KieTku PITD Ha 10-if neHp nmocie
PETUHAKTOMUYU MHULIMUPYIOT PabOTy 'eéHOB TLIIOPU-
noteHTHOCTU c-Myc, Kilf4u Sox2, a taxxe Mitfn Pax6
(Islam et al., 2014). ITo BpeMeHH: 3TO COBIIaAAeT CO
BXOJOM KJIETOK B MpoJiudepaTuBHyo dazy U 3KC-
Ipeccueil MapkKepa HelipaJabHbIX CTBOJOBBIX KJIIETOK
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Melanin Histon H3
RPE65 Cyclin D1
CRALBP Neurogeninl
OTX2 Hesl

Mitf None
Cyrokeratin None

Fef2, Fgf2R None

Pax6 None
a-SMA Pitx

N-Cad E-NTPDase
Vim Nucleostemin
Z0-1

Msil

Melanin Histon H3
RPE65 Cyclin D1
CRALBP Neurogenin 1
;T[)f(Z Hesl

N(l)ne C-Mye
NF-200 kif4

Fef 2 Notch-1

Pax6 l Sox2

a-SMA Pitx

N-Cad E-NTPDase
Vim Nucleostemin
Z0-1

Msil

Puc. 3. MukpodoTo (cneBa) kKieTok peTuHaabHOTO murMeHTHOro anutenust (PI1D) Bckope mocite pazobieHust ero ¢ potope-
LIENITOPAaMHU B pe3yJibTaTe OTCIOUKM CeTYaTKM y TPUTOHA. ['01yOble CTpelkKy — KJIeTKU, Haxoasluecs elle B cioe PI1D; kpac-
HBIe CTpeJIKU — KiIeTku PI1D, B Hayase nmpoiecca TpaHcaudGepeHUMPOBKY, MOKMHYBIIME caoii PITD. BumHbl oTauyus B co-
crostHuM xpomaTuHa. CripaBa — BbISIBJIEHHBIE T€HBI M OeJIKU (CYMMUPOBaHHBIE CBEICHNsI), KPACHBIE CTPEJIKM YKa3bIBAIOT OT-
JIMYMST B 9KCITPECCUU T10 CPaBHEHMUIO C KIIETKaMU, coXpaHstomumucs B cioe PI13D.

Musashi-1 (Kaneko, Chiba, 2009), a Taxske rmaH-Heii-
panmpHOTO Mapkepa NF (I'puropstH, AutoH, 1993).
BaxHo, 4TO B 3TO BpeMsl 9KCIpeccusl TeHa, KOAUpY-
foniero cnenuuyeckuii 6enok PI1D — RPE6S, Geuia
CXOOHOM IIO0 YPOBHIO KaK JUISI MHTAKTHBIX KIJIETOK
PIID, Tak 1 mis nmepBbix kKieTok 3adaTtka HC. Dto
CBUCTEJILCTBOBAJIO O COXPaHEHUHU OTHOTO 13 OCHOB-
HBIX IIPM3HAKOB HCXOMHOI mnddepeHINPOBKA B
MOMEHT ITOSIBJICHUSI KJIETOK C IIPU3HAKaMU MYJIbTH-
MOTeHTHOCTHU. ITo3Xe B KJIeTKax 3a4yaTKa 3KCIIPECCUST
RPEG65 nomasisinack, B TO BpeMsl KaK TeHbI MYJIbTH-
MOTEHTHOCTU TIPOJOJIKAIU 3KCIIPECCUPOBATHCS 110
14—15-Tro nmHeii pereHepanuu, A0 (GOPMUPOBAHUS
MHoropsimHoro 3adatka HC, mocie yero yxe B IOJI-
HYIO CUJTY BKJTIOYAJIMCh TeHBI TTPOHepaabHON nud-
¢depeHIMPOBKY 1 3aTeM I'eHBI CIICHUMUIECKIX KITe-
TOYHBIX TUIIOB U TJINU.

COBOKYITHOCTb MOJIYYEHHBIX HAMU U KOJIJIeTaMu
CBEIIEHUI1, CBUACTEILCTBYET O YACTUUYHOM COXpaHe-
A PITD WMHTAKTHBIX, ITOJTOBO3PETBIX XBOCTATBIX
aM(duOUii KJIIeTOYHOTO, MOJIEKYISIPHO-TEHETUUECKO-
ro W BIMUICHETUYECKOro Hpoduieit, XapaKTepHBIX
JIJIST FOBEHWJIBHBIX COCTOSIHUM, HApsILy C SKCITpeccueit
BCeX MPU3HAKOB (PYHKILIMOHAJIBHOM CrielIuain3aiun
(Grigoryan, Markitantova, 2016; Grigoryan, 2020).
DT JaHHBIE COTJIACYIOTCS C pe3ysibTaTaMU PabGOTHI
Ha PII® kypuHoro am6puoHa (cT. E4), Takxke cro-
COOHOTO K CMEHE KJIETOYHOI'O THUMA in Vivo U DKC-
MPECCUPYIOLIETO psia (PaKTOPOB — MAPKEPOB KIIETOU -
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Hoii mopunoteHTHOCcTH (kIf4, c-myc, lin-28) (Luz-
Madrigal et al., 2014). HekoTopbie peryjisiTopHbIe
Oesiku, Takue Kak Wnt, ITMKOIMPOTEUHBI, B KOOIepa-
muu ¢ T® mmopurnoreHTHOCTU Oct4, Sox2, Nanog,
YYaCTBYIOT B PeTyJISILIMM mpojudepaluu KJIeToK, B
YaCTHOCTH, TMONAEPXKaHUU TMyJIa CTBOJIOBBIX KJIETOK
npu pereHepaiiuu TkaHeil (Desai et al., 2010; Kats-
man et al., 2012; Khan et al., 2015). HakonneHHEbIe
9KCIepUMEHTaJIbHbIC pe3yJibTaThl I1al0T OCHOBAHUS
MpearnoJjaraTh, YTO Ha CaMbIX paHHUX CTaAUSIX pere-
Hepaiiuu HC B TKaHSIX 3alHEro cekropa rjasa B
OoutblIeit Mepe BOCTpeOOBaHBI (DAKTOPHI, YIACTBYIO-
mue B 3amuTe Kietok PIID ot rubenu n nogmepka-
HUM nx QyHkouid. Jns amduoumit 1 BEICIIMX IT03BO-
HOYHBIX B KAUECTBE €l1l€ OJJTHOTO U3 Takux (haKTOPOB
obcyxnaeTcsl anuaepmaibHblii akTop pocta (Egf)
(Defoe, Grindstaff, 2004).

HTak, cylecTBEeHHBIM TOCTHXXKEHUEM B MCCIIEHO-
BaHUSIX MOJIEKYJISIDHBIX ME€XaHW3MOB pereHepanuu
CETYATKM y XBOCTAThIX amM(puOMii cTajo OOHapyxKe-
HHUE CXOIICTBA OCHOBHOI CETU PETYISITOPHBIX TCHOB,
KOHTPOJIMPYIOIIEl MPOLIECChl pa3BUTUSI U pereHepa-
IIMA CETYATKU, CXOACTBO MOJICKYISIPHBIX MEXaHM3-
MOB TIPOIIECCOB KJIETOUHON 1nddepeHINPOBKHI MO~
cJie 00pa3oBaHMSsI CI0sI HEMPOOIACTOB B pa3BUTUU U
mpu pereHeparnu. OmHAKO, CYIIECTBYIOT M pa3iiv-
qust. OHM CBSI3aHBI C OTJIUYMEM KIIETOYHBIX MCTOY-
HuKoB hopmupoBaHust HC: B xone aMOpUOHaAILHOTO
pPa3BUTHS UCTOYHUKOM CIIYXKaT KJIIETKH BHYTPEHHETO
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cJiog IIa3HOTo OoKaja, a B Ipollecce pereHepanuu
cetyaTku KjieTku PI1D.

MOJIEKVIIAPHO-TEHETUYECKHE
COBbbLITUA, TTIPOUCXOAALLINE
ITPU PETTPOTPAMMMPOBAHWU PIID IN VIVO
Y MJIEKOITUTAIOIIINX N YEJTOBEKA

ITpouecc DMII urpaet BasKHYIO pOJIb B Pa3BUTHH
OpraHoOB, KJIETOYHOM pPeINporpaMMUpPOBaHUU, a TaK-
ke mpoueccax MeractasupoBanus (Kalluri, Weinberg,
2009). LenoctHocTts PITD mommepXuBaeTcss KOOPIM-
HUPOBAaHHBIM B3aUMOCHCTBUEM I€HOB, KOHTPOJIUPY-
IOLIMX IIPOLIECCHI, 00eCIIeunBalOIIe CTA0MIbHOE U -
¢epeHLIMPOBAHHOE COCTOSIHME 3TOM TKaHM (Strauss,
2005). Y¥1pata peHoTunmueckux yept PIID nipu na-
TOJIOTMYECKUX COCTOSIHUSIX JIEKUT B OCHOBE BO3HUK-
HOBEHUSI U IIPOrPECCUPOBAHUS IIPOJIM(PEPaTUBHBIX
HapyllIeHui B a3y, Takux kak [TBP. OMII kietok
PIID xak yacTh abeppaHTHOM peakKlU IIPpU paHO3a-
XKUBJICHUHW TIpU HAHHOM MATOJIOTMU CIIOCOOCTBYET
dopmupoBanuio DM (Snead et al., 2008; Tamiya,
Kaplan, 2016). Oco6ennoctu DMII B PI1D mieko-
MUTAIOIINX CBSI3aHbBI C YTPATO HOJISIPHOCTH, CIICII-
aJIM3UPOBAHHBIX TJIOTHBIX MEXKJIETOUHBIX KOHTaK-
TOB (tight junctions), peopraHuzanueii IMTOCKEJIETa,
1 TIpUOOpPETEHUEM CBOMCTB ME3CHXMMAaJbHBIX KJIe-
tok (Philp, Nachmias, 1987; Huang et al., 2012). Oc-
HOBHBIM COOBITUEM pPEOpPTraHM3alMM LIUTOCKEICTa B
PII® mipu DMII gBiageTcsT cMeHa MATTEPHOB 3KC-
npeccun KaarepuHoB (Thiery, Sleeman, 2006; Ima-
michi, Menke, 2007): npu kaHoHudeckom DMII B
PIID npoucxoout nmomasieHue 3Kcnpeccun N-Kaj-
repuHa (CDH2) u mepekioyeHrue Ha 3KCIPECCUIO
KaarepuHos, crieunduyHbIx ;i PI1D, takux kak E
(CDH1) u R (CDH3) (Maeda et al., 2005; Nieto,
2011).

Monekynsgpubie ocHoBEl DMII B PITD, BKmIouas
M3MEHEHUS B 9KCIIPECCUU U PETYJISILIUM T€HOB, OCTa-
1oTcst ioxo mi3ydeHHbIMU (Vadigepalli et al., 2003;
Nazarieh et al., 2016). OHu BK/II0YalOT U3BMEHEHUS B
aKcrnpeccur (PYHKIIMOHAJIILHO 3HAYMMBIX TEHOB IO,
KOHTpoJjieM crielndriecknx TM B reHETUYECKOM ce-
TH, B KOHTEKCTE IIaTTePHOB CKOOPIMHUPOBAHHOM
perynssuun B PIID B HOopMe m B mponecce DMII.
OIuH M3 acHeKTOB 3TOM peryJisiiuy IIpeariojiaract
YIIOMSIHYTOE BBIIIIE IEPEKII0OYEHUE SKCIIPECCUM IO -
TUIOB KaarepuHoBbIX OciakoB. IIpoumecc DMII B
PI1I® conpoBoxmaeTcss IomaBJIeHUEM 3KCIIPECCUM
T®, nunpyuupyromux DMIT (BMII-T®), Takux Kak
Snail, Slug, ZEB1/2, TWIST, GSC (Choudhary et al.,
2015) u mpyrux, BeI3bIBAIOIINX Kiaccudeckuit DMII
npu ¢pudpo3Hoit 1 oHkoTpaHchopmanuu (Hua et al.,
1998; Kang, Massague, 2004). B3anMopaeiicTBus ¢
sTuMu TD UrparoT HEHTPaIbHYIO POJIb B MEXaHU3MAaX
penpeccun E-kanreprHa B Me3eHXMMAaJIBHBIX KJIETKaX,
IOCKOJIBKY OHa SIBJISIETCSI OMHUM U3 BaXXKHBIX YCJIOBUIA
IS BO3BpAaTa B SIUTEINATIBLHOE COCTOSTHHUE.

I'PUTOPAH, MAPKUTAHTOBA

C npuMMeHEeHUEM METOJ0B KOMITLIOTEPHOTO MO-
JIeanupoBaHusI, OMOMHGOPMAIITMOHHOTO U OMOXUMM-
YeCKOrI'o aHajin3a, OOHapy>XKeHbl OMOJIOTMYSCKM 3Ha-
yuMble T, crnocoOHbIE peryjaupoBaTh (EeHOTUIT
kietok PITD (Pratt et al., 2008). B mpomoTtopax psima
T€HOB WICHTU(MUIIMPOBAHbBI CIleLU(pUUIECKUE 3Je-
MeHTBI, oTBevalomue 3a TpaHckpunuuio (TRE) pu
cBs3bIBaHNM ¢ TP — KaHIMIaTaMu Ha pOJIb IIIaBHBIX
“y3710B” B TPaHCKPUMNIIMOHHON CETHU, PEryIupyro-
meit ODMII B PI1D. Cpenu npenckazaHHBIX MUIIICHE
neiictBus TD, paccMaTpuBaeMbIX B KAUYECTBE ITOTEH-
IIMJIbHBIX TEPATIEBTUYECKUX MUILIEHEN B ITpodriak-
TUKE W JieYeHUU TMposiudepaTUuBHBIX 3a00JeBaHUI
cetuyatku 1 PI1D venoBeka Haxomsarcs: Oct-1, smep-
Hblii daktop renarouutoB 1 (HNF-1), saepHbIit
daxrop TpaHckpunuuu GATA-1, SMAD3, dakrop
tpadHckpunuuu E (TFE), dakrop peryasaiuu nuHrep-
depona-1 (IRF), HNF3alpha, E2F, CDP, SP3, romeo-
o6okcconepxkamuii reH NKX3A, cBI3bIBaOIINIA pery-
JIITOPHBII 251eMeHT cTeposia Oermok-1 (SREBP-1),
dakrop-ycunurenb aumdponutos-1 (LEF-1), a Tak-
ke N-u R-kaarepunos. JluddepeHumanibHast 1 CKO-
OpAMHUPOBaHHAas »BKcrpeccusi (GYHKIMOHATbHBIX
KJIaCTEPOB PETYJISITOPHBIX T'€eHOB BO Bpemst DMII
PIID nontepxkxaeHa TP ¢ o6paTHOI TpaHCKpUII-
mueii (Pratt et al., 2008).

B xaudecTBe Mozesneil sl BbISIBIEHUS MEXaHU3-
MOB TMPUOOpPETeHUsT SMUTETUATbHOrO (heHOTUIa U
OMII, mmpoxo ucrnonb3yoTcsa kietku PI1D, momy-
YEeHHbIE U3 YeJ0BEUECKUX IMOPUOHATBbHBIX CTBOJIO-
BoiX kjeTok (hESC), PI1I® minona yenoeka u PIID
kierouHoii 1uHUM ARPE19 (Vaajasaari et al., 2011;
Buchholz et al., 2013; Lynn et al., 2017; Zhou et al.,
2020). BaxxHy0 poJib B ONpeAeaeHUU SUTeInab-
HoOit cyns0bl PITD urpaer T® — npoTOOHKOTEH
FOXMI1 (Benayoun et al., 2011). Ha ormMedyeHHBIX
MOJIeJIbHBIX CHCTeMax Moka3aHo, uto PITD® mperep-
neBaer DMII, 3aBucumbiM o T® FOXM1 cnoco-
ooMm. Caepxakcrnpeccust FOXM1 npuBoouT K ycuie-
HUIO CBOMCTB 3MUTEJIMATILHOTO (PeHOTUTIA, O UEM CBUIE-
TEBbCTBYET TOBBIIIIEHHAs SKCIpeccust Mapkepa PI1D —
npeMmesraHocoMHoro 6einka PMELL7. I1penmonaraer-
Csl, UTO 3TO JOCTUTAETCS 3a CYET HEMOCPEACTBEHHOM
perynsauun npomdepanuu PI1D. YcranosiieHo Tak-
ke, uTo FOXM 1 HanpsaMmyto peryanpyet rmpoandepa-
o kjetok PIID mocpencTtBoM KOHTpOJIST KiacTe-
POB T€HOB, CBSI3aHHBIX C Mposudepannein (KieTou-
HbIM LuKiIoM, perumkauueir JHK, oOumorenezom
pu6ocom). CBsi3b ¢ nposundepalmeil moaATBepKIaeT-
cs1 acconuanueir FOXM1 ¢ mpomMoTopaMu TeHOB, pe-
ryaupytonii kietouHblii ki (Chen et al., 2013).
Hoxmayn FOXM1 ¢ momompio sSiRNA npuBomguT K
CHUXXEHUIO 9KCIPECCUU MO3UTUBHBIX PETYISTOPOB
kierogyHoro nmkiaa (CDCSL, CDKI12 u FZRI1) un
yBennueHuo skcnpeccun CDKNIA, usBecTHOro
nHInouTopa kKierouHoro nukia (Wang et al., 2005;
Qu et al., 2013). Mexanuzm DMII BKIIIOYaeT Takxke
yuyactue T® FOXM1 B MOyJISILIMM SKCITPECCUU CUT-
HaJIbHBIX 6eIKoB BMP7 1 Wnt5B, cmocoGHBIX TTepe-
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JIaBaTh BHEKJICTOYHBIE CUTHAJIBI 1 BJIUSITH Ha CyOb0OY
SITUTEINS aHTAaTOHUCTUYECKUM oOpa3oM. eicTBys
PELUIIPOKHO, OHM OO0eCIIeYMBaIOT MOIAepKaHUE
SIUTEIMAIBLHOTO (heHOTUIA. DK30TeHHBII peKOMOM-
HaHTHBIT Wnt5B cymiecTBeHHO CHIXKAeT 3KCIpec-
CUIO BIUTEIIMAJIbHBIX MapKepoB, MeHsIsT (DeHOTUII
SIUTEIMAIBLHEIX KJIETOK B CTOPOHY ME3€HXMMAaJIbHO-
ro (Choudhary et al., 2015). B3aumHble aHTaroHu-
cTuyeckue B3auMmojeicTeuss BMP/Wnt HeoOxonu-
MBEI [J1st caMmooOHOBIeHMs PI1D, 4yTo mpogeMoHCTpU-
poOBaHO B pa3JMYHBIX KJIETOYHBIX cucTemax PIID
(Kandyba et al., 2013; Stewart et al., 2014). [deiicTBue
FOXM 1 1a BMP7 1 Wnt5B MmoxXeT OBITh OIToCcpeoBaH-
HBIM, ITOCKOJIBKY CBSI3bIBAHME C TIPOMOTOPAMU UX TEHOB
He obHapyxeHo. Perynsiust co ctoponsl FOXM1 Mo-
XKET IIPOMUCXOIUTh MOCPEACTBOM BO3ICCTBUS Ha
Jpyrye, BbIIIeCTOsIIME (haKTOpbl, WJIM Ha IIOCT-
TPAaHCKPUNLIMOHHOM YPOBHE, KaK 3TO OITMCAHO IJIs
perynsuun Komriekca SMAD3/4 (Xue et al., 2014).
B coBoKyImHOCTH, UMEIOIIUECS KCIIEpUMEHTAIbHbIE
JaHHbIe YKa3bIBalOT Ha To, 4To FOXMI1 peryaupyer
npoaudepauuio kietok PI1D, neiicTBys Kak akTBa-
TOP UJIU PEIPECCOP T€HHO-3aBUCHUMBIM O0pa30M.

B nammx paborax, a Takke Koyeramu u3 Smo-
HUU, OBbLIU BBISIBJIEHbl HEKOTOpPbIe OCOOEHHOCTHU
BKCIIPECCHU psAna reHoB, komupytomux Td, B Tom
yucie Pax6, Otx2, Fgf2 npu perenepanuu ceT4aTKA y
XBOCTaTbhIX aM(drOUii, B OTIIMUME OT MOAesel MoBpe-
XKIEHUSI ceTyaTKu y MmJjekonurtaroimmx. JlomnomaHu-
TEJIbHBIM TIOJTBEPXKAEHUEM BbIIBUHYTOU HaMU TU-
MOTE3bl O KJIETOUHBIX U MOJIEKYJSIPHBIX OCOOEHHO-
ctax PITD® Urodela, mo3Boasgommx 3TUM KJIETKaM
€CTeCTBEHHOE perporpaMMupoBaHue (natural repro-
gramming) B HEMPOHbI CETYATKHU, SIBJISIFOTCS PE3YJib-
TaTbl, MOJYYEHHbBIE SITTOHCKMMU WUCCIEA0BATENSIMU B
2016 r. (Casco-Robles et al., 2016). Dra pabora, mipo-
BelleHHas ¢ MOMOIIIbIO HOoKayTa reHa Pax6 c ucnosib-
30BaHuEeM TexHosioruu Cre-lox y JUUMHOK TPUTOHOB
Cynops pyrrhogaster, iBUJIach KJIIOU€BbIM MCCJIEI0Ba-
HYeM B IOHUMaHUU Pa3IUYMil B BHIOOpE MyTeil KOH-
Bepcun PI1D — mpuoOpereHnn HepalabHOM WA Me-
3eHxuMHOI muddepermpoBok (Casco-Robles et al.,
2016). Tak, y xBocTaTblx aM(puUOHii KIIFOYeBOi (hak-
TOp TpaHCKpUNIIMY Pax6 oTBevaeT 3a perporpaMMu-
poBaHue kieTok PITIO B xiretkm HC npu ee perene-
pauuu in vivo. OKa3ajloch, UTO OTCYTCTBHE IKCIpPeC-
CHM 3TOTr0 MacTep reHa 0JiokupyeT pereHepainmio HC
Y B3pOCJIBIX TPUTOHOB M MHAYLIMPYET B KieTkax PT1D
TPUTOHA BBIXOJ B ME3eHXUMHYIO OTUuddepeHIMpPOB-
Ky, KaK M3BECTHO, o0ycinoBnuBaloniyo I1BP y uemo-
Beka. Bmecto yyactnsa B perenHepaunn HC kieTku,
nokuaas ciaoii PTID, dopmupoBain MHOTOKJIETOY-
Hble arperaTbl, He CIIOCOOHbIE K OpraHU3aluu yIo-
psimIOYeHHOTO cJiosi. B arperarax HaOiroganach 3KC-
Mnpeccusi MapKepHbIX 0eJIKOB MUODUOPOOIACTOB —
anb(pa-raagKoMpeiedHoro axkrtuHa (alpha-SMA),
BuMmeHTuHA (Vim) n N-kaarepuHa (N-Cad). IIpen-
roJiaraeTcsi, YTO B XO/I€ IBOJIOLIMU MEXaHU3M, MC-
noab3yeMblii Urodela mis pereHepaliy CeTYaTKU,
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9BOJIIOLIMOHUPOBAJ TaKUM 00pa3oM, YTO €ro MOAu-
¢dukalms B KOHEYHOM UTOTE y aMHHUOT JIeTjia B OCHO-
By PIT1D-3aBucumbix narosioruii (Casco-Robles et al.,
2016). BaxkHO OTMETHUTB TOT (haKT, YTO JAHHBIA BbI-
oop knerkamu PIID ocymiecTBiaseTcs paHo, cpas3y
TOCJI€ BbIXOJa KJIETOK U3 CJIOST, B HOPME CAePXKMBaI0-
iero TpaHcopmaumnu peHoruna PITD. Kpome KoH-
CepBaTUBHBIX (PYHKIIUI, ycTaHOBICHHBIX 111 TD, 1,
B yacTHOcTH mjisg Pax6, cyllIecTBYIOT pa3inyusl B
CTpaTeTHsIX IoBeAcHUSI U TpaHcauddepeHIUPOBKA
kietok PIID y »BOMIOIMOHHO OTHAJICHHBIX BHIOB
IMO3BOHOYHKIX, O0BSICHSIEMble OCOOEHHOCTSIMU B pe-
TYJSIUMU KJIETOUHBIMU MpolieccaMiu, KaK Ha JOKaJlb-
HOM, DBIUICHETUYECKOM, TaK M OpPraHU3MEHHOM
ypoBHsX (MapkutantoBa, Cumupckuii, 2020). Cre-
JloBaTeJIbHO, ISl pacCMaTpUBaeMOil HAMU CHUCTEMBbI
TpancandepeHIpoBKU KieToK PIID B Heipanb-
HYIO TKaHb CETYaTKM Yy B3POCJBIX aMduoduit u npu
OMII knerok PIID y maekonurtarommx, Hampamim-
BaeTCs 3aKJII0OYEHUE, YTO B 000MX CIydassx UMEeT Me-
CTO OJ1M3Kasi MOJIEKYJIsSIpHAsi OCHOBA, HO coliepkaliiast
MoauduUKauuu padboThl KIHOUYEBBIX reHOB. B cBolO
ouepenb, 3T MOIN(PUKAIINHU O0YCIOBICHEBI IECTBU-
€M DPETYJSITOPHBIX MeXaHU3MOB (KaK BHe- TaK M
BHYTPUKJIETOUHBIX), BAUSIOIIMX Ha BMUTCHOM KJle-
Tok PIID.

MOJIEKVJISPHBIE MEXAHU3MBbI
PETYJISILIMUN CO CTOPOHBI
MUKPOOKPYXXEHUS
TPAHCOAUDDPEPEHLIMPOBKHU PI1D
I[MTPU PETEHEPALIMU CETYATKH
Y AMOUBUN

IMoHuMaHMe peTyasIIUU CO CTOPOHBI KJIETOYHOTO
MUKPOOKPYKEHUS SIBJISIIOTCS KJIIOYOM K HaIlpaBJIEH-
HOMY M3MEHEHUIO TToBeneHus KiieTok PIID ¢ uenpio
BOCCTAaHOBJICHUSI CETYATKU W/WJIM MHTMOUPOBAHUIO
naronornyeckux cocrossHuii PI1D. B mponiecce n3y-
yeHMs AByX cTpaTeruit Kousepcuu PIID y ambuoduii
Y1 MJICKOTIMTAIONINUX BHIIIIE MBI OTMETUIM CXOJICTBO B
KJIETOYHOM IIOBEICHUM, WMHUIIMAIIMU, TIpOorpecce
TpaHcaAupPEepeHIIMPOBKU, a TaKxXKe IOCIIeI0BaTEIb-
HOCTHU €€ OCHOBHEBIX 3TanoB. B To ke BpeMs HaKoII-
JIeHHasi MH(OopMaIus CBUAETEILCTBYET O TOM, YTO B
PETYISLIMOHHBIX (haKTopaX MMUKPOOKPYXKEHUSI U B
MaJOM3y4eHHOM TIOKa TaTTepHEe WX OKCIPecCUuu
MPUCYTCTBYIOT oTinumsi. I3BecTHO, YTO MHOTHE pe-
TYJISITOpHBIC (DAKTOPHI MPOU3BOASATCSI U CEKPETUPY-
1orcs kak HC, Tak 1 cobcTBeHHO KileTkamu PITD, B
OTBET Ha pazobieHue ¢ ceryatkoit (Grigoryan et al.,
2012; Pastor et al., 2016).

Cpenu n3ydyaeMbIX CUTHAJIBHBIX GEJIKOB, KOTOPEIE
BOBJICYEHBI B KOHTpPOJIb pereHepamuu CeT4aTKU,
BHUMaHUE TIPUKOBAHO K yYaCTHUKAM MOJIEKYJISIp-
HBIX KackanoB Fgf, Bmp, Wnt, Shh (Hayashi et al.,
2004; Merceretal., 2012; I'puropsta u 1p., 2013; Sher-
pa et al., 2014; Grigoryan, Markitantova, 2016). B
HaMOOJIbIIEH CTeTIEH HAaMU U3y4eHa POJIb CUTHAJb-
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Horo nyti FGF2, sasisionierocst KIIToYeBbIM [IJIs1 pere-
Hepaly ceT4yaTKu y TpuTtoHa (MapkuraHToBa U Ap.,
2014). B nccienoBaHusIX pabOThl KOMIIOHEHTOB CUT-
HajmbHOTO Kackama FGF2 oGHapyXeHO, 4TO B paH-
HUI TIepuo nmocje yaajaeHUs: ceTyaTKy B pereHepare
npoucxoaut down-peryJsiius reHa fgf2, 4ro cBuie-
TEJILCTBYET O ToAaBeHnU curHaioB Fgf2 no nHuima-
muu npoiudepannun kiaetok PITD, cpasy mocne pe-
TuH3KTOMMU (MapkurtanToBa u ap., 2014). CornacHo
CBEIIEHUSIM, TTOJTyYeHHBIM 3apyOeKHBIMU KOJIEraMU
st apyrux BumoB Urodela, u HallluM AaHHBIM I10
Pl waltlii, Fgf2 He sBisieTcsi TIepBUYHBIM, MHIYILIUPY-
JOIIINM TIpollecc KoHBepcuu KireTok PIID, a BeITON-
HSIET 9BOJIIOIIMOHHO KOHCEPBAaTUBHYIO (DYHKIIMIO
MUTOT€HA. YCWJIEHNE SKCIIPECCUM M MUTOT€HHBIA
addexT Fgf2 cBs13aH ¢ Oojiee mo3mHENM IO BpeMEHU
CTUMYJISILIMEN TIPponnpepaTUBHON aKTUBHOCTH Heli-
pobnactoB pereHepatra HC u mepmogoM pe3koro ee
Bo3pactaHust (Susaki, Chiba, 2007; Mercer et al.,
2012; MapxkutaHToBa u ap., 2014). OCHOBHBIM MC-
TouyHUKOM curHajioB FGF MoXeT ciyXutb cocyau-
cTast oboJiouka riasa (Azuma et al., 2005; Araki et al.,
2007). Habmomaemass Hamu aktuBauusi FGF2 B paH-
HeM pereHepare HC, ripencraBiieHHOM cJIoeM Helpoo-
JIaCTOB, U B KJIeTKax Mioyiepa nuddepeHIIMpoBaHHOM
HC (MapkuranToBa u ap., 2014), koppeJupyeT ¢ paH-
HUM (OpMUPOBAaHUEM B XOI€ pPEreHepalliy KIIETOK
MAaKpOTJINH, KOTOPasi, BO3MOXHO, SIBJISIETCS €IIIe OJI-
HUM HCTOYHUKOM 3Toro ¢akropa (Sakami et al.,
2005). UMMyHOTHCTOXUMMYECKHU OIpeaesieHa JIOKa-
mm3anus 6enka FGF2 u ero peuentoposn Fgfr2 B PITD
M XOpouIe, a Takke Bo BHyTpeHHeil HC, 3puTtebHOM
HepBe 1 pOCTOBOM 30He (pars ciliaris v ora serrata) Ha-
TUBHOTO T1a3a TpuToHa. C momomibio 11 P B peannb-
HOM BpeMeHU OOHapykeHOo, 4To reHbl 1 6enku FGF2
obnagaroT auddepeHIMaIbHONA 3KCIpeccueili He
TOJIBKO B XOJI€ PEereHepaluy ceT4aTKu in vivo, HO U
invitro (MapkutanToBa u ap., 2014; Markitantova
et al., 2020). Hus 6enkoB TerioBoro moka (HSPs),
OOHapyXeHHbIX HAMHU B CeTYaTKe TPUTOHOB U pa3-
JIMYHO 3KCIIPECCUPYEMBIX B HOPME U MIPU pereHepa-
U1, TIOMUMO MX IIallepOHHOII aKTUBHOCTHU, TaKKe
MIPEeAIoaaraeTcss peryasiTopHasl pojib B KOHBEPCUU
PII®. B tpancmuddepenimposke PIID y tpmroHa
IMoKa3aHo y4JacThe curHajgbHoro 1yt Notch (Kane-
ko et al., 2001; Nakamura, Chiba, 2007). IIpocaexe-
Ha guHaMuKa skcrapeccuu Notch-1, Bo3pacraromeit
o Mepe pa3purtus pereHepara HC u cHukaromasicst
IIpU BBIXOJIe KJIIeTOK B nnddhepeHIPOoBKY. BBemeHue
o6mokaTtopa DAPT npuBOmUT K MPeXIEBPEMEHHOMY
co3peBaHUIO HelipoHoB B O0i1acteme HC. BrisicHeHO
Takke, 4To KjieTku PTID TpuToHa B X0A€ pereHepaiin
HC muddepeHIanibHO 3KCIIPECCUPYIOT CUTHATBHBIE
monekyJsbel Hes-1, neurogeninl u Delta. Ha posb yyacr-
HUYKa PETyJISILMOHHON CETH MUKPOOKPYKEHMST KIETOK
PIID npereHmayeT u curHaibHBIM myTh Wnt/B-catenin,
PEeryIupyOLIMii pereHepaluIo CeTYaTKU y PbIO U Ky-
punHoro amopuoHa (Meyers et al., 2012; Gallina et al.,
2016).

I'PUTOPAH, MAPKUTAHTOBA

MdakTOophl MUKPOOKPYXEHUSI pab0TaIOT JOKAIHLHO
U KOPOTKOAMCTAHTHO, 1 B 9KCIIPECCUM OOHApYy XK1 Ba-
IOT CXOJICTBO C aKTMBHOCTbIO B MEPUOJ TUCTOTeHe3a
ceTyaTKM I1a3a. OmMHAKO 3TH COOBITHUSI B UEPAPXUU CH-
CTEeMbl HAIKJIETOYHOIO CUTHAIM3UPOBAHMST HAXOISITCSI
HIXE CUCTEMHBIX, 00IIIeOpraHn3MeHHBIX (pakTopoB. K
MOCJIEMHUM OTHOCSITCSI: TOPMOHBI, (DaKTOPBI MMMYH-
HOIT CUCTEMBI M KPOBU. XBOCTaThie aM(UONH, SKUBOT-
HbIe ¢ HanboJiee BHICOKMM PereHepaTOpPHbIM MTOTEHIIU -
ajioM, SBISIICH MeNOMOP(MHBIMU, ITEMOHCTPHUPYIOT
YCKOPEHHOE I10JI0BOE CO3pEBaHUE, TOPMO3SIIIIEe COMa-
tuueckoe pazsutue (Grigoryan, 2021). B ocHoBe de-
HOMEHA JIEXXUT aKTUBHOCTh TUPEOMIHOIO T'OPMOHA
(TT') — rnaBHOrO peryJsitopa Metamopdosa y ampu-
ouii. B cBoro ouepensb, aciicteue TI' onmocpenoBaHO
€ro pelenTopaMu, SIBJISTIOIIUMHUCS siAepHBIMU TA, 1
aKcIIpeccueii TeHoB metl—3. TlokazaHa peryiasnms
dyukuuu TI' co cTopoHBl “reHa TeTepOXpOHUUN”’
lin28, yneHa cemeiicTBa TeHOB Lin28, KOOUPYIOIINX
T®, usBecTHBIE B KAYeCTBE WHAYKTOPOB TLTIOPUIIO-
TEHTHOCTM COMATMYECKUX KJIETOK BBICIIUX TTO3BO-
HouHBIX (Faunes et al., 2017). MoXHO IIpenIrojio-
XKUTb POJIb 3TOTO U MOAOOHBIX €My T€HOB B MOAAEP-
)KaHUU KJIETOK Ha ypoBHe nuddepeHIUpPOBKH,
MEPMUCCUBHOM I KOHBEPCUU B HEWPOHAJIHLHOM
HanpasjieHun uyepes peryisiuuio TT, TCI' (tupoun-
CTUMYJIMPYIOILLIETO TOPMOHA) M JAPYIMX TOPMOHOB. B
001acTsIX percHepaly XpyCTaJIMKa, KOHEYHOCTU U
CeTYaTK! y TPUTOHA ObliIa BEISIBJIEHA KCIIpeccHs (pak-
TOPOB UMMYHHOM cucteMbl KoMmrieMeHta — C3 u C5
(Kimura et al., 2003). Kommiement C3a crocobeH
WHAYyLUPOBaTh pereHepainuio cetyatku uz PIIO y
SMOpUOHA ILIBITICHKA Yepe3 aKTUBALIMIO peryJssitopa
tpaHckpurmu STAT3, B cBoIo ouepenb aKTUBUPYIO-
mero (pakTophl OTBETA Ha MOBPEXKACHHE Y BOCITAICHIE
IL-6,IL-8 u TNF. D10, B UTOTE, MPUBOINT K PETYIIsI-
LM TeHOB CUTHaJIbHOTO IIyTh Wnt2b, a TakKxKe T€HOB
Six3 n Sox2, xkogupytomux Td, xapakTepHbIe IS
nporeHUTOpHBIX KieTok (Haynes et al., 2013). Bce
9TU JaHHEIE CTyXKaT HaKOIUICHWIO MH(pOpMaInuu, He-
00XOIMMOI1 IJISI TTOCIEA0BATEeIbHOTO BEICTPAaMBaHUS
ceTu, peryaupyloumeili  TpaHcaud@epeHIIPOBKY
PIID y Urodela.

MOJIEKVYIIAPHBIE MEXAHW3MbI
PEI'YJIAOMNM ITPOLECCA
TPAHCANOPDEPEHLIMPOBKMHA PIID
CO CTOPOHbBI MUKPOOKPYXEHUAA
ITPU T1BP ¥ MJIEKOIIMTAIOIIINX

B kadecTBe OCHOBHOI'O pEryasiTopa CTaOMIM3a-
LUK sruTeananbHoro ¢genoruna PIID, kagrepuH-
3aBUCUMOI MEXKIJIETOYHON! aare3nu U MMTMEeHTAIlUN
KJIETOK Y MJIEKOMUTAIOIIMX paccCMaTpUBAETCsl CUT-
HabHBIN yTh Wnt/B-catenin (Burke, 2008). B xome
DMII knetkm PITD TepsioT 4epTh CrienaIn3aliim,
MEXKJIETOYHbIE KOHTAKTHI 1 aAre3uio, MpuoodpeTaroT
XapaKTePUCTUKUA MUTPUPYIOIINX ME3EHXUMHBIX KJIE-
tok (Kigasawa et al., 1998; Tosi et al., 2014; Tamiya,
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‘_a,b-Cat E-Cad y DMII

DONUTEIMaIbHBIN
(heHOTHUII

Tight Junctions
N-cadherin
Beta-catenin
Z0-1
Cytokeratins 8, 18

Collagen

Me3eHXuMHbII
dbeHoTuUI
Alfa-SMA
ZONAB

E-, R-cadherins
Vimentin
Fibronectin
Collagen I
Cytokeratins 7, 19
MMPs/TIMPs

Puc. 4. I3aMeHeHMsI KOMITO3UIIMH OeJIKOB KOHTAaKTOB KJIeToK PI1D 1 BKM 1ipu nipoimdepaTuBHOM PETUHOIIATHY Y MJICKOITH~
tatommx. OMT — snuranuanbHO-Me3eHXUuMHbIN niepexon; MMPs/TIMPs — maTpuKCcHBIE METAJUTONIPOTENHA3HI U X TKAHE-

BbIC I/IHFI/I6I/ITOpr .

Kaplan, 2016). BMecTo cuHTe3a XapaKTEpHBIX JIJIsI
PIID BHYTpUKIETOYHBIX OETKOB, TAKUX KaK IIMTOKE-
paTUHBI, KJIIETKM 3KCIpeccupyiorT o-SMA u Oenku
crpecc pubpmn (Feist et al., 2014). Dt coObITUS
MPOMCXOMST MOJ KOHTPOJIEM POCTOBBIX (PaKTOPOB U
PE3UIEHTHBIX KJIETOK BOCIAJECHUS, HAXOASIIUXCS B
LIMPKYJIUPYIOLIEH KPOBU U CTEKJIOBUIHOM TeJie I1a3a
(Wiedemann, 1992; Pastor et al., 2002) (puc. 4). B
KOHTPOJIE CO CTOPOHBI UMMYHHOI CUCTEMBI yJacT-
BYIOT LIUTOKUHBI — MHTepieKkuHbl — (IL-) 1, IL-6,
IL-8, IL-10, a takxxe unTepdepoH-ramma (INF-y)
(Morescalchi et al., 2013). CymecTBylomue Ipem-
craBneHus1 o naroreHese I1BP BxmoualoT m3meHe-
HUE JTOKAJbHBIX KOHIIEHTpAlUil He TOJIbKO IIUTOKU-
HOB, HO U psiia POCTOBBIX (haKTOPOB, YITPABIISIONINX
npoueccamMu TpaHcanbGepeHINPOBKU, MUTPALINU,
npoandepaun u popmupoBanuss BKM (Parmeg-
giani et al., 2010). B rtepBy1o ouepenb K HUIM OTHOCUTCSI
tpaHchopmupyromuii dhaktop pocra 6eta (TGFp), a
takke ¢pakrop pocra remarouutoB (HGF), dakrop
pocta, BelmeiaeHHbI 13 TpomoounToB (PDGF), cur-
HasbHbIe Tyt Notch, Wnt/B-catenin, u curHaIbHbBII
myTth Hippo (Bochaton-Piallat et al., 2000; Spraul et al.,
2004; Stern, Temple, 2015; Chen et al., 2015). TGFp
oOHapyxXuBaeTcs B riasax mauueHTtoB ¢ IIBP, Ha
YPOBHE B3KCIIPECCHUU, ITOJIOKUTEIBHO KOPPEIUPYIO-
muM ¢ pa3ButheM nartojioruu (Connor et al., 1989;
Shuetal., 2017). Poib TGFJ B TpancanddepeHIMpoB-
K€ B ME3eHXMMHOM HarpaBJIeHUY MHOTOKPATHO TTOKa-
3aHa Kak 111 yenoBeka (Stocks et al., 2001; Liet al., 2011;
Xiao et al., 2014; Dvashi et al., 2015), Tak 1 Ha MBIIIIH -
"ot momenmu PVR (Saika et al., 2004; Saika et al.,
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2007). ¥ uenoeka TGFP2 aktuBupyer p38 MAPK
CUTHAJIbHBIN MYTh, a TIPU €ro UHTMOMPOBAHUM TIPO-
WCXONUT TIOJaBJIEHUWE CHUHTe3a KoJjulareHa [ Tuma
(Kimoto et al., 2004). O6HapyXeHO, YTO Hapsay C
TGFp akrtuBupyercsi u TNFa, TO eCTb UMeeT MeCTO
Bausollee Ha mporpecc OMIT komOuHaTOpHOE Aeii-
cTBHE 3TUX (aKTOPOB. Y YeIoBeKa PELEIITOPEl 3TUX
CUTHAJTbHBIX MOJIEKYJI OOHapy>kKeHBbI B HaTUBHOM PIID
(Strunnikova et al., 2010; Boles et al., 2020). Poapb
TGF B, npuBJeKawllas Hauboabllee BHUMAHUE UC-
clienoBaTesieil, BhISIBJIEHA B aKTUBAllMU MHOTUX CHUT-
HaJIbHBIX KackanoB npu DMII knerok PIID, yto, B
CBOIO ouepenb, maeT Kinouu K jedeHuio IIBP (Yang
et al., 2015). ITomumo TGF[} B uccienoBanusix Mozie-
neit DMII knetok PIID in vivo u in vitro nmpoaeMoH-
CTpHpOBaHa BaxKHasl poOJIib CUTHAJILHOTO MyTH Smad.
V MpIeit, neuuTHEIX Mo Smad moka3aHo MojaB-
JIeHue npoliecca Kousepcuun PIID mocie nHAyKLIUU
DMII ¢ nomompio TGFP, a Takxke B ciaydae sKcrie-
pumeHTanbHOM otcioiiku HC (Saika et al., 2004).
Kak orMeueHo BbllIe, KjieTku PITD O6bicTpo oTBeya-
10T Ha otcnoiiky HC aktuBaumeit ERK curnansHoro
IyTH U TIoBBILIeHeM 3Kcrnpeccn TA AP-1. OcHoB-
Hoit pakTop pocta FGF2 Takke BK/IIOYEH B paHHUM
otBeT PIID Ha orcnoiiky HC (Geller et al., 2001), kak
u 1ipu KoHBepcun PIID y tputoHa.

Kak yrmomsHyTo BhIllIe, €CTh 3KCIIEPUMEHTAJb-
HBIE ToKa3aTeJIbCTBa TOro, 4To KiieTku PITD B3poc-
JIOTO d4ejloBeKa in Vitro MOTYT JIE€MOHCTPUPOBATH
CBOICTBa HEMPOHAJILHBIX KJIETOK. DTO TIpernojiaracTt
MOMUCK (PaKTOPOB, IIPEISITCTBYIOIIMX TpaHcAudde-
peannpoBke PIID B HelipallbHBIE KJIECTKA CETYATKH
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in situ ¥, HaIIPOTUB, MHAYLIUPYIOIINX TuddepeHII-
poBKy kietok PIID B HelipoHaMbHOM HaIlpaBJIEHUU,
3a cueT nogaBiaeHust DMII, nisg BoccranosineHuss HC
nocjie TpaBMbl uiau Iatonoruun. HeiictBue FGEF2
invitro Ha xietku PIID 4yemoBeka TmposiBisieTcs B
KOHCEepBAaTUBHOM (DYHKIMU B KauyecTBe MUTOreHa
TSI TIOIe pKaHus mpojndepaliii KIeTOK, a Ha TeH-
HOM yPOBHE€ — IJISI MOOYJISILIUM SKCIIPECCUU TEHOB,
MPUHUMAIOIIMX yJyacTue B HeiipanbHON nuddepeH-
muposke (Iadeun u np., 2017). OgHaKo, B JaHHOM
cucTeMe, TOSIBJIEHUE KJIETOK HelpalbHOro (heHOTH-
ma peructpupyercss Ha ¢OHE COXpaHEHUSI CBOICTB
KJIETOK ME3CHXVMHON JTMHNU ITUddEepeHIIUPOBKI, O
YyeM CBUIETEILCTBYET SKCIIPECCHUST IIMPOKOTo psiaa
MapKepoB He HeMpoHallbHOI Tpuponbl. Meromamu
nmmyHouuToxumuu, I1LP, TTIHP-PB u MTT-tecta
MOJyYeHBI NTaHHBIC O POJIM CUTHANBHBIX IyTeit TG-
Fo/BMPs, WNT, Notch u FGF B perynsiuuu mnia-
ctuyHocTr KieTok ARPE-19 B3pocioro yenoseka. B
kietkax PITD rmasza B3pocaoro denoBeka in vitro 3ape-
ructprupoBaHa TpaHckpurist MPHK Notch 1 BMPs,
JIMTAaHJIOB CUTHAJbHBIX ITyTeil, CHOCOOHBIX MHIMOM-
poBaTh HeWpallbHYI0 IU(POHEPSHIMPOBKY KIIETOK.
Curnansl Wnt cnocoOHbI MOIYJIUPOBATh IKCIIPEC-
cuto 6enkoB Notch 1 BMPs. Wntl ycunuBaeT npo-
HelipanbHyo InddepeHINPOBKY, B TO BpeMsI Kak
Wnt7a Bausier Ha aeauddepeHUUpPYIOLIUeCs in Vitro
kiteTky PITD KOHTEKCT 3aBUCHUMO, YCUIMBAS B OTHUX
KJIETKax TMpollecchl HelpanbHOM anddepeHINPOB-
KU, B APYTUX — peanuddepeHIIMPOBKY B TUTMEHTUPO-
BaHHBIE snuTeauanbHble KiaeTku (Kuznetsova et al.,
2014; Pxxanosa u ap., 2020).

TakuM o0pa3oM, peryasiTopHble COOBITHS, IPO-
HUCXOISIINe MpU KOHBepcuu KieTok PI1D miexkonu-
TAIOIIMX B ME36HXUMHOM HaIllpaBJI€eHUM, KaK U B CJTy-
yae KoHBepcumn PI1D B HelipalbHOM HaIlpaBJICHUU Y
am@uouii, pa3HOOOPa3HHBI, UMEIOT CXOJICTBA U OTJIM-
4yusl, HO 10 KOHIIAa HE OMpPeaeJICHbl. DTO AeJIaeT COIO-
CTaBJICHUS 3aTPyIHUTEIILHBIMUA, OMHAKO, OYEBUIHO,
YTO peTYJISIIMOHHBIE CETU IIPU BEIOOPE pa3HBIX CTpa-
Ternii TpaHcan@depeHINPOBKN UMEIOT IJIsT aMPu-
OMii 1 MJICKOIIMTAIONIUX CBOM CHeLU(UIECKUE OU-
HaMMYeCKUE ITaTTePHBDI.

N3MEHEHUA SITUTEHETUYECKOI'O
JAHIIIADTA B XOJE
TPAHCANOPDEPEHLUMPOBKMHA PIID
Y AM®UBUN U TATOJIOTUU CETYATKU
Y MIJIEKOITUTAIOIIINX

Kax MbI BUIMM, KJIIOYeBBIM U B HACTOSIIIICE BPEMST
XOPOIIIO TOKYMEHTUPOBAHHBIM COOBITHEM TpaHCI]-
¢penumpoBku PI1D y amdpuduii aeiseTcs perporpam-
MHUpPOBaHME, TIEPEKITIOYeHNUE TEHHOM TPOTrpaMMBI,
obecrieynBapllell AMUTEUAIbHYI0, MeJaHOTEHHYIO
mddepeHITMPOBKY, Ha IIPOrpaMMy, TTPUBOIAIIYIO K
HelpabHO 1 rmranbHoM nnddepeHnmposkam. Ka-
KUM 00pa3oM OCYIIECTBJISIETCSI PEeryJjslus pernpo-
rPaMMUPOBAHUS CO CTOPOHBI SITUTEHOMAa — BOIIPOC

I'PUTOPAH, MAPKUTAHTOBA

JIeTaJIbHOTO M3y4eHUsI B OyayieM. B HacTosIee Bpe-
MsI €CTh TIOHMMAaHUE TOTO, YTO CYIIECTBEHHYIO POJIb B
YPOBHE 3KCIIPECCUY TeX WJIN UHBIX T€HOB UTPacT IU-
HamMM4yeckass Kommo3ulus xpomatuHa (Venters,
Pugh, 2009; Chen, Dent, 2014). XapakTep mepecTpoek
XpoMaTuHa npu pernporpammupoBanuu PITO tputoHa
W UX POJIb B aKTUBALIMK TPAHCKPUITLIMOHHOI ITporpam-
MBI, o0OecIieunBaloIeii peTMHOTeHHYIO0 TuddepeHIn-
POBKY M3y4eH MpeaBapuTeIbHO. MBI NpearpuHSLIA
MOIIBITKY OXapaKTepU30BaTh COCTOSIHME XpOMaTHUHA B
Hagajie KoHBepcuu PITD TpuToHa mipu pa3oOimeHun
PI1I® u HC, BbI3BaHHOM OOJIydYeHUEM CETYATKU SIp-
KUM CBETOM WJIM MEXaHU4YECKOW oTcioiikoit (Map-
KuTaHToBa u ap., 2015; HukomaeB u ap., 2017). daH-
HbI€ CBUIETEIbCTBYIOT O TOM, YTO Ha 7—10-i mHU mo-
ciie pazoomenuss PIIO u HC B BeIMelIaOIIMXCS U3
cnos kietkax PIID, mpomcxomuT peopraHM3anus
XpoMaTuHa, OYeBUIHAs HAa OKpAIeHHBIX MOJYTOH-
KMX cpe3ax, IpY CPaBHEHUU C KJIETKaMU1, COXPaHSIIO-
mumucs B cinoe PIIO (puc. 3). B sinpax K1eToK B ciioe
PII® Habmomanock nuddy3Hoe pacnpeneieHue He-
OOJIBIIINX JIOKYCOB KOMIIAKTU3allMU, HPUKPEIUICH-
HBIX K siAepHO MeMOpaHe (IIPHUCTeHOYHBII IreTepo-
xpoMmaTuH). B BeiMemaronuxcs kierkax PIID umeno
MECTO YBEJIMYeHHE OOBEeMOB KOMITAKTU30BAHHOTO
XpoMaTHHa (IIPULIEHTPOMEPHBIIA T'eTEPOXPOMATHH),
MEHSIJIOCh COOTHOIIIEHWE KOHIEHCUPOBAHHOTO W
I @y3HOro XxpoMaTuHa B MOJIb3Y IEPBOro, IPOUC-
XOOWJIO HEHTPOOEXHOEe €ro CMeEIleHUE, CHUKAIOCh
YHUCJIO KOMITAKTU30BaHHBIX OO0JacTeil XpoMaTuHa
IIpU YBEIUYECHUU UX OOBEMOB, UMEJI MECTO (hOJIIMHT
sanepHoii MeMOpaHbl (MapkutanToBa u ap., 2015).
BceM aTM u3MeHeHUSIM Oblla JaHa KOJUYECTBEH-
Hasl OlLIEHKAa IIPY MCHOJIb30BAHUM MIPOTrpaMM KOM-
nerotepa (Hukonaes, 2018). OnucaHHble M3MeEHE-
HUsI, KaK U3BECTHO, HE IMPeAyCMaTPpUBaIOT aKTUBHOM
TPaHCKPUIMILINM, HO HAIIPOTUB, CBUACTEIILCTBYIOT O
perpeccun 3toro Ipouiecca (Popova, Barnstable,
2019). M=I nipeanojiaraeM, 4YTo OOHapYyKeHHbIE HAMU
U3MEHEeHUsI XpoMaTHHA U SIIEpHOM MeMOpaHbl B pe-
nporpaMMupyeMbIx Kietkax PIID tputoHoB cBsi3a-
HBbI C OTBETOM Ha KJIETOYHBIM CTpecc, yXOA0M OT KJle-
TOYHOI TMOEJIU U TOATOTOBKOU K MpoJindepaluu.
I[ToMuMoO cOOBITHIi, CBSI3aHHBIX C peopraHu3almeit
XpoMaTHhHa, U3BECTHO Takke, yTo B PIID B3pocibix
TPUTOHOB MPUCYTCTBYET 3KCMHpPECcCUsl KOAUPYEMOTo
reHoM Ns HYKJIICOCTEMMHA, PeryJIsiTopa TPaHCKPUII-
LIMOHHOI aKTUBHOCTU, XapaKTEpHOIO IJISI CTBOJIO-
BBIX U MajioauddepeHIIMPOBAaHHBIX KJIETOK, MapKe-
pa iponudepanum (Maki et al., 2009; MapkuraHTo-
Ba 1 Ap., 2014, 2015). PadoTa rena Ns B TkaHu PI1D
TakXe SIBJISETCS] SMUTeHETUYECKUM MPEePEeKBU3UTOM
BBICOKOM ITACTUYHOCTHU NX AUdpepeHINPOBKY IIpU
pereHepauuu in vivo (MapkutanToBa u ap., 2014).

B ucciaegoBaHuM 3MUreHeTUYECKOTO JTaHamadTa
kieTok HaTuBHOTO PI1D B3pocibix memireii JIBopsH-
yukoBa u coaBTopsl (Dvoriantchikova et al., 2019)
OMUpaIUCh Ha (PaKThl O CBOMCTBAX PETUHAILHBIX
nporeHuTopos, oommx mrs1 PIID® nu HC, pa3BuBaro-
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muxcsli U3 odbuiero 3avyatka (Jlomamos, Crtpoesa,
1961; Chow, Lang, 2001; Graw, 2010). BozHukio
MNpearojoxeHue, 4yTo Kiaetku PIID B3pociibix MbI-
IIEH MOTYT COXPaHSITh CXOACTBA SIIMTEHOMA, IIPUCY-
II1M€ pPEeTUHAJbHBIM MpealIeCTBEeHHUKaM. ABTOpaM
(Dvoriantchikova et al., 2019) ynanocs nokasarb, 4To
COCTOSIHME METUJIOMOB B KjieTKax PI1D amMGproHOB 1
B3POCJBIX MBIIIEH, TEUCTBUTEIBHO, CXOIHO: OOJIb-
IIUHCTBO IMTPOMOTOPOB T€HOB HAXOAUTCSI B OTKPHITOM
(aKTUBHOM) XpOMaTHHE, XapaKTePHOM IJIsI SITUTeHEe-
TUYECKU MOOUJIBHBIX CTBOJIOBBIX U MPOTreHUTOPHBIX
KJIeTOK. B TO >Xe Bpemsl AeTajbHBIN aHaIU3 METUIN-
pOBaHUS T€HOB, OTBETCTBEHHBIX 3a CeIU(PUKAIINIO
peTUHAIbHBIX (DEHOTUIIOB, YKa3aJl Ha JIOKAJIM3aIUIo
IMPOMOTOPOB T€HOB, KOHTpOJUpYIoLux nuddepeH-
LUPOBKY He (hOTOPELIENTOPHBIX HEUPOHOB, B perpec-
CHMpPOBaHHBIX ydacTKaX XpOMaTWHa, HaXOMSIIUXCS B
HEMETUJIMPOBAHHBIX (CJ1a00 METWIMPOBAHHBIX) €ro
obnactsx. I[To mEeHMIO aBTOpOB (DvVoriantchikova et al.,
2019), akTuBalusl 3TUX T€HOB BO3MOXHa B IPUCYT-
ctBUHU “nimoHepckux” Td, criocoOOHBIX MHULIUMPOBATh
TPAHCKPUIILIMOHHbBIE COOBLITUSI B 3aKPHITOM XpOMAaTH-
He. B To ke BpeMsT OOIBIIMHCTBO TEHOB, OTBETCTBEH-
HBIX 33 (POTOPELIETITOPHYIO UM HEPEHLIMPOBKY, OKa-
3aJIMCh BHICOKO METWJIMpPOBaHEI. Takum oGpaszoM,
JNIEMETUJIMPOBAHUE PETYISITOPHBIX 3J€MEHTOB (Do-
TOPELIENMTOPHBIX TEHOB — BTOPO MeXaHU3M, HEO0-
XOIMMBII1 IJISI peajin3aluy KOHBepcuu Kiietok PI1D
B peTUMHAJILHOM HarmpasieHuu. [Ipenmnonaraercs, 4To
0ba MexaHu3Ma (pabota mmoHepckux TA u gemMeTH-
JIMpOBaHWE PETYJSTOPHBIX 3JIEMEHTOB (hOTOpeLel-
TOpHBIX TeHOB) npucyinu PITD amdubuii n padorator
MpU pereHepalry CeTYaTKU TOCje TTOBPEXKICHUSI
(Dvoriantchikova et al., 2019). He uckiioueHo Takxe,
YTO Yy TPUTOHOB, MCXOMHO O0JadarollyX IOBEHUJIb-
HeiMu cBoiictBamu (I'puropsitH, 2016; Grigoryan,
2021) moHmxeHue ypoBHS AuddepeHIMPOBKHU B X0O-
JIe perporpaMMMpOBaHMsl, He TpeOyeT MacIITaOHbBIX
MoaudUKaLUi padoThl TEHOB, IPU OJHOBPEMEHHOM
HaJU4UU TIEPMUCCUBHOTO JIs1 OBICTPOTO TEepeKIIto-
YyeHusI mporpamMm osnureHome. IloarBepXxaeHueM
9TOTO MPEAIOJOXKECHUSI MOXKET OBITh YITOMSIHYTasl
BbIlIE, OOHApY>KeHHasi HaMyd B HAaTUBHBIX KJIETKaX
PI1D TpuTOoHOB coBMecTHasi paboTa reHOB, KOOUPY-
IOLIMX TIPU3HAKM KaK UCXOOHOM, TaK U HOBOM Au@-
depenupoBok (Grigoryan, Markitantova, 2016).
Ponbs T®, ob61agammx CBOMCTBAMU “IMTUOHEPCKUX”,
TO €CTb CIIOCOOHBIX MHAYLIMPOBATh MPSIMOE PEIpO-
rpammupoBaHue kietok PITD uenoBeka, odcyxnaercs
B 0030ope PxanHoBoii 1 coaBropoB (2020). ABTOpPEHI
MpeAroaaralT, YTO TePMUHAIBHO AuddepeHImupo-
BaHHBI PI1D Miiekonmurarommx 6orat SureHeTnuye-
CKHMM PETyJISITOPHBIMA MeXaHM3MaMHU, KECTKO
duKcUpyoIUMU crieuubuIecKre IaTTepHbl DKC-
npeccuu reHoB (Pxxanosa u ap., 2020).

Y MJIEKOIMTAIONINX U YeJIOBeKa HapyIIeHUs CO-
CTOSTHMSI XpOMaTWMHA W WU3MEHEHUS JIMUTeHeTHYe-
CKOM peryysiniu paboThl TEHOB TIPY MHOTHX 3a60J1e-
BaHMSX TIPUBOAAT K MCIIOJIB30BAHMIO TIATOJIOTHYE-
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CKUX MpOrpaMM 3KCIIPECCUM TeHOB, B TOM YMCJIe
KOIUpYIOMNnX (pepMEHTHI, OTBEYAIOIINE 3a MOTU(MU-
kauuu JHK 1 riucTOHOBEIX OEJIKOB, B CBOIO OYepelb
OIpeNeIsIIoIINX apXUTEKTYpy XxpomaTtuHa (Mirabella
et al., 2016; Popova, Barnstable, 2019; Basinski et al.,
2021). BpoxaeHHbIe HApyIIEHUsI B CETYATKE MJIEKO-
MUTAIOIINX, TaKhe KaK MUKpOohTaTbMUsl, aHODTa b-
MU U KOJIoOOMa acCOLIMUPYIOTCS C UBMEHEHUSIMU B
paboTe peryJsiTOpHbIX TeHOB, Komupymoimux Td
(Markitantova, Simirskii, 2020), a Tak:ke TeHOB, KO-
IUPYIOLIMX STMUTeHEeTUYecKre OejiKu, B CBOIO O4Ye-
penb, peopraHusympomue xpomaTuH (Oliver et al.,
2016; Basinski et al., 2021). HakoreHna nHpopMaIms
00 3MUTEHEeTUIECKIX U3MEHEHUSIX U X cBI3u ¢ TD
U O TIOCJIEACTBUSIX 3TOM CBsI3U B xoae DMII. OgHako,
BHUMaHHE B OCHOBHOM yneJieHo ciydasim DMII nipu
pa3Butuu omyxoJieit (Wang, Shang, 2013; Sun, Fang,
2016). Eciu onupaThes Ha 3Ty MHGOPMALIMIO B COBO-
KYITHOCTH C MoJTydeHHo Ha Mofesisix PIT1D-3aBucumoii
natonorny HC, a Takske B 9KCIIEepUMEHTAaX ix Vitro, cTa-
HOBUTCSI SICHO, YTO TiporpaMmma koHBepcuu PIIO nipu
OMII B xone passutusi [1BP perynupyetcs kak TO,
TaK U 3MUTE€HETUYECKMMU U3MeHeHusimu. Ilocnen-
HUMU sIBJIsTIOTCS — MeTrwipoBaHue JJHK, Mmonndu-
Kaluu TrucToHoB, a Takke MUKpOoPHK (miRNAs),
CMOCOOHBIE UHTMOUPOBATH TPAHCIISIIMIO Psiia TEHOB.
B martorenese IIBP BoisiBieHa BaxkHast pojib miR-
29b, ocylIecTBAsIIOIIEel HEraTUBHYIO PETYJISILIAIO
Akt2 curHansHoro iyt (Li et al., 2016). OnpeneneHa
posib nHrubuTopa aeaneruiasbl ructoHoB (HDACH) —
TPUXOCTATMHA, MHTUOUPYIOIIETO KAaHOHWYECKUI CUT-
HaIbHBIMA myTh Smad 1 curHaabHbIe myTH Jagged /Notch,
PI3K/Akt, 1 MAPK/ERK1/2. UHruGuTOp yCTpaHsI
TGFB-unnyunpoBaHHbie MOpHOIOrHUECKUE U3ME-
HeHus1 kietok PIID yenoBeka B ME€3eHXMMHOM Ha-
MpaBJICHUU U MpeaoTBpaIlal Up-peryasiuuio o-SMA,
FN, xomnarena I u IV tTunos (Xiao et al., 2014). I1o-
MBITKY BO3IEMCTBUA ¢ ToMolIbio miRNA Ha kitoye-
BBIEe, onpeaensionie DMII curHaabHbIC ITYyTH, OBLIU
clieslaHbl Ha KyJIbType KieTok JuHu ARPE-19 veno-
Beka (Fuches et al., 2020). TGFp, aktuBupyIoI1Imii cur-
HanbHBIe 0enku SMAD2 u SMAD3, Bo3neicTByeT Ha
aKTUBHOCTb psiia reHoB, cpenu KoTopbix VEGFA. NH-
rudupys 3Tot mpouecc, Fuchs et al. (2020) ncnoib-
3oBaii MiR-302d u miR-93, cmocoOHbBIe peryimpo-
BaTh cUrHaIbHBIN myTh TGFPB Ha pasHbIX ypOBHSIX.
miR-302d u miR-93 nanpasnsiu TGFB-3aBucumyio
koHBepcuio kietok ARPE-19 B Me3eHxuMHOM Ha-
MpaBJIeHUU BCIISATh, Bo3Bpalasi kiietkaM ARPE-19
MPU3HAKU  BMUTETUaTbHONH  nudbhepeHIUPOBKM.
Ilpennonaraercst, YTo HaHHBINA ITOAXOM B JaJbHEH-
IeM MOXEeT ObITh MCMOJb30BaH Tpu JieueHuu [IBP
(Fuchs et al., 2020).

[IponmoirkaeTcss MOMCK MOJIEKYJISIPHBIX PEryJIsiTO-
pOB IeTepMUHALIUM SIUTSINAILHOM cynbobl PIID n
ee TePeKIIIOYEHS Ha MyTh ME3CHXMMHOMN WM MHOM
nuddepeHIIMPOBKU, C UCIIOJIB30BAHNEM COBPEMEH-
HBIX METOIOB aHaJM3a TPaHCKPUITOMa, TeHOoMa,
IIpoTeoMa, 4YTO JIEKUT B OCHOBE pPa3pabOTKM Iep-
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CMEKTUBHBIX TTOAXOAOB KJIETOUHOM Tepanuu st
MOIJEPXXaHUS CTAOMJIBHOCTU U XU3HECTTIOCOOHOCTH
PII®O (Alge et al., 2003; Pratt et al., 2008; Du et al.,
2016; Saini et al., 2017; Boles et al., 2020). BosHuUKHO-
BeHHe DM, 1TorydeHHBIX OT nanueHToB ¢ I[I1BP, cBs-
3aHO C akTuBalueill curHaibHbIXx TyTel TGF-b un
TNF-a (Asato et al., 2013; Roybal et al., 2018), koto-
pble CUHEPreTUYeCKU MOTYT aKTUBUPOBATh ITPOTpaM-
My OMII B kierkax PIID B3pocioro uenoBeka
(RPESC). INoBeimenue yposHsa TGF-b (Kita et al.,
2008) u TNF-a (Korthagen et al., 2015) 010 OTMeE-
YeHO B CTeKJIOBUIHOM TeJie mauueHToB ¢ ITBP u kop-
peJIupyeT ¢ TSKECTbIo 3TOro 3abojieBaHus. JIJisi BbI-
SIBJIEHUS] MEXaHU3MOB 3TUX TMPOLIECCOB MPEANPUHU-
MalOTCSI TIOMBITKA CO3JAaHMSI KapThbl CBSI3aHHBIX
SMUTEHETUYECKUX U TPAHCKPUITLIMOHHBIX U3MEHEHU
B PIID® B HopMme u B ciiydae DMII (Choudhary et al.,
2015). Iloka3zaHo, 4TO Haubojee 3aMETHBIE DITUTE-
HOMHBIE UBMEHEHMUsI, colpoBoxaatoie DMII, cBs-
3aHbI C YCWJIEHUEM METOK aKTUBHOTO XpOMaTHMHa Ha
MHOTHMX BJIEMEHTax 3HXaHCEPOB IIpearnogaracMbIxX
MullieHel cBsi3biBaHUs ¢ TM — KJtoYeBbIMU KaHIU-
JlaTaMU, KOTOpblE MOTYT ObITh BOBJIEYEHBI B PETYJIsi-
LIUI0 3TOTO Tipoliecca. IIpu corocTaBlieHUN JaHHbBIX
aHajm3a arMureHoMa u TpaHckpunroma PT1D B HopMme 1
nocie oopadotku ¢pakropamu TGF-bl 1 TNF-a, ob11
UIEHTUDUUIMPOBAH JaHAA(PT pPeryasiiuyd TeHOB,
conpoBoxnatomuii DMII. Panee ycraHOBIIEHO, YTO
B KieTtkax PIID, mojiydeHHBIX M3 TUIIOPUITIOTEHTHBIX
CTBOJIOBBIX KJIETOK YeJO0BeKa M MHIYLIMPOBAHHBIX B
HamnpasiaeHun DOMII, npoucxoaut MHTUOUPOBAHUE
iyt TGF-b, 11 pa3BuTie BocnaaTuTeTbHBIX IIPOIIECCOB,
rocJjie 00padboTk1 HUKoTMHaMUI0M (NAM, nmpousBoa-
Hoe ButamuHa B3) (Saini et al., 2017). BoaneiicTBre
NAM na RPESC-RPE B3pocioro yeinoBeka, ycuiamBa-
I0lllee BMUTEIUATbHBIN (DEHOTUII, MNpPeaOoTBpallacT
OMII tpaHchopmalio U paccMaTpuBaeTcsl B Kaue-
CTBe cIioco0a Tepanuu namueHToB ¢ DM (Schiff et al.,
2019). Cpenu 3¢hbheKTUBHBIX CTpaTErnii, HarpaBIeH-
HbIX Ha MOJaBJeHWe CUTHAJIbHBIX MyTeil, BOBJICUEH-
HBIX B natonoruio PI1D, paccmaTpuBaercss Momyisi-
uust nepegayu curHaioB RhoA/Rho-kinase, Smad
win MAPK (Saika et al., 2009; Yan et al., 2009). JIpy-
rue TMOoAXOAbl MpeArojiaraloT OJOKMPOBAHUE 3IKC-
npeccun ALKS, yTo acddekTuBHO 1onaBiisieT pa3Bu-
e puobposa (Ishida et al., 2006; Pannu et al., 2007),
WHrUOMpoOBaHue KIOUEeBbIX (paKTOPOB aHTHOTeHe3a
(Fernrandez-Robredo et al., 2014) u neanetruaasbl
ructoHoB (Xiao et al., 2014).

IMogBoast UTOrM, MOXHO KOHCTAaTUPOBATh, YTO
PIID® HU3IMMX 1 BBICIINUX MO3BOHOYHBIX KMBOTHBIX
00J1aTacT BBICOKOII CTEIIEHBIO INIACTUYHOCTH, IIPO-
ABJISTIOILENCS B CITOCOOHOCTH K CMEHE KJIETOYHOTO
Tuma — TpaHcauddepeHumponke. [1pu HabIOneHUN
3a 3TUM IIPOLIECCOM in Vivo, MBI OOHApYKMBaeM JIBE
pas3UYHbIE CTPATeTMU ITOBEACHUS: KOHBEPCUIO B
HENpPOHAJIILHOM U TJIMAJIbHOM HallpaBJIeHUU IIpU pe-
reHepaluy CeTYaTKU y aMPUOUil U B ME3EHXMMHOM
P MATOJIOTUU CETYATKU Y MIICKOIIUTAIOIINX U Ye-
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JioBeka. B HampaBieHHBIX yCIOBMsX in vitro PI1D
MJICKOTIMTAIONINX Pa3IBUIaeT paMKU 3THUX BO3MOXK-
HOCTel, AeMOHCTPUPYSI KOHBEPCUIO B (DEHOTUIIHI,
Hecyllye IIpoHelpabHble ITpu3Haku. B ocHOBe Me-
XaHU3MOB KOHBEPCUM in Vivo B 00EUX CTpaTETUsIX
MOXHO OOHAPY>KUThb CXOACTBO, HAIIPUMED, B UHULIM-
alMy Ipolecca U CONPSKEHHBIX C HEI0 M3MEHCHUIA
nurockenera u BKM, B mmpommdepaTHBHON aKTUB-
HOCTH, CITOCOOHOCTU K MUTpanuu kjietoxk PIID. On-
HAKO MMEET MECTO psif CYIICCTBEHHBIX OTIMYMIA,
MpeXIe BCETO, B MOJIEKYJISIPHO-TEHETUUECKUX Pery-
JIIMAOHHBIX MeXxaHu3max: pabote T®, pocTOBBIX
¢$akTOpOB 1 HIUTOKUHOB, KOMIIOHEHTOB CUTHAJIbHBIX
MMyTeii, a TakXkKe B OTIMYAIOIIEeMCSI SIUTeHETUIECKOM
nangmadre. OTMETUM, YTO BCE TPU KIIIOUEBBIE CH-
CTEMBI PETYJISIIMY HAaXOASITCS B JMHAMUYECKOM B3a-
nMozeicTB. B 3T0M CcBsI3M, omopa Ha OgHY U3 Tiepe-
YHCJIEHHBIX CUCTEM BpSIJI I MOXKET IIOMOYb B TIOHMMa-
HUM TOTO, KAaKMM 00pa30oM MOKHO SKCIIEpUMEHTAIEHO
MEHSITh cTpaTerun KoHBepcuu PIID. B aT10if cBa3m
IaJIbHENIIINe UcciiefoBaHUs Ouooruu kietok PITD,
¢denomeHa TpaHcaudbepeHuupoBku PIID, u cs3u
KJIFOUEBBIX PETYJIMPYIOIIUX €€ Pa3HOYPOBHEBBIX CO-
OBITHI1, HEOOXOIIMBI.

SAKITIOYEHHME

B n1aHHOM o0030pe, MOCBSIIEHHOM IIaMSITU
O.I'. Crpoesoit u B.11. Muramiosa, IIpuBeaeHbI I10-
JIydeHHBIE C TIOMOIIIbIO COBPEMEHHBIX METOJIOB CBU-
JIETEIbCTBA, MOATBEPKIAIONINE paHee 3aJI0KECHHYIO
WM B OCHOBE pabOTHI TUIIOTE3Y O “IepeKII0YeHUN
paboTHl TeHOB”, KaK 0a30BOro SBJICHHUS IIpoliecca
KJIECTOYHOM KOHBEpCUM. 3a IOCICAHUE ABa OECSTU-
JIETUSI, OCYIIECTBIICHBI UCCIIeIOBAHMS, PACKPBIBAIO-
III1€ CJIOXKHBIE MOJIEKYJISIPHBIE MEXaHU3MBI SIBJICHUS.
OOHapyKeHEBI KJIIOUeBbIe TeHBI M OCJIKU, OIIPEICIISTIO-
€ WCXOMHYI0 MEJIAHOT€HHYIO, SIIMTEIUAIbHYIO
muddepentiposky PIID 1 BHOBR BO3HUKAaIOIINe
IIpU KOHBEPCUU HENPaJIbHYIO, ITTUAJIBHYIO U CIIEKTP
ME3eHXMMHBIX T epeHINPOBOK KaK in Vivo, TaK 1
in vitro. OnipenejeHbl CUCTEMbl BHYTPHUKIIETOYHBIX
MepecTpoeK LIMTOCKEIeTa, KJICTOYHON ITOBEPXHOCTU
u BKM, a Takxe M3MeHEeHUsI MOJIEKYISIPHBIX MeX-
KJIETOUHBIX B3aMMOOTHOIIEeHM B cinoe PI1D u ¢c mpn-
JIeXaluMU TKaHSIMHU 3a eTo IpeaeiaMu. BoissBiIeHbI
pPETyIATOPHBIE MEXaHM3MbI IIpolecca KOHBEPCHUU
PII® B TepmmHax pabOTHI IIMTOKWHOB, POCTOBBIX
¢$akTOpOB 1 UX CUTHAJILHEIX IyTeii. M, HakoHelr, Ha-
YaThl MCCICAOBAaHUS N3MEHEHUI 3MUTeHETUIECKOTO
JaHmmadTa U Apyrux yCIOBUM 3KCIIPECCUM T€HOB B
xolle KoHBepcuu kjeTtok PIID, B mepcriekTuBe OT-
KPBIBAIOIINX BO3MOXHOCTh 3KCIIEPUMEHTAJIBHOTO
“mepexioueHnsT padbotel TeHoB”. Ilo-BUmmmomy,
9TOT acleKT U3YYeHUs mpoliecca TpaHCcAuGhepeHII-
POBKM, KaK ¥ JajJbHelilllee BHICTpaBaHUE CETEU ero
PeTyIMpPOBaHMS, a TAKXKE ITOMCK UX KITIOYEBBIX MOJIEKY-
JISPHBIX YYACTHUKOB — MpEICTaBIsIeT COOOI Jlornuue-
CKOE€ TIpOHOJDKEHME HaIpaBiICHUs, 3aJIOKEHHOIO B
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cBoe Bpemst O.I'. Crpoesoii u B.M. MuramossM. I1a-
paJIeJIbHbIE MCCIIeTOBaHUS CTpaTeruu TpaHcandde-
peHIMpPOoBKU KJIeToK PIID B Me3eHXMMHOM HarlipaB-
JIEHUHU Y MJIEKOTIUTAIOILIMX iM Vivo 1a10T BO3MOXKHOCTh
HE TOJIbKO COTMIOCTaBJIEHUS IBYX PA3IUUYHbBIX MOJIEKY-
JsIipHBIX cTpateruit PIID (Bexymmx K pereHepauuu
ceTyaTku y am(puOuil U MaToJOTUN Y MJIEKOIUTAIO-
IIUX), HO U JIJISI TIONBITKU MOAEIUPOBAHUS YCIOBUIA,
TMIEPMUCCUBHBIX JIJISI pereHepaliiu CeTYaTKU U 3arpe-
LIAIOIIVX Pa3BUTUE TTATOJOTUU.

HccnenoBaHue pereHepalliy CETYATKU 3a CYET
PIID umeer u npyrue BaxkHble TOYKU COBPEMEHHBIX
npuioxeHuit. OHO HeoOXoAUMO i1 TIOHUMAaHMUS
Ccnoco0OB penporpaMMUpoBaHust in vivo (naturally
regulated reprogramming), CcIOCOOOB WHIYKIIUU
MYJbTUTIOTEHTHOCTH, a TaKXe COCOO0B OOpeTeHU s
KJIETKaMU MOJIHOLICHHOM, CTaOMJIN3UPOBAHHOI HEMl-
panpHON mudGepeHIMPOBKU. BaxkHO, UTO KIIETKH
PT1®D y Urodela u BbICIITMX TTO3BOHOYHBIX OOHAPYKU-
BAaIOT CXOACTBO IO MHOTUM CBOMM CBOIICTBaM, a I10-
TOMY NajbHelllee u3ydyeHue U MOHMMaHUE CXOJICTB
U OTJIMYUIA HA MOJIEKYJISIPHOM YpPOBHE ABYX pa3ivy-
HBIX CTpaTeruii KOHBEPCUHU KJIETOK, UMEIOLINX OOUH
M TOT XKe (peHoTutl, 6osree yeM ymectHO. OHO, B CBOIO
ouepelb, TpeOyeT BBEIEHUS B OOMXO/I JOTIOJTHUTEIIb-
HBIX COBPEMEHHbBIX METOJIOB U3YUYEHUS, B TOM YMCJIIC
HCCIeAOBaHYSI TPAHCKPUIITOMOB OTACIbHBIX KJIETOK B
JIVMHAMUKE DPa3BUTUSI Mpolecca TpaHcauddepeHim-
POBKM, METOMIOB OITpeAC/ICHUSI M MHAYKIIMK TeHETUYe-
CKOI M SITUTEHETUYSCKOI MOIN(PUKALINI U TPYTUX.
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Molecular Strategies for Transdifferentiation of Retinal Pigment Epithelial Cells
in Amphibians and Mammals in vivo
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Retinal pigment epithelium (RPE) is the cellular source for retinal regeneration iz vivo in amphibians and for
retinal diseases’ development in mammals and human. The transdifferentiation is the basis for both processes
of RPE transformation into cells of other phenotypes: in the first case — neural, in the second — mesenchy-
mal. The review describes the main stages of RPE cells’ transdifferentiation: the initiation of the process, cell
migration and proliferation, dedifferentiation, reprogramming, and cell specialization in new directions. An
information about the molecular and genetic mechanisms that ensure the passage of these stages by cells is
provided. Molecular participants in the regulation of transdifferentiation by the whole organism, the local
cellular microenvironment (growth factors, signaling cascades), by an expression of transcription factors, as
well as by epigenome regulation are presented. Similarities and differences in the molecular-genetic mecha-
nisms of implementation of different strategies for transdifferentiation of RPE in amphibians and mammals
are noted. The investigation of molecular key participants in this choice serves both to develop the theory of
cellular reprogramming and to develop approaches for the treatment of proliferative diseases of the human

retina associated with RPE pathologies.

Keywords: eye, retina, pigment epithelium, transdifferentiation, regeneration, proliferative retinopathy, tran-

scription factors, signal molecules, epigenome
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INokazaHo cBoeoOpasre pa3BUTHUS 3apojiblilia CEMEHU, MOP(POIOTUYECKON U aHATOMUYECKOUN CTPYKTYPhI
rnobera 1 KOPHEBOI CUCTEMBI OCOOM Y OTHOTO M3 CAMBIX MEJIKMX T10 pa3MepaM OJHOJIETHUX PACTEHUIA MbIIlIe-
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CTBUE BBISIBJIEHHOI CTPYKTYPbI (HAJIMYME Y MPOPOCTKA KOJIIETa C PU30MIaMU, a9PEHXUMBbI B TIEPBUYHOM KOpe
TUIOKOTWISI U IPUAATOUYHBIX KOPHEM, BTOPUYHOI TOMOPU3UH, TIJIOCKOI almMKaabHOI MepUCTEMBI IPU 00U -
raTHOM PO3eTOYHOCTH) U TTOJIMBAPMAHTHOCTU OHTOreHe3a (Haimure 3(heMepHOro BapraHTa U BapyuaHTa ¢ 3U-
MOBKOI1), MPOIOJLKUTENHLHOCTU (ha3 XKU3HEHHOTO 1IMKJIa 9KOJIOTMYECKOMY CBOe0Opa3rio BUIA: TUTPOPUILHO-
CTH, MUHUMAJIbBHOMY pa3Mmepy (MUHUMaJIbBHOMY YMCITy MeTaMepOB Ha OCH TJIaBHOTO nobera).

Karouesnie cnosa: CTPYKTYpa 3apoablia, KOJJICT, paHHHfI OHTOI€HE3, BTOpHUYHAasd roMopm3usd, IJ1aBHBIA U
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BBEAEHWE

OOBeKT HaIllero MCCASAOBaHUS — MBIIIEXBOCT-
HUK MaJIeHbKUI Myosurus minimus L. B culy CBOETO
OUYEBUITHOTO OMOMOPGOJIOTNIESCKOTO CBOEOOpa3ns
He ObLI 00JieJIeH BHUMaHUEM B O0TaHUYECKOM JITE-
paType, XOTs HeTaJIbHOIO M TIIATeJILHOTO U3YYeHUS
€T0 OHTOI'€He3a, CyIs 0 BCEMY, IO CHUX ITOp He IIpe-
MPUHUMAJIOCh. B TeX ke myOnmmKanusx, KOTophle 3a-
TparuBajiv 3ToT Bua (Mycuna u ap., 1993; HyxumoBs-
ckuit, 2020), He pa3 IPUBOAWINCH JUOO HEIIOJHBIE,
160 ommbouyHbIe cBeaeHMsI. C y4eTOM 3TOTO 00CTO-
STEJIbCTBA OblJla MOATOTOBJIEHA HACTOSILAsl CTaTh,
MIpeTeHIYIONIAs Ha BOCIIOJHEHHE TTpo0eia B 3HAHMUSIX
OTHOCHUTEIbHO Ha3BaHHOIO OOBbEKTA.

I1pu 3TOM, MCXOas U3 TOTO, YTO JOIMOPHOHATb-
HOMY IIEpUOAY U pAaHHUM CTaJIUsIM SMOPUOHAJIBHOTO
Meproaa OHTOTeHe3a MBIIIIEXBOCTHUKA B TUTEepaType
ObUIO yhesieHo OoJjiblile BHUMaHMs (Swingle, 1908;
Buvat, 1989), B HacTos1Iel cTaThe Mbl OCTAHOBUMCS
noapoOHee Ha 0oJiee MO3IHUX CTAAUSIX SMOpHUOTeHe-
3a I OHTOTeHe3a.

B 001mmpHOM 1 MHOTOJIMKOM CEMEICTBE JIIOTUKO-
BbIX Ranunculaceae, rae npeAacTaBieHO HEMAJIO Je-
KOpPaTUBHBIX, SIPKUX PACTEHUI, €CTh yOIWUBUTEIBHO
MeJIKHe M HeB3pauyHble BUAbl. MIHOrma, Kak Harpu-
Mep, B Ha3BAaHUM MBIIIIEXBOCTHUK MaJleHbKUit (Myo-
surus minimus L.), MeaKue pa3Mepbl MOAYEPKUBAIOT-

cs1 aBTOpoM Bu1a (B faHHOM citydae Kapiom JIuHHeeMm)
JIaxe B BUmoBoM armTeTe. B onpenenurene I1.dD. Ma-
eBckoro (2014) njst MBIIIIEXBOCTHUKA TTPUBEASHHBIE
K.B. KuceneBoii mpuban3nUTeIbHbIE OPUEHTUPOBOY-
HBIe pa3Mephl (2—13 cM), NOAYEPKUBAIOT PEATbHYIO
MEJIKOCTb, MaJIyIO TaK Ha3bIBa€MYIO BBICOTY (Ha Jejie
JUIMHY TJIAaBHOTO Mo0era) reHepaTUBHBIX 0COOEM 3TO-
ro Buga. O6padOTaBIINIi JIIOTUKOBBIE IS PYKOBOI -
ctBa “Copnbie pactennss CCCP” H.B. IIumunH-
ckuii (1934) npuBoaur eile 6oJee Y3KYIO aMILUTUTYIY
M3MEHYMBOCTU 3TOro mokaszareiist — 2—8 cM. [axke
cpeny OOHOJETHMX PAacTeHWUI BUOBI CTOJb MEJIKUX
pa3MepoB peaKU, U TIOTOMY TTOMYJISILIMU TAKUX BUIOB
3aCJIy>KMBAlOT BHUMATEJIBHOTO M3Y4YEHUSI B Pa3HBIX
acriektax (Mapkos, 2020). CBouX KOHEUHbBIX pa3Me-
POB 0COOHU JOCTUTAIOT B XOJI€ OHTOreHe3a, 111 KOTO-
poOTo OYeHb XapaKTepHa MOJIMBAPUAHTHOCTD, ITPOSIB-
JISTIOIIAsICS B TEMITaX pOCTa, YKCJIe U CTPYKType MeTa-
MEpOB, 00pa30BaHHBIX HA Pa3HbIX ATAIlax U 3aBUCSIIIAS
OT IIPEAITOCHIIOK, CKJIaAbIBAIOIINXCSI B PA3IMYHBIX ME-
CTOOOUTAHUSIX.

Masbiii pazMep ocobeit, Kak MOp(OIorndIecKumia
MMPU3HAK, QUTYPUPYIOIINUI B OMMMCAHUSIX TAaKCOHOB,
BCE paBHO OYEHb MPUOJUZUTESIEH U MOXET ObITh
YTOYHEH TOJIBKO MPU paboTe ¢ pealbHBIMU MPUPOI-
HBIMU WJIW MOJCJIBHBIMU TTOMYJISIIIASIMU BUIOB. bes-
YCJOBHO, Aaxe 0ojiee 3HAUMMbIMU MPEACTaBISIOTCS
MaHHBIE TI0O aMIUIUTYIEe W3MEHUYMBOCTU HE TOJIBKO
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Puc. 1. (a) — 0 — mpomoJbHBIN MUKPOTOMHBII Cpe3 MHO-
roopeiika, crpana (B COOTBETCTBUU C UX pa3MellleHUEM
Ha IIBETOJIOXEe) TIOKa3aHbI CTAINW PAa3BUTHS 3aPOIBIIIEBBIX
MEIIKOB B CeMsi3auyaTkax, PAacCIlOJIOKEHHbIX Ha pa3HbIX
YPOBHSIX MHOTOOpeIIIKa: | — odopMIIeHHasT apXeCcITopraib-
Hasl KJIeTKa; 2 — BOCBMMSIZIEpHasi CTanusl, 3 — 3pesiblii 3apo-
NIBIIIEBBIIA MEILOK, C SILEBbIM M aHTUITONAIBHBIM arrapa-
TaMU U SIAPOM LIEHTPaJIbHOM KJIETKH, TOTOBBII K MPOLIECCy
orionoTBopeHusi. (6) — 1 — momnepe4Hblit cpe3 MHOTO-
opellKa; 2 — IOIePeYHbIi Cpe3 CEMEHU; 3 — IIPOIOIbHbIMN
cpe3 ceMeHU; 4 — 3apOJIbIIII B TIOJIOCTU SHIOCIIEPMA.

BBICOTHI, HO, TaXke B OOJIBbIIICH CTEITeH!, BO3AYIIIHO-
CyXOIi Macchl 0coOM, K TpUMepy, JaHHBIE O TOPOTO-
BOM paszMepe (Macce), TOCTaTOYHOM JIJIsI €€ Tepexoaa
B PETIPOAYKTUBHOE COCTOSTHUAE, HO TAKUX JAHHBIX HET
HU B 0HOM oIpenenutese. He mpuBoasitcst oHu, 3a-
YaCTYIO, JaXe B CTAThSIX IO OMOJIOTUU BUIOB, HATIPU-
Mep, n3 cepun “bunonornmueckas piaopa MocKoBcKoit
obylacTu”, XOTsl mogoOHasi Ouojiornueckast HUHGOP-
Malus ObLTa OBl SBHO OYEHb ITOJIE3HOM. Benn pazme-
pel (bromMacca) ocoOM y OMHOJIETHMX pacTeHUIA Ha-
MIPSIMYIO OIIpeaeIIsieT MOIITHOCTb X PEMPOAYKIIMU, TO
€CTh BEJIMYNHY CEMEHHOI mpoaykiuu. Llens HacTo-
SIIeid paboTHl — TTOKAa3aTh PsIli OCOOEHHOCTEN OMo-
MOp@OJIOTUN, aHATOMUM U MOMYJISIIIUOHHOI 0M0JI0-
T1 MBIIIIEXBOCTHHUKA, TIPOSIBJISIONINXCS HA Pa3HBIX,
U, B TOM YMCJIe, CAMbIX PAHHUX, CTAIUSIX OHTOTeHEe3a.

MATEPUAJIBI U METOJbI

Matepuan (repbapuii u pukcalmu) Obl1 cOOpaH B
4-X TIpUPOITHBIX TIOMYISIINSIX MBIIIIEXBOCTHUKA B

MockoBckoit objactu. OcobM, BBICYIIEHHBIE OO
BO3IYIITHO-CYXOTO COCTOSTHUSI, ObTM 00paboTaHbBI U
B3BEIICHbI HA TOPCMOHHBIX BECaX, @ aHATOMUIO TIPE/I-
BapUTEJIbHO 3a(pbMKCUPOBAHHBIX PACTCHUI M3ydain
Ha CIeJaHHBIX OT PYKU WJIM MPU MOMOIIM MUKPOTO-
Ma cpe3ax, oopadoTtaHHBIX ¢ioporiaourHoMm u HCI,
00eCIIeYrB BO3MOXKHOCTD I€TaIbHOTO PACCMOTPEHUSI
BCEX OAPEBECHEBIIMNX CTPYKTYP, BKIIOYasi CTEHKH CO-
cynoB. CeMeHa mpopaluuBaid Ha (QUJIbTPOBaIbHOMN
Oymare B yaikax [letpu B n1abopatopuu. [Tosieienue
MMPOPOCTKOB U (opMUpOBaHUE PO3ETOK M TeHepa-
TUBHBIX CTPYKTYP OTCJIEXXHBAJIM KaK y oco0eit, rmepe-
CaXXEHHBIX B 1a00OpaTOPHIO, TaK U B IPUPOTHBIX I10-
nyasauusax. Bee pororpadum caemaHbl 1MAPOBOM Ka-
Mmepoil Nikon Coolpix L22 ¢ mnpumeHeHUEM
MUKPOCKOITa ¥ OMHOKYJISIPHOM JIyIIBI MJIN 0€3 TOII0JI-
HUTEJIBHOTO YBEIMUECHUS.

PE3VJIBTATBI 1 OBCYXIEHHUE

ITpoTsEKEeHHOCTh MHOTrOOpellKa KaK IPOIyKTa
OJHOIo €AMHCTBEHHOI'O LBETKA M €ro axkporierajb-
HOe HapacTaHUWE KaK CIOPOHOCHOTro Iobera (CTpo-
Ouia) IPUBOAUT K TOMY, YTO aIllOKapHHbIE OPEIIKU
pa3HbIX YPOBHEH U CEMsI3a4aTKU BHYTPU HUX PA3BU-
BaIOTCSI HECUHXPOHHO U [IOTOMY OKa3bIBAIOTCI B MO-
MEHT HaOJIIONEHUS Ha Pa3HBIX CTagusIX GopMUpoOBa-
HUSI XKEHCKOT0 raMeToduTa, a mo3aHee — 3apo/bliiia.
Ha puc. 1a, roe npuBoautcs ¢GpOTo IPOAOIBHOTO Cpe-
3a MHOTOOpEIIKA MBIIIEXBOCTHUKA, U COIPOBOIM-
TCJIbHbLIX PUCYHKAaX BUJHO, YTO B BerHeﬁ 4YaCTU OH
He 3aKpHIT, 3[1eCh IIPOAOIKAECTCS POCT — CeMsi3adyar-
KU, PACITOJIOKEHHBIC B CAMBIX BEpXHUX OpeIIKax, CO-
JiepKart ellle JUIIb 0(OpMIIEHHbIE apXeCIopuabHbIe
KJIETKU, TOIJa KaK CeMsI3a4yaTK/d HIDKHUX OPEIIKOB
yXKe comepxKaT 3pelible 3apoAblleBble MellKU. [1po-
1IeCC JBOMHOTO OIUIOJOTBOPEHUSI M CaMbIX paHHUX
cTaguii MOpHOTeHe3a XOPOoIlIo JOKYMECHTHUPOBAaH B
pat6ote L.D. Swingle (1908), a 6oee mo3nHue cTanuu
SMOpUOreHe3a oXapaKTepu30BaHbBI U IIPOPECCHO-
HaJIbHO TIpowsuTIocTpupoBaHbl R. Buvat (1989).

DdopMupyoIInecs: OpelIKi OQHOCEMEHHbIE U CO-
IepkaT BHYTpH OYeHb MeJIKre ceMeHa. OTMedast, 4To
MBIIIEXBOCTHUKY B LEJIOM IIPUCYI 3MOpPUOTEHE3
Onagrad (=Cruciferae)-tunma (Johansen, 1950),
9.C. Tepexu (1996) yrouHsiet, 4To 6a3aabHas KJIeT-
Ka, oOpa3oBaHHasl B pe3yJibTaTe IepBOro ACACHUS
3UTOTHI, HE YJ4AaCTBYET WJIY IIOUTU HE YJ4aCTBYET B I10-
CTPOCHMH Tejia 3aponpiia. KpaTkyo nHbopMaiumo
O BHYTpPEHHEM CTPOCHUHU CEMSH HAXOIUM B CTAThe
H.A. WBanosoit (1966), coollaroliieii, 4To B Kax-
JTOM 13 HUX UMEETCS OOMIIBHBIN TBEPABI SHIOCIIEPM
Y MaJIeHbKUIA 3apOJBIIII, JIEXKALINI HA MUKPOITIISIP-
HOM KOHIIE CEMEHU M OKPYXKEHHBIN MOJIypa3pylIeH-
HBIMU JIM3MPOBAaHHBIMM KJIeTKaMM 3Hmocrnepma. Ha
MPUBEACHHON B CTaThe WLIIOCTpalNU (PUTYPUPYET
JIUILB KpaliHe cXeMaTUYHbI PUCYHOK OpEIIKa U €lLe
GoJiee cxeMaTUIHOE 1 MEJIKOE M300paskeHIe CeMeHM.
Bmecrte ¢ TeM roBOpuUTCS, UTO, HECMOTPS Ha MaJyio
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Puc. 2. CuHanToKapmnusi — CMHXPOHHOE MpOopacTaHKe
CEMSTH U3 IIOAMKOB MHOTOOPEIIKA, YITaBIIETO Ha BIaX-
HYIO TTOYBY.

abcomoTHy0 BeJmunHy 3apoasiia (0.2201 mM), oH,
cocTaBJisist ullb 27.39% oT MIMHBI SHIOCIIepMa, 0-
BOJILHO XOPOILIO Pa3BUT — MMEET CEeMSIIOJIU, LIeH-
TpaJlbHbIII LWJIWHAP B OCEBOI YaCTU 3apoiblllia U
KOpHEBOIT yexyinK. Bripouem, mepeunciieHHbIe AeTa-
JIV Ha MIPpeACTaBJICHHOM B CTaThe PUCYHKE He ToKa3a-
Hbel. Ha puc. 16 mpuBeaeHBI MOMEPEYHBIN Cpe3 3pe-
JIOTO MHOTOOPEIIIKA, a TaKXKe MOIepPeYHbI U Mpo-
JIOJIBHBIN cpe3bl ceMeHU. MOKHO BUAETh, HACKOJIBKO
MEJIOK 3apOJbIII, pa3MeIlleHHbI B MIOJIOCTA 60TaTo-
ro JIMIUIAMU SHAOCIIEpMa, U KOHCTATUPOBATh CJIOXK-
HOCTb, €CJIM He HEBO3MOXXHOCTh Pa3JIMUUTh KaKue-
6O AeTali CTpoeHus 3apoabima. Cyas Mo HallluM
JIaHHBIM, TaKasl KapTUHA U TaK1Ue COOTHOIIIEHUS pa3-
MEpPOB HabII01a10TCS OTHOCUTEIBHO HEJ0JTO, TTIOTO-
MY 4YTO MPU HAJTMYUU TTOIXOIIIINX YCIAOBUI (IOCTY-
e BJIaTrM) POCT 3apoiblliia, MOTPEOJISIONIEro muTa-
TeJIbHbIE BeIlleCcTBa BHAOCIEpMa BHYTPU CEMEHU
nponpoirkaeTcs. Ilocie co3peBaHUST MHOTOOPEIKA,
€ClIV OH LICJIMKOM, TTamasi Ha MOYBY, He IOoIagacT B
YCJI0BUA NPUTOAHBIC AJI ITpopacTaHUA, KOTrga MOXKET
pean30BaThCd CUHANTOKAPIUS — CUHXPOHHOE MPO-
pacTtaHue cCeMsH BCero MHoroopeiika (puc. 2), oH
6bICTpO BbBICBIXA€T, TaK 4YTO ITPOAOJI2KEHME B3aMMO-
JeiCTBUSI DHAOCIEPM—3aPOIbIII U TPAH3UT OT Mep-
BOTO KO BTOPOMY MNUTATEIbHBIX BEIIECTB, CIIOCO0-
CTBYIOLIMX JOPA3BUTUIO 3apOjblllia, BOCCTAHABIMBA-
eTCs1, TI0-BUAMMOMY, TOJILKO ITOC/Ie HAOyXaHUsI CEMEHU
U TIpeKpallaeTcsl HEMOCPeACTBEHHO TIepel ero Mpopac-
TaHUEM.

OTcrofa MOHSTHO, TTOYeMY K MOMEHTY IpopacTa-
HUS, 3apOAbIII YK€ 3aIlOJIHSIET BeCh 00beM BHYTPU
CEeMEHHOI KOXYPbI, a OCTAaTKOB 3HI0CIIEpMa, KOTO-
POro K KOHIy JOCTHU2KEHHM allOKapIIHBIMHM Op€lIKa-
MU MX KOHEYHBIX Pa3MepoOB IO 00beMy OBLIIO TTEPBO-
HavyaJIbHO CYIIECTBeHHO OoJbine (puc. 16), ooHapy-
KUTb YK€ HE yIaeTCsl.

HpOpaCTaHI/Ie K€ CEMCHU MbBIIIIEXBOCTHMKA HAYM -
HaCTCAd, KaK 1 'y OOJIBIIMHCTBA JABYOOJBbHBIX, C ITOAB-
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Puc. 3. HayanbHble aTarnbl TpopacTaHusi CEMEHU C TOsIB-
JIEHWEM 3apojbiiieBoro koperika (1), rurmokorwis (2) n
kosuteTta ¢ puzongamu (3); (4) — ceMsiIoNn TToKa B KOH-
TaKTe C CEMEHHOI KOXYpPOId.

JICHUsI U3 CEMEHHOI KOXYpbl TIEPBUYHOTO KOpEIIKa
(radicle) ¥ TMIIOKOTWIISA C KOJUIETOM (B3IyTHEM B 00-
JJaCTM KOHTaKTa TUIIOKOTWIS C TJaBHBIM KOpHEM
(Compton, 1912; FOcydosa, Mapkos, 2014), mokpbI-
THIM pru3ouaamMu (puc. 3). B aT0T MOMEHT MOXKHO BbI-
JIaBUTb U3 KOXYPbI YBEJIMUMBILUICS B pa3Mepax 3apo-
IOBIIT M PacCMOTPETh €r0 CTPYKTYPY TOCTATOYHO Jie-
TaJIbHO, UYTO U OBLJIO IMPEANPUHSITO HaMU (CM. puc. 4).
Xopo1ro opopMIIEHHBIE CeMSIITOIN, MEXIY KOTOPHI-

Puc. 4. VI3Bie4eHHBIN 13 KOXYPbI CEMEHU 3aPOJIBIIII C Ce-
msinossiMu (1), TUTIOKOTWIEM C MIPOCBEYMBAIOIINM TIEH-
TPaJIbHBIM LIWJIMHAPOM (2) YU KOPHEBBIM 4exJUKoM (3)
(Ha maBJICHHOM IIperapare).



Puc. 5. HavanbHble ctanuyu opMUpOBaHUST TIPUAATOY-
HBIX KOPHEW B HMXKHEW YaCTU TMITOKOTWIISI TIPOPOCTKA U
IOBEHWIBHBIX 0C00€il: 3apoapliieBblit Kopewok (1); ru-
nokotwib (2), cemsimonu (3) mpumaTtodyHbie KOpHU (4),
HACTOSIIIME JTUCThST PO3ETKH (5).

Puc. 6. (a) — cieBa — MOIEPEYHbI Cpe3 TMITOKOTWIIS
MPOPOCTKa ¢ aspeHxuMoit B Kope (0), 3HI0IepMOii ¢ TT0-
ssckamu Kacnapu (1) 1 AByMst hparMeHTaMu BTOPUYHOM
kcwieMsbl (2). (0) — CHSTBIE Ha MTPOCBET KOJIbYATO-CITU-
paJIbHBIE COCYIBI KCUJIEMBI IIEHTPAIBHOTO IIVJIMHIPA,
JIIMXOTOMUPYIOIIETO B CEMSIIONU.

MU 3aMeTHa YIUIOLEHHAs IJIIOMYJla, IePBUYHBIN KO-
PELIOK C KOPHEBBIM YEXJIMKOM M SIBCTBEHHO BBIpa-
KEHHBI TUIOKOTWIb, B KOTOPOM IIPOCBEYUBAIOT
TKaHU LIEHTPAIbHOTO LIMJIUHAPA, — BCE 3TO MOTHO-
CTBbIO, HO YyX€ B IpPyroM Maclutabe, COOTBETCTBYET
BBILLIE IPUBEIEHHOMY, HO, K COXaJEHUIO, HE MILTIO-
CTPUPOBAHHOMY €10 B JIETANISIX, ONTMCAHUIO, TAHHOMY
N.A. UBaHOBOIA.

IMocne mpopacTaHusi, TTPOUCXOMSIIErO MO HaI-
3eMHOMY THUITY, Y€ Y JIBYCEeMSIIOJIbLHOTO MPOPOCTKa
3aMEeTHO 3aMeUICHHE U TIpeKpallleHue pocTa INIaBHO-
TO KOPHSI, HO B 30HE KOJUIeTa OYeHb PaHO 3aKJIaabIBa-
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eTCsl MEepBhIA MPUIATOYHBIN KOpeHb (puc. 5a). Ha
MMPOCBET B TUTIOKOTUJIE B Pe3yJIbTaTe TIPOUCXOISIIICH
BHYTpeHHEeN InddepeHINPOBKN CTaHOBITCS, OJyia-
romapst MPpOKpaIlluBaHUIO, BUAHBI TIPOBOASIIIAE TKA-
HU LEHTpaJbHOIO LWJIMHApPA BIUIOTb 10 JeTalieit
CTPOEHMSI KOJBUATBIX U CIIMPAJbHBIX COCYIOB Tep-
BUYHOI KcuiaeMbl (puc. 60), a TakKe MPOBOISIINE
MYYKU OTBETBJSIIOIIMECS OT LIEHTPAJIbHOIO LUJIUH-
JIpa — TI0 JTOCTMIKEHUU CEMSITOJBHOIO y3ja — IeH-
TpallbHbII UWIVHAP pa3aeiiseTcs Ha IBa MydKa, OT-
BETBIIIIONINXCS B ceMsIIoau. Ha mormepeuyHbIX cpesax
TUIIOKOTUJIS TIPOPOCTKA HA 3TOM JOCTATOYHO paHHE
CTaIu MOXKHO BUIETh aHATOMHYECKOE CTPOEHUE,
GJIM3KOE K MEPBUYHOMY TUAPXHOMY CTPOSHUIO KOP-
Hs (puc. 6a). B aspeHxnMe TTepBUYHON KOPHI DUTY-
PUPYIOT KPYITHBIE TTOJOCTH, 2 B XOPOIIO BbIPaXKEH-
HOM 3HIO0JAepMe AOCTATOYHO OTYETIMBO BUAHBI ITO-
scku Kacnapu. IToka ellie Ko BHyTpU OT 3HIAOACPMBbI
BUIOHBI IBa (pparMeHTa BTOPUYHOM KCUJIEMEBI, YTO
CBUJIETENILCTBYET 00 yXKe IPOU3OIIEAIIeM Mepexo/e
KO BTOPUYHOMY YTOJIIICHUIO.

Briite  yrmoMsiHYyTBIN TEPBBIA TUITOKOTUIbHBIN
MPUIATOYHBIM KOPEeHb BBICTYMNAET KaK IPEABECTHUK
3aJI0KEHUS CepPUM IIPUAATOYHBIX KOpHE, hopMupy-
IOLIUX TIEPBYIO0, 0CO00 BaXKHYIO IJIST 0COOEH JTI0OBIX
pa3zMepoB, HUXKHIOIO TOMOPHU3HYIO 30HY (puc. 7a). U
LECHTPAILHBIA MWIMHAP TUIIOKOTUJIS U €TO OTBETB-
JICHUSI TIEPEXOIsIT KO BTOPMUHOMY CTPOCHUIO, a UX
BTOPUYHBIE OAPEBECHEBAIOIIKE MTPOBOAALIME TKAHU
XOPOIIIO OKPAIIIMBAIOTCS, YTO ITO3BOJISIET OTYETIMBO
YBUJIETh KOPY KaK CaMOIr'0 TMITOKOTUJISI, TaK U KOpPY
€ro OTBETBJICHUI. BropnuHoe yroiiieHne ¢ oopas3o-
BaHMEM KPYITHOT'O MacCHBa KCMJIEMbBI IIPOI0JIKAETCS
¥ B TUITOKOTWIIE, O1arogapsl YeMy OH COXPaHSIETCS Y
0co0H1 Ha BCIO €€ XXKM3Hb, U B MPUIATOUYHBIX KOPHSIX
HMXKHEW 30HBbI, KaXXIblii U3 KOTOPBIX MMEET CcOO0-
CTBEHHYIO KOpY C aspeHxumoi. HekoTopble U3 HUX,
OTXOJIS1 OT LIEHTPAJILHOTO LIJIMHApPA, HEKOTOPOE Bpe-
MsI TPaBUTPOITHO PACTyT BePTUKAJIBHO BHU3 MO KO-
poii, IPIKMUMASCh K LIEHTPaJIbHOMY LIVJIMHAPY TUIIO-
KOTWJISI, YTO OBIBAeT XOPOIIO BUAHO Ha MOMNEPEYHbIX
cpesax (puc. 8). Hammume KopbI ¢ XOpOIIIo BeIpaxkeH-
HOW a3PEHXMMOM Yy TUTIOKOTWJIS U €TO BETBEM B HUK-
HEM, TOMOPU3HOI 30HE NPEACTABIISACTCSA KpaiHe UH-
TePECHO OCOOEHHOCTHIO OHTOI€HE3a MBIIIEXBOCT-
HUKa, KOTOPYI0O BMECTe C HaJIMYMEM PU30MIOB Ha
KOJIJIETE, CITOCOOCTBYIOIIMX TPaBUTPONU3MY IIpO-
pocTKa 1 00eCIIeYeHMIO eTo Biaroi emie 1o popMu-
pOBaHMSI HACTOSIIIUX KOPHEBEIX BOJOCKOB (Parsons
(2009, 2013), TIOTMYHO CBSI3aTh C TUTPOMUIBHOCTHIO,
CBOIMCTBEHHOI TOMY BUIY Y CITOCOOHOCTBIO ITPOU3-
pacTtaTh B MECTOOOMTAHMSIX HE TOIBKO C JOCTaTOY-
HBIM, HO, MOPOI, U C U3OBITOYHBIM YBJIaKHECHUEM.
IToceBbl KyabTYypHBIX PACTE€HUIA, TIOABEPTIIINECS BbI-
MOKAaHHMIO, — 3TO IIpUMeEpP ITOJOOHBIX MECTOOOMTA-
HUIi, B KOTOPBIX ITOIMYJISILMU MBIIIIEXBOCTHUKA HAXO-
JISIT ONITUMAaJIbHBIE YCIOBHYS Y MOTYT UMETh HauboJiee
BBICOKYIO TNIOTHOCTB (puc. 9).
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Puc. 7. (a) — CHATBII Ha MIPOCBET TMMOKOTWIIb (3) C HIK-
Heil U BepxHeil TOMOPU3HBIMU 30HaAMU IOBEHWJIBHOTO
pacTeHMsT MBIILIEXBOCTHMKA: 3apOIBILIEBbIN Kopeniok (1),
3a4aToK MPUIATOYHOTO KOPHS U c(hOPMUPOBAHHBIE TTPU-
aTOYHBbIE KOPHU HUXHEI TOMOPU3HON 30HHI (2); 3a4a-
TOK (5) 1 cchOpMUPOBAHHBIN MPUAATOUHBII KOPEeHb (4)
BEepXHEil TOMOPU3HOI 30HBI; IPOCBEUYMBAIOIIMI IIEH-
TpaJIbHbIN HWJIMHADP TUMOKOTUJIA (6) C OTBETBICHUSIMU B
MPUIATOYHbIe KOPHU HUXHENW TOMOPU3HOI 30HBI; (0) —
TIPOCBEYMBAIOILINI LIEHTPATbHBIN LIWIMHAP TAITOKOTWIA (1);
3a4aTKM MTPUAATOYHBIX KOPHE BepXHEH TOMOPU3HOM 30-
HBI C YexJIMKaMH (2) ¥ NMpoBOASILIME ITy4YKU, OTBETBJISIO-
IIMECST B PO3ETOYHbBIC JIMCThSI OT LIEHTPATBbHOTO LIMJIMH-
npa (3). MacmrrabHast TuHeka 3 MM.

Bropas (BepxHsisi) roMopu3Has 30Ha (hOpMUPYET-
CsI TOJILKO y TOCTaTOYHO MOIIHBIX OCOOE B BEepXHEN
YacTU TUTTOKOTWJISI BOJIM3U PO3ETKU, TIPUYEM He Bce-
ra MNpUIaTOYHble KOPHU OTXOASAT 3[ECh OT Y3JIOB
raBHoro nobera. Ha puc. 7 moka3zaHa TOJHOCTBIO
pa3BUTasi HWXHSS 30Ha TIPUAATOYHBIX KOPHEM,
BKJIIOUYAs UX XOpoI10 ohOpMIIEHHbBIE 3a4aTKHU, a TaK-
JKe BEpXHSISI 30HA MPUIATOUYHBIX KOpHEll BOJIN3H PO-
3eTKU ¢ yXXe C(OOPMUPOBAHHBIM MPUAATOYHBIM KOP-
HEeM U TakXe XopollluMm o¢hOpMIIEHHMEM 3a4aTKOB,
UMeEIoIINX Jaxe chOpMUPOBAHHBIE BHYTPU TUITOKO-
TWISI KOPHEBBIE UeXJIUKU (puc. 76). Mexmy aTuMu
IBYMSs (HUXKHEH U BEpXHei) 30HaM1 HaXOAWUTCSI 30Ha
0ECKOPHEBOTIO TUIOKOTUJISI — BEPOSITHOCTH 3aJl0Ke-
HUS 3[eCh TPUAATOYHBIX KOpHEW KpaliHe HM3Kas,
YTO TO3BOJISIET pacCMaTPUBaTh €€ M0 aHAJIOTUU C U3-
BECTHOI1 30HOII TOPMOXKEeHUsI TTobera, riae MOoYKHU He
aKTUBHBI.

J1000TIBITHOIT OCOOEHHOCTBIO MBIIIEXBOCTHHKA,
KaK 00JIMTaTHO PO3ETOYHOTO pacTeHUsI, MPEACTABIISI-
€TCsl HAJIMYMEe YBEHUMBAIOIIETO TMITOKOTUIb MJIOCKO-
ro Wil MHOTAA JaXe HECKOJbKO BOTHYTOTrO alekca,
KOTOPBII, TOJOOHO MJIOCKOMY arnekcy MoJI0pOXKHUKA
ooabiioro (Plantago major), Tak:ke HUKOTIA HE TePSI-
IOLIETr0 CBOEH PO3ETOYHOCTU, (popMUPYEeT B HOpME
0OJIbIIIYIO U TUIOTHYIO PO3ETKY JIMCTheB. Pacmonara-
folecs no nepudepun BOKpyr MeayJUISIPHOM 1ieH-
TPaJIbHOM YacCTU IUIOCKOM anuKaJlbHOW MEPUCTEMBI
(T.H. MepucTeMbl oxxunaHus — Buvat, 1989) nucro-
BbI€ IPUMOP/IUU B COCTaBE TaK HA3bIBAEMOTO UHUIIM-
anpHOro Kosbla (Buvat, 1989), npeBpaiarorcs mo3m-
Hee B y3KHE JIMCThSI C OMHOM (Y I0BEHWIBHBIX OCOOECI)
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Puc. 8. INomepeuHsblii cpe3 HMXKHEN 4aCTW TMITOKOTHIIS
B3pOCJIOif TeHEepaTUBHOI ocobu ¢ Kopoii (1), mpumatou-
HBIMU KOPHSIMM U OTXOMSIIIMMU OT LEHTPAJIbHOIO -
JIMHAPA TPOBOISIIMMU TyYKaMU, CJIEAYIOIIMMHU B 3TU
KopHH. [TonepeyHslii cpe3 0MHOTO U3 MPUIATOYHBIX KOP-
Heli (2) ¢ ero co6CcTBeHHOI KOpoii (1a), rpaBUTPOITHO Ha-
MPaBJISIBILIETOCS] BHU3 TTO/I KOPOIi TMITOKOTUJISA.

Puc. 9. ®parMeHT MOMyJISIIUU MBIIIIEXBOCTHUKA Ha KPalo
nocesa, NepeHecIlero BBIMOKaHUe.

Wu TpeMst (y TfeHepaTUBHBIX ocobeit) xkukamMu. OCHO-
BaHUST PO3ETOYHBIX JIMCTHEB OCTAIOTCS ITOCIIE OTITazie-
HUS TUTACTUHOK, OXBaThIBasi OCh YKOPOUEHHOTO Po3e-
TouHoro nodera (puc. 10a). ITocne ynaneHust pa3BUTBIX
PO3ETOYHBIX JIMCTHEB CTAHOBUTCSI XOPOIIO 3aMETHO,
YTO AUAMETP PO3ETOUYHOI YaCTU INIABHOM OCU 3aMETHO
OoJiblile, YeM JuMaMeTp LIBETOHOCA, T.e. PENpOMyKTHUB-
HOI1 yacTu r1aBHOM ocu (puc. 100). JI1ss aHaToMuu 110-
MePEeYHOTO Ccpe3a IIBETOHOXKHN XapaKTepHO HATMINe
CKJIEPEHXUMBI TIEPUIINKIIA, PACTIOJIOKEHHBIX 10 KPY-
Ty KoJulaTepajbHBIX MPOBOASIINX ITy4KOB U OO
cepaueBuHBI (puc. 11a). B otmnyne oT anmukajabHOMI
MepHCTEMbI TOJIOPOXHUKA, OOecneynBarolleii Mo-
HOToAMAaJIbHOEe HapacTaHWe MIaBHON ocu mpu dop-
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Puc. 10. (a) — yKopodeHHast ¥ pa3pociiasics 1o AMaMeTpy
OCb PO3€TKHU, MOKPHITasi OCHOBAHUSIMM PO3ETOUHBIX JIU-
cTheB; (6) — LIBETOHOC MEPBOTO 1[BETKA, 3aBEPIIAIOLIETO
POCT IJ1aBHOM ocu po3eTkH (1) MHULIMAIbHOE KOJIbLIO JIU -
CTOBBIX IPUMOP/IUEB MJIOCKOU alMKaJIbHON MEPUCTEMBI,
cchopMUPOBaBIIIEH 0 3TOTO pO3eTKy (2), (B) — MepBhIit
1IBETOK, YBEHUYMBAIOLIUIA IJTABHYIO OCh PO3ETKU.

Puc. 11. (a) — monepe4yHBIil cpe3 LIBETOHOCA IIEPBOTO
1BeTKa; (0) — uBeTyIasi 0coob MUHUMAJILHOTO pa3Mepa ¢
KUBBIMU ceMsinonisiMu (1), rurnoxkotwieMm (2) U AByMs
MEePBLIMU HACTOSIILIMMU PO3ETOYHBIMU JIUCTBSIMU (3).

Puc. 12. Ocobu ocenHeii koroptel 20 okTsiopst 2015 T.;
MaciitabHas TuHeiika — 1.5 cM.

MUPOBAaHWM TOJbKO MAa3yIIHbIX PENMPOIYKTUBHBIX
MMOOEroB, MepHUCTeMa MBIIIEXBOCTHUKA W3MEHSIET
CBOIO (DOPMY TIPH TIepexojie OCOOM M3 BeTETATUBHOTO
B TeHepaTUBHOE COCTOSTHIE M (hOPMHUPYET BEpXyIIed-
HbI1 1BeToK (puc. 10B). PasMmepsl aToro nBerka (1o
IUTHE 00pa3yIoIerocss B HeM MHOTOOpEIITKa) Y HOp-
MaJIbHO pa3BUTHIX OCOOEH MaJlo OTIMYAIOTCS OT
IIBETKOB, BITOCIEACTBMU (DOPMUPYIOIINXCS Ha Tia-
paKkyagrsIX B Tla3yxax HIDKePaCITOIOKEHHBIX PO3eTOU-
HBIX JINCTbEB. M3 CKAa3aHHOTO SICHO, YTO TP OTCYT-
CTBUHY BBIpAXKEHHO TeTe pODMILTN Y MBIIIIEXBOCTHUKA
pasmyaTh OHTOTEHETUIECKIE (~BO3PACTHBIE) COCTOS -
HUST YIACTCSI TOJTBKO TI0 aHATOMUU JIUCTHEB (IUCITY KM~
JIOK), a 10 (opMe JUCTHEB PA3IUUYUSI MEXIY HUMM
OYEHB CJ1a00 BhIPaXKEHBI 1 TIOTOMY TUIOXO 3aMETHHI.

HMTak, TMMOKOTWUJIb MBIIIEXBOCTHMKA BMECTE C
MPUIATOYHBIMU KOPHSIMU, Oyaromapsi Iepexony Ko
BTOPMYHOMY POCTY, COXpaHSIETCSI B TeUeHUE BCeil
KU3HU 0COOM, ¥ B 3TOM HanboJIee CyILIeCTBEHHAs OCO-
OEHHOCTb, OTJIMYAIOIIAsI MBIIIIEXBOCTHUK OT OOJIBIITH-
CTBa TPaBSIHUCTBIX ABYIOJIBHBIX, TUTTIOKOTWIIb ¥ KOTO-
PBIX OYeHBb OBICTPO CIABJIUBACTCS, ChEKUBACTCS U T10-
TOMY CTAHOBUTCS YV B3pOcCJIoi ocodbu He3ameTHBIM. [1o
TMOHSITHBIM MTPUYMHAM TaKYIO CyIb0Y T'MIIOKOTUJIST pa3-
JIeJIsieT U eltle 0osiee apeMepHBI aTpHUOYT T'MITOKOTH -
JIST KOJUIET.

ITosTOoMy BechMa CTpaHHBIM BBITJISIIUAT YTBEPXKIIE-
HIUE aBTOPOB aTjiaca I1o aHaTOMUHU pacTeHuii (Schwe-
ingruber et al., 2011: 7), 4yTo IJIsT aHATOMUYECKUX UC-
clIeNOBaHUI W OIpelnesieHUsl Bo3pacTa Haubosee
BaKHOM YaCThIO PACTECHUS SIBIISICTCS TIepeXOaHast 30-
Ha MeXIy KOpPHEM U cTebjieM (KOTOPYIO aBTOPHI Ha-
3biBatoT “collar”). Ho tepmunbl “collar” u “collet”
(KoJu1ap 1 KOJUJIET) — 3TO CUHOHUMBI JIJIsI 0003Have-
HUSI COOTBETCTBYIOIIEH MOP(OIOrMYecKoi CTPYKTY-
PBI, KOTOPOii TTpUCYIA OIpeaeiieHHast BaxKHast (PyHK-
LIVsT, @ He TIPOCTO 30HBI MEKITY IBYMSI IPYTUMHU CTPYK-
typamu (Compton, 1912; Parsons, 2009; Hcydosna,
Mapkos, 2014).

Boripekn  HeOmHOKpaTHO  OMYyOJIMKOBAHHOMY
MHEHMUIO, YTO MBILLIEXBOCTHUK — 3TO BECEHHU 3che-
Mep, clelyeT YTOUYHUTb, UYTO B YCJIOBUSIX Hallero
YMEPEHHOro KJIMMaTa, JEMOHCTPUpPYS TMOJUBapu-
aHTHOCTb OHTOT€He3a, OH BelleT cebsi, He TOJILKO KakK
BECEHHUI adeMep, HO U KaK 3UMYIOLIMI WU 03U~
MbIii 0fHOJIETHUK. Bo BTOpoM ciyyae mpopacTtaHue
ceMsiH 1 hOpMUpPOBaHUE PO3ETOK Y HErO HabJI01aeT-
csl B KOHIIE JieTa Win oceHblo (puc. 12), u ot Toro, B
KaKOM COCTOSIHUM OCOOM TaKOil OCEHHEN KOTOpThI
YXOIAT B 3UMY, 3aBUCUT UX peajiudyemasl BECHOi1 pe-
MPOIYKTHBHAsI MOIIHOCTb, IMOCKOJbKY BereTaTuB-
HBIA POCT, HAYABIIMIACS OCEHbIO, BECHOM HE ITPOHOJI-
xkaetcs. Tak B mae 2015 1. M3-3a II03MHET0 IIpopacTaHus
OCEHbIO MPENbIIYIIEro roja, 0CoOM MbIIIEXBOCTHUKA
ObLUIM OYEHb MEJIKMMU U Ha CTaIuU PeNPOAYKIIUU UME-
JI pa3Mephl OJIM3Kue K MUHUMAaNIBHBIM (puc. 116). Ho
¥ TaKHE 0COOU CITOCOOHBI (hOpMUPOBATH 5—7 BIIOJIHE
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Puc. 13. MolHas reHepaTUBHast 0COOb MBIIIIEXBOCTHUKA
C TMIOKOTUJIEM U TIPUOATOYHBIMU KOPHSIMM. BHU3Y —
napaxkjiaiuii — O00KOBOU MOOET ¢ KPOIIIUM JIMCTOM, U3
na3yxu KOTOporo oH mosiBuwics (1), IByMs pO3eTOUHBIMU
JucThsiMU (2) 1 MHOTOOpEITKOM (3).

JKM3HECITOCOOHBIX CEMSIH, UTO OBIIIO IOKa3aHO B Ha-
IIMX OITbITaX MO MPOpPaIIUBAHUIO.

Kak mokaszaHo BbIllIe, pO3€TKY MBIIIEXBOCTHUKA
(00MraTHO PO3ETOYHOTO OTHOJIETHUKA) (DOPMUPYET
TUIOCKUH alleKe ¢ OKPYKAIOIUM €T0 MHULUAJIbHBIM
KOJIBLIOM JIMCTOBBIX TTpuMopaueB (puc. 106). MuHu-
MaJIbHOE YHMCJIO (PUTOMEPOB B3POCIIOrO TUIIA B COCTA-
BE PO3ETKM, OCTATOYHOE JJISI ITepexoaa K pernpomayK-
nuu, — Bcero 2 (puc. 116). Penko y Koro us pacte-
HUI, Jaxke OOHOJIECTHMX, MOXHO HAaOIIOJaTh TaKoe
MaJioe YMcJIo (pUToOMEepOB, 00pa3yeMBbIX B XOA€ OHTO-
reHesa Ha TJIaBHOM OCH, a BO3MOYIIHO-Cyxasl macca
MUHHWMAaJIbHBIX 10 pa3Mepy 0CO0eil MOXKET COCTABIISITh
nHorna MeHee |1 mr! Y KpymHBIX ocoOeil Ha OCHOBE
TUTOTHOM TJIAaBHOM PO3ETKU M3 OOJIBIIOr0o 4ucia JiM-
CTBEB M MEJIKMX PO3ETOK U3 ABYX JIMCThEB Y KAXKIOTO 13
napakianues (puc. 13) hopmupyeTcs: BbICOKasi CeMeEH-
Hasl MPOAYKTUBHOCTD — 110 1500 opelrkoB Ha 0COOb.

Panee Hamm yXe ObUIO MOKa3aHO, YTO B MOMYJISI-
LISIX UMEHHO caMble METKHE OTHOILIBETKOBBIC OCOOU
B cyMMe (DOPMUPYIOT YHCJIO OPEIIKOB IPEBHILIAIO-
1ee To, KOTopoe 00pa3yloT ocodbu APYyrux pasMep-
HbIX Ki1accoB (Mapkos, 1992, 2020). [Tpu atom mist
ocobeit Bcex pa3MepHBIX KJIaCCOB XapaKTePHO BECh-
Ma BBICOKOE U CXOJHOE PEIPOAYKTUBHOE yCUine (110
80%!), a x03hPULIMEHTH B MOMYISLIMOHHO-AJIJIO-
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METPUYECKUX YPABHEHUSIX OJIU3KU K EMIUHULIE — YKa-
3bIBasi HA U3OMETPUIO — COXPAHEHUE CXOJIHBIX MPO-
MOPLIMK y 0cobeii pa3HO MOILITHOCTH.

BbIBOJ1bI

1. K MOMEHTY UX ITpopacTaHus B CeMeHaX MbIIlIe-
XBOCTHMKA HET DHIOCIIEPMA U IIPUCYTCTBYET TOJIBKO
3aHMMAIOLINI BeCh 00BbEM KpPaeKOPEIIKOBBIN 3apo-
JIBIII C IIEPBUYHBIM KopelkoM (radicle), KOTopblit
MEPBBIM TPOTAETCSI B POCT IIPHU IIPOpacTaHUM, CEMSI-
JOJISIMU 1 YIJIOLLIEHHOM TIJIIOMYJIOM MEXIy HUMU.

Bornpeku nmerommmcst B IUTepaType CBEICHUSIM
0 TIpeoOIanaroIIeM B CEMEHU MO 00beMY 3HAOCTIEP-
ME ¥ KPOXOTHOM 3apOJIbIIIE YCTAHOBUTD, KOTIA 3apO-
JIBIIT CYMEJ HacTOJBbKO BBIPACTH, UTO MPUCYTCTBUE
9HJIOCTIEpMA B CEMEHU K MOMEHTY ITpOpaCcTaHUsI
MPaKTUYECKU HEZAMETHO, TOBOJILHO TPYIHO.

2. MbIlIeXBOCTHUK MaJeHbKUU Myosurus mini-
mus L., He UMesI CUCTEMBbI CTeP>XKHEBOTO KOPHSI, KO-
TOPBI OTMUPAET HAa CAMBIX PAHHUX CTaAUSIX (CTaIun
MEPBUYHOTO KOpEIIKa) — BCKOPE ITOcCJie MpopacTta-
HUsI ceMeHU, (OPMUPYET B XOAE OHTOTeHEe3a CUCTEMY
MPUIATOYHBIX KOpHEl, KoTopasi HaurMHaeT (hopMu-
poBaTbCsl YK€ Ha CTaluu S5-IHEBHOTO MPOPOCTKA C
0o0pa3oBaHUs TIEPBOTrO MPUIATOYHOIO KOPHSI Ha TH-
MOKOTHUJIE; MPOIOKeHUE (hOPMUPOBAHUS ITOM CHU-
CTeMbl MIIET TI0 YEeTKO BbIPAXKEHHOMY IUIaHy: Mocje
¢dhopMUpOBaHUSI CEpUH TTPUIATOYHBIX KOPHEH BOIM-
31 HUXKHETO KOHIIA TUTTOKOTHUJISI LIEHTPp (hOpMUPOBa-
HUSl HOBOIW CEpUM MHOTOYMCJIEHHBIX MPUAATOYHBIX
KOpPHeii cMellaeTcst BBEpX cpa3y K HUXKHEM 4acTUu po-
3€TKU, TaK YTO MEXIy Ha3BaHHBIMU IByMsI oYaramMmu
¢dbopMrpoBaHUs MPUIATOYHBIX KOPHEN OCTaeTCs -
IIEHHAasI KOpHEl cpelHsisl U HanboJiee MPOTsi>KeHHasI
30Ha — HeKasl “30Ha TOPMOXKEHUs ™.

3. TUMTOKOTHIIBHBIE TIPUIATOYHbBIE KOPHU OTBETB-
JISTIOTCSI OT LIEHTPAJILHOTO TsKa MPOBOMSIIINX TKaHEH
BMeECTe C UMelolelicsl y HUX KOPOIi U cpa3y IIpuoodpe-
TalOT XapaKTePHYIO TSI KOPHEil rpaBUTPOIITYECKYIO
HaIIpaBJIEHHOCTD POCTA.

4. TunoKoTuiabh MBIIIEXBOCTHUKA IIpeTepIieBacT
BTOPUYHOC YTOJJIICHUE MW IIOTOMY COXpPaHACTCA Y
0ocobOM Ha BCIO ee XU3Hb. [IpoBoasiasg cucteMa ri-
IMOKOTUJISI HauMHaeT (JOpMUPOBATHCSI OYEHb PAHO U
P YCJIOBUM OKpaIlllMBaHUS €€ OIPEBECHEBILINX 3JIe-
MEHTOB (DIOPOTIIOLIMHOM BHUAHA YXKe y 3apOoiblllia,
BBIIABJICHHOTO U3 KOXYpbl. YUyTh MO3OHEE MOXKHO
PacCMOTPETDh KOJIbYaThIC U CITUPAJIbHBIC COCYIbI, TsA-
KU1 KOTOPBIX JUXOTOMUYECKU PACXOOSATCS K CEMSIIO0-
M. B Kope TMIToKOTIIIS €CTh XOPOIIo 0(OPMIICH-
Hasl adpeHXMMa, 4YTO OOBSICHSIET IPUYPOYEHHOCTH
pacTeHUS K MECTOOOUTAHUSIM HE TOJIBKO C JOCTATOY-
HO, HO ¥ U30BITOYHO BBICOKOM BJIA>KHOCTBIO TTIOYBHI.

5. JOTIOMHUTEILHOM IeTanblo, CBUIETEIHCTBYIO-
el 0 TUrpOPMILHOCTU MBIIIEXBOCTHUKA MOXKHO
CUMTATH KOJIJIET, TOKPHITHIA pU30UIAMMU.
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6. 111 MBIIIIEXBOCTHUKA MaJIEHBKOT'O XapaKTepHa
MMOJIMBAPUAHTHOCTh OHTOT€HEe3a U HATMYKE, TTOMUMO
BeCEHHero 3(eMepHOro BapuaHTa, BapyMaHTa 3UMY-
IOIIEr0 OJHOJIETHUKA C IIEPE3UMOBKOI PO3ETOK U
00s13aTeIbHBIM HEMEIJIEHHBIM TIePeX0I0M K Perpo-
JIYKIUU Cpasy Mocjie 3MMOBKMU.

BJIATOOJAPHOCTHU

Astop 6inaronapurt T.B. ApxumnoBy u JI.I11. I'paxaHiieBy
3a MoMolllb B cOope MaTepuarna.

PMHAHCHUPOBAHUME PABOTHI

PaGorta BeIMOMHSIIaCh B paMKax MporpaMMbl UCCIIeT0-
BaHui1 [TonyasIIMOHHO-OHTOTEHETUYECKOTO U OMOMOp-
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Biomorphological and Anatomical Features Manifested in the Course of Development
(Ontogenesis) in the Mousetail Myosurus minimus L. (Ranunculaceae)

M. V. Markov*

Moscow Pedagogical State Ujniversity, ul. Malaya Pirogovskaya 1, Moscow, 119991 Russia
*e-mail: markovsmail@gmail.com

The unique features of the embryo development, morphological and anatomical shoot structure and root sys-
tem in one of the smallest annual plants mousetail at earliest and following stages of ontogenesis are shown.
The correspondence of revealed structures (presence of collet with rhizoids, aerenchyma in the primary cor-
tex of the hypocotyl and adventive roots, secondary, homorhizia, plane apical meristem together with obligate
rozett structure of the main shoot) and of polyvariant ontogenesis (spring ephemeral variant and variant with
overwintering), longevity of life circle phases to the ecological features of species: hygrophyly, minimal
threshold size (minimal number of metamers of the main shoot axe).

Keywords: seed embryo structure, collet, early ontogenesis, secondary homorhizia, main root (radicle), ad-

ventive roots
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Cdepuueckas 3ejeHasi BOJOPOCTb BOJIbBOKC COCTOMT M3 HECKOJIBKUX COTEH WM ThICSY COMATUYECKMX
KJIETOK, KOTOPBIE TTPETepIieBalOT TEPMUHAIBHYIO MU GhEPEeHIIUPOBKY, CTApeHUE U CMEePTh, U HEOOJIBIIIOTO
Yyucia roHUAWN (0eCIoIbIX peNpOAYKTUBHBIX KJIETOK), KOTOPbIE TAI0T HAYaJI0 OCOOSIM CJIEYIOIIEero MOKO-
JieHVsi. B mepBoit yacT HaCTOSIIIEH CTaThM KPAaTKO paCCMOTPEHBI OHTOTeHETUYECKOe pa3HOOOpa3ue poja
Volvox, a Takke MexaHU3Mbl TM(DdHEpEeHIIMPOBKM HaA IBa YITOMSHYTHIX BbIIIIE TUIIA KJIETOK, KOTOPbIE ObLIN
00CTOSITETLHO MCCIIENOBaHbBI B MOocIeqHue ronbl y Volvox carteri. 3ateM MpoBelieH MOAPOOHBIN KpUTUYE-
CKMIi aHAJIU3 JIUTEPATYPHBIX U HEKOTOPBIX COOCTBEHHBIX JAHHBIX MO CTAPEHUIO 1 TUOEJIN KJIETOK (B OCHOB-
HOM Y V. carteri i B MeHbIIIeH cTerieHn Y V. aureus) 1 OTMEYEHO, UTO STOT aCTIEKT OMOJIOTUY PA3BUTHS BOJTb-
BOKCa M3y4YeH HEAOCTAaTOYHO. YKa3aHbl HEKOTOPbIE MEPCHEKTUBBI NaJIbHEHIIIeTO UCCIeTOBaHUs MPOlieC-
COB I'MOeJIM KJIETOK U CTapeHUs y TipeacTaBuTeei pona Volvox B CpaBHUTEIILHOM acIieKTe.

Karouesoie cnosa: rubenb Kinetok, ind@epeHLIMPOBKa KJIETOK, KIETOYHbIE AeJICHUS, CTApeHUe, LIMKJIbI pa3-

Butus, Volvox
DOI: 10.31857/S0475145021030034

BBEAEHHE

I1poueccol cTapeHUs ¥ THOENIN KJIETOK N3Y4aroTCs
B IIOCJICAHME TOABI Ha pa3HOOOpa3HEIX OOBEKTaX U
MOMEIBHBIX CUCTEMAaX: MHOTOKJIETOYHBIX KMBOTHBIX
(Goldsmith, 2015; Brusentsev et al., 2017; Davaapil et al.,
2017; Skulachev, Skulachev, 2017; Zhu et al., 2019
" Op.), BeICIIMX pacTeHUsAX (van Doorn, Woltering,
2004; Rogers, 2015; Locato, De Gara, 2018; Woo
et al., 2019; Doronina et al., 2020 u ap.), ogHOKJIe-
TOYHBIX OpTaHM3Max, BKJIro4as mpotuctoB (Gordee-
va et al., 2004; Franklin et al., 2006; Deponte, 2008;
Kasuba et al., 2015; Bidle, 2016; Durand et al., 2016).
Cpeny MOIeTbHBIX OPTaHU3MOB (CHUCTEM) IIJIsI aHAI3a
3TOI MPOOJIEMBI JOCTATOYHO BAXKHOE MECTO MOTJIN OBl
3aHMMAaTh OOHU M3 CaMbIX IIPUMUTUBHBIX MHOTOKJIC-
TOYHBIX (KOJJOHUAJIBHBIX) OPraHU3MOB — BOJIBBOKCO-
BbI€ BOJIOPOCJIM, Ha YTO B JIMTEpaType TPaTUIIMOHHO
obpamanum BHMMaHME (cM., HampuMmep: Weismann,
1893, 1904; Golstein et al., 2003; Bhatia-Dey et al.,
2016). Tem He MeHee, MEPBbIE 3KCIIEPUMEHTAIBHBIE
uccienoBaHusl crapeHus: Bogopocau Volvox (Chloro-
phyta, Volvocales, Volvocaceae) ObUIH OTyOJIMKOBaHbBI
okojio 40 nmer tomy Hazan (Hagen, Kochert, 1980;
Pommerville, Kochert, 1981, 1982), mocnenytoniue pa-
OOTBI I10 YIIOMSIHYTOM TeMe MOSIBJISIJINCH JUID 311 -

30/IMYECKU U HE OBUIO CIIeMaATbHBIX 0000MIAIONINX
MyOoJIMKauii 0 TMOEJIN KJIIETOK U CTApEHUU Y 3TOTO
TUIIUYHOTO MPEICTaBUTES (PUTOIJIAHKTOHA CTOSI-
yuX TIPEeCHBIX BoJ. B HacTosieil crtaThbe BHaudale
KPaTKO M3JI0XEHBI HEKOTOPbIE COBPEMEHHbIC JTaH-
Hble T10 OMoJioTuu pa3BuTusl Volvox (BaxkHbIe IJIsI
IMMOHMMAaHUSI OCHOBHOIT TEMBI 0030pa), a 3aTeM Mpe-
CTaBJICHO OOCYXIeHUEe NJaHHBIX IMTEPaTyphl U HEKO-
TOPBIX COOCTBEHHBIX JAaHHBIX MO THMOEIN KJIETOK U
CTapeHUIO Y BOJbBOKCA, YTO PaCILIMPUT MpeacTaBie-
HHUS 00 OCOOEHHOCTSIX 3THUX IIPOLECCOB y HUBIIMX
pacTeHU.

T'oBops 0 cTapeHNM U KJIIETOYHOM THOEIN Y BOJIb-
BOKCAa, KaK MPaBUJIO, UMEIOT B BUAY BO3PACTHBIC U3-
MEHEHHUSI COMAaTUYECKMX KJIETOK B XOJE pPa3BUTHUS
MozeabHOTro Buna V. carteri. B 3T0Ii cTaThe BIIEPBEIC B
JuTeparype 1o crapeHuio Volvox mpennmpuHsITa II0-
MbITKA NMPUMEHUTh CPABHUTENbHBIN TTOAXOM W TIPU-
BJICYb JAHHBIC T10 “HeMouenabHOMY’ BuUny V. aureus.
HakoHel, xoTelloch TakxXKe MpUBIeYb BHUMaHHUE K
0COOEHHOCTSIM r0ei TOHUAN (ITOTeHIIMAIbHO Oec-
CMEPTHBIX OeCIONbIX PEMPOAYKTUBHBIX KJIETOK) MpPU
OrPaHUYEHUU PECYPCOB B CTAPEIOIIUX KYIbTypax Y
pa3HBIX BUIOB BOJILBOKCA.
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Puc. 1. Mononple 6ecrioibie Kojjonuu (chepounsl) Vol-
vox carteri f. weismannia He3am0JITO 10 OCBOOOXICHUS U3
POIUTENTBCKOTO chepounia, COMATUIECKUE KIIETKH KOTO-
POTro CKOPO BCTYIISIT B (ha3y cTapeHUsI.

OCHOBHBIE JAHHBIE O PASBUTHUUA
N JUDODPEPEHLIMPOBKE KJIETOK ¥V VOLVOX

Pon Volvox Bkmouaet 6osiee 20 Bumos (Herron,
Nedelcu, 2015; Nozaki et al., 2015, 2019, 2020) u a1
3eJIeHbIe KTYTUKOBBIE BOMOPOCIU MPEHOCTABISIOT
BO3MOXHOCTb aHAIM3UPOBATh UHAWBUIYaTIbHOE pa3-
BUTHE B CUCTEME, COCTOSIIIEH JINIIb U3 IBYX KJIETOU-
HBIX TUTIOB — HECKOJIBKUX COTE€H WJIU THICSIY MaJIcHb-
KMX COMAaTHUYECKUX KJIEeTOK M HEeOOJBIIOro 4Mcia
(006BIYHO 8—16) KPYITHBIX PEIPOTYKTUBHBIX KIETOK.
HecMoTpst Ha OTHOCUTENTBLHYIO TTPOCTOTY OpraHU3a-
LUU BojJbBOKca (puc. 1), uccieaoBaTesid CTAJIKUBa-
JOTCSI 3MIECH C LIEJIBIM PSIIOM MHTEPECHBIX IBJIEHUNA U
npoieccoB: (GOPMUPOBAHUEM KIIETOYHBIX JIMHUIA,
poCTOM U NpOOJeHUEM PENPOAYKTUBHBIX KIETOK,
MePEeCTPOKaMU OHTOTEHE3a B 3BOIIOLUN POICTBEH-
HBIX BUIOB, MOpGOreHe30M, TTOJIOBEIMU (DEPOMOHA-
MU U T.1. TakuM 06pa3om, BOJIbBOKC CTaJl BeChbMa I10-
MMYJISIPHBIM MOJAEIbHBIM OOBEKTOM OMOJIOTUU pa3BU-
TUSI — YIOMSIHYTBIM BBIIIIE AacIleKTaM OHTOTeHe3a
9TOI BOJOPOCJU MOCBSIIEH psif 0O030PHBIX CTaTeid
nociaeanux jetr (Herron, 2016; Matt, Umen, 2016;
Desnitskiy, 2018, 2019; Desnitskiy et al., 2018; Umen,
2020 u gp.).

Hwkn 6ecrionoro passutust Volvox, KOTOPHIN MU3Y-
YalT B YCJIOBUSIX KJIIOHAJIbHBIX aKCEHUYHBIX (comaep-
JKaIMX MUKPOOPTaHNU3MBI TOJTEKO OTHOTO BUIA) KYJTb-
TYp, BKJIOYAET POCT TOHUAMWI, TIEPUOI X APOOJICHMS
(cepust 9—15 CUHXPOHHBIX JEJIEHUI Y pa3IMYHbIX BU-
JIOB), MHBEPCUIO (BHIBOpAaYMBaHWE HAaM3HAHKY) MOJIO-

JECHULIKHUA

IBIX c(heponnIoB, UX POCT BHYTPU POIUTEITHCKOMN 0CO-
Ou, ocBOOOXKIEHHE U3 POAUTEILCKOro cdepouna,
ITOCJIe YETO MPOUCXOISAT POCT U APOOIeHUE TOHUIWI
cnenytomieit reHepanuu. C Apyroit CTOpOHBI, OCTal0-
muiics cpepuueckuii “xkapkac” (hulk), cocTosimii
TOJIBKO M3 POIUTEIBLCKON COMBI, CTApEET U yMUPAET.
TpamuiMoHHO pa3IMJain IBa OCHOBHBIX THIIA Oec-
MOJIOr0 pa3BUTUSI U padMHoOxXeHUs y Volvox (Starr,
1970; Kochert, 1975; Desnitski, 1992, 1995; Desnits-
kiy, 2016). MOXXHO TOBOPHUTb TAKXKE O HATUYNU JBYX
PENPOMYKTUBHBIX CTpaTeruii. ¥ HEeCKOJBKHMX BUIOB
(V. africanus, V. carteri f. kawasakiensis, V. carteri f.
nagariensis, V. carteri f. weismannia, V. gigas, V. sper-
matosphaera), TOHUAWU B pPe3yJbTare IPOIOTIKU-
TeJILHOrO Tlepuoja CBETO-3aBUCMMOTrO POCTa A0 Ha-
yaja ApoOJIeHUs] MOCTUTAIOT KPYITHBIX pa3sMepoB W
MIPEBBIIIAIOT COMATUYECKHE KJICTKU IT0 JUAMETPY IO
KpaitHeil Mepe B 6—8 pa3; Bo BpeMsl OBICTPBIX ITOCIe-
OBaTeJIbHBIX AeIeHNI (BeCh TIeproI IpoOJIeHUS 3a-
HuMaet He 6osiee 10—12 yacoB), KOTOpbIE MOTYT MPO-
HCXOOUTh B TEMHOTE, HET KJIETOYHOTO pocTa. Hamnpo-
TUB, y IPYTUX BUNOB (Hanipumep, V. aureus, V. ferrisii,
V. globator, V. rousseletii), 3pefible TOHUANY OTHOCUTEIb-
HO HEOOJIBIIIOTO pa3Mepa U MPEBBILIAI0T COMaTUYECKUE
KJIETKM 1O AUaMeTpy He Oojiee, yeM B 3—4 pasa, Mmo-
CKOJIBKY TTIEpUOJI pOCTa TOHUAW KOPOTKUMA U KIIETKHI
3apobIlla PacTyT B JUIMTEbHBIX MHTEPBAIaX MEXKIY
IeIeHUSIMHA IpoOJieHus, TpebOylomiero ceera. Cie-
IOBaTeJbHO, B JAHHOM cJiydae Iepuoi IpoOIeHUS
PaCTSIHYT MO KpalHEel Mepe Ha IBO€ WJIU TPOE CY-
TOK. [eseHnss HauMHAIOTCS YTPOM TIEPBOTO IHS,
BpPEMEHHO OJIOKMPYIOTCS HOUBIO, BO30OHOBIISIIOTCS
YTPOM CJIEIYIONIETO JTHSI, CHOBa OCTaHaBIWBAIOTCS
Houblo 1 T.1. (Desnitskiy, 2017). ®unoreHeTUYECKUiA
anamm3 (Herron et al., 2010) rmoka3pIBaeT, 4TO TaKOM
TUIT GECTOJIOTO Pa3BUTHS BOJbBOKCA (C MEIJIEHHBIM
CBETO3aBUCUMBIM APOOJIIEHUEM) SIBJISIETCS IBOJIIOLIM-
OHHO TTPOIBUHYTHIM.

LIVIKJTBI TTIOJIOBOTO OHTOTEHE3a BOJILBOKCA BKITIOYA-
10T pa3BuTHe U AnhhEpeHIIMPOBKY CPEPOUTOB C MyXK-
CKUMM WJIU XKEHCKUMM PEeNPOAYKTUBHBIMU KJIETKAMU
(BMecTO OecroIbix roHuanii). EnuHCcTBEeHHOM TUILIO-
WIHOM CTagyeil B XU3HEHHOM LKJie Volvox siBiasieTcst
3UroTa (3Urocriopa), Kotopasi ipopactaeT nocJjie repm-
ona rmoxos (Starr, 1975). Y 6osbIIMHCTBA MTPEICTaBUTE -
neit poga Volvox BBISIBIIEHBI BUIO-CIIELIU(UYHBIE 1O~
JioBbie hepomonkl (Starr, 1970; Kirk, 1998; Hallmann,
2011; Coleman, 2012). B yactHoctn, y V. carteri f. naga-
riensis TIOJ, BAVSIHUEM TaKOro (hepoMOHa, IIPOM3BOI-
MOTO CITOHTAaHHO 00pPa30BaBIIIEICS MY>KCKOI 0COObIO
WA COMATUYECKUMU KIJIETKaMM OecIIoioil ocoOwu,
HaXOIsIIeics B CTPECCOBBIX YCIOBUSIX (HampuMmep,
TeTJI0BOI IIOK WM MeXaHM4YecKasi TpaBMa), TOHU-
N1 OecroJioif 0coOM MoaABEePraroTCcs MOAU(MUIINPO-
BaHHOMY TMATTEPHY APOOIIEHUS U (POPMUPYIOT B ClIe-
JIyIOIIIEM TOKOJIEHUH MOJIOBbIe 0co0u (C sileKIeT-
KaMU B XXEHCKOM KJIOHE WJIM C aHIPOTOHUIUSIMU B
MY>KCKOM KJIOHE).

OHTOTI'EHE3 Ne 4

TOM 52 2021



BOJIBBOKC KAK MOJAEJIb OJIA NU3YYEHWA T'MBEIN KIIETOK

BosBpalasick K KpaTKOMY OITUCAHUIO GECIIOIOTO
IUKJIa pa3BUTHUS MepeiaeM K mpoodiaeme nuddepeH-
LUPOBKMA Ha TUITbI PEIPOAYKTUBHBLIX M COMAaTHYe-
ckux kieTok. [Ipexe Bcero 3aMeTM, 4TO HaJIM4YE B
chepounse BOJBBOKCA COMAaTUYECKUX KJIETOK — 3TO
HECOMHEHHBII MPU3HaK MHOTOKJIETOYHOI'O OpraHmu3-
Mma. [1pu 5TOM OTJIUYUTETBHON OCOGEHHOCTHIO U 10~
CTOMHCTBOM JAaHHOTO 0ObeKTa (IT0 CpaBHEHUIO, Ha-
MIpUMep, C MHOTOKJIETOYHBIMU KMBOTHBIMU WIJIN
BBICIIMMU PACTEHUSIMU) SIBIISIETCS TO, YTO cOMa Y
BOJIbBOKCA TpeACTaBIeHA BCETO JIMIIbL OOAHUM TH-
nmoM kJjeTtok. CornacHo (puioreHeTMYeCKOMY aHa-
m3y (Herron, Michod, 2008) coma Bo3HMKaIa TpU
pasza B XOI¢ BBOJIOLIMM BOomopocieii ropsiaka Volvo-
cales, mpuyeM ABaXKbl B ITpeesiax MoJuduieTu4eckKo-
ro pona Volvox. OCHOBHBIMM (DYHKIIMSIMU OBYKTYTH-
KOBBIX COMAaTUYECKUX KJICTOK BOJIbBOKCA SIBJISIIOTCS
obecrieyeHre TIOABVMIKHOCTM OpraHu3Ma (BKJTIOUast
¢doToTakcuC), a TaKKe CHHTE3 TITMKOIMPOTEUHOBOIO
MEXKJIETOUHOTO MaTPUKCa, OObSANHSIIOIIETO B COCTa~
Be cepouga kijeTku oboux tunosB (Matt, Umen,
2018). IMpeamnomnaranu (Koufopanou, Bell, 1993; Kou-
fopanou, 1994; Hoops et al., 2006) BO3BMOXKHOCTb ITepe-
Jla4¥ OT MOJIOABIX COMAaTUUECKMX KJIETOK ITUTaTEIbHbIX
BEIIECTB (CMHTE3MPOBAHHBLIX MMM JIMOO maxe “ITom-
XBaYE€HHBIX” M3 OKpYXKaIOIIell cpeabl) K TOHUAUSIM U
JIpOOSIIIMMCST 3apOoAbIllIaM, XOTSI 10 CHUX TIOp 3TO
OKOHYATEJIbHO HE JOKa3aHO.

3apoapiiu V. africanus, V. carteri f. kawasakiensis,
V. carteri f. nagariensis, V. carteri f. weismannia, V. ob-
versus, 1 V. reticuliferus XxapakTepu3yloTcsi aCUMMET-
PUYHBIMU (HEpaBHBIMU) AeeHUSIMU U AuddepeH-
myanyeil JMHUMA Npe3yMIITUBHBIX PEIIPOTYKTUBHBIX
M COMATUYECKHMX KJIETOK Ha OTHOCUTEJIHHO PaHHUX
sTanax pasBUTHsI, Ha 16-KJIETOYHOM, 32-KIETOYHOI
JIMOO HAa HECKOJIBKO 00Jiee TTO3MHMX CTaausIX ApodIie-
Hus (Starr, 1969; Karn et al., 1974; Nozaki, 1988; Her-
ron et al., 2010; Desnitskiy, 2016). ¥V 3aponepliieit apy-
TMX BUAOB BOJIBBOKCA aCUMMETPUYHBIX IIeJICHUI HET 1
TOHUJIMU CTAHOBSATCS MOP(MOIOrnIYeCcKr OTIUIUMBbI-
MM OT COMaTU4YECKMX KJIETOK TOJILKO ITOCJIE 3aBepllie-
HUS IpOOJIEHUS WIN AaXKe MOCJIe MTHBEPCUM MOJIOIO-
ro cpepounna.

Teneps nepeiimeM K KpaTKOMY M3JI0KECHUIO TaH-
HBIX MO KJIETOUYHBIM U MOJEKYISIPHO-TeHETUYECKUM
MexaHu3MaM IU@@epeHIMPOBKY Ha COMY U TOHU-
mun 'y V. carteri f. nagariensis, eTMHCTBEHHOMY TIpe/l-
CTaBUTEIIO poja, MOAPOOHO N3YyYEHHOMY B 3TOM OT-
HomeHuu (Tam, Kirk, 1991; Kirk, 1998, 2001, 2005;
Pappas, Miller, 2009; Matt, Umen, 2016 u ap.). Ko-
ra 3apoabIlll 3Toro Buaa u ¢opMsel Volvox nocturaer
32-KJIETOYHOI cTaguu ApobiaeHMs (ITOCIE TISITU CUM-
METPUYHBIX OeJieHUiT), 16 mepeqHUX KIIETOK OeISITCS
aCUMMETHUYHO Ha O0JIbIIIME U MaJIEHbKIE KJIETKH, CO-
OTBETCTBEHHO JIMHUU IIPE3YMIITUBHBIX TOHUOIUAIb-
HBIX 1 COMAaTMYECKMUX KIJIETOK CICAYIOILICH IeHepa-
mun. Harporus, 16 Kj1eTOK B 3a1Hel yacTy 3apobIiia
MIPETEPIICBAIOT TOJILKO CMMMETUYHBIC NEJICHUS U Ta-
KM 00pa3oM BHOCST BKJIAJ TOJIBKO B (DOPMUPOBAHUE
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JIMHUY MaJIEeHbKUX COMaTUYECKUX KJIETOK. ACUMMeET-
pUYHbIE IeJIEHUS B IEPEIHMX KJIETKAX 3apo/ibliiia Ipo-
WCXOMST IOJ KOHTpOoJIeM reHOB glsA u Hsp 70A, KoTopble
KOIMPYIOT OEJIKU 1arepoHbl (COOTBETCTBEHHO gISA 1
Hsp70A) B3aumoneiicTByIoIe ¢ MUTOTUIECKIM Bepe-
TEHOM 1 CMEIIAIOIINE IUIOCKOCTh KJIETOUHOTI'O JEJIEHMS
(Kirk et al., 1999; Cheng et al., 2005; Pappas, Miller,
2009). MHTEepecHO, YTO MMEETCSI HECKOJIbKO paboT,
MoKa3aBIlIMX BOBJIEUeHUE reHa glsA Takxke B My>KCKOM
raMmeToreHes (Mori et al., 2003; Igawa et al., 2009) y
sunuenBeTHBIX (Liliales) mn6o B npyrue MmopdoreHe-
TUYECKHUE TTPOLIECCHI Y BhICIIUX pacTeHui (Guzman-
Lopezet al., 2016).

B xone pasButust 3aponswiiua V. carteri f. nagariensis
MocJjie aCUMMETPUYHOIO NEeJICHUST NPOOJEHUS IIPO-
IYKTHI TeHa /ag TOJABISIIOT aKTUBHOCTh COMAaTUyYe-
CKUX TeHOB B OOJIBIINX KJIETKAX, TOIIa KaK B MaJIeHb-
KMX KJIETKaX MPOIYKTHI T'eHa regA MoaaBsioT aKTUB-
HocThb roHuamanbHbiX TeHoB (Kirk, 2001; Matt,
Umen, 2016). CiegoBaTenbHO, GONbIINE U MaIeHb-
KHMe KJIETKHM 3apoibiiia IuddepeHINPYIOTCSI COOT-
BETCTBEHHO B OOJIBIIME PEIPOAYKTUBHBIE KIIETKU
(Gecrionble TOHUAUM) W MaJIeHbKHE COMAaTHUYECKHE
kieTku. [Ipenpinyiiye 3KCIriepruMeHTaIbHbIE HCCIIE-
nosanus (Pall, 1975; Kirk et al., 1993) nmokazaiu, 4To
BCE KJICTKM 3apOJIbIIlIa, JOCTUTAIONINE B KOHIIE CEpUU
JIeJeHnit 8 MKM B IMaMeTpe MJIM OoJjiee, CTAaHOBSITCS
TOHUIUSIMHU (HE3aBUCUMO OT MX IOJIOXEHUS B cde-
poue), a Bce KJIIETKA MeHee 8 MKM B [uaMeTpe Jud-
depeHIIMPYIOTCS KaK cCOMaTUYeCKre. 3aMeTHUM, UTO B
X0Jle HOpMaJIbHOTO pa3BuTus y V. carteri f. nagariensis
dopMupylonIMecss TOHUANY B KOHIIE CEpUM IeACHUIA
MMEIOT pa3Mep 0KoJio 13 MKM B fuamMeTpe, a MOJIOJbIC
coMaTHU4YeCKHUEe KJIeTKU — 0K0JIO 2 MKM. Takum obpa-
30M, BaXXHBIM (paKTOPOM, OIIPEACIISIONIM HaIlpaBJic-
are muddepeHITNPOBKN KIETOK MOJIOO0ro ceponna
3TOTO BUJIA BOJIBBOKCA, SIBJsIETCS UX pa3Mep. OnHaKo
MpUYWHA TIPSIMOM CBSI3U MEXIY pa3MepoM 3MOpHO-
HaJIbHOM KJIETKU 1 OIIPeAcICHIUEM €€ CyIbObl OCTaeTCs
3aragodHoii. MopmaiibHas cxeMma mpouecca nudde-
peHLMalMM Ha TOHUIUU WM COMaTUYECKUE KIIETKHU VY
V. carteri . nagariensis ipencrasjieHa Ha puc. 2.

M3 Bcex ynmoMmsiHyThIX BbIllie reHOB V. carteri f.
nagariensis HauOoJjiee MOAPOOHO U3Y4YeH TeH regA,
KOHTPOJIMPYIOIIMI coMaTuyeckylo auddepeHim-
POBKY, TIPETIITCTBYIOIIUI OMOTreHe3y XJI0pOIJIacTOB
1 KOAVPYIOIINKN JIOKAJIU3YIOIIUIACS B sIpe penpec-
cop tpanckumuu (Tam et al., 1991; Choi et al., 1996;
Kirk et al., 1999; Stark et al., 2001; Duncan et al.,
2007; Grochau-Wright et al., 2017 u np.). B cBete
9TUX JAHHBIX CTAHOBUTCS TOHSITHO, TOYeMy COJep-
xanwue xyoporutactHoit JIHK B ronumuu mepen Ha-
yajioM Trepuroja Ipo0JaeHUs TIPEeBHILIACT COACPKaHUE
xnoporuiactHoit JIHK B comaTnyeckoii KieTke npu-
mepHo B 120 pa3 (Kochert, 1975). MHTepecHo oTme-
TUTb, UYTO B MYTAHTHBIX JIMHUSIX regA~ cHauasa dop-
MUPYIOTCS MOP(DOJIOTUYECKU HOPMATbHbBIE MOJIObIE
OecnoJibie cheporIbl C 0OOMMHU KJISTOYHBIMU THUIIA-
mu. OgHAKO 3aTeM cOMaTUYeCKUe KIJIEeTKU YBeIU4r-
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Puc. 2. CxematnaHoe n3obpaxeHue npoiecca nudhepeHINPOBKA Ha COMAaTUYECKUE U PETIPOAYKTUBHBIEC KJIETKHU B X0/e Oec-
TOJIOTO IMKJIa pa3BUTHS y Volvox carteri. T1okazaHo, Ha KaKMX 3Talax OHTOTeHe3a aKTUBHBI TeHHBI glsA, hsp 70A, regA v lag (T10:

Kirk, 2001, 2005; Matt, Umen, 2016, ¢ yrpolLlIeHUSIMU).

BaIOTCS B pazMepax, TpaHCcAUGhEPEHIIUPYIOTCS B TO-
HUIUH U TIPETEPIIeBAIOT CEPUIO AeICHUI TpOOIICHYS.
Ora rpymia myranuii y V. carteri f. nagariensis 6pi1a
BIIEpBBIE onurcaHa okoJio 50 JeT Ha3ad 1 ObLIa Toraa
Ha3BaHa “somatic regenerator” (Starr, 1970).

NutepecHo, yto B. XaHiueH u coaBTophl (Han-
schen et al., 2014) HegaBHO MACHTU(GULIPOBAIN TeH
regA TaKKe 1 Y HECKOJIbKMX APYTUX MpeAcTaBUTEIIC
noauduieTnyeckoro poaa Volvox, B ToM uucie y
V. ferrisii, Buga ¢ MaJeHbKMM pa3MepPOM 3peJIbIX I'o-
Huauii 1 0e3 acuMMeTpuaHoro neneHus. [locuen-
HU ob1mii npenok V. carterif. nagariensis u V. ferri-
sii He mMe1 comatudeckux KireTok (Herron, Michod,
2008) 1, TakuM 06pa3oM, B ABYX DBOJIOIUOHHBIX JIV-
HUSIX COMa BO3HUMKJIa He3aBUCUMO. ['eH regA, KpuTu-
YeCKH BaXXHBIN TSI cCOMaTUIeCKOU nuddepeHIpoB-
ku 'y V. carteri f. nagariensis, nMeeT roMoJjIora y OqHO-
KJIETOYHOI polICTBeHHOI Bogopociau Chlamydomonas
reinhardtii n3 nopsinka Volvocales. ¥ C. reinhardtii
STOT TOMOJIOTUYIHBIN I'eH 3KCIIPECCUPYETCS B CTpeC-
COBBIX YCJIOBHSIX, KOT/Ia KJI€TOYHBINA POCT U pa3MHO-
xkeHue noaasieHsl (Nedelcu, Michod, 2006; Nedelcu,
2009a; Konig, Nedelcu, 2020). C npyroii CTOpOHbBI, TeH
lag, Baxubli Mg audhepeHIIMPOBKU TOHUIUN Yy
V. carteri f. nagariensis, ellle He ObLT TIPeAMETOM TIA-
TEJIbHOTO U3y4yeHUs (B OTJINYME OT TeHOB regA, glsA n
Hsp70A4) v cpaBHUTEIbHO HEIAaBHO OBLIO OTMEUEHO
(Matt, Umen, 2016), 4T0O KOHKPETHBIII MeXaHU3M
JIEMCTBUS 3TOro reHa B auddepeHIIMPOBKE Ha ABa
KJIETOYHBIX TUIIA TI0Ka HESICEH.

CTAPEHHME M I'MBEJIb KJIIETOK
Y BOJIBBOKCA

ComaTuuecKue KJIESTKH BOJIbBOKCA SIBIISIIOTCS TEP-
MUHAJIbLHO TU(ddepeHIMPOBAHHBIMHA TTOCT-MUTOTH -
YeCKHMMH KJIETKaAMHU, ITpeTepreBaolINMU CTapeHUE U
cmepTh (Starr, 1970; Kochert, 1975; Kirk, 1998; Matt,
Umen, 2016 u a1p.). OHU He CITOCOOHBI AETUTHCS 10~
cJie 3aBeplUeHUST TTPOLIECCOB IPOOIEHNST I UHBEPCUU
3aponpliina. MMerollieecst B IUTepaType OMUCaHUE JIe-
JIEHUsI coMaTu4YecKoii kineTku y V. aureus (Soyer, 1973,
Plate 3, Fig. 2) He 3acy>kuBaeT 1OBepHs U MpeacTaB-
JIIeTCST 4PE3BBIYAMHO COMHUTENBbHBIM. Bripouem,

HEJIb3S1 MOJTHOCTBHIO MCKIIOYUTh BO3MOXHOCTh TEp-
MUHOJIOTMYECKO! MyTaHUIIbl B YIIOMSIHYTOM CTaThe,
aBTOP KOTOPOW He yKa3alia Ha KaKMX 3Tarax >KM3HeH-
HOTO IIMKJIa BOJIbBOKCA Opajia MaTepua IJjs uccie-
noBaHMs. KneTku apo0siierocs 3apobiiia (eie He
I depeHIMPOBAaHHOIO Ha ABa KJIECTOYHBIX TUIIA) B
9TOM IMyOIUKAIMU MOTJIU Obl OBITh OLIMOOYHO Ha3Ba-
HbI COMaTUYECKUMU.

IlepBasi cepusi 3KcnepuMEHTAIbHBIX PadOT Mo
CTapeHUIO0 COMaTUYECKUX KJIETOK y BOJIbBOKCA Oblia
BBbIMIOJIHEHA Ha YaCTUYHO CHUHXPOHU3UPOBAHHBIX
KyabTypax V. carteri f. nagariensis (Hagen, Kochert,
1980) u V. carteri f. weismannia (Pommerville, Kochert,
1981, 1982) mpu temrrepaTtype 28—30°C, cBETO-TEMHO-
BbIX pexkruMax 39 4 : 9 u wim 29 4 : 19 4 1 nepeceBax Ha
CBEXYIO MUTATEJIbHYIO Cpedy KaxIble ABa THS (3a 3TU
48 9 3aBeplIaiCsSI ONWH LIMKJI 0ECIIOJI0r0 pa3BUTHS).
V aTux ¢opM BOJBBOKCA COMAaTHYECKUE KJIETKU OT
MOMEHTa CBOEro (hOpMUPOBAHUS A0 ITAIOB TEPMU-
HaJbHOU AM(MOEPEHIMPOBKU 1 CTapeHUsT B 0OJIb-
IIMHCTBE CJIy4aeB YBEJIMYMBAIOTCSI B OMAMETPE OT
MIpUMepHO 2 10 5—6 MKM. B ylmoMsIHyTBIX ccltemoBa-
Husx gadoparopuu I'. Koxepra 6bUIM moKa3aHbl Cy-
IIECTBEHHBIE Pa3IM4YUs B MATTEpHAX MEUSHUSI TTOJIU -
MeNnTUAoB (IO BKJIIOYEHUIO S) MEXIy MOJIONBIMU
COMaTMYECKUMU KJIETKaMU U TOHUIUSIMU, a TaKxkKe
MEXIY MOJIOABIMU U CTapelolIMM1 COMAaTUYECKUMU
KJIeTKaMU. DTU JJaHHbIE TOBOPUJIN O MEPCIEKTUBHO-
CTU UCTIONIb30BaHUs V. carteri Kak MOJCIBHOTO OOBEKTa
IS U3Y4eHUs Ipoliecca CTapeHUsI COMbI. YMECTHO OT-
METUTB, UTO paHee B TOM XKe JJabopaTopuu OBIT pa3pa-
0oTaH MeToJ pa3iefieHus] Ha IBa KJIETOYHBIX TUIIA B
KYJIbTYpax BOJIbBOKCA JIJIs TIOC/IEAYIOIIeTo OMOXuMuye-
ckoro aHanu3a (Yates et al., 1975).

Comarnueckue KJIEeTKHM MOJIONBIX pacTylux cde-
pounoB (TI0cjie UX OCBOOOXKIEHUS M3 POAUTEIHLCKOMN
0C0o01) XapaKTepU3YIOTCSI UHTEHCUBHOI pabOTOM KTy~
TUKOB U aKTUBHO CUHTE3UPYIOT BHEKJIETOUHBIN TJIM-
KOTPOTEMHOBBIN MaTpukc. Ha 3ToM aTamne pa3Butus
OEJIKOBBIN CUHTE3 B OTHOCUTEIBLHO MOJIONIBIX COMAaTH -
YECKHMX KJIeTKax MpoTeKaeT MpUMEpHO B MSATh pa3 MH-
TEHCHUBHEE, YEM B CTAPEIOIIEM KapKace POAUTETbCKOM
COMBI, BHYTPU KOTOPOTO YK€ HET ocobeii MOJIoa0ro
MOKOJIEHUSI U KOTOPbIIA Majio MOABUXKEH BCJIeICTBUE
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Pe3KOoro ociaabIeHUsI THTEHCUBHOCTU PaOOTHI JKTyTHU -
koB (Hagen, Kochert, 1980; Pommerville, Kochert,
1982). OnHako gaxke Ha 3TOM 3aBepllIarolleM 3Tare
6eCroI0ro XKU3HEHHOTO [IUKJIA COMAaTUYECKUE KIIeT-
KM COXPaHSIIOT CITOCOOHOCTD K pereHepall XXTIyTH-
KOB, KOTOpasi OCyIlIeCTBsIeTCs 3a ABa yaca (neda-
TeJUISIAIO Ha 00euX CTaaUsIX pa3BUTHUSI POU3BOIM-
1 nyteMm pe3koro rmoHmkeHuss pH or 8.0 mo 4.0 B
teuenue 90 ¢) (Coggin, Kochert, 1986). Comocrabie-
HUE OCOOEHHOCTEM COMaTUUECKUX KJIETOK Ha Pa3HBIX
aTanax IUKJja O0ecIioJIoro pa3BUTHS MOKA3bIBAET, UTO
B TIpoliecce cTapeHus Ha (poHe yMEeHbIIIeHUs Coaep-
KaHUS B KJIeTKaX OEJIKOB U YMEHbBIIIEHWST YMCJIa 1I1-
TOIUIa3MaTUYECKUX PUOOCOM, TIPOUCXOMUT TaKXKe
WHTEHCUBHASI aKKyMYJISILIUs ILIMTOILIa3MaTUYECKUX
JIMTTUIHBIX TeJlell, 3aMeIiIcHe (POTOCUHTETUUECKOIM
aKTUBHOCTH U 3aTeM ee yTpaTa, HapylIeHUE CTPYKTY-
pBI XJIOpOILJIacTa, YMEHBIICHUE COIePXKaHUS XJIOPO-
¢nIa, B pe3ysibTaTe 4ero 3ejieHas IMTMEHTALINST KJTe-
TOK ocjlabeBaeT M B KOHIIe KOHIIOB rcue3aeT (Hagen,
Kochert, 1980; Pommerville, Kochert, 1981, 1982).
DTU BO3pacTHBIE U3BMEHEHUSI COMBI ¥ BOJIbBOKCA MO-
CTETICHHbIE W KYMYJISTUBHBIC, OHU HAIIOMUHAIOT
MPOLIECCHI, MPOUCXOASIINE, HATIpUMEp, MpU cTape-
HUU JIUCThEB y BeICIIMX pacTeHuii (Guo, Gan, 2005).

K coxanenuto, yeTkasi XpoHoJIOTMYeCKasl Imoce-
JIOBaTeJIbHOCTb Pa3BUTUSI COMbI, a TakXke OJHO3HAY-
Hbl€ OMpeNeSieHUs] MOJIOMIbIX, 3PEJIbIX U MEePEXOASIINX
K CTapeHUIO COMaTUYECKUX KJIETOK OTCYTCTBYIOT B
paccMoTpeHHBIX padoTax tadoparopuu Koxepra. Tem
He MeHee, ObLIO TTIoKa3aHo, uto 'y V. carteri f. nagariensis
COMaTUYECKHUE KJIETKU HAYMHAIOT CTapeTh 1 yMUPAIOT
3HAYMUTEJILHO paHblie, yeM y V. carteri f. weismannia
(BpeMs$l XH3HU COMAaTUYECKUX KJIETOK MOCJE UX UC-
XOMHOTO (hopMUpPOBaHUSI TIPU Pa3BUTUU cdepouaa
COCTaBJISIET COOTBETCTBEHHO OKOJI0 4 M 5—7 cyT)
(Pommerville, Kochert, 1982). ABTopbl HEe 00BSICHU-
JIV MPUYMHY TaKUX pasIUuduii MO TeMIlaM CTapeHMUsI.
Kaxk 651 TO HM OBLTO, JAHHbIE TTMOHEPCKUX UCCIIEN0-
BaHuil KoxepTa roBopujin B Mojab3y TOro, 4YTO Mpo-
XOXIEHUE COMAaTUYECKHX KJIETOK BOJbBOKCA 4yepe3
9Tarlbl CTAPEHUS U CMEPTHU SIBJISIETCSI YACThIO T€HEeTH -
YECKM KOHTPOJUPYEMOM BHAOTEHHOI ITpOoTrpamMMbl
pa3BUTHSI, 2 HE MACCUBHOTO Ipollecca Hekpo3a. Bme-
CTO TOTO, YTOOBI yMUPATh CIyYaliHbIM 00pa3oM, He-
3aBUCUMO APYr OT JApyra, cCOMaTUYECKUE KIIETKU B
npeaesax oaHoro cdepouga TUOHYT CHUHXPOHHO.
Kpome Toro, nmorepst ;ku3HECMOCOOHOCTU COMBbI CY-
ILIECTBEHHO 3aJepXK1UBaeTcsl, KOrna CTapeollyo Ko-
JIOHHIO BOJIbBOKCAa 00pabaThIiBalOT WHIMOUTOPOM
CUHTe3a 0ejiKa HUKJIOTeKCHMMUIIOM B KOHIIEHTpalluu
0.1 mkxr/mi; B pesyabrate aBTophl (Pommerville,
Kochert, 1982) cnenanu BBIBOA, YTO TMOEIb COMaTU-
YECKHUX KJIETOK BOJIbBOKCA SIBJISIETCSI aKTUBHBIM MPO-
neccoMm. OQHAKO OHM HE yKaszajiu, 4YTO MpU TOM
KOHKPETHO UMEJIU B BUIY.

O4yeHb MHTEPECHO, YTO y obeux opm V. carteri
coMaTU4YeCKMe KIETKHU XKEHCKMX c(HEePONIOB ITOIBEP-
raloTCsl CTApeHUIO TOpa3o MeIJIeHHee U YMUPAKOT Ha
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HECKOJIBKO JHEM IT03IHee, YeM COMaTUYeCKUE KIIeT-
ku Oecronbix cepounoB (Hagen, Kochert, 1980;
Pommerville, Kochert, 1982). ABTopsbI oIsITh HUKaK
He OOBSCHWIN 3TOT pe3yiabraT. OgHAaKO MHeE IIpe-
CTaBJISIETCSI BO3MOXKHBIM MPEIJIOXKUTh COOTBETCTBY-
IOIIMIA KOMMEHTApUid C y4eTOM CIelMUKA UKIa
II0JIOBOI0 OHTOTeHEe3a BOJIbBOKCA. B maHHOM citydae
HET 0CBOOOXKIEHMS MOJIOABIX C(pepONIOB N3 CTAPEIO-
ILIEro KapKaca poauTesIbCKOM COMBI. JIejIo B TOM, UTO
IOCJIe TOr0, KaK cofepxKalllecs B XEHCKOM chepou-
Jie SIUIEeKISeTKN OydyT OILUIONOTBOPEHBI, 00pa3oBaB-
IIMECA 3UTOTHI ITPETECPIICBAIOT [U]ﬂLL[VIﬁCﬂ HECKOJIbKO
JIHEel mpolLecC CO3peBaHUS BHYTPU MaTEPUHCKOIO
ceponpa. CHavama 3UTOTH UMEIOT TEMHO-3€JICHYIO
OKpacKy (CBETO-3aBUCUMBII 3Tall OHTOTE€HE3a), a 3a-
TeM KPaCHYIO UJIM OPaHKEeBYIO U OKPYXKAIOTCSI TPEMSI
obonoukamu (Starr, 1969; Kirk, 1998). Comaruue-
CKME KJIETKM YMUPAIOT TOJBKO TTocie 3Toro. Takum
00pa3oM, LIMKJI IIOJIOBOIO Pa3BUTUSI Y BCEeX BHUIOB
BOJIBBOKCA JJIMTCS CYIIIECTBEHHO MOJIBIIIE, YeM IIMKJI
0ecI10JI0ro pa3BUTHSI.

BaxxHo, 9T0 eciii y MOJI0g0TO 6eCIT010T0 chepor-
na V. carteri f. nagariensis ynaJiuTb TOHUIUU, TO TIOTY-
YMBIIMICS B TAKOM 3KCIIEPUMEHTE MOJIOIOM KapKac
COMAaTHUYECKMX KJIETOK OyIeT pa3BUBAThLCS M CTAPETh C
TaKOM e CKOPOCThIO, KaK U KOHTPOJbHbIE MHTAKT-
Hele cepounsl (Hagen, Kochert, 1980). Ha aToM oc-
HOBaHUHU OBLIO CAEIaHO IIPEAIOI0KEeHNE, YTO Pa3BU-
THE PENPOAYKTUBHBIX KJIETOK HE OKa3bIBACT BIUSTHUS
Ha IIPOLIECCHl TEPMHUHAJIBHOU IH(pdepeHINPOBKH,
CTapeHHUsI U CMEPTU COMATHUYECKUX KJeToK. OmHaKo
9Ta Uaesl He ComIacyeTcsi C paCCMOTPEHHBIMU BbIIIIE
JTaHHBIMU T€X K€ aBTOPOB O 3aMEIJICHUM TEMIIOB CTa-
PEHMSI COMAaTUYECKUX KJIETOK B 3KEHCKUX chepomnaax
(comepxkamux SIMIEKISTKU BMECTO OECIIOJIbIX TOHU-
nuit). Be1o GBI OYeHb MHTEPECHO IIPOBEPUTH TEMITBI
CTapeHMsI KapKaca COMBI 3KeHCKOro ceponaa mocje
9KCIIEPUMEHTAJIbHOTO YIAJIeHUsI U3 HeTo siileKyie-
TOK. /laHHBIE 00 OTCYTCTBUM BIMSHUS SHAIIEKIECTOK
Ha IpPOLIECC CTAPEHUSI COMATUYECKUX KJIETOK KEH-
CKOIf 0001 BOJIbBOKCA JaJI Obl OCHOBAHMS IIPEIIO-
JjaraTh HaJdW4We pa3HBIX IIPOTpaMM CTapeHus H
CMEPTHU Yy COMBI U3 O€CIOJIbIX U KEHCKUX C(hepPOUIOB.
Kpowme Toro, 6b11a BeickazaHa unes (Kirk, 1998) no-
IMyCKaBIasi MIPUHINITAATBHYIO BO3MOXHOCTD, YTO Ha
TEMIIBI CTapeHUsI COMBI V. carteri Mor Obl OKa3bIBaTh
BJIUSTHUE YXXE YIOMSIHYTBIN BBIIIE TIOJIOBOI (hepo-
MOH, KOTOPHKII, TAKUM 00pa3oM, KOHTPOJMPOBAJI ObI
MIPOLIECCHI OHTOTE€HE3a HEe TOJIBKO Y PEITPOTYKTUBHBIX
KJIETOK, HO TaKXe U Y COMaTUYECKUX.

B cBsI3u ¢ pacCMOTpPEHHBIMM BbIllle JAHHBIMU 10
3aMeUIEHHBIM TeMITaM CTapeHUsI COMAaTUUYECKUX KIle-
TOK XEHCKUX chepounoB V. carteri mpencTaBIsieTCsI
00OCHOBaHHBIM YIIOMSIHYTh 00 OCOOEHHOCTSIX CTape-
HUsI c(pepOnIOB Y HECKOJIBKUX TUHUM V, aureus. leno B
TOM, UTO 3TOT BHJI IIPEICTABIICH HE TOJIbKO JIMHUSIMU,
IIJIST KOTOPBIX XapaKTepHO MOJ0BOE Pa3MHOXEHUE U
dopmupoBanue 3urot (Darden, 1966; Starr, Zeikus,
1993), HO Takke W JTMHUSIMH, B KOTOPBIX MYXKCKHE
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ceponabl OTCYTCTBYIOT WM BCTPEUAIOTCS YPE3BbI-
yaitHo peako (Darden, 1968; Starr, Zeikus, 1993;
Desnitski, 2000). B KyapTypax Takvux JMHWIA MHOTUE
TOHUANKN O€3 OIUIONOTBOPEHMS ITIOCTEIICHHO TpaHC-
GoOpMUPYIOTCST B TIPEAIIONOXUTEILHO TarlJIONMIHbIC
MapTeHOCIIOPHI (LIMTOJOTMYECKUI WU TeHETUYECKUA
aHaJINU3 He IPOM3BOIMIIN), XOTSI OHU UMEIOT TaKOM Ke
BHEIIHUI BMJ, KaK 3pejble TUTUIOMIHBIC 3UTOTHI, U
TaK>KE SIBJISIIOTCSI PE3UCTEHTHOM TTOKOSILIEMCS CTaIUEN.
Coepounnl V. aureus, comepxamiype ITapTEHOCHOPHI,
JKUBYT Ha HECKOJIBKO THEU HOJbIIe, YeM c(hepomnanl ¢
roHuaussmMu (Desnitskiy, 2009). TakuM obpa3om, nap-
TEHOCHIOPOBBIC JIMHUM 3TOTI0 BHAA BOJIBLBOKCA MOIJIA
ObI OBITh MCHOJIB30BaHBI UIS1 aHAIM3a OCOOEHHOCTEN
CTapeHUSsT UX COMAaTUYECKUX KJIETOK.

K coxaneHuto, moIpoOHO paCCMOTPEHHBIC BHIIIIEC
uccaeaoBaHus 1Jabopatopuun Koxepra mo crapeHUO
COMATHYECKHX KIETOK Y V. carteri He GBLIA UM TIPO-
nospkeHbl. IlepeiineM K JaHHBIM IPYTUX aBTOPOB, XO-
TSI U3yYEHHUE CTApEHUSI U CMEPTU He Bceraa ObLIo oc-
HOBHOM TeMOIl MX ITyoimkamuii. B oOcTosiTeTbHOM
MUKPOCIIEKTPODIIyOPOMETPUUECKOM  MCCIICAOBAHUN
(okpacka DAPI) nadoparopuu A. Koynman (Coleman,
Maguire, 1982) 66110 TOKa3aHo, uTo 'y V. aureusn V. car-
teri f. nagariensis conepxanue saepHoii JIHK B coma-
TUYECKUX KJIETKaX B Xoje OeCIToJIoro 1uKJjia pa3Bu-
THSI OCTAETCS MOCTOSTHHBIM OT MOMEHTA 3aBEPIICHUS
IpOOJIEHUS 3aponblllia JO CaMOil cMepTH. Y 00omx
BHUJIOB BOJIbBOKCA coepKaHue xjoponacTHoi JHK
B COMAaTUUYECKUX KJIETKaX TAKXKe CYIIECTBEHHO He 13-
MeHsIETCS B Xxoae nudepeHIIMPOBKY 1 cTapeHus (B
KOHTpPACTE C Pe3KUM YBEJIMYECHVEM COJIeP>KaHUSI XJT0-
porutactHoi JIHK B pacTymux roHuansx).

B MonekynsipHO-TeHETUUYECKUX HCCAeA0BaHUSX
nmaboparopuu /. Kepka 0bUIM naeHTU(GUIIPOBAHBI
12 TpaHCKPUNITOB, CIIEHN(PUIHBIX IJIST COMAaTUIECKIX
KJIeTOK U 19 TpaHCKpUNITOB, cHelU(UYHBIX JIsI TO-
Hunuii V. carteri f. nagariensis (Tam, Kirk, 1991; Tam
et al., 1991). Ot 12 coMaTUYeCKUX TPaHCKPUIITOB
pas3nensitoTcs Ha ABe KaTeropuu: 5 “paHHUX”, KOTO-
pbie aKTUBHO aKKyMYJIMPYIOTCSI, HAUMHAasi C MOMEHTa
¢dopMUpPOBaHUSI COMATHMYECKUX KIJIETOK HEIOCpe.I-
CTBEHHO MoOCJje ApOoOJeHUS 3apoibllia, U 7 “mo3md-
HUX”, KOTOPbIE He MOTYT ObITh OOHAPYKEHBI 10 BbI-
X0Ja MOJIOABIX C(pepoOnIOB U3 CTAPOIl POAUTEIILCKOMN
ocobu. OmHako aBTopkl (Tam et al., 1991) comHeBa-
JINCh, UTO “IIO3OHUE COMATHUYEeCKHMEe T'e€HbI” WUIpaloT
pelIaoIyI0 POJib B CTADEHUU COMBI, TTOCKOJIBKY TIe-
puoj, B TeYeHUE KOTOPOTO OblJla MaKCMMaJslbHash aK-
KyMYJISILYSI TO3MHUX TPAaHCKPUIITOB, IIPEAIIESCTBYET
da3ze crapenusi. UHTepecHO, YTO OIWH U3 3TUX O3~
HUX cOMaTU4YecKux reHoB (reH LSG2) konupyeT Miu-
KOIIPOTEMHOBBII JIUTUYECKUIT (PepMEHT, KOTOPBII
aKKyMYJIMPYETCS B MEXKJIETOUHOM TJIMKOIIPOTEMHO-
BOM MaTpUKCe pa3BUBalollerocsi cpepouna. 3arem
9TOT (pepMEeHT NPUMHUMAET ydacTHe B Jerpagaluu
(4acTUYHOM MepeBapMBaHUM) MaTPUKCA, YTO IT03BO-
JIUT OCBOOOIUTHCSI cheporaM HOBOTO TMOKOJECHUS
(Nishimura et al., 2017). Takum o6pa3om, 3KCIIpec-

cus reHa LSG2 KOCBEHHO IIOATOTAaBIMBAET OCHOBY
IS TIOCJIEAYIOLLETO CTapeHUsI KapkKaca coMaThye-
CKMX KJIETOK.

Tem He MeHee, uMmeroTcsa Imyoaukauuu (Shimizu
et al., 2001, 2002), noka3aBiue 0oJjiee BasKHYIO POJb
HEKOTOPBIX APYTUX MO3IHUX COMATUYECKUX T€HOB Y
V. carteri f. nagariensis B mponecce CTapeHUSI COMBI.
Taxk, HarpuMep, OBUT KIIOHUPOBAaH U U3yYeH IeH, KO-
IUpyloluii cBsa3aHHyto co crapeHrueM PHKagzy. Co-
otBercTByIas uPHK akkymynupyercss Henocpen-
CTBEHHO B (ha3e CTapeHUsI COMaTUYECKUX KJIETOK, TO-
rma Kak coaepxaHue ToTaibHON kietoyHoit PHK
MHOTOKPAaTHO YMEHBIIIAETCsl B XO/Ie 3TOTO Tpollecca.
OueBUIIHO, UTO TaKue pe3yJIbTaTbl HE COTJIACYIOTCS C
npeacrasieHusiMmu Kepka u coaBropoB (Tam, Kirk,
1991; Tam et al., 1991) o poiin TTO3MHUX COMaTHYE-
CKMX F€HOB B CTAPEHUU U CMEPTU COMBI.

Hakowen, 3aciyXkvBalOT YIIOMUHAHUS TaHHBIC O
MeTtakacrazax turia I w tuna Iy V. carteri f. nagarien-
sis (Nedelcu, 2009b), nporeonuTudeckux epmeH-
Tax, UTPaloIIUX KJIOUEeBYIO pOJb B Ipolecce Mpo-
rpamMmupoBaHHOI KiieTouHo cmepTtu (I1KC) y HMu3-
mux sykaproTos (Bidle, 2016; Durand et al., 2016).

Hrak, mmociie pacCMOTPEHUSI JIMTEPaTyphl 10 TIPO-
LIeCCy CTapeHMUsI U MOCAeAYIOIIei THGeIn coMaTuIe-
CKMX KJIETOK Y BOJIbBOKCA CTAHOBUTCSI BUIHO, YTO
3TOT BOMPOC (HECMOTPS Ha €ro aKTyaJlbHOCTb) K Ha-
CTOSIIIEMY BpeMEHHU U3yYeH SBHO HeOOoCTaTO4YHO. B
JIUTepatype Mo OHTOreHe3y BOJIbBOKCA HEOTHOKpAT-
HO OTMeYajii, YTO ero coMaThYeCKue KJIETKU ITpe-
teprieBatoT I1KC (manpumep, Hagen, Kochert, 1980;
Kirk et al., 1987; Kirk, 1998). OnHako aBTOpbI OJTHOTO
W3 TTOCJIEAHUX 0030POB T10 OMOJIOTUN Pa3BUTUS STOM
3eJICHOI BOOOPOCU YKA3aJik, YTO OHU BO3AEPKUBA-
J0TCs OT ucnojib3oBanus TepmuHa [TKC, “mockoib-
Ky OH TIoJpa3yMeBaeT CTEPEOTUITHBIM HAaObOp COObI-
T, onpeaessseMbIX ITPOLIECCOM aIlONTO3a B KIIETKAX
KUBOTHBIX, KOTOpBIE He OBIIM McciienoBaHbl v Vol-
vox” (Matt, Umen, 2016, p. 109).

I1epeiimeM K TIpo0OITIEMe, KOTOpast OOBIYHO HE TP -
BJIEKAeT BHUMaHME HCCleIoBaTesieii: 0COOEHHOCTIM
rubev roHUani y BoJabBoKca. boree cta et Tomy Ha-
3am A. Beiicman (Weismann, 1904, p. 261) 3ameTun,
yTO TOHMIUU (OecIojible PEeNpOAYKTUBHBIE KIIETKU,
Jalole HavaJlo HOBOMY TIOKOJIEHMIO chepouaoB
BOJIbBOKCA) SIBIISIIOTCS TIOTEHIIUAIBLHO O€CCMEPTHBI-
mu. OIHAKO HeIb3s 3a0bIBaTh, YTO IPH OTPAHUYCHUN
pecypcoB (Kak B IIPUPOIHBIX YCIOBHUSIX, TaK 1 B YCJIO-
BHUSIX CTapelolnX JJaOOpaTOPHBIX KYJIbTYP) TOHUINU
MOTYT TUOHYTb, HE JaBast TOTOMCTBA.

B cBsI3u co cKazaHHBIM MpeACTaBsSIET UHTEpEC
CTaThbsl, colepxallasi HeKOTopylo WHGOpMalnio O
0OecnoJIbIX perpoayKTUBHbBIX KJIETKaX B IEPETIOJTHEH-
Holi cTapemwlueit kynbtype V. carteri f. nagariensis
(Gilles, Jaenicke, 1982). B To BpeMs KaK B aKTUBHO
pacTyiei Kyaprype (C mIoTHOCThIo oKoo 10 cepo-
HUI0B Ha MJ1) cepoUIbl CoIepXKaau OObIYHO Mo 12—
16 roHnaMiA, B cTaperolleil KyJbType (C TIIOTHOCTBIO
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6oiee 1000 cchepornoB Ha MJT) OOJIBIIMHCTBO chepo-
MIOB coaepKaau 1o 8—12 ronnanii. Mou MHOToJIeT-
HUe HAOMIOAeHUS Hal KyJbTypaMy 3TOTO XXe Buaa 1
¢dopmbl Volvox cornacytoTcsl ¢ TaHHBIMUA LIUTUPOBAH -
HOI1 BBIIIE paOOTHI B OTHOILIEHUW YMCJIa TOHUIWN ¥
OecrioybIx cheporaoB U3 MOJIOBIX U CTAPbIX KYJb-
Typ. bosee Toro, moaaepxuBasi B TeUeHUE psina JieT
KyJIbTYPBI BOJIbBOKCA, 51 HA0JI10/1aJ1, YTO B CTAPEIOIINX
KynbTypax V. carteri f. nagariensis (depe3 2—3 Hell. TIO-
clie TiepeceBa Ha CBEXYIO MUTATeIbHYIO Cpelly) TOHU-
MW TIepecTaloT BCTyMNaTh B Nepuoj ApobJieHus, 3a-
TeM MOCTEeNIEeHHO 00eCIIBEYMBAIOTCS U B KOHIIE KOH-
1IOB TUOHYT, pa3aessisi CyaAb0y COMaTUUYECKUX KIETOK
(3aMeuy, YTO My3€eliHble KYJIbTypbl BOJIbBOKCA OObIY-
HO TOIJEPXKUBAIOT ITyTEM PETYJISIDHBIX TepeceBOB
JIBAXKIIbI B MECSIIT).

B aktriBHO pacTymx (MoJI0abIX) KyIbTypax V. aureus
Oecnoiible cdepornIbl comepxkaT mo 3—15 roHuomit
(wame 8—12) (Darden, 1966; Shelton et al., 2012
u 1p.). C npyroii CTOpOHbI, MOW MHOTOJIETHUE HaOJTIO-
JIEHUST TIOKa3allM, YTO B CTapbIX KyJiabTypax V. aureus
(mpuMepHO uyepe3 3—4 Hem. Tocye IepeceBa Ha CBe-
XKylo cpeny) (popMUPYIOTCSI MUHUATIOPHbBIE O€CIo-
nbele chepouapl, coaepxKamue Wb 1—3 ToHuIrs.
Takum obpa3zoM, B JaHHOM cJIydyae HET IIpeKparle-
HUSI ITpoliecca 0eCIToJIOro pa3MHOXEHMSI, UMEIOIIEro
MECTO B CTapbIX KynbTypax V. carteri f. nagariensis.
OnHaKo 3TU cTapbie KyJbTYphl V. aureus He SIBASIOTCS
MeperojHEeHHBIMM, YTO JaeT OCHOBaHWUS I10JilaraTh
rudenab 3HAYMTEIbHOM YacTU IOIYJISLUM Ha (oHe
GOpMHUPOBAHUS OTHOCHUTEIIBHO HEOOJBIIOrO KOJIH-
yecTBa MMHMATIOPHBIX 0OCO0ei, CIIOCOOHBIX BIIO-
CJIEICTBUM JAaTh HOPMaJbHOE ITOTOMCTBO IIOCJIE TIe-
peceBa Ha CBeXylo cpemy. B cBs3u co ckazaHHBIM
YMECTHO BCTIOMHUTbH O TMyOJUKALIMSIX, Pa3BUBAIOIINX
KOHIIETILIVIO “aIbTPYUCTUYECKON ™ KIIETOYHOI IMoen
Y HEKOTOPBIX OMHOKJIETOYHBIX IPOTUCTOB B CTPECCO-
BeIX cutyauusx (Durand et al., 2011, 2014; Nedelcu
etal., 2011), korma 4yacTh MOIMYJISILUM TUOHET, TIOAACP-
KMBasi BBDKMBAHUE M Pa3MHOXEHHME OCTaJIbHBIX OCO-
Oeil. OmHaKo B HACTOSIIIIUIT MOMEHT TPYJIHO OLICHUTb,
HACKOJIbLKO MOM YITOMSIHYTBIE BHIIIE IIpeIBAPUTE/Ib-
HbIE 11 HEOITyOJIMKOBaHHbIE JaHHBIE HA CTapeIOIIMX
KyJabTypax V. aureus yKJIanbIBalOTCSI B paMKU KOH-
LEMNLMKY aJbTPYUCTUYECKOI KJIeTouHO rubenau. B
OymyiieM OBIJTO OBl MHTEPECHO M3YYUTh 3TOT BOIIPOC
rnoapooHee.

Kaxk 651 TO HU ObL10, V. aureus n V. carterif. nagarien-
SIS, XapaKTepU3YITCsI HE TOJIbKO Pa3HbIMU PEeMPOIyK-
TUBHBIMUA CTPATETUSIMU B ONTUMAJIbHBIX YCJIOBUSIX
KyJbTUBUPOBaHUS (KaK yKa3aHO BbIIIE B pasielie O
pa3BUTUU U TUDDEPEeHLIMPOBKE KIIETOK Y 3TUX BOIO-
pocJieii), HO TaKXKe U pa3HbIMU CTPaTErUsIMU BbIXK1BA-
HUS TP OTPaHUYEHUU PECYPCOB B CTAPEIOIIUX KYJIb-
typax. Y V. carteri f. nagariensis npo6ieHue roOHUANI
B TaKUX KyJIbTYpax 6JIOKMPYeTCsl, HO B Te4YeHUE OTHO-
CUTEJIbHO KOPOTKOTO BpeMeHU (HECKOJBbKO IHEit)
BCE PEINPOIYKTUBHbIE KJIETKHM COXPaHSIIOT CIIOCOO-
HOCTb HayaTh HOBYIO CEPUIO IeJIeHUH (€CJIU YCIOBUS
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ynyumarcst). Y V. aureus ciocoGHOCTb K (hopMUpOBa-
HUIO HOBBIX KOJIOHMI COXpaHSIETCs B HEOJIaromnpusT-
HBIX YCJIOBUSIX TOpa3ao JoJjblie (0ojee Mecsia), HO
OecI1oIoe pa3MHOXEHHME ITPOUCXOOUT TOJIBKO Y OTHO-
CUTEIJIbHO HEOOJBIIIOTO YHCia 0cobeii. DTO coracyer-
Csl ¢ MOMMU MCCJIEAOBAaHUSIMU MO 9KOJIOTUU BOJIbBOKCA
(Desnitskiy, 2016, 2017, 2020), KOTOphIe MOKA3bIBAIOT,
uto V, aureus, eTMHCTBEHHBII A KOCMONOJIUTHBIN 11 HAW-
0oJiee YacTO BCTPEUaIOINUICs B IPUPOIE MPEeACTaBU-
TeJIb JAHHOI'O poja BOIOPOCIIEii, JIydllle IpYruxX BU-
JIOB amaIrTUPOBaH K XW3HU B CyO-ONTUMAJIbHBIX U
Ccy0-3KCTpeMaJlIbHBIX YCIOBUSIX.

SAKITIOYEHHME

BonbBokc cTajn IIepCOEKTUBHBIM  MOJIEIBHBIM
00BEKTOM, KOTOPHIM YCIIEIITHO HUCITOIb3YIOT IS U3Y-
YyeHUs TIporeccoB nuddepeHINPOBKA U Mopdore-
He3a B OTHOCUTEIBHO MPOCTOM CUCTEME, COCTOSIIIEH
JIMIIb U3 IBYX TUIIOB KJIeTOK. OmHAKO HACTOSIIWIA
0030p CBeIeHMIT O CTAapeHUH 1 TUOESIIN KJICTOK Y 9TOM
3eJICHOI BOIOPOCIIM ITOKAa3bIBACT, YTO JaHHAsI TeMa K
HACTOSIIIEMY BpeMeHM pa3paboTaHa BecbMa C1abo U
XKejaTtenbHbl AajbHeliue ucciaenoBaHus. Ilpexme
BCEro ObLIO OBI BaXKHO YE€TKO OIPEaeaUTh U MOAPOO-
HO OXapaKTepu30BaTh Pa3HbIE 3TAITbl CTAPESHUS COMBI
KaK B X0Jie 0eCIT0JIOro 1IMKJIa pa3BUTUS, TaK U B OH-
TOTeHe3e KOJIOHUiT, (hOPMUPYIOIINX PE3UCTCHTHBIC
MOKOSIIIIECS CTaauM (3UTOTHI WX ITapTEHOCIIOPHI).
3aciyXuBaeT BHUMaHUS TakKKe 1 0oJiee ToaApOOHBIM
aHaJIM3 TIpoliecca CTapeHUs J1abopaTOPHBIX KYJIbTYP
BOJIBBOKCA U TMOEJIM TOHUIN, IIPOUCXOISIIESH TIpr
OrpaHUYEeHMHU MUTATEJIbHBIX PECYPCOB.

Pon Volvox xapakTepu3syeTcsl 3HaUMTEIbHBIM pa3-
HOOOpa3neM OCOOCHHOCTEN IUKIIOB pa3Butus. Ilo-
3TOMY B OyayIIeM IJisl 9KCIIEPUMEHTAJIbHOTO aHaIN-
3a MPOLIECCOB CTAPEHUS U TMOeNIN KJIEeTOK OBLIO ObI
ONTUMAaJIbHBIM MTPUMEHUTh CPAaBHUTEIBHBINA MOIXO
M UCITIOJIb30BaTh He TOJNBLKO V. carteri (Hauboniee U3y-
YeHHBIN BU), HO TAKXKE U IPYTUe BUIBI (TIPEXKIe BCe-
ro V. aureus).

COBJIIIOJEHUE OTUYECKUNX CTAHIAPTOB

HpI/I BBIITIOJIHCHUM OJAHHOTIO MCCJICOOBAaHUA JIIOAU N
>KUBOTHBIE HE NCIOJIb30BAIUCh B KAUY€CTBE OOBEKTOB.

KOH®JIMKT MHTEPECOB

ABTOD 3asIBJISIET, UTO KaKOW-T100 KOH(MIJIUKT MHTEpE-
COB OTCYTCTBYET.
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Volvox as a Model for Studying Cell Death and Senescence

A. G. Desnitskiy*> **
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Universitetskaya nab. 7/9, Saint- Petersburg, 199034 Russia
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The spherical green alga Volvox consists of several hundred or thousand of somatic cells that undergo terminal
differentiation, senescence and death, and a small number of gonidia (asexual reproductive cells) that give rise
to the next generation. In the first part of this paper, the ontogenetic diversity of the genus Volvox is briefly
considered, as well as the mechanisms of differentiation into the two types of cells mentioned above, which
have been thoroughly studied during recent years in Volvox carteri. Then, a detailed critical analysis of the lit-
erature and some of my own data on senescence and cell death (mainly in V carteri and, to a lesser extent, in
V. aureus) was carried out, and it was noted that this aspect of Volvox developmental biology has not been suf-
ficiently studied. Some perspectives of further research of the processes of cell death and senescence in rep-
resentatives of the genus Volvox in a comparative aspect are indicated.

Keywords: cell death, cell differentiation, cell divisions, developmental cycles, senescence, Volvox
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MAJIBIE HEKOJIMPYIOIIIUE PHK B PEI'YJIAIINN JTNPPEPEHIINPOBKIN
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JemuddepeHIMPOBKaA U SIUTEINAILHO-Me3eHXUMaIbHEIN nepexon (DMIIT) KileTok peTMHAJIbHOTO ITUT-
MmeHTHoro anutenus (PI1D) yenoBeka, a Takke yyacTue KJIETOK B HEOBACKYJISIPU3allMU CETYATKU M XOPUO-
WJIEU JISKUT B OCHOBE Pa3BUTUSI Pa3TIMYHBIX 0D TATbMOJIOTMYECKUX 3a00JIeBaHU I, KOTOPbIE TPUBOJISAT K CE-
pbe3HO moTepe 3peHusi. [loHnMaHue KJIeTOYHO-MOJIEKYISIPHBIX MEXaHU3MOB, YYACTBYIOIIUX B PETYJIsi-
mun muddepeHIUPoBKU KiaeToK PIID, a Takke BBIIBIeHUE poiu KieTok PIID B aHrmoreHese ri1as,
TIOMOXKET ONpPeNeSUTh HOBbIE TepareBTUYECKE MUIIIEHU ISl JiedeHUs1 oTasbmornaroioru. OTKpbITHe
TOTO, 4TO KOopoTKue Hekomupylomue PHK — maneie maTepdepupyromme PHK (siRNAs) u mukpoPHK
(miRNAS) — y4acTBYIOT B PETy/IsILIMM TEHOB, CIIOCOOCTBOBAJIO MOSIBJIEHUIO MCCeI0BaHU, HANIPpaBIeHHBIX
Ha usydeHue poiu SiRNAs B MHrnO1MpoBaHNM KCIIpeccr TeHOB B KileTKax PI1D, 3ameiicTBOBaHHBIX B aH-
ruoreHese a3, a Takke BbIsiBlieHUs: poau miRNAs B peryasauun nuddeperHunpoBku u OMII kietox
PIID. Bo3MOXHOCTB JIOKAJIBHOI TOCTaBKM KOPOTKUX HeKoaupylomnx PHK HenmocpencTBeHHO B 171a3 MO-
JKeT OBITh TTOJIE3HBIM B KAYECTBE HOBBIX KJIACCOB T€PANeBTUYECKUX areHTOB JIJIs JICUSHUSI IIIMPOKOTO CIeK-
Tpa oG TaTbMOJOTHYECKUX 3a00IeBaHUIA.

Karoueeswbie cnoéa: peTMHAIBbHBIN TUTMEHTHBIN armmTesmii, SiRNA, miRNA, snurennanbHO-Me3eHXUMAallb-
HBI1 TIepexon, anruoreHe3, VEGF, xopuonnaabHast HeOBacKyJISIpu3alusi, HEOBACKYJIsIpHEIE 3a00JIeBaHUS

rjia3, BUTPCOPECTUHAIILHbBIC 336OHCBaHI/IH, BO3paCTHadA MaKyJadapHada OCTCHEpalAa

DOI: 10.31857/S0475145021030058

BBEJAEHUE

PerunanpHbiii murMeHTHBIN snutenuii (PI1D)
o0ecrieuynBaeT HEOOXOAUMYIO TTOMIEPXKKY KakK (hoTo-
PEeLEenTOPHbLIM KJ€TKaM HeWpaJlbHOM CeTyaTKU, Tak
U COCYIMCTOM 000yiouke Tia3a. [loBpexmeHue Kie-
ToK PIID yenoBeka JIeXXUT B OCHOBE Pa3BUTUS pa3-
JIMIHBIX 0(pTaTBbMOJIOTMYECKUX 3a00JIeBaHU, KOTO-
pbIe TIPUBOIAT K Cepbe3HOM noTepe 3peHust. C ogqHoit
CTOpPOHBI, IeauddepeHIIMPOBKA W SHUTEINATIBHO-
Me3eHxuMalibHbIN niepexon (OMII) knerok PIID ur-
paeT KJII0UEBYIO pOJib B ITATOreHe3e TaKUX 3a00yeBa-
HUI1, KaK TpojudepaTUBHAS BUTPEOPETUHOIATUS
(ITBP) 1 nponudepaTuBHas guadbeTudecKasi peTUHO-
natus (Adijanto et al., 2012; Chen et al., 2014; Liet al.,
2016b; Kaneko, Terasaki, 2017; Cui et al., 2019). C
npyroit, ygactue kijietok PIID B maromormyeckom
aHTUOreHe3e I1a3 — B HEOBACKYJIIPU3aLIUU CEeTYaTKU
U XOPUOUIEU — JIEKUT B OCHOBE BHYTPHIJIA3HBIX
HEeOBaCKYJISIPHBIX 3a001eBaHII, TAKMX KaK T1a0eTH -
yecKasl peTUHOIATUS U BlaXKHas (hopMa BO3PACTHOIM
MakynsapHoii nereHepaunu (BMJI) (Chen et al., 2013;
Yang et al., 2015; Askou et al., 2015; Cabral et al.,
2017). IToHnMaHWe KJIETOYHO-MOJISKYISIPHBIX MeXa-
HU3MOB, 3a/1ciICTBOBAHHBLIX B peryastunu nuddepeH-
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nrpoBKH KiteTok PITD, a Takke BBEISIBJICHNE WX POJIA B
aHTHOTeHe3e I71a3, ITOMOXET OIPeaeIUTh HOBBIE Tepa-
MEBTUYECKIE MUILICHU JIJIsI JISYSHUST yKa3aHHBIX 3200~
JIEBAHUM.

Ortkpritue npouecca PHK-uHTepdepenimm (aHrI.
RNAI), B pe3yabrare KOTOPOro Majibie MHTephepupy-
tonme PHK (anmi. small interfering RNAs, siRNAs)
MOTYT 3arIylIaTh WK MOJAABISTh IKCIIPECCHIO OTIpe-
JIeJIEHHBbIX T€HOB MOCJe TPAHCKPUIILIMU, U TOTO, UYTO
Hekonupytomas JJHK (anri. non-coding DNA) win
“mycopnasa” JJHK (anrn. junk DNA) tpaHckpuOu-
pyeTcs, U cpear 3THX TpaHCKpuInToB MHUKpoPHK
(anr. microRNAs, miRNAs) Moryt mnoaaBisiTh
TpaHcasuio ¢ nHgopmaunoHHbeXx PHK (anri. mes-
senger RNA, MmPHK), crmocobcTBOBaio mosiBiIeHUIO
KCCIeIOBaHWI, HaMpaBJIEeHHbIX Ha BBISIBJIEHWUE POJIU
MaJsbix Hekonupytomux PHK B HopMme 1 mpu naToio-
TMU Pa3IUYHbIX OPraHOB U TKAHEU, a TaKXKe B Kaue-
CTBE HOBBIX KJIACCOB T€paIrieBTUUYECKUX areHTOB ISl
JIeYeHUsI IIUPOKOro cIriekTpa 3aboneBaHuii (Lam
et al., 2015; Ahmadzada et al., 2018), Bk1royast 3a00-
snesanus a3 (Donato et al., 2018).

siRNAs 1 miRNASs nMmeoT MHOro ob1iero, Ho ux
MEXaHU3MBI IECTBUS U KIIMHUYECKHUE ITPUMEHEHUS
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pazmuunbl (Lam et al., 2015). siRNAs 1 miRNAs Bo
MHOTOM CXOIHBI 110 (PM3UKO-XUMHUYECKUM CBOMCTBaM,
00e SIBJISIIOTCS KOPOTKUMMU TYTUIEKCHBIMU MOJIEKYyJIa-
mu PHK, KoTopkble IogaBisitoT aKTUBHOCTh TeHOB-MU -
IIeHeil Ha MOCTTPaHCKPUIIIIMOHHOM ypoBHe (Lam
etal., 2015). OcHoBHoe pazmuuue Mexnay SiRNAs u
miRNAS coCTOUT B TOM, YTO MepBbie 00aIaI0T BbI-
COKOI crenM(UIHOCThIO TOJIBKO K ogHoit MPHK,
TOraa Kak BTOpble UMEIOT HeCKOJIbKO MuliieHel (Lam
et al., 2015). binaromapst ynoOHOMY MCIIOJIb30BaHUIO U
criennPUIHOCTH ITPU HOKAayHe TeHoB, SiIRNAS 1mocTe-
TMEeHHO 3aMeHWJIM TpaauIIMOHHBIE METOIbI HOKJIayHa
TCHOB, M, B HACTOSIIEEC BpPeMsl, OHU IIPUMEHSIIOTCS
JUISL 1ieJIeHaIpaBJIEeHHOTO MOAAaBICHUSI KOHKPETHBIX
reHoB (Chen et al., 2013). miRNAs nogaBisoT 3Kc-
MIPECCUIO psia TEHOB-MUIIICHEM, KOTOPhIE YaCTO pa-
00TaloT BMECTe KaK CeTh B paMKaxX OJTHOIO M TOTO K€
CUTHAJIBHOI'O MYTU WU KJIeTouHOro mnpoiecca (Lam
et al., 2015; Shahriari et al., 2020). 9Ta cmocoOOHOCTh
miRNAS 1mo3BoJisieT ux paccMaTpuBaTh He TOJILKO B
KayecTBe TeparneBTUUYECKUX CPEICTB IS psiga 3a00-
JIeBaHUI1, B TOM YUCJIE CJIOXHBIX MYJIBTUTCHHBIX 3a-
OoJIeBaHMI, HO M B KQUeCTBE IIPOTHOCTUYECKNX OMO-
MmapkepoB (Lam et al., 2015). ITockonbky siRNAs u
miRNAS MOTyT MoaaBiIsSITh 3KCOPECCUIO MpaKTU4e-
CKM BceX TeHoB M mx TpaHckpuntoB MPHK, onm
MMEIOT MPEerMYIleCTBa Ha IpernaparaMy Ha OCHOBE
MaJibIX MOJIEKYJI, BO3IEMICTBYIOIIMX TOJILKO Ha OIIpe-
JIeJIeHHbIE KJIaCcChl OEJIKOB, 1 IperapaToB Ha OCHOBE
OeJIKOB, BKJIIOYAsl BbICOKOCTELM(UIHbIE MOHOKJIO-
HaJIbHbIE aHTUTEJIa, MUIIIEHU KOTOPBIX B OCHOBHOM
OrpaHWYeHbl PeleNTOPaMM Ha TTOBEPXHOCTU KJIETKU
WIN LHUpKyaupytomumMu oenkamu (Lam et al., 2015).

siRNA B ITODABJIEHWU ITPOAHT MOT'EHHBIX
DOAKTOPOB B KIIETKAX PETUHAJIBHOI'O
IMUI'MEHTHOTI'O SIIUTEINA

VuureiBasg ynoOHOe pacIiojoXeHWEe IJIsT JTOKAJTb-
HOI JOCTaBKM TepareBTuyeckux areHToB, PITD saB-
JISIeTCSI MHOTOOOeIAIoIIUM MECTOM-MUILIEHbIO IS
CHUXEHUS IKCIPECCUU aHTMOTEHHBIX (haKTOPOB U
MpeaoTBpallleHUs XOPUOUIATbHON HEOBaCKyJIsSpU-
zanuu (CNV) nipu neuenun BMJI u npyrux HeoBac-
KynsipHbIX 3a0oneBanuii a3 (Chen et al., 2013). B
HacTosiiiee BpeMsl UAET MTOUCK MUILIEHEe B KJleTKax
PI1D yenoBeka c 11e1b10 0J10KMPOBaHMS HEOBACKYJISI-
pusaumu ¢ momonibio SiRNAS s teyeHnsT yka3zaH-
HBIX 3a00J1eBaHU. B psine paboT rmokasaHo, 4TO B aH-
ruoreHese BiaxxHoi (popmbl BM/I 1 nnabeTnueckoi
PETUHONATUM BAXKHYIO POJib UTPAET SIIEPHbIN (hakTOp
TpaHcKpunuuu-Kanmna B (aHmi. nuclear factor kappa-
light-chain-enhancer of activated B cells, NF-kB) (Yang
et al., 2015; Luo et al., 2018). NF-kB aktuBupyetcs B
OTBET Ha pa3lUYHbIE CTUMYJbl — BOCTIAJUTEIbHbIE
LIMTOKUHBI, KJIETOUHBII cTpecc, a Takxke (aKTOpbl
pocta (cMm. puc. 1) (Yang et al., 2015), u He aKTUBUPY-
eTCsl MPpY MOMaBJICHUU 3KCIpeccuu Mopdooruye-
CKMX M OMOXMMUYECKUX MapKepoB, HaIpumMep retinal

pigment epithelium-specific protein 65kDa (RPE65)
(Cottet et al., 2005). Tak, B padote KoTeT u coasr.
(Cottet et al., 2005), BbIITOJHEHHO# Ha KJIETOUHOM
suHuu PITD B3pocioro yenoBeka ARPE-19, He BbI-
SIBJIEHO U3MeHeHui B akTuBHOCTU NF-kB nipu HoK-
mayHe RPE65 ¢ momouisio siRNA. B cBoio ouepenb
NF-kB perynupyeT 60Jibll10€ YMCIO T€HOB, MHOTUE
U3 KOTOPBIX SIBJISIOTCS KPpUTUUECKUMMU JJIS1 BbIXKHBa-
Hus kiaetok. Kpome toro, NF-kB perymupyer skc-
MPECCUI0 TEHOB, KOJUPYIOILIUX MPOBOCTIATUTEIbHbIE
LUTOKWHEI (HaIpuMep, MHTepJIeiiKuH 8 (aHIJI. inter-
leukin 8, IL-8), dakTop HeKpo3a onyxojau-o, (aHIJI.
tumor necrosis factor-alpha, TNF-o)), momnekybl
aare3ny, aHTMOreHHbIe (hakTopbl (HampuMmep, (ax-
TOpa pocTa SHAOTENMS cocynoB (aHr1. vascular endo-
thelial growth factor, VEGF)) u depmeHTHI nerpana-
LIMM BHEKJIETOYHOTO MaTpukca (Hampumep, MeTal-
JiompoTenHasa-9 (aHri. matrix metalloproteinase 9,
MMP-9)), akTUBHOCTb KOTOPBIX CBSI3aHA C MUTrpa-
mueii kiretok. Tak, B padote JIyo u coant. (Luo et al.,
2018) mmokazaHo, YTO MTHTMOMPOBaHNE KacKaaa repe-
Jlayu CUTHAJIOB BHEKJIETOYHOU CUTHaJ-peryaupye-
Moli KnHa3bl (aHT. extracellular signal-regulated ki-
nases (ERK))/p38/NF-kB ¢ noMoIbi0 KUHCEHO3U-
na (anri. kinsenoside), aKkTMBHOTO JIEKAPCTBEHHOTO
KOMITOHEHTA, TMOJIyYeHHOr0 M3 TpaBbl TpaaWIIUOH-
HOM KUTalCKON MeauLIMHBI Anoectochilus roxburghii,
criocobcTtBOBajio cHmkKeHuio 3kcrnpeccun VEGF B
kietkax ARPE-19, o6paboTaHHBIX MEepPEeKHUChIO BO-
nopona (H,0,). Hpyroil momxom s MOAaBJIEHUS
¢yuxkuum NF-kB B xnerkax nmuauu PIID genoBeka
D407 611 uctionb3oBaH SIHT u coaBT. (Yang et al.,
2015). HccnemoBatenu ucnonb3oBaim SiRNA mrsa
HOKIayHa KJTI0UYeBOI aKTUBHO# CyObeIMHUIIHI P65 B
tpadHckpuniuu NF-kB (Yang et al., 2015). OgHako
OOJILIIMHCTBO paboT 1o Wcronb3oBaHUIO SiRNAs
TSI IedeHUs BiaaxkHoit dopmbel BM /I HammpaBiaeHbI Ha
nonasieHue B kietkax PI1D HenocpeacTBeHHO 3KC-
npeccut VEGF, oTBeTCTBEeHHOT0 32 MPOHUIIAEMOCTh
U POCT HOBBIX COCYJIOB XOPUOUIEU MO HATIPABIEHUIO
K CeTyaTKe M KJIIOYeBOTr0 KOMIIOHEHTa IaToreHesa
CNYV, npenmectsenHuka BMJI (Garba, Mousa, 2010).
B xauecTBe JeKapCTBEHHBIX MpenapaToB-KaHIUAa-
ToB SiRNA mi1sg nedenus sBiaxkHoit popmel BM/I 6bI-
JIM TIpeIOXEeHBI OeBasupaHmO (aHII. bevasiranib,
panee u3BecTHHIM Kak Cand5) m AGN211745 (anb-
TepHaTUBHBIC Ha3BaHMs: Sirna-027, AGN-745) (Lam
et al., 2015; Saw, Song, 2020), HamleJIeHHbIE COOTBET-
crBenHo Ha VEGF (Garba, Mousa, 2010) u ero pe-
menrop 1 (VEGFR-1) (Kaiser et al., 2010). VEGFR-1
OOHapyXuBaeTcsi B OCHOBHOM Ha 3HAOTEIUATbHBIX
KJIeTKax cocynoB u ctumysmmpyercs Kak VEGF, tak u
¢dakTopoMm pocTa miaaneHTsl (aHDI. placental growth
factor, PIGF), 4yTo mpuBOIUT K pOCTY HOBBIX KpOBE-
HOCHBIX cocyaoB. OgHako pa3zpaboTka 3THX Ipena-
patoB Obl1a npekpaiieHa. KnnHuyeckue ucnbiTaHus
OeBasmpannba ObpuIM octaHoBAeHBI Ha III daze
(ClinicalTrials.gov NCT00557791), a AGN-745 — Ha
IT daze (ClinicalTrials.gov NCT00395057) B cBsi3u €

OHTOTEHE3 Ne 4

TOM 52 2021



MAJIBIE HEKOANPYIOIIUE PHK 307

Hea(HEeKTUBHOCTHIO TIpeTiapaToB, OHU He YIy4llain
ocTpoTy 3peHus. Elle onHUM npenaparoM-KaHauaa-
TOM TS JiedeHUsI BiiaxkHoi hopmbl BM/I mpenioxxeH
PF-04523655 (mpyroe HaszBanue: PF-655). PF-655
MpEeICTaBISIET COOOM CTAOMIN3UPOBAHHYIO CUHTETH -
YeCcKyl0 XMMHYeCKU MoauduimpoBaHHylo SiRNA.
IIpenapar momaBiseT 3KCIPECCUIO CBSI3aHHOTO CO
ctpeccom Oenka RTP801 (Takke M3BECTHBIM Kak
REDDI u xogupyemsiit DDIT4), 3ammyckaemMyto He-
0J1aroNpUSATHBIMU  YCIIOBUSIMU  MUKPOOKPYKEHUS
(okucaurenbHbIM cTpeccoMm). RTP801 mHrubupyer
MUIIIEHb parnaMuIiHAa Yy MJIEKOIUTAIOIIMNX (aHTJ.
mammalian target of rapamycin, mTOR) u AKT
(anri. RAC-alpha serine/threonine-protein kinase,
Protein kinase B alpha) myrem ctabuin3aliiyi MHTU-
ouTopHOro KoMmIuleKca (aHIJ. tuberous sclerosis
complex, TSC1/TSC2) u ycuiuBaeT rudeb KJIETOK
(Shoshani et al., 2002; Yoshida et al., 2010; Canal
etal., 2014). IIpemapat npomen II ¢a3sy kimHUYIe-
ckux ucnbiTaHuit (ClinicalTrials.gov NCT00713518),
B KOTOPOM IOKa3ajl yBeJIMYeHUE CPEeIHEe OCTPOTHI
3peHus B TeueHue rnepBbix 3 Mec. OJHAKO O najibHe -
et cynpbe mpernapara rnoka He U3BECTHO.

HccnenoBanus Bkiiana siRNAs B nogaBjieHUn ak-
TUBHOCTH T€HOB IIPOJIOJIKAIOTCS Y PE3YJILTAThl MO/ -
TBEPKAAIOT MOTEHLIMAJIBHYIO LEHHOCTB 3TOTO KJlacca
Hekonupytonieit PHK B kauecTBe HOBOrO TeparieBTH-
yeckoro areHta. OmHako npuMmeHeHue siRINAs Takke,
kak 1 miRNAs, B HacTosI1Iee BpeMsI ellie UMeeT CyIIe-
CTBeHHbI€ orpaHuyeHusi. OHU CBSI3aHblI HE TOJBKO C
pa3paboOTKOM caMoro Ipelapara: IDioXash CTaOuiIb-
HOCTb in vivo (merpamauusi SHIOT€HHBIMU HyKjlea3a-
MU), Ipo0JIeMbI C JOCTAaBKOM, 3(p(heKThI HE1IEJIEBOTO
JNEUCTBUS, B TOM UMCJIE HEXEIAaTeJIbHbIII UMMYHHBIM
OTBET, BHICOKasi CTOMMOCTH ITPOM3BOACTBA, HO M C
BBISIBJICHUEM TIPONOJIKUTEIBHOCTH 3 PeKTa IoaaB-
neHus aktuBHoctu reHoB (Lam et al., 2015). Kpome
TOTO, OrpaHuYeHus1 ucnoiab3oBaHus SiRNAs cBsiza-
HBI C BBISIBIEHUEM KOHKPETHBIX TEHOB, KOTOPHIE HE-
MOCPEICTBEHHO BOBJIEYCHEI B ITATOJIOIMYECKUIA TIPO-
necc. Tak, obmenpusHaHo, yro VEGF yuactByeT B
pa3BuUTUM U niporpeccuposan BMJI. Psaa aBTropoB
CUMTaeT, 4YTOo yBeJudyeHue KoHueHTpauuu VEGF
OKa3bIBaeT IIPSIMOE HeOJIarompUusTHOE BIMSHUE HA
PII® u portopeuenrropsl (Terasaki et al., 2013; Ablon-
czy et al., 2014). OgHako B Ipyrux padoTax mokazaHa
kputndeckas poab VEGF He TonbKO B moanepxaHUn
BBIKMBaHUS M QYHKIIMOHUPOBAHUY HEMPOHAIBLHBIX
kierok cetyatku (Nishijima et al., 2007; Saint-Ge-
niez et al., 2008), HO 1 B BBLKMBAaHUU 1 ITOAAEPKaHU
nenoctHoctu PIIO (Ford et al., 2011). Tak, HeitTpa-
nuzanusi VEGF in vitro npuBoauia K yBeJIUYESHUIO
arorTo3a M YMEHBIIEHUWIO IUIOTHOCTU M IJIMHBI
MukpoBopcuHoK kieTok ARPE-19, a cucremHas
HelTpanuzauusa VEGF y Mbllieit — K npexoasiimm
JIeTCHepaTUBHBIM M3MEHECHUSIM: BaKyoOJIHU3allUU
PIID, oTtmeneHnIo KJIeTOK OT HAPYKHBIX CETMEHTOB
¢oTOpELIENTOPOB U YMEHBILIEHUIO XOPUOKATUILISIP-
HBIX (peHecTpaumii (Ford et al., 2011). B akcnepu-
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MeHTax 1o nogasieHuo akcrpeccun VEGF ¢ momo-
mbio sSiRNA B KiieTouHoM TMHUT MI0/11epOBOM TN
MMPUBOAWIO K 3HAYUTEJIbHON TMOeIN KJIETOK, TOTaa
Kak mobasieHue s3k3oreHHOro VEGF k cBexeBbine-
JIEHHBIM (hOTOpPELICITOPHBIM KJIETKAM M 3KCILIaHTa-
TaM BHEIIHEro SIIepPHOIro CJIOSI CIIOCOOCTBOBAJIO UX
BbXMBaHUIO (Saint-Geniez et al., 2008). DTu pe3yiib-
TaThl YKa3bIBalOT Ha BaXXHYIO DPOJb 3HAOTEHHOIO
VEGF B nogaepxaHuu U GyHKIIMOHUPOBAHUM HEi-
pOHAaIBHBIX KJIETOK ceTyaTku 1 PIID B3pocioro ge-
JIOBEKa M yKa3bIBalOT Ha TO, YTO TepaIlniio MPOTUB
VEGF cieayer npuMeHsITh C OCTOPOXHOCThIO. B 1o-
MOJTHEHUHU K 3TOMY, Pe3yJabTaThl TOBOPST O HEOOXO-
IUMOCTH OoJiee TIIATEJbHOIO M3y4YeHUs BKJIama
VEGF B nmatorenes BM/I.

POJIb miRNA B PEI'VJIALINN
JNDOOPEPEHLIMPOBKU 1 SITUTEIINAJIBHO-
ME3EHXWUMAJIBHOI'O INEPEXOJA
KIJIETOK PETUHAJIBHOTI'O
IMUI'MEHTHOI'O SIIUTEINA

B HacTosiiiee Bpemsi naHHble 00 3KCIpeccUu
miRNA B ceTyaTKe moJIydeHbl B OCHOBHOM M3 aHAJIN -
3a MbImMHOro MiRNA transcriptome (miRNome),
clieloBaTeIbHO MPU TepeHOoCe MOJTYYEHHBIX JaHHBIX
Ha YeJI0BeKa HY>KHO YYUTBIBATb CTPYKTYpPHbIE U (hyHK-
LIMOHAJIbHBIC PA3INYMs MEXIYy CeT4aTKOM JyeloBeKa 1
MbIm (Sundermeier, Palczewski, 2016; Donato et al.,
2018). B reHoMe yenoBeKa 3aKOAUPOBAHO HECKOJIBKO
ThicsTY MiRINAS, 00pa3ytolmx oOIIMPHYIO PETYISITOP-
HYIO Ce€Tb, KOTOpasl 3alefiCTBOBaHa B CaMbIX Pa3HbBIX
CUTHAaJIBHBIX MMYTSIX M KJIETOYHBIX ITpolieccax (Shahri-
ari et al., 2020). Kpome Toro, miRNAs cy1iecTByoT B
9K30COMax, U 3K3ocomanbHbie MiRNAs MmoryTt mo-
CTaBJSATbCH B KJIETKU-PELIMIIUEHTHl B KAUYECTBE CUT-
HaJbHBIX MoJyiekysl (Zhang et al., 2019). YuursiBas
TUIEAOTPONHYIO TIPUPOAY PEryasiTOPHBIX (hyHKIIUH
miRNA, B xotopeix ogHa miRNA Mmoxer Hauenm-
BaTbCSl HA JECSTKU WU COTHU TPAHCKPUIITOB, Aepe-
ryisiiyst miRNAs mimm miRNA-1potieccopHbix dhep-
MEHTOB BO BpeMsl pa3BUTHS U 3a00jieBaHUN MOXKET
MPUBECTU K Pa3IUYHBIM KJIETOYHBIM (heHOTHUIIaM
(Shahriari et al., 2020). Tak, B psime pabOT Ha KJIeTKax
PIID, monyyeHHBIX 13 SMOPHOHAITBHBIX CTBOJIOBBIX
kietok (ESCs) u MHAyIMPOBaHHBIX TUIIOPUIIOTEHT-
HBIX CTBOJIOBBIX KJIeToK (iPSCs) uenoBeka, mmokasa-
HO, U4TO YPOBEHb IKCIPECCUM ompeneaeHHbIX miRNAs
MOXHO MCIOJIb30BaTh B KayeCcTBE WHAWKATOpa ISl
co3peBanust PII® (Hu et al., 2012; Shahriari et al.,
2020). ITockonbky miRNAS nuHaMH4YeCcKU peryiav-
pytotcst Bo Bpemst nuddepeHunpoku ESCs unu iP-
SCs B PI1D, crentens nuddepenumposku PIID mo-
KET ObIThb U3MEpeHa IyTeM NMpodUuIUpoBaHUs CIie-
mudrdecknx narrepHoB akcnpeccu miRNAs (Hu
etal., 2012; Shahriari et al., 2020). B aTux padorax mo-
Ka3aHo, 4To B mpoliecce nuddepeHIIMpOBKU KIETOK
PIT® u3 ESCsyenmoBeka miRNAS, cBsI3aHHBIE C TLTIO-
PUIIOTEHTHOCTBIO, Takue Kak miR-302—367 knactep



308 KY3HELIOBA u np.

@
TNF-o unu npyrue
TGEFE- Q
Jlurann B LIMTOKUHBI (Harpumep, IL-1)
OCO00000000

Penenrop TNFR (viu apyrue

LHUTOKUHOBBIC PELICIITOPbI)
Hurorazma

@K Jerpanauus
@ IkBo
l l \ ITporeacombl
g @85/ReAY, %

TMponykuust ] [ TMponmyxiust LII/ITOKI/IHOB]
s J((

/ K"’ [VEGF, MMPs || (Hanpumep, 1L-8, TNF-ct)
M I'en-munrenp NF-kB m [ ITponykinast XeMOKHHOB]

(Hanmpumep, MCP-1)

RSvesiztiied| [pomudepanms l
[ smn MaxkpodaranbHast THQUIBTPAIIAS

Puc. 1. Cxematuueckoe U300paxkeHue NePeKPEeCTHOM Mepeaayr CUTHAJIOB MeXIy aKTUBUPOBaHHBIMU KaHOHMYecKuM NF-KB
u HeKaHoHMYecKUMU TGF-[ myTsiMu BO BpeMs pa3BUTHsI XOPUOMIAIBbHOM HeoBackyaspuszaiuu (CNV) rpu Bo3pacTHOI Ma-
KyJssipHOIt nereHepanuu (BMJ1). B orcyreTBuu curnana numepsl NF-xB (Hanpumep, p65/RelA—p50), cesizanHblie [kBo, (MH-
ruobutop NF-xB alpha, anri. NF-xB inhibitor, alpha), pacnonaraioTcst B mutoria3me Kietok PI1D. I1pu Bo3aeiicTBuM pas-
JIMYHBIX CUTHAJIBHBIX MOJIeKyJT (Hanpumep, TNF-o, TGF-B) npoucxonur aktuBaivs wieHa cemeiictBa MAPK knHa3-kuHa3 —
TGF-B-aktusuposannoit kuHasel 1 (TAKI1, anrn. TGF-B-activated kinase 1, npyrue Hasanust: MAPK kinase-kinase 7,
MAP3K?7), yTo npuBOIMT K akTuBaluu knHaszHoro komiuiekca IKK (kuna3za IkB, anri. IkB kinase). Kommieke IKK, cocto-
it u3 nByx Katanuruueckux cyobenuuanil (IKKo, IKKB) u onHoit peryastoproii (IKKy/NEMO), docdhopunupyer IkBo
1o AByM N-KOHIEBBIM OCTaTKaM CepHHa, IMOCJe Yero OHM MOABEPraloTcss yOUKBUTUHUPOBAHUIO U TTPOTEOCOMAJIBHOM erpa-
nauu. lumepsl NF-kB BbICBOOOXIAIOTCS M IEPEMEILIAIOTCS B SIIPO KJIETKHU, I1I€ OHU PETYJIUPYIOT TPAHCKPUTILIMIO TEHOB-MU-
nreHeit. ALK5 — akTUBHH pelienTop-ofo0Hast KuHasa 5 (aHIII. activin receptor-like kinase 5, npyroe Hassanue — TGF-J pe-
uerrrop I tuma, anrn. TGFBR-1 — TGF-B-receptor I); AMPK — 5’AM®-aktuBupyeMast mporeMHKWHA3a (aHra. AMP activated
protein kinase) — KjieTouHasi MPOTEMHKMHA3a, KOHTPOJUPYIOIIast dHepreTudeckuii 6anaHc kinetku; JNK — c-Jun N-tepmu-
HaibHas KnHa3a (aHmi. c-Jun N-terminal kinase, apyroe Ha3BaHUe — CBSI3aHHAs CO CTPECCOM MPOTEeMHKMWHA3a, aHTI. SAPK —
stress-activated protein kinase); MCP-1 — MoHoUUMTapHBIN XeMOATTPaKTaHTHBII Oesok-1 (aHmMI. monocyte chemoattractant
protein-1, npyroe HazBanue — CCL2, C-C motif ligand 2); MEK munu MKK — apyrue Hazanus MAPK kinase; PI3K — ¢oc-
dounozuTH-3-knHa3a (aHmI. phosphoinositide 3-kinases); NEMO — ocHoBHoIt monynsitop NF-kB (anrn. NF-kB essential
modulator). P yka3siBaeT Ha (pochopunupoBanue, Ub — youkButupoBaHue. CM. TEKCT IJIST APYTUX COKPAIIEHUIA.

u ceMeiicTBo miR-370 perynmmpyloTcst oTpuniaTeIbHO. B KOTOPOM IToKa3aHo yyactue miR-124 B mogaepka-
B niporiecce nuddepeHIMpoBKY (Ha 18-i1 meHb Kyip- HUM kieTkamMu PIID smmrenmanbHoOro deHotnmna
TUBUPOBAHUSI) HabGMOmaeTcsl akTUBalmsl HeifpoHans-  (Jun, Joo, 2016).

HBIX rmRNAs,uHaan/IMep, I‘I‘HRU— 124-5p u mlR—9—§p, C B mubdepeHIMpYIOmuXCs 1 TepPMUHATBHO 11d-
TOCTICAYIOIICH TIOHMKAIOIIEN WX DPETYIALNCH HA  hepeHuUpoBaHHBLIX KieTKax PIID Gosee MmMOMOBUHE
60-it neHb (Shahriari et al., 2020), 4to MOXeT 0Tpa-  miRNome PIID cocrasnsior miR-204, miR-211,
KaTh HedpasbHOe TpoucxoxieHue KieTok PIID.  miR-125b u cemeiictso let-7 (Shahriari et al., 2020).
Opnako oTHeceHne miR-124-5p x HelipoHambHBIM  Tak, mokasaHo ydyactue miR-125b-5p u let-7a-5p B
miRNAs He cornacyeTcs ¢ JaHHBIMU ApYroit paboThl, Tiepenadye CUTHAJIOB MUTOTEH-aKTUBUPYEMOId TpOTe-
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MHKMHA3bl (aHTI1. mitogen-activated protein kinase,
MAPK) (Shahriari et al., 2020), n30bITOYHasT aKTUB-
HOCTh KOoToporo nmpuBoauT Kk BM/I, Torma xak 1mos-
Hoe nHrnouposanre nytu MAPK BrI3bpIBaeT rubdeib
kjeTok cetyatku (Van Dijk et al., 2016). DTu Hab110-
JIEHUSI TTOIYEePKUBAIOT HEOOXOMUMOCTb CTPOTOM pe-
ryassuun MAPK u cBsi3aHHBIX ITyTeid B nuddepeH-
LUPOBKE U TMoiep:KaHuU KiieTok PI1D.

MiR-204 1 miR-211 nmeroT ogHy M Ty XKe mocie-
JIOBaTEJIbHOCTD 3aTPABOYHOI 00JIaCTH U OTIMYAIOTCS
TOJILKO OBYMSI HYKJICOTUIaMM B 3'-KOHIIE, OHU ObLIA
KJ1acCU(UIIMPOBAHBI KaK OTHO CEMEMCTBO C OMHUM U
TeM Ke HabopoM MporHo3upyemMbix muineHeit (Tar-
getScan) (Lewis et al., 2005). Kak mmokazaHo B paboTe
AmxaHTo U coaBT. (Adijanto et al., 2012), miR-204/211
peryiupyioT microphthalmia-associated transcription
factor (MITF) u criocoOCTBYIOT MOAAEPXKAHUIO SITUTE-
JmanbHoro deHoruma B kietkax PIID (cm. tadm. 1).
Tak, nmomasneHue 3kcrnpeccun MITF npuBomuiio kK
notepe peHOTUIa MePBUYHBIMU (heTaTbHBIMU KJIeT-
kamu PIID gemoBeka, 4TO MpenoTBpaIlagoCch CBEPX-
skcnpeccueit miR-204/211 (Adijanto et al., 2012). A
Banr u coant. (Wang et al., 2010) roka3sanu, 4To IIpsi-
MbIMM MullieHssMU miR-204 gaBnsitoTcst peuenTop 2
TpaHchopMupymollero ¢akropa pocra-o6eta (aHIJ.
transforming growth factor receptor type-2, TGFBR-II)
n SNAI2 (SLUG). Camxenue skcnpeccun miR-204
MPUBOJIWIIO K CHUKEHUIO BKCIPEeCCUU KiIayauHOB 10,
16 1 19 B nepBUYHBIX (peTaTbHBIX KiIeTKax PI1D yenmose-
Ka, a ucrnoyib3oBaHue aHTu-miR-204/211 — K cHuke-
HUIO TPAHCAIIUTEINAIBHOTO COITPOTUBIICHUS U TIPOBO-
JIMMOCTH alMKaJIbHOM MeMOpaHbl. [TociaenHee aBTOpbI
OOBSICHSIOT TeM, 4To MUIIeHbo MiR-204 sBasercs
0eJIOK KaJIMeBbIX KaHAJIOB BHYTPEHHETO BBITIPSIMIIC-
uus (anra. inward rectifying K*-channels, Kir) —
Kir7.1, pacnmoyararoniuiics Ha almuKaJIbHOI MeMOpa-
He kieTok PIIO (Wang et al., 2010). Kak moka3zanu
nccaenoBaTen, aHTu-miR-204 cHIKaeT 3KCIIpeccuio
Kir7.1 onocpenoBaHo, yepe3 aktuaimio TGFR-RII u
nepengady curraia nmporemHkuHas3bl C. Takum obpa-
30M, miR-204 cesa3biBaer TGFB-RII 1 nommepxkuBaet
roMeocTta3 Kaaus. B meiaom, paboTel BaHra u coaBT.
(Wanget al., 2010), AmxanTo u coaBT. (Adijanto et al.,
2012) u Xy u coaBt. (Hu et al., 2012) yka3bIBaroT Ha
KpuTtndeckyo ponb miR-204/211 B moanepKaHUU
GYHKIUM 3MUTEIMAILBHOIO Oapbepa U (pU3MOJIOTUU
kieTok PTTD. Kak mokazaHo B 3TUX paboTax, MUIIICHSI -
mu PIID-cneuundpumunbeix miRNAs sBistioTcss Kak
TPaHCKPUIILIMOHHBIC (PAKTOPHI, YIACTBYIOIINE B THUQ-
¢epenmpoBke PI1D (Adijanto et al., 2012; Hu et al.,
2012), Tak ¥ peleNTOPbl U PETYISITOPHBIE MOJICKYJIBI,
pacrnionoxeHHble Huxe no tedeHnto TGF-f cur-
HaJIbHOTO ITyTM, OCHOBHOro urpoka OMII (Wang
et al., 2010). B cBs13u1 ¢ 3TUIM IIpeAIIonaraeTcs, 9To Te-
parieBTUYeCKMe IIperapaTthl Ha ocHoBe miR-204/211
MOTYT OBITh 3(h(EKTUBHBIMU CPEACTBAMM JICUEHUS
3a00JeBaHNIi, KOTOpBIE BKIIIOYAIOT AeanddepeHIIn-
poBky PIID, nanpumep, Takux kak I[1BP.
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Kak mmokazano, Yen u coaBt. (Chen et al., 2014),
npu TGF-B2-unnynupoBanHom OMII B KieTkax
PII® uyenoBeka mo-pa3zHoMmy aKkcrpeccupyercss 304
miRNAs. 13 stux muddepeHnaibHO 3KCIIPECCU-
pyembix miRNA, 185 miRNA Obutn mmogasiieHBI, a
119 miRNA 0bUIM aKTUBUPOBAHBKI 10 KpaitHeit Mmepe B
2 pasa B obpasiax, oopaboranHeix TGF-B2. Dto
BaxXKHBIN 1m1ar B naeHTudukanmm miRNAs, cBs3aH-
HBIX ¢ TIporpeccupoBaHueM [1BP 1 nuabetndeckoii
PEeTUHOIATUU, U B WACHTU(UKAIMU TTOTEHIIUATBHBIX
TeparieBTMIECKMX MUIIICHEN IJI 3TUX 3a00JIeBaHMIA.
PesynbTaThl MOJIYYWIM MOATBEPXKIEHUE B MOCICAYIO-
mmx padorax (Jun, Joo, 2016; Li et al., 2016b; Dejiet al.,
2020). Taxk, B pabote exu u coant. (Dejiet al., 2020)
nokasaHo, 4to B obpaboranHbix TGF-B2 kierkax
ARPE-19 pe3ko cHUXaeTcsl 9KCHpeccusi YIOoMsIHY-
ToM BhIIIe MiR-let7c u mpu 3TOM aKTUBUpPYETCS ITYTh
nepenaun curHaia NF-xB. ITomumo miR-204/211 u
cemeiicTna let7 psm npyrnx miRNA, Takue kak miR-21
(Usui-Ouchi et al., 2016), miR-29b (Li et al., 2016b),
miR-124 (Jun, Joo, 2016), miR-182 (Wang et al., 2016)
u miR-194 (Cui et al., 2019), 66111 TPU3HAHBI MOJIe-
KYJIIPHBIMU PETYJISITOPAMU U MOTEHLMAJIbHBIMU TE-
panesTuueckumu mutneHsimu npu [1BP. Hanpuwmep,
JIu u coasr. (Li et al., 2016b) mokaszanu, 4TO UHTUOU-
poBaHue miR-29b B knetkax ARPE-19 Hampsmyio
3amnyckajio npouecc OMII, koTophlit xapakTepus3o-
Bajics (DEHOTUMUYECKUMMU U3MEHEHUSIMU, aKTHBa-
e anbda-riagkoMBIIIIEYHOro akTuHa (0-smooth
muscle actin, *SMA), nonaBieHueM E-kaarepuHa u
zonula occludens 1 (ZO-1) 1 IOBBIIICHHOI MUTpa-
nueit kietok. Kpome Toro, aBropbsl noxkasaiu, 4TO
MuiieHblo miR-29b 6611 AKT2, yyacTHUK HEKaHO-
Huyeckoro TGF-B curHaabHOro myTH, MofaaBieHue
KoTtoporo nHruouposaio TGF-B1-uHmayimpoBaHHbIi
OMII. B pabote Kyu u coant. (Cui et al., 2019) cBepx-
aKkcnpeccusi miR-194 3HaynTeIbHO MHrUMOMpoOBasa
TGF-B1-unnymposannbiiit DMIT kietok ARPE-19,
MPU 3TOM 3HAYUTEIbHO CHMXKAJach KCIIPECCUsl He-
KOTOpPBIX T€HOB, KOTOpbI€ peryaupyrorcs zinc finger
E-box-binding homeobox 1 (ZEB1). Ixyn un XKy
(Jun, Joo, 2016) Ha ki1etkax ARPE-19 nokazanu cHu-
KEHHUE YpOBHS 3KcIpeccun miR-124 mpu mporpeccu-
poBanuu DMII. UarubuposaHue 3HOOreHHOro miR-
124 crioco6CTBOBAJIO YBETUUECHUIO ME3CHXUMAJIbHBIX 1
CHIDKEHMIO SIUTEUAIbHBIX MapkepoB. CBepxaKc-
npeccust miR-124 yBemmuuBana ypoBan ZO-1 u oK-
KJIIOIWHA, MoAaBJisijia YpoBHU (PHUOpoHeKTrHa, OSMA
W BUMEHTHHAa, a Takcke mogasiisuia TGF —BI—I/IHI[YLII/I—
pPOBaHHOE COKpallleHVe KOJIareHOBOTO TeJisl KJleTKa-
mu PITD. Kpome Toro, Kaxk BbISIBJIEHO B MCCJI€I0Ba-
Huu, MmulieHblo miR-124 6suta MPHK Ras homology
Growth-related (RHOG).

MiR-34a, kak moka3anu Xoy u coanT. (Hou et al.,
2013), 6buta nomapieHa B CyOKOHMTIO3HTHBIX MO CPaB-
HEHUIO C TTOCTKOHMIIOHTHRIMI KileTKaMu ARPE-19.
ABTOpBI TIpenrionaraioT, yro miR-34a uHrnompyer
npoaudepalunio U MUTPALUIO KIETOK, MOCKOJBKY
OHa TTOaBJIsIa perernTop (akTopa pocTa TemaToi-
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Ta6mauua 1. IMposeneHus B kiaetkax PI1D nipu perynsiuum skecnpeccud miRNA

miRNA Muirenr miRNA IMposiBnenus B kinetkax PI1D Wcrounuk
ITomasnenue sxkcrpeccur miRNA
miR-204 TGFB-RII, SNAI2 CHUXeHMe dKcnpeccuu KiayauHos 10, 16 u 19 (Wang et al., 2010)
(SLUG), Kir7.1
miR-204/211 |HJI Cauxenue akcrpeccun MITF (Adijanto et al., 2012)
miR-let7c HI AxtuBanusa NF-xB curnansHoro mytu (Deji et al., 2020)
miR-29b AKT2 OMIT: aktuBauusgs oSMA, nonasiienue E-xanre- (Lietal., 2016b)
puHa u ZO-1, NoBbIlIEHNE MUTPALIUOHHON aKTUB-
Hoctu kieTok ARPE-19
miR-124 RHOG DMII: yBennueHe Me3eHXUMAaNIbHBIX U cHIKeHue | (Jun, Joo, 2016)
SMUTEIUAIBHBIX MapkepoB B KiieTkax ARPE-19
miR-34a c-Met, CDK2, CDK4, |Iponudepauus u murpaius kietok ARPE-19 (Hou et al., 2013)
CDKG6, E2F1, p-Cdc2
miR-182 c-Met IMponudepanys 1 MUTpaLys MTePBUIHBIX KIIETOK (Wang et al., 2016)
PITD
miR-21 HJI IMomasnenue nponudepaunu u murpauuu kietok | (Usui-Ouchi et al., 2016)
ARPE-19
miR-184 EZR CHmxeHne ypoBHs 6enka LAMP-1 B nepBuuHOM (Murad et al., 2014)
kynbType PI1D yenoseka (y naimentoB ¢ BM /1)
miR-23a Fas YBenunueHue anonrtosa Kietok ARPE-19 (Lin et al., 2011)
miR-23a GLS1 BoccraHoBieHue MeTabonm3Ma riyraMuHa, yBeau- | (Li et al., 2016a)
YyeHue BbKMBaeMocTH KieTok ARPE-19
VBenudeHue skcrpeccur miRNA
miR-124 RHOG VBenuuenue yposHst ZO-1 u okkimoguHa, nogasiie- | (Jun, Joo, 2016)
HUe ypoBHell ¢pubpoHeKkTHA, SMA 1 BUMEHTHHA,
nonasyieHue TGF-f1-uHAyMpoBaHHOTO COKpAllle-
HUs KoJutareHoBoro rest kietkamu ARPE-19
miR-194 HA Nurubuposanue TGF-B1-unnymposarnHoro DMII | (Cui et al., 2019)
ketok ARPE-19, cHuxXeHue aKCcIrpeccuu reHoB,
perynupyembix ZEB1
miR-93 TGFBR-II CHuxenue cekpeunu VEGF-A, nunrubupoBaHue (Fuchs et al., 2020)
miR-302d TGFBR-II, TGF-B-uanymposarHoro DMII kiretok ARPE-19
Smad2 u Smad3

HJI — Het maHHBIX.

ToB (aHIII. hepatocyte growth factor receptor) c-Met u
JIpYTHE MOJIEKYJIBI, CBSI3aHHBIC C KJIETOYHBIM ILIUKIIOM,
TaKW€e KaK LIUKJINH-3aBUCUMBIE KMHA3bI 2, 4 11 6 (aHII.
cyclin-dependent kinases 2, 4, 6; CDK2, CDK4,
CDKS6), dakrop tpanckpununu E2F1 u dpochopu-
JIMPOBAHHBIN 0€JI0K KOHTPOJISI KJIETOYHOTO ASICHMS
(anrn. phospho-cell division control protein, p-
Cdc2). B nmogaBineHun c-Met ydyacTByeT U ellle oaHa
miRNA — miR-182 (Wang et al., 2016). Tak, nmokasa-
HO, 4TO TpaHchekirs miR-182 B mepBUYHBIE KIIETKA
PI1® unayumpoBana momasieHne c-Met u cHMKe-
Hue oOpazoBaHusl p-AKT. IlomaBineHune c-Met B
CBOIO ouepeab IIPUBOIMUIO K CHIKEHUIO TIpordepa-
1y 1 Murpanuu kietok PI1D. MccnegoBarenu mo-
Jjaraiot, 4To nogasiaeHue miR-182 BMecTe ¢ akTuUBa-
mueii c-Met B anmupeTUHAIbHBIX MeMOpaHax UTrpaioT

BaxkKHYI0 poJib B pa3sutuu [1BP. B cBs31 c ueM, cTpa-
Terusl CeJIEKTUBHOI aKTUBAIMK AKcpeccu miR-182 B
KJIMHUYECKUX YCIIOBUSIX MOXET MPeACTaBUTb HOBbIH
BapuaHT JIEYEHUS STOTO 3a00JIeBaHUS.

OkcrnepuMeHTH Yeyn-Oyun n coaBT. (Usui-Ouchi
et al., 2016) mmo ycrieHHI0 U moTepe (MYHKIINU, CBS-
3aHHOI ¢ aHTMOTeHEe30M U pa3BuTueM prbpo3sa, rmo-
Kazanu, yro miR-21, B orimunm ot miR-34a n miR-182,
HA00OpPOT CHOCOOCTBYET Mpoaudepaluu U MUrpa-
o kKi1eTok ARPE-19. I1pu atom miR-21 He BimsgeT
Ha 3KCIIPECCHIo reHOB, cBSI3aHHBIX ¢ OMII. Moppuc
u coaBT. (Morris et al., 2020), McIOJIb30BaB COBMECT-
HOE KyJIbTUBUPOBAHUE MEPBUYHBIX (heTaTbHBIX KJle-
ToKk PIID 4yenoBeka m MUKPOIJIUM CETYATKU MBI,
nokasanu, 4To miR-21 mepeHocUTCS MeXay IBYMS
TUIIaMHU KJIeToK. KpoMe Toro, aBTopbl MoKas3aiu, 4To
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YPOBEHb BHYTPUKIIETOYHOIO MiR-21 ObLI HMOBHILIEH
B ctapoM PIID, u 310 MOrjio crmocoOCTBOBATh €ro
YBEJIMYEHUIO B 9K30COMaX U COOTBETCTBEHHO B MUK-
pornmuu. IloBeiIeHHBIN ypoBeHh MiR-21 B MUKpoO-
IJIMM BJIMSIT HA 9KCIPECCUIO TEHOB HUXKE T10 X011y My-
TH p53. DTU JaHHBIE, IT0O MHEHUIO aBTOPOB, IIPEANO-
JIaraloT, 4YTO OIOCPENOBaHHBINM 9K30COMaMHU IIEPEHOC
miRNA sgBIsIeTCS CUTHAJBHBIM MEXaHU3MOM, KOTO-
pBIii BHOCUT BKJIAJ B PETYJISLUIO0 (DYHKIIMHA MUKPO-
[JIMM B cTaperomnieii cetuyarke. [loydyeHHBIe JaHHBIE
corjylacyloresl ¢ pesyiabratamMu padotel Illaxpuapn mn
coaBT. (Shahriari et al., 2020), moka3aBIIUMMU, YTO IKC-
npeccust hsa-miR-21-5p B reuenue nuddepeHIpOoB-
ku PITO u3 ESCs 3HaunTe IbHO HE MEHSIETCSI.

POJIb miRNA B ITATOI'EHE3E
HNETEHEPATHMBHDBIX
3ABOJIEBAHNUN CETYATKHU

B psne uccinenoBaHuMii mmokazaHo, 4yTo miRINAs
MOTYT UTpaTh BaXXHYIO pojib B IatoreHe3de BMJI u
nurMeHTHoM petuHuTe (Lin et al., 2011; Li et al.,
2016a; Donato et al., 2018). [10CKOJIBKY OCHOBHBIM
WHAYKTOPOM TnOenn U ctapeHus kiuetok PIID mpm
BMJ/ ¥ nMUIrMEHTHOM PETUHUTE CUMUTACTCS OKMWCIIM-
TEJIBHBII CTpecc, OOJIbIIIOE KOJIMYECTBO PabOT MOCBSI-
IIIEHO BBISBIICHUIO M3MEHEHMI 3Kcrpeccu miRNAs
MoJ BAUsiHMEM okuciauTeneit. Tak, JloHaTO U COaBT.
(Donato et al., 2018) ¢ mOMOIIbIO TPAHCKPUIITOMHO-
ro aHaju3a NepBUYHBIX KiIeToK PIID uenoBeka, 06-
pabOTaHHBIX OKHWCIMTENIEM, OKUCJIEHHOTO JIMIIOIPO-
TeuHa HU3KOM IUIOTHOCTU, BBISIBUJIM WM3MEHEHUS B
akcnpeccnu 23 miRNAS 1Mo cpaBHEHUIO ¢ KOHTPOJIEM.
N3meHeHus Kacaiauch B TOM 4ucie Takux miRNAs,
kak hsa-miR-1307, hsa-miR-3064, hsa-miR-4709,
hsa-miR-3615 1 hsa-miR-637, HarleJleHHBIX Ha T€HBI
(KLHL7,RDHI11, CERKL,AIPL 1, USHIG), yuacTBy-
IOIIMEe B Pa3JIMYHBIX OMOXMMUYECKMX IIpolleccax.
Taxk, BBIIBIECHO, YTO MUIIEHBIO 11 hsa-miR-1307
asnsietrcs: MPHK rena KLHL7, MmyTaiuu KOTOPOIO
MOTYT OIIpelesiTh UBMCHEHUsSI B YOMKBUTUHUPOBA-
HUM OENKOB-MMIIEHEN IS IPOTEacOM-OIIOCPEI0-
BaHHO# nerpamanyu; MuilneHbio hsa-miR-3064 —
RDH 11, xonupytomuii pepMeHT, HEOOXOMUMBIIL OIS
3PUTEBHOTO U CUCTEMHOI'O MeTaboI1M3Ma PETUHOES-
BOIl KMCIOTHI; MullieHblo hsa-miR-4709 — CERKL,
KOIUPYIOIIUI aHTUOKCUAAHTHBIN 010K, UMEIOLIUA
pelnaroliee 3HaueHue IS BBDKMBaHUS (poTOpeliern-
TOpPOB; MULIIEHBIO hsa-miR-3615 — AIPL I, mytauuu
KOTOPOTI'O BBI3BIBAIOT pa3jMYHbIe ()OPMBI PELIECCUB-
HOII peTMHONAaTUM M BPOXICHHOTO aMaBpo3a Jlebe-
pa; a muineHso hsa-miR-637 — USHIG, onuH u3
HauboJIee U3BECTHHIX IIPUYMHHBIX T€HOB CUHIpPOMA
Amepa I Tuna (Donato et al., 2018).

Mypan u coaBT. (Murad et al., 2014) ¢ nomo1IbIO
MPOTEOMHOI0 aHajiu3a MOoKa3aJiu, YTO IeH 33puHa
(EZR) aBnsercsa muiieHblo 111 miR-184 B PI1O ye-
JioBeka. B nmepBuuHoii KynbType PI1D yenoBeka, BbI-
JIeneHHoro u3 ria3 moHopos ¢ BMJI (PII® BM]),
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miR-184 Obu1a 3HAYMTENLHO ITOJaBJIEHA IO CpaBHE-
HUIO C KOHTPOJIbHBIM (HopMaibHbIM) PITD. [TogaBne-
Hue miR-184 cooTBeTCTBOBaIO 3HAYUTEIBHO OOJIee
HU3KUM YPOBHSIM JIM30COMAaIbHO-aCCOIMMPOBAHHO-
ro MeMopaHHoro 6enka 1 (aHri. lysosomal-associated
membrane protein 1, LAMP-1), HeobxoauMoro ajst
oOpa3zoBaHMs (paroliMTapHBIX BaKyoseit. CBepXxaKc-
npeccuss miR-184 B PII® BMJ crocobGcTBOBaia
BOCCTaHOBJIEeHUIO 3Kcnpeccuu 6enka LAMP-1 mo
HOpMaJIbHbIX YPOBHEN. B 11e10M, 3TU Habm00eHUS
CBUIETEJILCTBYIOT O BaxkKHOI posin miR-184 B xxu3s-
HenesarenbHOCTH PIID 1 momgep:kuBaloT runoTesy,
Mpearojaramollyo, 4TO MOoJaBJIeHUE 3KCIIPecCUuu
miR-184 Bo BpeMs1 cTapeHMsI MOXET IIPUBOAUTH K
HapymieHuio peryiasguun GyHkuuu PIID, crmocob-
CTBys nereHepauuu ceryatku (Murad et al., 2014).

B psine cnydaeB onpenelieHre poJiv TOM MJIM MHOI
miRNA nporuBopeuuBsl. Tak, JIun u coast. (Lin
et al., 2011) c moMmobio koaudectBeHHoit ITLP B pe-
aJIbHOM BpEMEHU OOHAPYXW/IMU IIOAABJICHUE 3KC-
npeccun miR-23a B knetkax PITD u3 obnactn Maky-
Je1 nareHToB ¢ BM/I. Kpome Toro, aBTophl mokasa-
1, yTo miR-23a rmomaBisiack B e pBUYHBIX KJIETKAX
PII® u knetkax nunuu ARPE-19 nipu 6osee BbIcO-
koii noze H,O,. Ucnionb3ys nHruébutop miR-23a, aB-
TOpbI BIsIBUIM yBeauyeHue H,O,-unayimpoBaHHOM
cMepTu U arnonto3a KieTok ARPE-19, Torna kak ak-
tuBaiugd miR-23a zamummana kietku ARPE-19 ot
okucautenabHoro mospexnaeHus (Lin et al., 2011). B
TO Xe BpeMsI B Ipyroit paboTe mokasaH MPOTUBOIO-
noxHbIN 3 dekT. Tak, oopadorka ki1eTok ARPE-19
H,0, aktuBupoBaia miR-23a (Li et al., 2016a). B
CBSI3U C BTUM aBTOPBI MPEATIOJOXWIN, YTO UHTUOM-
poBanue H,O,-unayuupoBaHHoit miR-23a Gyner 3a-
muaTh KjaeTku PITD oT rmbenu, BEI3BAHHONM OKMC-
JIMTEILHBIM cTpeccoM. B To ke BpeMsI, KaK IoKa3aHOo
B pabote Xy u coaBT. (Hu et al., 2012), Bo BpeMsI pa3-
putus PII® u3z ESCs skcnpeccust miR-23a 3Hauu-
TEJIbHO YBEJIMYMBACTCS, CBUAETEILCTBYSI 00 yIacTUN
miR-23a B mognepxxanuu 3noposoro PIID. B kaue-
CTBEe MeXaHM3Ma, 3aJeiiCTBOBAHHOIO B 3alllUTe KJIe-
ToK PI1D ot okucanTenmbHOTO TIOBpEeXKneHnd, JImH n
coaBT. (Lin et al., 2011) mpeanonaoXwin ydacTue
miR-23a B peryasuimm anonToTHYecKoro gakropa
Fas. Torna xax JIu u coasr. (Li et al., 2016a) rmoxkasanm,
4yTO npsiMoii MuIIeHbIo MiR-23a B kiterkax PI1D siBisi-
ercs rmyramMrHa3sa 1 (aHrn. glutaminase 1, GLS1), koto-
pyio nogasinsier H,O,. GLS1 — MUTOXOHApUATbHBIN
¢depMeHT, KOTOPBIil TUIPOJIN3YET IITyTAMUH B TJIyTa-
MaT M CIIOCOOCTBYeT Ipoimdepanuu kieTok. I[lo
mHuenwuto JIu u coasr. (Li et al., 2016a), uHruGupona-
Hre miR-23a OymeT cmocoOGCTBOBaTh BOCCTAHOBIIC-
HMIO MeTaboiamn3Ma TiIyraMuHa, moaTtomMy miR-23a
MOXET OBITh HOBOM TeparneBTUYECKON MMUIIECHbIO
IIpU JeTeHEe PpaTUBHBIX 3a00JIEBAHUSIX CETUYATKH.
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SAKJIFIOYEHUE

OOmupHble (QYHKIMKA MaldblX HEKOIWPYIOIINIX
PHK 1 BO3MOXXHOCTD MX JIOKaJIbHOM JOCTAaBKHU B I71a3
TpeOyeT IIPUCTATIbHOTO U3YYEHMSI, TAK KAK OHU MOTYT
OBITH MOJIE3HBI B KAYECTBE HOBBIX KJIACCOB TepaIleB-
TUYECKUX areHTOB IS JICUEHUS IIMPOKOIO CIIEKTpa
odpTarbMoJiorndyeckux 3adoneBanuii. OgHako, HyX-
HO OTIaBaTh ce0e OTYET B TOM, UTO MMEIOIIHUECS B Ha-
CTOsIIIIEE BpeMsl pa3jinyus B pe3yJibTaTax MccieaoBa-
HUIi HY>KIAIOTCS B YTOYHEHUM U CHSITUM ITIPOTUBOPE-
ynii. TeM He MeHee, OYEBMIHO, UYTO HaJIbHEHIIINE
HCCcIIeIoBaHUS 110 TrddepeHIINaTbHO SKCIIPeCCUpye-
MbIM MiRNAs B ceTuatke u PITD HeobxoaumMo mpomaosi-
KW1Tb, TIOCKOJIbKY 3TO IIOMOXKET KaK B MACHTU(MDUKAITAN
OMoMapKepoB MpoaUPEepaTUBHBIX U JIeTeHEPATUBHBIX
3a00JIeBaHMI CETYATKM, TaK U B YCTAHOBJICHUM TTOTEH-
MAJIbHBIX MUIIIEHE [IJTs TepaIliy IIperapaTaMiy Ha OC-
HoBe miRNAs.
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Dedifferentiation and epithelial-mesenchymal transition (EMT) of human retinal pigment epithelial (RPE)
cells, as well as the participation of cells in neovascularization of the retina and choroid, underlie the devel-
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opment of various ophthalmic diseases that lead to serious loss of vision. Understanding the cellular and mo-
lecular mechanisms involved in the regulation of RPE cell differentiation, as well as elucidating the role of
RPE cells in eye angiogenesis, will help identify new therapeutic targets for the treatment of ophthalmopa-
thology. The discovery that small non-coding RNAs — small interfering RNAs (siRNAs) and microRNAs
(miRNAs) — are involved in gene regulation has prompted research to investigate the role of siRNAs in in-
hibiting gene expression in RPE cells involved in ocular angiogenesis, as well as identifying the role of miRNAs in
the regulation of differentiation and EMT of RPE cells. The ability to locally deliver small non-coding RNAs
directly to the eye could be useful as new classes of therapeutic agents for the treatment of a wide range of
ophthalmic diseases.

Keywords: retinal pigment epithelium, RPE, siRNA, miRNA, epithelial-mesenchymal transition, EMT, an-
giogenesis, VEGF, choroidal neovascularization, neovascular eye diseases, vitreoretinal diseases, age-related
macular degeneration
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