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DMOpHOHAIBbHOE Pa3BUTHE MJICKOIMUTAIOIIMX BKIIOYACT NPEUMIUIAHTALIMOHHBIN 3Tal, UMILIAHTALIAIO U
MOCTUMILIAHTALIMOHHOE Pa3BUTHE, BO BPeMsi KOTOPOI'O SMOPUOH MPUKPEIUIEH K CTEHKE MAaTKU MaTepUH-
CKOro opranusma. MopaearpoBaHe pa3BUTHSI SMOPHUOHOB B KyJIbType IT03BOJISIET U3YYUTH IIPOLIECC OHTO-
reHesa B AMHAMUKE, YTO OCOOEHHO LIEHHO IS U3y4eHMSsI PAHHEr0 MOCTUMILIAHTALMOHHOTO pa3BUTHsI. M bl
MPUBOIUM 0030pP CYIIECTBYIOIINX CUCTEM KYJIbTUBUPOBAHUS IJIsI SMOPUOHOB MBI U YejloBeKa. Takxke
pPacCMOTpPEeH HOBBIM 3KCIEPUMEHTAIbHBINA MOAXOA IS U3YYECHUS] paHHETro 3MOPHOreHe3a MJICKOIIUTAK0-
X — SMOPUOITOTOOHBIE KJIETOYHBIE KOHCTPYKThI. C ITOMOIIBIO 3TUX METONOB ObUIH IOJIyYeHbI BasKHEi-
LIXe Pe3yabTaThl B 00JACTH 3aKJIAIKU 3apOIBIIIEBBIX TUCTKOB 3MOPHMOHA MBIIIN U YEJIOBEKa, MOJIEKYJISIP-
HBIX M KJIETOYHBIX MeXaHU3MOB MopdoreHe3a. Lleiab 3Toro o63opa — 000011IeHE BO3MOXHOCTEM 1 orpa-
HUYECHUI TaKUX CUCTEM I M3YyYeHUS 3MOpHOreHe3a MJIEKOIMTAIOIIMX M IMOKMCK HalpaBIeHUA IS
JTaJIbHEMIIIETo pa3BUTUSI 3TOTO ITOIX0a.

Karoueswie crosa: KyJabTUBUPOBaHUE SMOPUOHOB, SMOPUOHAJILHOE Pa3BUTHUE, MBIILb, YETOBEK, MOIAEIUPO-

BaHUE UMITIaHTALlUA
DOI: 10.31857/S0475145020050043

BBEIAEHHWE

CucteMnl [UIST KYJTBTUBAPOBAHMSI SMOPUOHOB MJIE-
KOITUTAIOLIMNX pa3pabaThiBAIOTCS IJISI U3YYCHUST paH-
HEro 3MOPHOHAIBHOTO PAa3BUTHUS U €ro MaTOJIOTHIA.
JaHHBI MOIX0 MO3BOJISIET OLICHUTh HETIOCPEICTBEH-
HBIN 3PdEKT 3KCIIepUMEHTATBHBIX BO3ICUCTBUI, TO-
rma Kak JIoOble BO3IEHCTBHS HA SMOPHUOH, HAXOHISI-
IIMICS B MaTKe, OMOCPEAYIOTCS MAaTEpUHCKUM Opra-
Hu3MoM. Kpome Toro, 3To ro3BoJIisieT u3y4aTh Mpo1ece
OHTOTeHe3a B IMHaMuKe. /111 HopMaabHOTO Pa3BUTHS
SMOpPHOHA in Vitro HEOOXOOUMO BOCCO3IaTh YCJIOBUS
BHYTPU MaTepUHCKOIO OpPraHNU3Ma, UTO SIBJISICTCST He-
npocroii 3amaueii (Piliszek, Kwon, 2011; Esteves et al.,
2013).

[NpeuMIIaHTaLIMOHHOE pa3BUTHE SMOPUOHA MBbI-
IIIM BKJIIOYaeT ApOOJIeHUE 3UTOThI, XETYUHT, MU BbI-
XOJI, 13 O1ecTIIeit 000JIOYKHN 1 00pa30BaHME TIEPBBIX
TpeX KJIETOUYHBIX CJI0EB OyayIIero 3aMOproHa: Tpod-
SKTOAEPMbI, 3MubjaacTa U rumnodsacta. PaHHee 3M-
OpPUOHAJIBHOE Pa3BUTHE YEJIOBEKA BO MHOT'OM ITOXOXE,
OIHAKO eCTb psn orinyuii. Hampumep, pasneneHue
BHYTpPEHHE KJIETOYHOM MacChI Ha IBE CyOIOMYJISIIINI
MPOUCXOAUT Yy SMOPUOHA 4YelIOBeKa yKe IOCIIe UM-
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IUTAHTAKA. Y MBIIY WMIDIAHTALMS TIPOUCXOINAT
MMPUMEPHO HA 5 CYTKU MOCJIE OIIOIOTBOPEHMS. DM-
OpUMOH YeJI0BEKA IMPOXOAUT UMIUIAHTALIMIO Ha 7-€ WITH
8-e cyTKM pa3BUTHS. DMOPUOHBI, KOTOPBIE HE CMOT-
JIV TIPUKPETTUTHC K CTEHKE MaTKM, OCTAHABIIMBAIOT-
cd B pasBUTUM M BCKOpe MOrnodaroT. MoMeHT MM-
IUTAHTALIMA SMOpPUOHA JOJITOE BpeMsI ObUI BpeMeH-
HBIM pyOeKoM, KOTOPBI He MOTJIN MPEONOIETh IIPH
KyJbTUBAPOBAHUN 3MOPUOHOB MBI U 4YeJIOBEKA
in vitro. He ymaBanochk 1OOUTHCS TTPUKPETIIIEHUS SM-
OpHoHa U MPOJOJIKEHNS ero pa3suThs. Ha maHHBII
MOMEHT yJIaJI0Ch JOOUTHLCS UMITJIAHTALIMN SMOPUOHOB
KaK MBIIIN, TaK 1 YeJ0BeEKA Ha UCKYCCTBEHHYIO TTOJI-
JIOXKKY W TTIPOHAOIIIONATH ITOCIENYIOIIee paHHEE TTOCT-
AMITJIAaHTAlMOHHOE pasBuTie B Kynbrype (Bedzhov
et al., 2014; Deglincerti et al., 2016).

HoBrie cBemeHmsT B 0671aCTH paHHETO SMOPUOHATb-
HOTO Pa3BUTHS YeIOBeKAa HEOOXOMWMBI U YCOBEP-
IIIEHCTBOBAHMSI BCIIOMOTATETbHBIX PETPOXYKTUBHBIX
TEXHOJIOTUI U TSI PEIICHUS TTpo6IeM, BOSHUKAIOITIX
Ip1 ecTecTBeHHOIT pemnponaykiuu (Shahbazi et al.,
2016). OgHakKo n3ydyeH1e SMOPHUOHOB YeJIoBeKa HEeOI-
HO3HAYHO C 3TMYECKOit ToUKH 3peHnsT. OCHOBHBIM 0-
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KYMEHTOM, PEryJIMpPYIOIIMM HaydHYIO paboTy ¢ UC-
MOJIb30BAHUEM BMOPUOHOB 4YeJOBEKA, SIBJISICTCS
“PyKOBOJCTBO IO MPOBEIEHUIO UCCIIEAOBAHUI CTBO-
JIOBBIX KJIETOK 3MOpMOHA 4YejI0BeKa”, BBITYIIEHHOE
MexxayHapoaHBIM OOIIECTBOM UCCIEA0BAHUI CTBO-
JIOBBIX KJIETOK. DMOPUOH YeJI0BEKA B COOTBETCTBUM C
MEXIYHAPOAHBIMA HOPMaMH MOXHO KYJIbTUBUPO-
BaTh TOJBKO A0 14-X CyTOK pa3BUTHUS WIU 0 MEPBHIX
MPU3HAKOB Ha4yajia TracTPYJIsSILIUU, TO €CTh 40 00pa30-
BaHus TepBruHOiT moocku (ISSCR, 2006). B cBsa3u ¢
STUM B YCIIOBUSIX M Vitro BO3MOXHO HaOII0IaTh TOJIb-
KO MpPOoIeCC MMITIAHTALM, TIPEUMIUIAHTALIIOHHOE U
paHHee MOCTUMITIAHTALIMOHHOE Pa3BUTHE SMOpPHOHA
yenoBeka (Piliszek, Kwon, 2011; Bedzhov et al., 2014;
Bedzhov, Zernicka-Goetz, 2014; Deglincerti et al., 2016).

NCTOPUA PASBBUTUA METOJA
IMOAAEPKAHHUA SMBPMOHOB YEJIOBEKA
N MbILIN B KYJIBTYPE

IlepBast cucTeMa MOAEIUPOBAHUST UMITJIAHTAIIUN
9MOPUOHOB MJIEKOITUTAIONINX M Vifro OblIa OICaHa
B 1970-M 1. IxxeHKUHCOHOM 1 YuicoHoM (Jenkinson,
Wilson, 1970). DMOpHUOHBI KyJIbTUBUPOBAIM Ha CyO-
cTpare, COCTOsIIeM M3 (pparMeHTa XpycTajavKa Ijia3a
ObIKa. YUEHBIM yIaJIOCh JOOUTHCS MIPUKPETUICHUS M-
OpHOHa K MOJTOKKE U ITPOHAOJIIoAaTh Hayajao 00pas3o-
BaHUS 3apOJIbIIeBOro HManHApa. B aToii padoTe mmomn-
TBEPKIACTCSI BAXKHOCTb MTPUKPETJIEHUs 0J1aCTOLCThI
K cyOCTpaTy [Tl TPOAOJDKEHUST pa3BUTHSI M 0Opa3oBa-
HUS 3apOAbIIIeBOro LwiMHapa. B ¢BsI3u ¢ atMM M-
TUTAHTAUIO HAYaJIu U3y4YaTh OTEJIBHO.

JI1s1 UMIUTaHTAlIM SMOPUOHY HEOOXOIMMO OCBO-
0omuThcsa U3 Onectsieil odoyouku. Kak mpasuiio,
SMOPHOH caM CITOCOOEH clIeNaTh 3TO, HO IMPU KYJIbTH-
BUPOBAaHUM yHaJlcHUE OJecTIIeii 000JI0YKM aeiacT
OoJjiee BEpPOSITHBIM TIPUKPEIUIEHWE OJaCTOLUCTHI K
nomioxke (Khalifa et al., 1992; Piliszek, Kwon, 2011;
Bedzhov et al., 2014; Shahbazi et al., 2016; Deglincerti
etal., 2016).

st MomenmpoBaHUsS WMILIAHTALUM 3MOpUOHA
BaXKeH TUII cyocTpaTa. [1oBepXHOCTh JOKHA UMETh
MOAXOISIIYIO XeCTKOCTb, OBITh aAT€3MBHOMN U MO3-
BOJISITh Ka4eCTBEHHO BU3yaJM3UPOBATh MHPUKpPEI-
JIEHHBIN 3MOpnoH. B paboTax, IMOCBSIIIEHHBIX MO-
JIEeTVPOBAHNIO UMITJIAHTALIMU SMOPUOHA MBIIIU UC-
MOJb30BaJIu pa3IMYHbBIe TUMHI cyOCcTpaTa: IIacTUK
6e3 TOIMOIHUTEILHOTO TTOKPBLITUS, TaMUHWH, GHUb-
ponekTuH (Carson et al., 1988; Kauma, Matt, 1995),
a TakxXe KieTtouHble moaciou (Bouillon et al., 2016).
BrelT0 MOKa3aHO, YTO COKYJIHTUBHPOBAHHE 3MOPUO-
HOB C KyJIBTypOil KJIETOK SHIOMETPHUS TTOBBIIIACT Be-
POSITHOCTH 0Opa30BaHUsI GIACTOLIMCTHI U MMILIAHTA-
MM SMOPHOHA TI0CJIe TIepeHoca B MaTKy (Simoén et al.,
1999).

V3MAWUIOBA u np.

Jis1 IMIUIaHTAaUM U TOCJIEAYIOIIETO pa3BUTHSI
SMOpPHOHA MBI KYJIbTYpaJIbHasl cpefa JoJDKHA CO-
JIepXaTh CHIBOPOTKY KPOBU W TOPMOHBI: 3CTPOTEH U
nporectepoH (Hsu, 1973; Hsu, 1979; Ma et al., 2003).
DTH TOPMOHBI YYACTBYIOT B IIPOLIECCE UMITJIAHTALIN
in vivo, MOTYT OPOIJIUTH IIEPUO PELIEIITUBHOCTH JII0-
MUHAJIBHOTO 3IIUTEIINsI, OMHAKO UX BO3IeiicTBUE Ha
0J1aCTOLIMCTY TOKa He Mo KoHma sicHo (Ma et al.,
2003; Bedzhov et al., 2014; Shahbazi et al., 2016; De-
glincerti et al., 2016). TpyZHOCTH B ITOJyYEHUU CHIBO-
POTKH, a TAaKKe HEMOCTOSTHCTBO €€ COCTaBa M yrpo3a
BUPYCHOII KOHTAMWHAIIUU IIPUBEIN K HEOOXOIUMO-
CTU CHIDKEHUSI TOJIY CBIBOPOTKU B Cpeie UM 3aMEHBI
ee IpyrumMu (akTopamMu, HaIpuMep, ajJlbOyMUHOM
(Bentin-Ley et al., 2000; Tao et al., 2013; Morris et al.,
2012; Bedzhov et al., 2014; Roode et al., 2012). OnHa-
KO, OBLJIO MMOKAa3aHO, YTO MpU XpaHEHUM B Cpelax u
0OenKOBBIX JoOaBKax ¢ albOYMHHOM, M3-3a Aerpama-
UM aMWHOKMCJIOT, HaKaIIMBAaeTCsI aMMOHMIA, UTO
MOXKeT OBITh TyouTtenbHo st aMmopuoHoB (Kleijkers
et al., 2016).

B pa6orax Xcy (Hsu, 1973, 1974, 1979) BriepBbIc
MOKa3aHO TPeoa0JIeHNEe UMILIAHTAIIMOHHOTO 6apbe-
pa U IJIUTENIbHOE, B TeUeHUE 8-MH CYTOK ITOCJIE TO-
MEIIEeHUS 6JIACTOLUCT B KYJIBTYPY, pa3BUTUE SMOPU-
OHa in vitro. DMOPHOH MBIIITHU MTPUKPETIISIETCS K IO/~
JIOKKE M3 KoJUlareHa M pa3BUBaeTCs A0 CTaAUN CEMU
COMUTOB, UYTO COOTBETCTBYET MPAKTUUECKHU TTOJIOBU-
He 3MOpHoreHe3a MBI in vivo. Beulo mmokasaHo,
YTO TOCje 0O0pa30BaHUsI 3apOIBIIIEBOTO LIUIUHIPA
SMOPHUOHBI MOTYT Pa3BUBATBCSI U B HEMPUKPETUIEH-
HOM COCTOSTHUHU B TEUEHUE TPeX CYTOK. MeToa Kpat-
KOBPEMEHHOTO KYJILTUBUPOBAHUSI HE MPUKPETUIEH-
HOTO 3MOPUOHA MBI, U3BITOTO U3 MATKU B MTOCT-
UMITIAHTALIMOHHKII IIepro, ObUT pa3paboTaH B 1966 T.
n HocuT Has3BaHue Whole Embryo Culture (WEC)
(New, 1966).

B 1970 r. koiutekTnB aBTOpOB 13 KeMOpumKkckoro
yHuBepcutera, Pobepr DaBapac ¢ koiuteramu (Ed-
wards et al., 1971), BriepBble KyJIbTUBUPOBAIU M-
OpUOH 4YeoBeKa. ABTOPBI IIPOBEIN UCKYCCTBEHHOE
OIUIOJIOTBOPEHME SMILIEKIIETKU YEOBEKA Iin Vitro 1
KyJIbTUBUPOBAJIN SMOPHOH A0 16-TH KJIETOYHOI cTa-
nuu. OOQHAKO, MOJIeJIMpOBaHue Ipolecca UMIUIaHTAa-
LIM SMOPUOHA YeJIoBeKa ellle JOJITOe BpeMsI OCTaBa-
JIoch HepelmeHHoI nmpobaemoii. HaunHas ¢ 70-x 1.
XX B., HAUMHAETCSI aKTMBHOE Pa3BUTHE METOIOB KYJTb-
TUBUPOBAHUSI SMOPHUOHOB YeJIOBEKA W BCTIOMOTATEb-
HBIX PENPOAYKTUBHEIX TexHonoruii. biaarogapst yemy,
B 1978 romy pomwics mepBbiii peOSHOK, ITOIydeHHBIN
MPU TTOMOIIY SKTPAKOPIIOPATEHOTO OTUIOAOTBOPEHUS
(Steptoe, Edwards, 1978).

Yro kacaercs KYJIbTUBUPOBaHUA 3M6]DI/IOH3. q€i10-
BEKa B IIOCTUMILIAHTALIMOHHBIN Ieprona, To Ha TAHHBIA
MOMCHT €T0 IoAACP>KAHUEC B KYJIBTYPE ITOCJIC 14-tn Cy-

OHTOI'EHE3 Ne 5

TOM 51 2020



MOIEJIINPOBAHMNE PAHHEI'O PASBBUTHUA SMBPMOHOB MbIIITHN 325

TOK pa3BUTHUS WM ITOCIIe Hayaja oGpa3oBaHUS Tep-
BUYHOM TTOJIOCKH OTPAaHYEHO B OOJTBIIMHCTBE CTPaH
(Pera et al., 2015). B cBsI3u ¢ 3TUM KyJIBTUBUPOBAaHUE
5MOpHOHA YeJIOBeKa B IIOCTUMILIAHTAIIMOHHBIN TTepH-
Ol OTpaHWYMBACTCST IEPUOAOM, HAYMHAsI OT 8-X CYTOK
pa3BUTHs, KOTrma KYJIbTUBUPYEMBINI SMOPUOH TIpH-
KpEImiIcs K MOIEeJTbBHOMY cyGcTpaty, 10 14-X CyTOK.
MonenmpoBaHre WMITIAHTAIIMM Ha WCKYCCTBEHHBIM
CcyOCTpar U paHHee TTOCTUMILTAHTAIIMOHHOE pa3BUTHE
SMOpHOHA YeJIOBeKa i Vitro BIIEpBBIE OCYIIECTBHIIN
ToJIbKO B 2016 romy (Shahbazi et al., 2016; Deglincerti
et al., 2016).

BHEIIHWE MEXAHUYECKHUE CUTHAJIbI

Ha pasButue sMGpUoOHa in vivo BIUSIOT BHEIITHUE
MeXaHW4YECKHUE CUTHAJIBI, MOCTYIIAIOIIe OT MAaTePUH-
CKMX TKaHEM: XXeCTKOCTh CyOCTpaTa, HaJIudue M pas-
Mep BHEIIIHEM MOJIOCTU, OTPaHUYMBAIOILEH pa3BUTHE
sMb6puoHa. HekoTophie nccienoBaTeNM IoJIararoT, YTO
MeXaHUYEeCKNEe CUTHAJIbI SIBJISIOTCSI BAXKHENIIINMU pe-
TYJISTOPaMU B OTpeIeJIeHHBIE 3TAMbl PA3BUTUS SMOpU-
oHa (Kolahi et al., 2012; Hiramatsu et al., 2013). B opy-
IMX paboTax BBICKA3bIBAETCS IPEINOIOXKEHUE, UTO
pa3BUTHE SMOPUOHA MOJTHOCTBIO 3a1aHO BHYTPEHHHU -
MU CUTHaAJIaMU U (paKTopaMH, ITOJTydaeMbIMU U3 Cpe-
1wl (Bedzhov et al., 2015).

Bbel1o MokazaHoO, YTO MeXaHWYeCKHe CUTHAaJIbl
OIpPENeISIOT pa3BUTHE SMOPUOHA MBIIIM B MEPUOT
JI0 cTaauu O1acToluCcThl. B mpoBeaeHHOM mMcciaeno-
BaHUM YUYUTHIBAIMCH CJEAYyIOIINEe MapaMeTphl: Mpo-
LIEHT 9MOPMOHOB, TOCTUTIINX CTAAUU OJIACTOLIUCTHI,
KOJIMYECTBO KJIETOK B AMOpPUOHE, MPOLIEHT BbIXOAA
OjacTouucT U3 OJiecTsaueil 00ojiouku. BbeLio pac-
CMOTPEHO HM3MeHEeHHEe IapaMeTpoB B 3aBUCHUMOCTU
OT KECTKOCTU CYOCTpaTa K KOTOPOMY TMPUKPETUISLICS
SMOPHOH (KYJIBTYpaIbHBIN MJIACTUK WINA 0oJiee MsIT-
Kue, OJIU3KKUe MO TJIOTHOCTU K SMUTEINI0 MaTKU, Ha-
npuMep, KoJIJIareHOBBIM resib). [To BceM paccMoTpeH-
HBIM XapaKTepUCTUKaM 3MOPHOHBI JIydllle pa3BUBa-
JINCh Ha MSITKOM cyOcTparte. IHTepecHO, YTO YpOBEHb
SKCIPECCUM TEHOB, YYaCTBYIOIIUX B OTBETE HA Mexa-
Huveckue ctumyiabl (Cigf u Ankrdl) He oTnuyancs
MEXIy IByMSI TPYIIIIaMUu SMOPUOHOB, KYJIbTUBUPOBAB-
IIMXCSI Ha pa3HbIX MO TIOTHOCTU cybcTpatax (Kolahi
etal., 2012).

BbuTO BHIIBMHYTO TIPEATIONOXEHUE O BIMSHUN
BHEIITHUX MEXaHWYECKNX CUTHAJIOB Ha pa3BUTHE SM-
OproHa MBITITH B TIEPHOIT HEMTOCPEICTBEHHO TOCITE UM-
wrantauyn (E5-E5.5), a umMeHHO Ha yCTaHOBJICHUE
TepenHe-3amHeit ocu Tejla 3MOproHa. B pabote sMm-
OpHOHBI TTOMEIATN B MOIEILHYIO TTOJIOCTh, CO3MaH-
HYIO 13 TIOIMINMETHIICIITOKCaHa. Hanmmane BHelrHe it
TTOJIOCTH, OTPAHWIMBAIOIIEH pa3BUTHE SMOpPHIOHA ObI-
JIO HEOOXOmMWMBI T (POPMHUPOBAHUS HTUCTATHHOM
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BHICIIEPAJIBHOM 9HTOIEPMBI, YTO B CBOIO OUYEPEIb BaXK-
HO JIUTS YCTAaHOBJICHMSI TIepeIHe-3aaHe it OcH Tejla M-
6puoHa. B HopMe KJIeTKM AUCTAIBHON BUCIIepaTbHOM
SHTOACPMBI MUTPUPYIOT W JAOT HA4Yalo aHTepHalb-
HOM BUCIIEpaJIbHOI SHTOMEpPME, KOTOpasi OTBeJaeT 3a
ToAaBJIcHe aKTUBHOCTH ITOCTEPUABHBIX CUTHAb-
HbIx myteit (Wnt, Nodal) Ha rieperHeM KOHIIE SMOpHO-
Ha (Hiramatsu et al., 2013). DMOpHOHBI ITOMEIIAINCH B
MUKPOIIOJIOCTY, UMUTUPYIOLLIKE TTOJIOCTh XEJITOYHOTO
MeIIKa. BBI1o moKa3aHo, 4TO 3JIOHTAIMS 3apOIBIIIIe-
BOTO IIWJIMHIIPA U TTOSIBJIEHNE KIIETOK, SKCIIPECCUPYIO-
IIMX MapKepbl AUCTaJILHOM BUCLIEpaJIbHOI 3HTOAEP-
MBI, TIPOVICXOIVJIO JIMIITh B TeX SMOPHUOHAX, KOTOpPHIE
HaXOIWINCh B MUKPOITOJIOCTSIX, COOTBETCTBOBABIIICH
IO ITUPHWHE ITOJOCTU XKEJITOYHOro Meiika. Kpome
TOTO, JUIST TIPOXOSKACHMST 3THX MPOIIECCOB TAKKE Tpe-
60BaJIOCh, YTOOHI KECTKOCTh CTEHOK MUKPOTIOJIOCTH
COOTBETCTBOBAJIA KECTKOCTH TKAaHEW, OKPYKAIOIINX
SMOPHMOH TIPH Pa3BUTUH B MAaTEPHMHCKOM OpTaHU3ME.
KynmpTuBHpOBaHME B OTpaHUYEHHOM IPOCTPAHCTBE
TaKKe CITOCOOCTBYET pa3pyIlIeHUIo 6a3abHOI MeM-
OpaHBI MEXOY 3MHUOIACTOM W BHUCIIEpATBHOM 3HTO-
JIepMOI1 3a CYET HAaMOOJIBIIIETO HATIPSKEHUSI MeMOpa-
HBI KaK pa3 Ha OUCTaJIbHOM KOHIIe 3MOpuoHa. Pa3-
PBIB MEMOpPaHBI, B CBOIO OYepEIb, OTIPEACIISIET MECTO
BO3HUKHOBEHUS KJIETOK TUCTAIBHOM BUCIIepaIbHOM
sHToaepMEl (Hiramatsu et al., 2013).

B nanpHeiimem Obula OIyOIMKOBaHA Ipyrasi cTa-
Thbs1, aBTOPBI KOTOPO ITOKa3aJIM BO3MOXHOCTh 00pa-
30BaHUSI JUCTAJIbHOM BUCLIEPAJILHOI SHTOOEPMBI U
MPU OTCYTCTBMU BHEIIHUX (haKTOpoB. B 3T0ii pabote
WCITOIb30BAIIM JIMHUIO TPAHCTEHHBIX MBIIIEH, Y KOTO-
PBIX 3eJIeHBIN (hITyOpPECLIEHTHBIN 6eJIOK 3KCIPECCUPO-
BaJICs 1107, IIpoMoTopoM reHa Cerl, MapKepa JUCTaNIb-
HOI BHUCLIEpAJIBHOM 3HTOIEPMBI. DTa MOAUMUKALIAA
MO3BOJIMJIa HAOMIONATh 3a ITOSIBJIEHUEM U MUTpALUE
KJIETOK 3TOTO TUIA. bblIo moka3zaHo, 4To yIJIMHEHNE
3apOIbIIIEBOIO LIMJINHAPA U BOSHUKHOBEHUE AUCTANIb-
HOI BUCLIEPAJIbHOM 3HTOAEPMBI IIPOMCXOIUT U B OT-
CYTCTBUE KaKUX-JTNOO BHEIIHNX MEXaHUYECKUX CHUT-
HaJOB TpPU KYyJbTUBUPOBAaHUM B BHCSYEH Karie
(Bedzhov et al., 2015).

Pesynbrarsl coriacyroTcs ¢ TeM (akToM, 9TOo Tep-
BBI€ KJIETKH, SKCITPECCUPYIOITHEe MapKephl TUCTaTb-
HO# BHUCIEPaTLHOM 3HTONEPMBI, TIOSBIISIIOTCS eIle
Ha CTaauM OJIACTOILMCTHI, KOTHa 9MOPMOH HAXOTUTCS
B HEMNIPUKPEIUICHHOM COCTOSTHUY B TIOJIOCTH MAaTKH
(Morris et al., 2012). BmecTe 31 1aHHBIE YKa3bIBAIOT
Ha TO, YTO oOpa3oBaHNEe OVCTABHON BUCIIEpAITLHOMN
SHTONEPMBI W YCTAaHOBJICHWE TIepeaHe-3amHeil ocu
3apOIBIIIa — 3TO MPOIIECCHl B OOJBINEH CTETIeHN 3a-
MaHHBIE CAMOOPTaHM3alIMell SMOPHOHA U HE 3aBUCS -
IIHFE OT BHEIITHUX MeXaHNIeCKNX CUTHAJIOB. bemkon
¢ coaBtopamu (Bedzhov et al., 2015) npennaraior B
KayeCcTBe BO3MOXKHOTO OOBSICHEHUSI PACXOXICHUS B
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pesyabTaTax ¢ paboroit Xupamarcy (Hiramatsu et al.,
2013) pa3Hble yCI0BUS KyJIbTUBUPOBAHUS, a UMEHHO
COCTaB Cpelibl, U BBIABUTAIOT MPEAIOJOXEHUE, YTO
ONTUMAaJIbHO MOA0OPaHHbIE YCIOBUS TTOAAEPKUBAIOT
yCTaHOBJIEHUE TiepenHe-3aaHeili ocu 3MOpUOHa U B
OTCYTCTBHME BHEITHUX MEXaHUYECKUX CUTHAJIOB.

Bnusinne MexaHMYeCKUX CUTHAJIOB Ha pa3BUTHE
SMOpPHMOHA TTO3BOHOYHBIX MOAPOOHO M3y4anaoCh
JI.B. benoycoBsiM (Beloussov, 2015), koTophlit ak-
TUBHO pa3BUBAJI UICIO O TOM, YTO B OCHOBE MOpP(O-
reHe3a JiexkaT He TOJIbKO XUMUYECKHUE U MOJIEKYJISIp-
HbIe BHYTPEHHUE B3aUMOJCCTBUS, HO I MEXaHUYe-
ckue curHaibsl. UM OBLIO MOKa3aHo, YTO SMOPMOH
JIITYIIKU CIIOCOOEH TeHEepUpoBaTh MeXaHUYeCKUA
OTBET IJISI TIPOTUBOACICTBUS BHELIHUM Ae(hOpPMMU-
PYIOLIIUM BO3AEHCTBUSM (CXKaTUE WIN PACTSKEHUE)
(Beloussov et al., 2000). ITpu penakcaluu HaTsKe-
HUSI TKAaHW B 3apojbllle IIMOPLEBOM JIATYIIKM Ha
cTaguy 6JacTyJIbl Pa3BUTHUE MOJTHOCTHIO Je30praHu-
3yeTcs, a Ha CTaauM TacTPyJIbl TaKWE MAHUITYJISLIAN
BBI3BIBAIOT HapYILICHUE PAa3BUTUSI OCEBBIX CTPYKTYpP
(Ambrosi et al., 2017). DTo HamnpaBieHUE UCCIeI0Ba-
Huii JI.B. benoycoB HazBaa MOpHOMEXaHUKOM.

COOTBETCTBHUE KYJIbTHUBUPYEMBIX
OSMBPMOHOB HOPMAJIbBHOMY
BSMBPUOHAJIBHOMY PA3BUTUIO IN VIVO

st Toro 4To06hl U3y4aTh SMOPUOHATBHOE Pa3BU-
THEe HA MOJEJSX in Vitro BaXXHO OTBETUTH Ha BOIPOC:
COOTBETCTBYET JIM pPa3BUTHE 3MOPUOHA B KYJIbTYpe
TOMY, KaK OHO IIpoXonuT in vivo? Ilpobnema TyT 3a-
KJTIOYaeTCSd B TOM, UTO KYJIbTYpaJlbHbIE CUCTEMBI CO-
3[al0TCSI KaK pa3 IJjisl TOTO, YTOOBI AeTaJIbHO U3YYUTh
U MOHSTh caM MPOlleCC HOPMAJIBHOTO 3MOPUOHATb-
HOTO Pa3BUTHUSI, MHOTHE MOMEHTBI KOTOPOTO ITOKA He
SICHBL.

Mopdghoeenes in vitro u in vivo

Jlng sMOpmoHa MBIIIU in vitro OBIIO TTOKa3aHO
pa3BUTHE OT CTaAUU OJIACTOLMCTHI 10 CTaAUN 3apO-
JIBIIIEBOrO LIUIMHIAPA C IIPEOJOJICHUEM MMILIaHTA-
muoHHoro Oapwepa (Morris etal., 2012; Bedzhov
etal., 2014). Ilpu ¢opmMupoBaHNU 3apOMBIMIEBOTO
HUIMHApaA OJacTOLMCTa IIpeTeplieBaeT TpaHCcdop-
MaIlnio, COMPOBOXIAEMYI0 aKTMBHOMI IIpoaudepa-
muei kiaetok. TpodakrogepMa maeT Hadyaao 3KCTpa-
SMOPHUOHAJIBHOM 3KTOIEpPME, KOTOpasi BIOCIEACTBUN
o0pa3yeT SMOPHMOHAJIBHYIO YacCTh IUIALIEHTBL. DIH-
OJ1acT M 9KCTPasMOpHOHAIbHAS SKTOIepMa Ipoande-
PUPYIOT M OKa3bIBAIOTCSI OKPY>KEHHBIMHM BUCIEpaIb-
HOIA SHTOAEPMOI1 (IIPOM3BOIHAS IPUMUTUBHOMN 3HTO-
nepmbl) (Bedzhov et al., 2014). AHanu3 sKcIpeccun
MapKepoB MoKa3aja 00pa3oBaHNE BCEX OCHOBHBIX KJIe-
TOYHBIX TUIIOB, XapaKTePHBIX IS PAHHETO 3apOIbIIIIa

y 9MOpUOHa, MPOIIEAIIeT0 UMIUIAHTALIMIO B UCKYC-
CTBEHHO MOJENbHOU cucTeMe. DMOPUOH, pa3BU-
BaBILMIACS in Vitro, Ha CTalU¥ 3apOAbIILIEBOTO IUJIUH-
Jipa UMeeT Yallleoopa3Hblit SMMOIaCT, COCTOSIIIUI U3
MOJISIPU30BaHHBIX KJeToK. KiieTku anubiacTa moJjo-
JKUTEJbHBI 10 MapKepy MiopunoTeHTHocTH Octd u
UMEIOT HOPMaJIbHbIM MaTTePH 3KCIPECCUM alluKalb-
Horo MapKepa Par6. Okcnpeccust Eomes Mapkupyet
MocTepuaabHbIil 3MUOJACT, BUCUEPAIBHYIO 3HTO-
JlepMy U BHE3apoablleBylo akToaepMy. Kpome Toro,
y TIOJIyYEHHOTO B KYJIbTYpPE 3apOJbIIIeBOTO IAJINH-
Jipa HaOJII0IaeTCsl XapaKTepHOe pacipeneieH1ue 9KC-
npeccun Cdx2 u GATA4 — mapKepoB BHE3apOIbIIIIe-
BOI KTOJAEPMBbI U BUCLIEPATbHON BHTOAEPMbI COOT-
BETCTBEHHO. TakxKe ObLIO MOKa3aHO, YTO MPUMEPHO
yepe3 6.5 CyT T0CIe OTIOAOTBOPECHUS Y KYJIbTUBU-
pyeMoro sMOpHOHa MOXHO HaOJoAaTh 3KCIpec-
cuio Cerl, koTopast 0603Ha4aeT 0Opa3oBaHUE aHTEe-
puaJibHOI BUcliepaiibHO# a3HTOoAepMbI (Morris et al.,
2012; Bedzhov et al., 2014). HampoTusB Hee B COOT-
BETCTBUU C TEM, UTO MIPOUCXOAUT MTPU HOPMAJIbHOM
pa3BUTUU, OblIa JAeTeKTUpOBaHA 3KCIIpeccusi
Brachyury. I1pu BHeaApeHUM B KyJIbTUBUPYEMbI 3M-
OpHUOH 3MOPUOHATBHBIX CTBOJIOBBIX KJIETOK OHU UH-
TerpUpPYIOTCS B COCTaB AMubIacTa, Kak 3TO MPOUCX0-
INT B HOpMaJIbHOM 3MOpuoHe (Morris et al., 2012).

[Ipu oOpa3zoBaHMM MpeaMHUOTUYECKON ITOJIOCTHU
SMMOJIACT KaK in vitro Tak ¥ in vivo o0pa3yeT BOTHY-
TYIO CTPYKTYpY, IPUYEM JIeJIaeT 3TO He 3a CYET MeXa-
HM3Ma aronTo3a, Kak paHee I10J1arajoch, NUCXOms 13
JTaHHBIX, TTOJIYYCHHBIX IPU U3YYEHUUW Pa3BUTHUS dM-
6puoHanbHBIX Teael (Coucouvanis, Martin, 1995), a
3a CYET MOJSIPU3ALM W PEOPTAaHMU3ALINH KIIETOK ITO
BO3IECHCTBUEM CUTHAJIOB, IIEpeaaBacMbIX OT 0a3ajib-
HOI MeMOpaHBbI Yepe3 B-UHTErpuHOBBIE PEIIETITOPhI
(Bedzhov et al., 2014). bputo moka3zaHoO, YTO IIPe00-
pa3zoBaHUeE MM0JIaCTa MOXET IMPOUCXOIUTH IIPU I10-
JaBJIeHMM arronTo3a. KieTtku snubiacra, n3Havyaib-
HO OKPYIJIbIe, IOJISIPU3YIOTCS M 00pa3yioT PO3ETKY C
eINHBIM LICHTPOM, Tle 00pa3yeTcs IMIpoaMHUOTHYE-
cKasl II0JIOCTb.

IMocTMMIUTAaHTAIMOHHBI SMOPUOH MBIIIN JEMOH-
CTpUpYeT HOpMaJIbHOE pa3BuTHe B KyibType (Glanville-
Jones et al., 2013; Drakou, Georgiades, 2015). M3oau-
poBaHHBIIN Ha craguu ES5.5 sMOpnoH pa3BuBaeTCs 10
cramuu mo3nHei racTpymsimuu (E7.5). DMOpuOHEL,
KyJIBTUBUpYeMBIe ¢ MOMeHTa ES5.5, mponeMoHCcTpupo-
BaJIM 0Opa3oBaHUE YTOJIIIEHHON TUCTAIbHOI BUCILIE-
pPaJTbHOI SHTOIEPMBI, KCIIPECCUPYIOIIeil XapaKTep-
HbIit Mapkep Cerl, o6pa3oBaHNe IEPBUYHOI TTOJIOCKU
JIOTIOJTHUTEIbHO BepU(PUIIUPOBAHHOE pacHpeaeie-
HUEM 3KCIIPECCUU MAPKEPOB MEPBUYHOI MOJTOCKU U
Mme3onepmbl Brachyury m Mespl. Bce aMOpuoHHI,
KyJIbTUBUPYEMEBIe co cTanuu E5.5, mocTurim ractpy-
JIIIUAW, HO ¢ HEOONBIINM OTCTaBaHUEM OT SMOpUO-
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MOIEJIINPOBAHMNE PAHHEI'O PASBBUTHUA SMBPMOHOB MbIIITHN

HOB, pas3BuBaBinuxcs in vivo (Drakou, Georgiades,
2015).

B npyroii pabore (Kalaskar, Lauderdale, 2014) am-
OPUOHBI MBIIIN Pa3BUBAINCh B 0€CCHIBOPOTOYHOI
cpene HaunHag co ctamuu E10.5 B Tteyenue 16—18
nnn 38—40 9. [Tocse 3Toro 6BIIO MPONU3BENCHO CPaB-
HEHUE 110 pSAy MOP(OIOTUYECKUX MApaMETPOB C OM-
OpUoOHaMM, pa3BUBaBIIUMUCS B MaTKe. Cpeaud sM-
GPUOHOB, KOTOPbIE Pa3BUBAIMCH B KyJIbType 16—18 4,
58% GBIV CpaBHUMBI C HOPMAJIbHBIMU SMOPUOHAMHU
10 pa3Mepy, KOJIMYECTBY COMUTOB, pa3Mepy roJI0BbI,
pa3BUTHIO KaMep cepalia, pa3Mepy Mo3Tra 1 3a4aTKOB
KOHEYHOCTEH; Y HUX, TaKXKe KaK Y HOPMaJTbHBIX 9M-
OpPUOHOB, TPUCYTCTBOBAJI MUTMEHTHBIN SIUTEINI
cetuyaTku. PazBuTHe oTcTaBaso ot SMOPUOHOB ix Vivo
MPUMEpPHO Ha 4ac. B Toit rpymie aMOpUOHOB, KOTO-
pbie pa3BUBAINUCh B KYJIbType B TedeHue 38—40 4,
30—40% >MOGPUOHOB GBI CXOXH C KOHTPOJIEM IO
KJTIOYeBBIM MOpPGOJIOTUYECKM ITTapamMeTpaM U OT-
CTaBaJid OT Hero mpmuMepHo Ha 2—3 4. MHTEpecHO,
YTO MPU COKYIBTUBUPOBAHUN HECKOJBKUX dMOPUO-
HOB BMecTe B 45% ciydaeB BBIAEISIICS OMUH XOPOIIIO
Pa3BUTHIA SMOPHOH, CPABHUMBIIA ITO PAa3BUTHIO U pa3-
MepY ¢ KOHTPOJBHBIMUA SMOPHUOHAMU, a BCE OCTATbHbIE
orcraBaiu (Kalaskar, Lauderdale, 2014).

Bo3MoxXxHble TPUUMHBLI OTCTABAHWUSI B Pa3BUTUU
YacTU ®MOPUOHOB MOKHO OOBSICHUTH CyOONITUMAITh-
HBIMU YCIIOBUSIMU Y TUIIOKCHUEN, KOTOPBIM 3MOPUOH
MoaBeprajcs IpU IepeHoce U3 MaTKU B KYJIBTYpY.
Takzke 3TO MOXET OBITh PE3yJIBTATOM TTOBPEKICHUS
COCYIOB 3MOPUOHA WJIH 3KEJITOYHOTO MEIIKa TIpU Tie-
peHoce >MOpHUOHa (0TYACTH 00 3TOM CBUIETENLCTPY-
€T 4acToe HeJOPa3BUTHE KOHEUHOCTE y SMOPHMOHOB
MBIIIH B KYJILTYpE, UTO MOXET OBITH CBSI3aHO C HEJIO-
CTaTOYHOCTBHIO KpOBOCHaOXeHMs1). Takke sMOpro-
HBI, KOTOpHIe TToNafgaid B KyJIbTypy Ha OoJjiee Mo3/I-
Hux cragusax (E10.5), mydine mepeHOCUIN pa3BUTHE
in vitro, YeM 3MOPUOHBI Ha 0OoJiee PaHHUX CTaIUsX
(E10). OnuH 13 BBIBOJIOB, KOTOPBIIA MOXHO CIIEIaTh,
YTO YCJIOBUSI B KYJBType CYOONTHUMAJIbHBI U 4YeM
JIOJIbIIIe SMOPHOH HAXOAUTCS B KYJIbType, TeM GOb-
IlIe B €r0 pa3BUTUU OyoeT HAOIIOAAThCS Pa3IUUMiA ¢
Hopmoii (Kalaskar, Lauderdale, 2014).

st sMOpuroHa YejloBeKa ObLIO MOKa3aHO pa3BU-
THE in Vitro OT CTaaWN OJIACTOLMCTHI JO PaHHEHN ITOCT-
nMmIDtanTaumoHHoi ctamuu (Deglincerti et al., 2016;
Shahbazi et al., 2016). bblto TpoN3BEACHO ACTATBHOE
CpaBHEHNE Pa3BUTHUSI SMOPHUOHOB B KYJIbType C TEM,
YTO M3BECTHO O HOPMaJIbHOM Pa3BUTUM 3MOPHOHOB
in vivo. Ha 7—8 neHpb B KyJIbType OJIaCTOLUCTHI IIPU-
KPEIMJINCh K IJIACTUKY U YIUIOIIAJIMCH. 3aTeM IIpO-
ucxonuio pasneneHue Oct4+ snubiacra 1 GATA6+
raIro0JIacTa, 4YTo COTNIACYETCsS ¢ JaHHBIMU, IIOJIY-
YeHHBIMU 110 SMOpPHOHAM, pa3BUBaBIIAMC in vivo. [la-
Jlee B pabote npocienn passutue Octd—/ GATA6—/
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GATA3+/CK7+ mpomsBogHbix Tpodobimacta. C
BOCBMOTO JHSI TpodobjacT moapasaensieTcsl Ha IBe
nonyasuuu. Takke Kak v TPy Pa3BUTHUU i vivo, OTHA
U3 HUX COJAEPXKUT KJIETKU C OHUM SIIPOM (LIUTOTPO-
¢o0bracT), HaxoasIIIKrecs: BOJIM3U K 3IIU0JIACTY Y TUIIO-
OsacTy, B TO BpeMsl Kak BTOpasi COCTOMT U3 MHOTO-
SIIEPHBIX KJIIETOK (CMHLIMTUOTPOdO0O6IaCcT), pacIoa-
ralomuxcss Ha mnepudepuur, HUMERIIUX (GeHOTUI
HCGB+. Takke B mpUKpenMBIIEMCSI SMOPHOHE ObLIO
MoKa3aHoO 00pa3oBaHUE TPOAMHUOTUYECKOM MOJIOCTH,
MpOoXOoJsiiiee 3a CUeT MOJISIPU3aIMU KJIETOK 3Mu1biacTa,
a He aroriTo3a, YTo Corjacyercs ¢ pe3yjbTaTaMu, Mo-
JIydeHHBIMU Ha Mbllax. KiieTku npeanoaoXuTeabHO-
ro Oct4+/Nanog+ smmbiiacta 06pa3oBaiv IIOJIOCTh U
npuobpenu penorurr CD24+ (MapKep 3pejioro armo-
nacra). Jamee GATA6+ KileTKU TUIIO6JIacTa TAKXKe 00-
pazoBajii TMOJOCTb (TIPEATIONOXUTENIbHO TOJOCTh
XenroyHoro Mmemnka). Ha 10—11 meHb KyJIbTMBHPOBa-
HUsI 3MOpPUOH chopMUpOBaN NBYXCIOWHBINA AUCK:
npousonnio pasaeneHre Oct4+ KIIeTOK 3mmbaacTa Ha
JIBE TIOMYJISILIMY pa3idyarolmecs: mo ¢opme KIEToK,
MPETOI0XUTEIbHbBIE JUCK 3MUOJIacCTa U aMHUOTUYE-
cKkuit anutenuit. PsamoM ¢ rurno6i1acTom KJIeTKU UMer
¢dopMy LHIMIMHINYECKOTO STMUTENUS, a Ha TIPOTUBOIIO-
JIOSKHOM TIOJTIOCE PSIIOM € TpOo(poO1acTOM MMENH IIOC-
Ky dopmy (Deglincerti et al., 2016; Shahbazi et al.,
2016). IMonyuyeHHBIE TaHHBIE YKA3LIBAIOT HA TO, YTO
9MOPUOH YesioBeKa B KyJIbType NIeMOHCTPUPYET pa3-
BUTHE MEPBBIX TPEX KJIETOUHBIX TUMIOB, aMHUOTHUYE-
CKO11 MOJI0CTU, OJIOCTH KEJATOYHOTO MellIKa U 00pa-
30BaHUE JABYXCJIOWHOTO IMCKA, a TaKXe pasiesicHue
TpodobiaacTa Ha TUTOTPOPOOIACT U CUHLIUTUOTPO-
¢obact.

H3zmeHneHus 6 s3xcnpeccuu 2eHo6 u Mmemabdoauzme

YcnoBud in vitro BIASIIOT Ha TIPOMUITb 9KCTIPECCUN
reHoB aM0OpuoHa (Rinaudo, Schultz, 2004; Giritharan
et al., 2012; Mantikou et al., 2016; Mahdavinezhad
et al., 2019). I'eHbl ¢ U3BMEHEHHOI 3KCIIpecCUeii OT-
HOCSITCS K CAMBIM Pa3HBIM KJIETOYHBIM ITPOLIECCaM:
ounoreHe3 pubOCOM, CUHTE3 OeJIKa, alloTTO3, PEeTysi-
LIVSI KJIETOYHOTO LIMKJIa U TIpoJindepaui U CBSI3bI-
BaHUE ceJieHa, MeMOpaHHbIA TpaHcropT (Glut3,
Aquaporin8) (Rinaudo, Schultz, 2004), nuddepeH-
LIMPOBKA OCHOBHBIX JIMHUM KJIETOK U TOIIepKaHUe
mmopurioreHTHOCTU (Oct4, Nanog, Grb2, Gata6) n
uMItantauus (Mmp9) (Mahdavinezhad et al., 2019).
Taxke Bo MHOTMX pabOTax OTMEUEHO, YTO 3KCIIpec-
CHSI pa3/IMYHBIX TCHOB Pa3InyacTcs B 3aBUCUMOCTH OT
cpelbl, B KOTOPOM KyJIbTUBHUPpOBaau aMOopuoH (Rinau-
do, Schultz, 2004; Morbeck et al., 2014).

CpC]II/I pa60T, ITOCBAILICHHBIX M3MCHCHHNIO 3KC-
IIpeECCU rcHOB 3M6pI/IOHa B KYJIbTYypEC 0co00 oT™Meue-
HO M3MCHCHUE OKCIIPECCUN MMIIPMHTUPYCMBIX TI'C-
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HOB (Doherty et al., 2000; Khosla et al., 2001), koTo-
past ompenelsieTcsl ypoOBHEM METWJIMpOBaHMsA. bblTo
BBICKA3aHO MPENNOJIOXKEeHUEe, YTO M3MEHEHHE 3KC-
MIPeCCUr UMIIPUHTUPYEMBIX TeHOB CBSI3aHO C M3Me-
HEeWeM YPOBHSI METUJIUPOBaHUS TeHOMA, WHIYIIHPO-
BaHHOe (pakTopamu ceiBopoTkH (Khosla et al., 2001).
st 5MOpMOHOB, pPa3BUBABIIMXCS iK Vitro, TIOKa3aHO
MOHWXEHUE IKCcIpeccuu TeHoB: Igf2 v H19 v yBenu-
yeHue skcrpeccun reHa Grb 10 (Khosla et al., 2001).

Jlas1 >MOpMOHOB, Pa3BUBABIINXCS in Vitro, TIOKa-
3aHa CHUXKEHHAasl CITIOCOOHOCTh K MMILJIaHTALIMKU TPU
nepeHoce B MaTKy. OgHa M3 BO3MOXKHBIX HNPUYUH
3TOro — HapymeHue 1uddepeHITIPOBKU TPODIKTO-
JIepMbl. DTO TakKKe IOATBEPXKIAETCS TPU U3YYCHUU
npoduIs 3KCIPEeCCUM KIEeTOK ITIaleHThl. OH cylie-
CTBEHHO U3MEHEH y 3MOPHMOHOB, HAaXOMMBIIMXCS B
KyJbType B IIpeUMITJIaHTAlIMOHHEIN epuon (Fauque
et al., 2010). Insa pa3BuBaBIIErocs in vitro 5SMOprUOHa
OblIa TTOKa3aHa MOHMXeHHas skcrpeccust Cdx2, re-
Ha CBSI3aHHOTO ¢ IUMGEepeHIIMPOBKON TPODIKTO-
JIepMbl, U MOBbILIeHHAas1 3kcrpeccuu Oct4 u Nanog
(Mahdavinezhad et al., 2019). Cdx2 u Oct4 B3auMHO
WHTUOUPYIOT APYr Apyra, Tak YTO TOJYYEHHBIU pe-
3yJIbTAT BITOJIHE JiornyeH. Takske moka3zaHo, YTO Mpo-
GUIIM BKCIIPpEeCCUM IITMOIIacTa U TPOIKTOAESPMBI 3Ha-
YUTEJIbHO CUJIbHEE pa3jinyaroTcsl y SMOpHOHa in vivo,
yeM Iocjie KyJIbTUBUPOBaaHUs in Vitro, 4TO TIOATBEP-
KIaeT MpeaItoJoXeHne 0 HapylleHU! 1uddepeHI-
poBKHU Tpod3KTOAEePMHI B KyJIbType (Giritharan et al.,
2012).

BDddeKT, KOTOphIA OKa3bIBaeT Ha IIPODUIb dKC-
MPECCUU TEHOB YCJIOBUS KyJbTUBUPOBAHUS, B TPUH-
LIMTIe TTOKa3aH B O0JILIIOM KoJindyecTBe padbot. OnHa-
KO, Ha 3TO BIUSIOT TaKXe (DaKTOPhl, HE CBSI3aHHBIE C
YCI0BUSIMM in vitro. Tak, HarpuMep, BO3pacT MaTepu
BJIMSIET HA MPO(UIIb SKCIIPECCUN TeHOB 3MOPHOHA B
OoJbliieit Mepe (1Mo YMciy TeHOB ¢ U3BMEHEHHOI 9KC-
Ipeccueii), yeM coaepxkanue B Kyabrype (Mantikou
et al., 2016).

Mooeauposarnue umnianmayuu

Baxneiiimmm HadaabHBIM COOBITUEM B IIpPOLIECCE
UMILIAHTALMU KaK i1 vivo, TaK U in Vitro SIBISIETCS aK-
TUBaLM 61acTonucThl. I1om Bo3meiicTBEM CTepOuI -
HBIX TOPMOHOB KJIeTK! Tpododnacta nuddepeHITI-
pYIOTCSI 1 IproOpeTaeT MHBa3MBHBIE CBOMCTBA, a TaK-
Xe ceKpeTUpyeT (haKTOPhI, HAIIPUMEP XOPUOTPOITHBI
ropMoH 4estoBeka (XI'Y), ctumynupymoline armonTo3
JIIOMUHAJIBHOTO SITUTENS MaTKU 1 TG depeHIINPOB-
Ky KJIETOK CTPOMEI B IeLIMAYyaJIbHBIC KIIETKU (B CIy4ae
sMOpmnoHa Mbinn). [lociie akTuBamym OJ1acTOLMCTA
puUKperUsieTcs K cyocrpary (Bedzhov et al., 2014). B
HOpMe Tpo3KTOoaepMa aKTUBHO BHEIPSIETCS B CTEH-
Ky MaTK{, HO B MOJIEJIbHOM CHUCTEME 3TOrO He ITPOUC-

xXomuT. biacTorcTa He TIorpyskaeTcs B CyOCTpar, gaxke
€CJIM OH COCTOWT M3 MSTKOTO BEIeCTBa, HAIpUMep,
KOJIJIaTeHOBOTO TeJist. BeposiTHO, MHBa3ust SMOpHIOHA B
CTEHKY MaTKH — 3TO OOOIOMHBIN TTPOIecC, B KOTOPOM
5MOPHOH yJ9acTBYeT HapaBHE ¢ KIIETKaMU SHIOMETPHS
Matku (Ashary et al., 2018).

s MogeaupoBaHUSI COOBITHIA, MPOUCXOMSIINX
MIpU UMIUIAHTAUM, ObUIA IIpeaIoKeHbl 3D KyIbTy-
palibHble CUCTEMbI, B KOTOPBIX CyOCTpaT ST MPH-
KpeTUIeHUS TTOX0X Ha CTeHKY MaTKKi. OH COCTOUT U3
MATKoTO ckaddomma, HarmpuMep: GUOpMH-arapos-
HbI MaTpukc (Wang et al., 2012), meueuroimpoBaH-
HbI1 MaTpukc 3HOoMeTpus (Olalekan et al., 2017),
matpureib (Buck et al., 2015) u comepXuT KJIETKH,
BhIAeeHHBIe M3 3HOoMmeTpus (Bentin-Ley et al.,
2000; Wang et al., 2012).

B Takux 3D Mopesssx Bocco3naeTcsi CTpyKTypa 3H-
JTOMETPUST U MOJIEIMPYIOTCS €T0 OTBET HA TOPMOHBI U
B3auMoeiicTBhe ¢ 3MOpuoHaMu. bbulo TokasaHo,
YTO KJIETKHU B TaKUX CUCTEMAaxX SKCIIPECCUPYIOT pe-
LEeNTOPHI 3cTporeHa u rmporecrepoHa (Olalekan et al.,
2017) u npu o6paboOTKe TOpMOHAMU KJIETKM DHIIO-
METpUA YeJIoBEeKa MPOLYLIMPYET MapKephl JeUnaya-
mm3aunn npojiaktuH u IGFBP-1 (Olalekan et al.,
2017), 49TO TIOBBHIIIAET BEPOSITHOCTH IIPUKPEILICHUS
SMOpPHOHA WIK €T0 cypporaTa (HarpuMep, c(peporuIoB
U3 KIIETOK Tpodobiacra) K momioxke (Wang et al.,
2013). MonenbHBIN SHAOMETPUIT MBIIITN TSIy T3 -
pyeTcst B MecTe IpuKkperuieHus: amMoproHa (Ye et al.,
2012).

Hpyrast yacTo ncnonb3yeMas st U3yYeHUs M-
IUTAHTALIUA MOZEIb — 3TO COKYJIBTUBUPOBAHUE dM-
OproHa i chepongoB U3 KIETOK Tpodobiacta ¢
MOHOCJIOEM KJIETOK 3HIoMeTpus 6e3 ckadpdpomma. C
KCITOJIb30BaHWEM 3TOI MOIeNIN ObLIa OKA3aHa POb
CTPOMBI, KaK OMOCeHcOopa KaudecTBa SMOpPHOHOB
(Teklenburg et al., 2010; Brosens et al., 2014). ¥ gesno-
BEKa KJIETKU CTPOMBI 9HIOMETPHUSI ITO-Pa3HOMY OTBE-
YaloT Ha KOKYJbTUBUPOBAHUE C HOPMAJIbHBIMU 3M-
OpMoHaMM M ¢ 3SMOpMOHAMM HU3KOTO KadecTBa (3a-
MEPIIVNMU B Pa3BUTUM WU C BBICOKMM IPOLIEHTOM
¢parmenranum). KokyabTuBHpOBaHUE C SMOPHOHA-
MU MOXET TOBJUSATh Ha MUTPALNIO CTPOMBI, TIPO-
dmib ee aKcTIpeccnu WK cekpeunu. Cpena, KOHIV-
LIMOHUPOBAaHHAs SMOpPUOHAMM HHU3KOIO KauyecTsa,
BBI3BaJla CHIDKEHHME B KJIETKAX CTPOMBI YPOBHS 3KC-
npeccuu manepoHa SHC70, uro BEI3BaIO CTpecC 3H-
JIoruiazMaTudeckoro perukyiayma (Brosens et al.,
2014). B npyroii pabote 3MOprOH HU3KOI0o Ka4ecTBa
3HAYUTEJILHO MOBIUSUT Ha MPO(UIb CEeKpelnn Kile-
TOK CTPOMBI, IPOU3OIILIO TOHMKEHNE CEKPEeIIUU PsI-
nma uHtepiaekuaoB 1 HB-EGF (Teklenburg et al.,
2010). C npyroii cTOpOHBI, OBUIO ITOKA3aHO, YTO Cpeaa,
KOHIWIIMOHMNPOBAaHHASI SMOPHOHAMM HU3KOTO Kade-
CTBa HE BIMSIET HAa MUTPALIUIO Ay IAATU3UPOBAHHBIX
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KJIETOK CTPOMBI, a cpefia, KOHIUIIMOHUPOBaHHAST M-
OprMOHAMM BBICOKOTO KauyecTBa, IOBEIIIACT MUTpPa-
VIO ATy INATN3UPOBAHHBIX KIIETOK CTPOMBI, HO, KaK
HU CTpaHHO, TTOAABJISIET MUTPAIIAIO He Ty THaTi31-
poBaHHBIX Kj1eToK cTpoMbl (Berkhout et al., 2018). Ha
MIpOGWIIb SKCIIPECCHU W CEKPEIINU HeaeIINIyaTn31-
pPOBaHHOI CTPOMBI SMOPUOHBI HUKAaK He TTOBIUSIIN
(Teklenburg et al., 2010).

HMwmerolmecs pe3yibTaThl CIOXHO COIOCTABIISThH
JIPYyT C IPYTOM ITOTOMY YTO B Pa3HBIX paboTax mo-pas-
HOMY OIpeIesisieTCs] KaueCTBO 3MOpHOHA: KaK Mpo-
neHT ¢pparmenTaumu (Berkhout et al., 2018), wiu crio-
COOGHOCTh K MMILIAHTALIMU TIOCIe TIepeHoca B MaTKy.
OnHako, 3TH Pe3yJIbTaThl IPEANOoNaramT, YTO CTpoMa
WUTpaeT pojb GUOCEHCOpa, YYBCTBUTEILHOTO K Kaue-
CTBY UMITJIAHTUPYIOIIETOCS SMOPUOHA, a HE SIBIISIET-
CSl TTACCUBHBIM CYyOCTpaTOM TSI BHEAPEHUSI.

Br110 mokazaHo, 4To (haKTOpPHI, BbIIEISIEMBIC M-
OGPUOHOM, I TOPMOHBI TaKXKe BIIUSIIOT Ha PELECHTUB-
HOCTb KJIETOK BITUTENINST SHOoMeTpus. MHKyOamys B
cpene, KOHAULIMOHUPOBAaHHO SMOpPUOHAMU YeJIoBe-
Ka, YCIIEITHO MMITJIAHTAPOBABIIIMMMUCS TTOCIIEe IEPEHO-
ca B MaTKy, MOBHIIIIAET BEPOSITHOCTD TOTO, YTO K MU~
TEeJIMIO MPUKPEISITCS KiaeTKH Tpodobiacta (Cuman
etal., 2013). B pa6ore (Evans et al., 2019) nokasaHo,
YTO KJIETKU SIUTENNST SHIOMETPUSI Hanboee pelemn-
TUBHBI TIPU BO3IEUCTBUN TOPMOHOB, UMUTHPYIOIINX
TOPMOHAJTBHEIN (POH B peLIeNTUBHYIO (da3y MEHCTpY-
aJIbHOTO LIMKJIA. JJIST U3yuyeHUs] B3aMMHOTO BIIMSTHUST
5MOPHOHA U STTUTENINSI OblIa co3MaHa Moelib (Vergaro
et al., 2019), koTopasi MO3BOJISIET U3y4aTh U3MECHEHMUS
B TPAHCKPUIMLIMU OTAENIBHO CyOCTpaTa M MOJETbHOTO
SMOpHUOHA MOCJe TMPUKPEITICHUsI. ABTOPhI COKYIb-
TUBUPOBAIN KYIbTYpY KJIETOK PELENTUBHOTO U He-
pelenNTUBHOTO JTIOMWHAJIBHOTO 3MUTENNS CO chepo-
nnamu 13 Ki1etok JEG-3-GFP (reHetnmuecku Monu-
dumpoBaHHAasI JIMHUS KJIETOK XOPUOKAPIMHOMEBI
YyeJIoBeKa, BSKCIIpecCHUpyrollas 3eieHBI (ayopec-
LEHTHBIN O0e10K moxa mpomotopoM reHa PGK). ITo-
clie TIpUKperuieHus cheporuIoB BO3MOXKHO pas3aese-
ane GFP+ n GFP— ¢pakuumii n oTonenbHBIN aHaIN3
nx ipu oMoy Metona PHK cekBermpoBaHms.

Taxke Ha MoJIeJT KOKYJILTUBUPOBAHUSI SMOPUOHA
na cheponaoB N3 KIIETOK Tpodobdiracta ¢ MOHOCITIO-
€M KJIETOK ObLT M3y4eH HAYaJbHbBII 3TAal UMIUIaHTa-
U1 — TIPUKpeETieHe SMOpHOHA K JTIOMUHATBLHOMY
srmTeanio. MemOpaHHEbI 6e10k CD98 ObLT mpemio-
KEH, KaK OIVH 13 MapKepoB PelleNTUBHOCTU SITUTE-
st sugoMeTpust (Dominguez et al., 2010). TTuk skc-
npeccu CD98 B HopMe B 4€I0BEYECKOM SIUTEINN
MPUXOIUTCI HA OKHO MMIUIAHTALIUH, TTIpUYEM JT0Ka-
JIN30BaH OH CTPOTO Ha alMKaJbHOM MOBEPXHOCTU
KJIeTOK. [1OBBIIIEHHBIN ypoBeHb aKcnpeccun CDI98
3apMKCUPOBAH B TEX MECTaX, Ile K KYJIbType KJIETOK
MpUKpenuics sMopuoH. Kpome Toro, mpu MHAYK-
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muun 3xkcrapeccuu CD98 B kjieTKax HepelUeNTUBHOM
JIMHUU JTIOMUHAJIIBHOIO 3IIUTENIMS YeJIOBEKA IOBBI-
IIaeTCs MPOLIEHT MPUKPEIUICHUSI K 3TUM KJIeTKaM
6nacrouuct Mbiu (Dominguez et al., 2010).

B mpukperuieHnu 3MOpMOHA yJacCTBYIOT TaKKe
uHTerpuHbl. MHTErpuH B3 BaskeH ISt TPOXOKIACHUSI
nMiutantanuu (Kaneko et al., 2011), momaBieHue ero
9KCIPECCUU IIPU MOMOIIM MaJbIX MHTepdepupyro-
mux PHK B knerkax Mmmkasa (KIeTKM aJgeHOKap-
LIUHOMBI SHIOMETPUS UYeJIOBEKa) WHTUOUPYET MpU-
KperuieHre K HuM a3mopuoHa (Kaneko et al., 2011).
Mukybanyst 6J1aCTOLUUCT WX KIIETOK SHAOMETPUS C
omoxkupytommM IentuaoM RGD cHmkamo mpoiieHT
MPUKPETJIEHUST OJIACTOLIMCT K MOHOCJOI0 KJIETOK
(Kaneko et al., 2013). Dkcnpeccust uHTErprHa av33
MOBBIIIAeTCs B KieTKax MimKasa BOKpYT MecTa TpH-
KperuieHusI SMOPUOHOB (KaK YeJI0BeKa, TaK 1 MBIIIIN).
INonapneHne sKCIpeccun WHTErpruHa av3 B KieTKax
HMimkasa cHIKaeT cTaGMILHOCTD ITPUKPETUICHUS SM-
opuonoB (Kang et al., 2014).

Taxcxke OpITa TIOKazaHa poiib Mukpo-PHK mipm
nMiutantanuu (Kang et al., 2015). Y XXeHIIWH ¢ Hapy-
IIIEHHBIM MPOLIECCOM MMITIAHTALIUU U3MEHEH IIpO-
¢unp Mukpo-PHK, cexpernpyeMbix sHIOMETpHUEM,
B TOoM umcie miR-145. I1pu moBwIIIIEHNN SKCITPECCUN
miR-145 B KJIeTKax MOIJIOXKKHN CTAOMIHLHOCTH TIPH-
KperjieHUsT SMOpMOHOB mNoOHIXaeTcs. [lokasaHo,
yto miR-145 BnusieT Ha B3auMoeiiCcTBUE MHCYJIMHO-
nmomo6Horo ¢akTopa pocTa CO CBOUM PelenTOPOM,
YTO MOXET UTPaTh poOJib B IIPUKPEIUIEHUN SMOPUOHA
(Kang et al., 2015).

B Monensgx uMrmiaHTalMuy SMOpUOHA MBIILH in Vi-
tro n3ydanoch BIusIHUE curHajabHoro mytu FGF nHa
pa3BUTHE SMOPHOHA B TIEPUMMILIAHTALIMOHHBII TTIepy-
ol. B mpenMIUIaHTAlIMOHHOI OJIACTOLIMCTE KJIETKU
MUTPUPYIOT OT MOJISIPHOIM K MypaIbHOM TPOGhIKTOAEP-
Me. Mwurpanus 3aKaHYMBAaeTCSI MPU WMILIAHTALNU
6JIaCTOLVICTHI, TIOCTIE Yero TMosIpHast TpPoh3IKToAepMa
JIEJTATCS YW BBIMISTYMBAETCS B OOpaTHOM MUTpaLlU Ha-
MpaBJIeHNH, 00pas3yst SKCTPadMOPUOHATBHYIO 3KTO-
nepmy. Bo BpeMs 3Toro mpoliecca KIETKU OeISITCI U
MEHSTIOT MOP(MOJIOTHIO C TITIOCKOTO SIUTEINS Ha LIV~
JuHApmYecKuii. [Tocne MMIIaHTAlUM U IIpeKpaliie-
HUST MUTPAllMU B KJIETKAX YCTaHABIMBAETCS Tpaau-
eHT ypoBHs 3Kcmpeccunu Cdx2: BBICOKMIT YPOBEHB
akcnpeccun Cdx2 y KJIeTOK ITOJISIpHOI TpodhaKTOmep-
MBI 1 6oJiee HU3KHI Y KIIETOK MypPaIbHOM TPOGhIKTO-
JIepMbl. bblTo MOKa3aHo, YTO BO BpeMsl UMILTAHTALIUKA
MUTPALNS KJIETOK Tpoh3KTOAESPMBI ITpeKpalacTcs 3a
CYET TOTO, YTO MEXKAY MYpPaJIbHOI U MONSIPHO# Tpod-
SKTOIEPMOI 00pa3yeTcsl TKaHeBasl rpaHMIIa (TTpoyc-
XOJIUT HAKOIUIEHUSI aKTUHA U MUO3WHA, U3MEHSIOTCS
VIJIBI coeMMHUHEeHMs MexXny Kietkamu) (Christodou-
lou et al., 2019). Ha nmonpaszneneHne Tpoh3KTOAEPMBI
Ha CyOITOMyJISIIUM Y Ha COXpaHEHHE MYJBTUITOTCHT-
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Taomma 1. XapakTepUMCTUKU COBPEMEHHBIX MOJEIe MMILUIaHTAllU SMOpUOHA

IToka3aHbI MonenpHasg
Cucrema BKJIIO9aeT Cucrema
UMILTIaHTALMS cucreMa
IToxazana KJIETKU SITUTENNS |BKIIIOYAET KIIETKA
U paHHee TO3BOJISIET
UMIUIaHTALIIS MAaTKH WIN CTPOMBI MAaTKH
MOCTHUMILIAHTA- KauyeCTBEHHYIO
aHaJIOTU WA aHAJIOTU
LIMOHHOE pa3BUTUE BU3YaJIM3aLIUIO
Hsu, 1972, 1973, 1979 Ha Ha Her Her Her
Bedzhow et al., 2014;
Deglincerti et al., 2016; Ja Ja Her Her Jla
Shahbazi et al., 2016
Bentin-Ley et al., 2000 Ha Her Ha Ha Ja

HOCTHU (IIPU3HAKOM Yero sBisieTcst akcnpeccus Cdx2)
B IOJIIPHOM YaCTH BIUSIOT CUTHAJIBI OT 3MM0OIacTa, a
MUMeHHO curHaiabHBIN nyTh FGF. CurHanpHBIN TTYTH
FGF akTuBeH B noJisipHOM Tpod3IKTOAEPME BO BpeEMSI
nMIiantaiuu. Ecam ero mHrubmuposaTh, TO IIporna-
nmaeT akcrpeccuss Cdx2 B moasspHON Tpod3aKToIEp-
me. Muruouposanue aktuBHoct FGF npu momo-
mu SU5402 takke Beso K HapylleHUIO oOpa3oBa-
HMSI TpaHULBI MEXAY MYypaJlbHOM U MOJSIPHOMN
TpodaKTOAECPMOIi. DTO, B CBOIO OUepeab, IIPUBEIIO K
TOMY 4TO MOJIIpHAasI TpodaKToIepMa He oOpa3oBaia
9KCTPasMOPHNOHATBHYIO 3KTOIEpMY Y SMOPUOHATb-
HBI OIUJIMHApP HEe pa3BUBajics. ABTopaMu ObLIT cle-
JIaH BBIBOJI O TOM, UTO CUTHanbHBIH ITyTh FGF Heo0-
XOIMM JJIsI MopdoreHe3a MoJIIpHON TpodIKTOASP-
MBI U TIONJIepPXKaHUS MYJIbTUIIOTEHTHOCTU BO BpeMsI
uMmrtiantanuu (Christodoulou et al., 2019).

B paGorax, MoCBsIIeHHBIX U3YYeHUIO UMILJIaHTAa-
1I1H1, OBLIO TaKXKe IMTOKa3aHO paHHee MOCTUMILIaHTa-
LIMOHHOE pa3BUTHE MPUKPEIJICHHOTO 3MOpUOHA
(Bedzhov et al., 2014; Deglincerti et al., 2016). I1pu-
KpenjeHne 3MOpHOoHa K IIJIACTUKY OOYCIOBIMBAET
HEKOTOpbIe MOP(HhOJOTMYECKUE PA3IMUMSI MEXKITY M-
OpMOHaMM, IIPOXOAUBIIMMHA UMILJIAHTALIUIO i Vitro 1
in vivo. Ilpu uMmiIaHTalIMM SMOpUOHA B TaKOI CHCTe-
Me MBI TepsieM BO3MOXHOCTh IpOHA0II0IaTh yCTa-
HOBJIEHWE HOPMAJIbHOM CTPYKTYphbl NMapueTaIbHOM
DHTOJEPMBI, TaKXKe He oOpasyeTcss MeMOpaHbI Paii-
XepTa MexXny napueTaabHOM HTONEPMOI U TPOhIK-
tonepMmoii (Bedzhov et al., 2014).

Ha maHHBIIT MOMEHT He CYyIIeCTBYeT MOIEIH, B
KOTOpO#t OBIIM OBl ITOKa3aHBI OTHOBPEMEHHO 00a
Tporiecca: B3amMOAeHCTBIEe 3MOpHoOHa ¢ cybcTpa-
TOM, BKJTIOUAOIITUM B ce0sT KJIETKA MaTKU, TIOBTOPSI-
folliee MHOTHE aCITeKTHl HOPMAaJTbHOM MMIUTaHTAITHN
W paHHee TTOCTUMIUIAHTAIIMOHHOE pa3BUTHE TIPH-
KperuieHHOTo aMOpuoHa (tada. 1). Co3maHue Takoii
MOJIEJIN TTO3BOJIIIIO OBl M3yJaTh ITPOIIecC MMIUTAaHTa-
I ¥ paHHETO TTOCTUMITIAHTAIITMOHHOTO Pa3BUTHS B
KOMIUIEKCE.

Bpemennoii npeden Kyaomueuposanus SMOpUOHa

ITpn momomm metoma WEC Bo3MoOXXHO TToaaep-
JKaHWe pa3BUBAIOLIETOCS SMOPHUOHA MBI B KYJIbTY-
pe TOJNILKO IO CTaauM paHHero opraHoreHesa (Hsu,
1973, 1979). DTo MOXET OBbITh CBSI3aHO C HEBO3MOX-
HOCTBIO BEICTpanBaHUs SMOPHO-TIIalleHTApHOIM CBSI-
3u (Hsu, 1973; Tam, 1998).

KynpruBrpoBaHue 3MOpHOHa YeaoBeKa B TOCT-
WMIUTAaHTAllMOHHbIE CPOKM OTrpaHUYEHO MeEXXIyHa-
POIHBIMU HOPMaMMU 1 pa3pelieHo a0 14-x cyTok pas-
BUTHS. Pa3zBuTne aMOproOHa 4eaoBeKa in vitro ObLITO
Moka3zaHo 00 12-Tu cyToK pa3BuTHs. B onmmcaHHBIX
MOMAEJSIX Ha 3Tafne WMIUTaHTallui 3MOpPUOH TpHU-
KpeTuUIsieTCs K MIacTuKy. JlaHHast Moaesb TTO3BOJISIET
MPOBOAWTH KAYECTBEHHYIO BU3YyaJIM3alUI0 SMOpPHO-
Ha B paHHUI MOCTUMIUIAHTALIMOHHBIN TIepuoA TpU
WICTIOJIb30BaHUM B KaUeCTBE CyOCTpaTa IiacTUKa OIl-
TUYECKOT0 Ka4eCcTBa, HO He TTOIIeP>KUBAET HOPMaJThb-
HO€ pa3BUTHE A3MOpUOHA mociie 12-Th CyTOK pa3BU-
tus. (Deglincerti et al., 2016).

Takum 06pa3om, yCIIOBUSI, B KOTOPBIX COIEPXKUT-

cs1 DMOPUOH in Vitro, a TakKxKe BCE MaHMITYJISIIIAN C
HUM BJIMSIOT Ha €r0 pa3BUTHE Ha Pa3HBIX YPOBHSIX
(Rinaudo, Schultz, 2004; Giritharan et al., 2012;
Mantikou et al., 2016; Mahdavinezhad et al., 2019).
Ha 6onee paHHMX cTanusx 3To BIMSHHUE 0oJiee CyIe-
CTBEHHO, Y pa3jinuMe YCIOBUM in Vitro v in vivo 4acTo
MNPUBOOIUT K TuOenmm 5MOpuoHa, (parMeHTallnu,
OCTaHOBKE pa3BUTUA. B KyJIbTypalabHBIX YCIIOBMSIX
XyXe mpoxoguT auddepeHIpoBKa TPpOoMIKTOmEp-
MBI, YTO MOXET IIPUBOAUTH K HAPYIICHUIO MMILIAH-
TallMM WJIM HApyIIeHUIO Pa3sBUTUS IUIALEHTHI IPU
nepeHoce aMopuoHa B Matky (Giritharan et al., 2012;
Mahdavinezhad et al., 2019). Ha 6onee nmo3mHux cra-
IVSIX Pa3BUTHSI BIUSTHUE YCIIOBUU in vitro Ha SMOpU-
OH He TaK 04eBUIHO. B KyibType sSMOpMOH MBIIIH B
MOCTUMIUIAHTALIMOHHEBIE CPOKU 00paszyeT Mopgo-
JIOTUYECKN HOPMAaIbHBIA 3apONBIIICBHIN LIVIXHIP
(Bedzhov et al., 2014), npoxonut ractpyisiuuto (Glan-
ville-Jones et al., 2013; Drakou, Georgiades, 2015).
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Pa3BuTne mpoxXomuT ¢ HEOONBIINM OTCTABaHWEM OT
pasButus in vivo (Kalaskar, Lauderdale, 2014). Boine-
JICHWEe OCHOBHBIX KJICTOYHBIX THIIOB W IIPOCTpaH-
CTBEHHBIH MTAaTTepH SKCIPECCHN MapKepPOB BO BpeMsl
STHX TIPOIIECCOB COBITAACT C TEM, YTO HaGIIOTaeTCsI
y SMOpPHOHOB, pa3BuBaBLIUXCs in vivo (Bedzhov et al.,
2014).

OnHako BJIMSIHUE YCJIOBUI in Vitro Ha pa3BUTUE
9MOpPHUOHA JOBOJILHO CYIIIECTBEHHO. bblio mokasa-
HO, UTO TIpU KYJIbTUBUPOBAHUU 1aXKe B TeUYEHUE KO-
POTKOTO BpEMEHM y 3MOpHUOHA HapyllaeTcsl SIUTe-
HeTUYecKasi peryjsinusi U MeHsieTCsl Mpoduib IKC-
Mpecuy TEeHOB, B TOM YHCJIE€ WMIPUHTUPYEMBIX
(Doherty et al., 2000; Khosla et al., 2001; Rinaudo,
Schultz, 2004; Giritharan et al., 2012; Mantikou et al.,
2016; Mahdavinezhad et al., 2019). U3MeHeHus B
nmpoduie 3KCIpPeccur TeHOB — 3TO OHA U3 BO3MOX-
HBIX MPUYUH OCOOEHHOCTEl (hU3MUECKUX XapaKTe-
pUCTUK (BeC, TeCTbl Ha KOTHUTUBHbIE HABBIKU, 00-
1iee pa3BUTHE), HAOMIOAAEMBIX Y XKMBOTHBIX U YeJO-
BeKa, HaXOAMBIIMXCSI B KyJbType Ha CTaauu
sMOpHroHa (17151 yesioBeKa — I1ocie rmpoiueaypbl DKO)
(Ecker et al., 2004; Watkins et al., 2007; Bouillon
et al., 2016). OmHaKO Ha TaHHBII MOMEHT 3TH pa3jin-
YUl ellle OTHOCUTEbHO TIJIOXO OMUCAaHbI U TPeOyIOT
JaJIbHEHIIIeTo cepbe3HOTo n3yuyeHusi. Bo MHOrom Ta-
KHE MCCeA0BaHMs 3aTpyAHEeHbI (OCOOEHHO IS Ue-
JIOBeKa), TaK KaK Ha pa3BUTHE SMOpPHMOHA BIUSIIOT
JIpyTUE TPYIAHO OTCJeXBaeMble IepeMeHHbIe, TaK1e
KaK BO3pacT MaTepu, COCTOSIHHE e€ 310POBbsI, IPO-
LIeAYypbI, IPUMEHSsIEMbIe IS UHAYKIIAY TUTIEPOBYJIS -
uu. EcTh yKazaHus Ha TO, YTO BapuabeJIbHOCTb, Bbl-
3bIBaeMasl B pa3BUTUU SMOpUOHA STUMU TPUUMHAMU
COMmocTaBUMa C TeM BJIMUSTHUEM, KOTOPOE OKa3bIBaeT
Ha 3MOpMoH mopaepxaHue in vitro (Gardner, 2005;
Mantikou et al., 2016)

Metonbl KyTbTUBAPOBAHUSI SMOPUOHA pa3BUBa-
I0TC4 B CTOPOHY CO3IAHUY in Vifro YCIOBUA, MaKCU-
MaJTbHO aHAJIOTUYHBIX YCIOBUSIM N Vivo, 4TO TIO3BO-
JINT HAOTIOIaTh SMOPUOTEHES (KUBOTHBIX HA TIPOTSIKE-
HUU BCETO CPOKA SMOPUOHATHLHOTO PA3BUTHS, 4 TAKXKE
VIIYYIIUT BCIOMOTATeNIbHbIE PEMPONYKTUBHBIEC TEXHO-
JIOTWUW.

COBPEMEHHBLIE HAITPABJIEHUWA
PA3BUTHUA METOJOB MOAEJIMPOBAHWA
NNEPUNMITNIAHTALIMOHHOI'O
OMBPUOTEHE3A MJIEKOITMUTAIOIIINX

COBDCMCHHOG HaIrrpaBJI€CHHUEC UCCIeJOBAHUN B
3TO 00JIaCTHU BKIIIOYAET B CE0S1 IIOMUMO MOHCHCﬁ,
TIO3BOJIAIOIIUNX MTOAOCPXKMNBATh pa3BUTHUEC B KYJIbTYpPEC
3M6pI/IOHOB MBI NJIN 9€JT0BCKa, TAKXEC CUCTEMbI
I KYJIbTUBUPOBAHUA 3M6DI/IOHOZ[O6HLIX CTPYK-
TYp, CO3AaHHbIX C NCITOJIb30BAHUEM ITIJTIOPUITIOTECHT-
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HbIX 3MOPUOHAJBbHBIX KJIETOK WJIM KJIETOK C UHAY-
UPOBAaHHON IUTIOPUIIOTEeHTHOCThIO (Shao et al.,
2017; Rivron et al., 2018). B HekoTOpBIX paboTax Ta-
KMe KOHCTPYKThI TAK>Ke BKJTIOYAIOT B Ce051 CTBOJIOBbIE
kireTku Tpodobaacta (Harrison et al., 2018) u cTBO-
JIOBbIE KJIETKU 3KCTPadMOPUOHAILHON SHTOAEPMBbI
(Sozen et al., 2018; Zhang et al., 2019). Takue mo-
JIeJIbHbIE OOBEKTHI (3MOPHOUIBI) CXOXHU C SMOPUOHA-
MU B TMEpPUUMIUIAHTAIIMOHHBIE CPOKU M 00JaaaroT
OTpeJieJIEeHHBIMU CITOCOOHOCTSIMM K caMOOpraHMu3a-
LIMU U Pa3BUTHIO.

IMpenMyiiecTBa MOZAEICH TAKOTO TUIA CBI3aHbI C
TeM, YTO OHU SIBJISIIOTCSI GoJjiee IJIACTUYHBIMU KIIe-
TOYHBIMU KOHCTPYKTAMU, YeM SMOPUOH; SMOPUONIBI
MOXHO CO3[aBaTh C Pa3IMYHBIMU 3aJaHHLIMU CBOM-
CTBaMHM, HEOOXOIUMBIMU [IJIs1 KOHKpeTHOM 3amaun. K
MHWHYCAM MOXHO OTHECTU OTPaHWYEHUSI B CITOCOOHO-
CTHU K TIOJTHOLIEHHOMY pa3BuTuio. Kpome Toro, mpen-
0JIarajaoch, YTO UX UCITOIb30BAHIE HE COMPSIKEHO C
STUYECKUMU TPYyOHOCTIMU. OOHAKO CO3JAaHUE M-
GPUONOIOOHBIX KJIETOYHBIX OPraHOWIOB, OOJamalo-
IINX HEKOTOPBLIMU CBOMCTBAMU 3MOpPUOHA YeIOBeKa
Ha paHHUX NOCTUMILIAHTALIMOHHBIX CTAIMSIX Pa3BU-
THSI, 9TO yKe OBIIIO TIOKAa3aHO B HEKOTOPBIX paboTax
(Simunovic et al., 2018; Zheng et al., 2019), BeI3bIBacT
BOITPOCHI O TOM, HACKOJIBKO 3T DKCIIEPUMEHTHI 3TH-
yecKkM moItycTuMbl (Aach et al., 2017; Munsie et al.,
2017). MeTtonbl co3maHUsSI 3MOPUOUIOB IIOSIBUINCH
OTHOCHUTEILHO HENABHO M CO3JaHUE ITOJHOCTBIO
GYHKIIMOHAILHOTO SMOPMOHA, KaK YeJoBeKa, TaK U
MBIIIY M Vitro, U pa3BUTHE UX NOJIbIIIE PAHHUX MOCT-
MMILTAHTALIMOHHBIX CTAANI TEXHOJIOTUIECKH €Ile He-
BO3MOXHO. OTHAKO YK€ TTOSIBUINCH MEXIYHAPOIHEIE
JIOKYMEHTBI, pemIaMEHTUPYIOIIE HAYYHYIO PaboTy C
SMOPUOMOJOOHBIMU  KJIETOUHBIMU ~ KOHCTPYKTAMMU.
MexnyHapogHoe OOILECTBO MCCIEIOBAHUS CTBOJIO-
BBIX KJIETOK BBITyCTHIO pyKoBoacTBo (ISSCR, 2016),
B KOTOPOM YKa3aHO, YTO TaKHe MCCIEAOBaHUS JOJIK-
HBI OBITh 3aMPEIEHBI, €CJTH OHU HAPYIIAIOT IIPABUIIO O
3aTlpeTe KYJIbTUBUPOBAHWSI 3MOPUOHOB 4YeIOBEKa
nponblire 14-tu cyrok (ISSCR, 2006).

DOMOPHUOTIOTOOHBIE CAMOOPIaHMU3YIOIINECST CHUCTE-
Mbl MOXHO MOIpa3feNuTh Ha 2D KoJIOHUM, TeMOH-
CTpUpPYIOIIYE MUKPOIATTepHBI AnuddepeHIMPOBKU 1
SMOPUOUIBI, BOCITPOU3BOISIINE HEKOTOPhIE SIIEMEH-
THI pa3BuTHd B 3D TIpocTpaHCTBE.

KiteTouHble KOHCTPYKTHI CIIOCOOHBI K BOCCO31a-
HUIO MHOXECTBA IMPOLIECCOB, MPOXOASIINX B HOPME B
paHHeM sMmb6puoreHe3e. C MCMOJIb30BaHUEM 3TOTO
MeToja OblIa TpoAeMOHCTPUPOBaHA caMOoCcOoOpKa 13
SMOPUOHAILHBIX CTBOJIOBBIX KJIETOK U CTBOJIOBBIX
KJIETOK TpodobiracTa MOJISIPU30BAaHHON OJIaCTOIIN -
CTOTIOOOHO CTPYKTYPHI, 006/1a1aI01Iei TTOJIOCTHIO,
cxoxkeit ¢ 6imacronenplo. KieTky BHYTpU TaKoii MoO-
eI caMOOPraHU3yIoTcd U auddepeHITUNPYIOTCS,
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HampuMep, TPOUCXOIUT pasfesieHue TMOIyIsSInuu
MOJEIbHOI “BHYTpeHHE!l KJIETOYHOM Macchl” Ha
JIBE TIOIYJISILIMU, TOXOXHE MO B3aUMHOMY PacIioyio-
JKEHUIO U MaTTepPHY 9KCIPECCUU MapKepoB Ha 3MU-
61act 1 Ha runo6aact (Kime et al., 2019; Vrij et al.,
2019). Takke MCIIOIb30BaHKUE OJIACTOMOAOB 00JIerya-
€T U3yuYeHUEe CUTHAJIbHBIX MyTeil U UX BIAUSHUS Ha
sMbOpuoreHe3. Tak, Hanpumep, B padore PuBpoHa
(Rivron et al., 2018) ¢ npuMeHEHUEM 3TOrO MeToda
ObUTa U3y4yeHa posib curHaabHoro iyt TGF[ B pas-
BUTUM Ha CTaAuM OJIACTOLIMCTBI. ABTOPBI MOKa3aiu,
YTO TIOMYJSILIUS KJIETOK MOAEIbHOW BHYTpPEHHEM
KJIeTOYHOI Macchl mpoayuupyeT BMP4 u Nodal u
aKTUBMpYeT curHanbHbIi myTh TGFP B Ki1eTKax Tpo-
¢daKTONEPMBI, UTO BIMSIET HA 0Opa3oBaHue U pa3Mep
MOJIOCTU O61acTouMCThI. Takke ObLIO ITOKa3aHO, YTO
onHa us muuteHeii BMP4 u Nodal — 6Geinok KIf6,
Y4acTBYIOIIUH B aMUTENNATbHOM MOp(doreHese Tpo-
dakromepMmsl (Rivron et al., 2018).

Takue CTpyKTypBl CIIOCOOHBI MMHUTHPOBATh KakK
B3aMMOICHCTBIS KIETOK MEXIy COOOIt, TaK M BIIHSI-
HUE TTPENUMITUIAHTAIIMOHHBIX SMOPHOHOB Ha OKpYysKa-
foIlle TKaHW MaTEepUHCKOTO opraHm3Ma (WM Ha
aHaJIOTMYHBIE KJIETKM in vitro). Chepounpbl, comep-
Kale KIeTKH Tpodobiaacta, B3aUMOIEHCTBYIOT C
KJIETKaMM 3TIUTETUST MAaTKH!, TIOBTOPSIST UMIUTAHTAIT -
onbele B3amMmoneictBusa (Turco et al., 2018). Taxke
IUIST 6JTACTOIMCTOIIOMOOHON KJIETOUYHOM CTPYKTYPBI
ObLTa TTOKa3aHa CIIOCOOHOCTh MHIAYIIMPOBAThH eI~
nyamusanuio y meimreii (Kime et al., 2019; Li et al.,
2019; Zhang et al., 2019).

ITomuMo Mogmeneil TpeUIIaHTALMOHHBIX BM-
GPHOHOB OBUIN CO3MaHbl KOHCTPYKTHI, UMUTUPYIO-
IIMe CTPYKTYPY U Pas3sBUTHUE MOCTUMILIAHTALIMOH-
HBIX ®MOpuoHOB. Takue Momenn ITeMOHCTPUPYIOT
SJIOHTAIINIO, IIOMEHOTEeHE3, TaCTPYJISLUOIIOT00HbIE
MPOLIECCHI, XapaKTepHOe IJIS OIpeAceHHBIX 3Ta-
OB pa3BUTUSI HapYIIEHUE CUMMETPUU B OTCYT-
CTBUU BHEITHUX CUTHAJIOB, BbIIEJICHUE MOIYISIINU
KJIETOK, aHaJOrOB MEPBUYHBIX ITOJIOBBIX KJIECTOK U
JIpyryue 4epThl HOPMAaJbHOTO MOCTUMILIAHTAIIMOH-
Horo mopdorenesa (Brink Van Den et al., 2014;
Shao et al., 2017; Sozen et al., 2018; Beccari et al.,
2018; Zheng et al., 2019; Zhang et al., 2019). I1pu mo-
JIeIMPOBAaHUM TACTPYJISILIMA Ha KJIETOYHOM KOH-
CTPYKTe OB MTOKAa3aH 3MUTEIMO-MEe3eHXUMHBIN TT1e-
pexon U MUTpalusl KIETOK MOIECIbHOIO SIHMOJIAcTa,
YTO IIPOUCXOOUT U in vivo (Sozen et al., 2018). B omHoit
13 paboT y racTpyJIOUIOB IIPOCTPAHCTBEHHO-BPEMEH-
HO1 MaTTepH 3KCIPECCUN MapKepOB COOTBETCTBOBAI
¢$bOpMUPOBAHMIO 3a4ATKOB HEPBHOM TPYOKH M KHMIIIEY-
HO# 3HTOAEPMEI (XOTS MOP(MOJIOTMYECKHN 3TU CTPYK-
Typhl He (popmupoBanuchk) (Beccari et al., 2018). Tak-
XK€ C WCHOJb30BAHUEM KIIETOYHBIX KOHCTPYKTOB
OBLIIO TIOJIyYeHO KOCBEHHOE TMOATBEPXKACHUE TOTO,

YTO B 9MOpHOTeHe3e yesloBeKa, TaKKe KaK U MbIIIIHU,
aMHUOTHUYECKAas 9KTOoJAepMa SIBJISICTCS LIEHTPOM XU-
MUUYECKOW WHIAYKIIMM W y4yacTBYeT B 3alycKe ra-
CTPYJSILIMU. Y MbllIei TacTpyasiius 3amyckaeTcs
MPpY MOMOIIM CUTHAJIOB, MOCTYIAIOIINX OT 9KCTpa-
9MOpUOHAILHOI 3KToAepMbl. OTHAKO aHAaJIOT 3KC-
TpadMOPUOHAJILHOI 3KTOJAEPMBbI Y UejJoBeKa OTIe-
JIeH OT anubjiacta aMHUOTUYECKOU 3KTonepmoii. B
CO3JTaHHOM B paboTe 3MOPUOMONOOHOM KIIETOUHOM
KOHTpPYKTe IIpu Bo3aeiictBun BMP4 Brimensumich
VIUJIOIIEHHbIE KJIETKU — aHAJIOTM aMHUOTUYECKOM 9K-
ToaepMbl. [Ipu COKYIbTUBUPOBAHUM 3TUX KJIETOK C
SMOPUOHAILHBIMUA CTBOJIOBBIMU KJIETKaAMM, TTOCTEN-
HUe npuoOpeTaloT (EeHOTUIT KIIETOK 3aJHero Kpas
NepBUYHOM NOJI0CKU. B mEAYKIIMK Takoi nuddepeH-
LIMPOBKU YYaCTBYeT CUTHAJIbHBINA MyTh Wnt — TIpu
nobapneHuu B cpeny IWP2, uHrnouropa curHaabHO-
ro mytu Wnt, ormmcaHHoro 3¢ ¢gekra He HabIomaeTcs
(Zheng et al., 2019).

HenasHo mTosiBUBIIIeeCsT HaITpaBJIeHNE B PAa3BUTHI
5TOTO MEeTOHa, 3aKJTI0YaeTcsl B TOM, YTOOBI KOHCTPY-
WPOBaTh SMOPHOMIBI M3 TOTUITOTEHTHBIX (XapaKTep-
HBIX IJIST KJIETOK SMOpHOHA 10 8-MU KIIETOTHOM CcTa-
INW Pa3BUTHUSI) KyIbTyp KJIETOK. Takum oOpazoMm,
KJIETOYHBIE KOHCTPYKTHI, BHaYaJIe COCTOSIINE N3 He-
OPTraHW30BaHHOTO arioMepaTa KJIETOK OTHOTO THTIA,
WK JaXKe OTHOM eTMHCTBEHHOM KIIETKH, CaMH OyIyT
pa3BuBaThCcs U MU depeHITUMPOBATECS B TPH TIep-
BUYHBEIe dMOpuUoHanbHble TKaHu (Li et al., 2019).
CreHepHUpoBaHHBIE IO TAKOW METOOWKE 0JIacTOMIBI
00JT1amafoT MHOXKECTBOM CXOJICTB C OJTACTOIIMCTOM 10
KJIETOYHBIM MeXaHu3MaM (OpMHUPOBaHUSA, MOPDO-
JIOTUX M TIPOCTPAHCTBEHHO-BPEMEHHOMY TMaTTepHY
BKcIpeccu MapKepoB. OHM CITOCOOHBI K MMIUTAHTa-
I B MaTKy MBIIIH 1 BBI3BIBAIOT IEITMAYaTN3aIINIO,
OIHAKO He HEMOHCTPUPYIOT YepPTHl MO3THETO TOCT-
WMILUTAHTAIIMOHHOTO Pa3BUTHS, CO BpeMEHEM Iere-
Hepupys B MaTKe. Takke 61aCTOMIBI TTOKA3aIn CIIO-
COOHOCTB K Pa3BUTHIO in Vitro ¢ 00pa3oBaHWEM aHa-
Jiora aM6puoHoB Ha ctanuu E5.5 (Li et al., 2019).

Takum oOpa3oM, caMOOPraHMU3YIOIIIECS IMOPHUO-
MOJO0OHBIE KJIETOUHbIE KOHCTPYKTHI SIBISIIOTCSI HOBBIM
MOIIIHBIM MHCTPYMEHTOM TSI U3YUYEeHUS] pAHHETO 3M-
G6puoreHe3a miieKonurarolmx. Ceifuac 3To HarpasJie-
HUE aKTMBHO Pa3BUBAETCS, O YeM MOXKHO CYIUTh IO
pOCTy KOIWYeCTBa ITyOIuKanuii mo 31oit Teme. OgHO
W3 CaMbIX OOJIBIINX TPEUMYIIECTB TAKOTO TOAX0Ia B
SKCIIEPUMEHTAIIEHON 3MOPHOJIOTUU — 3TO TO, UYTO MPU
MOMOIIY MOAOOpa MCITOJB3yeMBIX THUIIOB KJIETOK W
Habopa OMOJIOTMYEeCKN AaKTUBHBIX CTUMYJIOB TTOSIBU-
JTach OecripeliefeHTHasE BO3MOXHOCTb TeHEPUPOBATh
KJIETOYHBIE SMOPHUOIIOJOOHEIE CTPYKTYPHI, KAK KOH-
CTPYKTOD, CO3IaBast MOJEJb C 3aJaHHBIMU CBOIICTBA-
MU, ONTUMAJIBHYIO TSI U3yUEeHMUST 3aITUIAaHMPOBAHHOM
CTaIuU U TIpoliecca dmM6puoreHesa. Ha manHbIT Mo-
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MEHT CTAHOBUTCS SICHO, UTO pa3BUTHE MOTOOHBIX Me-
TOHOB TUTAHOMEPHO MHPUOIMKAeT HAC K CO3MaHUIO
KU3HECTIOCOGHOTO 1 TTOTHOCTHIO (DYHKIIMOHAIHLHOTO
SMOpHOHA M3 KYJIBTUBUPYEMBIX KieToK. dopMupy-
eTcsI HalIpaBJICHHE, KOTOPOE MOXKHO 0003HAYNUTh KaK
“cuHTeTHYeCcKasi SMOpuroJIorus”.

OIHUM 13 HOBBIX MHOTI'OOOEIIAIOIIMX COBPEMEH-
HBIX METOJIOB SIBJISIIOTCSI CUCTEMBI JIJIsI KYJIbTUBUPOBA-
HUSI SMOPMOHOB Ha OCHOBEe MUKpodIronanku. JaH-
Hasl Tpyrna MeToJI0B nosBuiaachk B 1990-x IT. u ¢ Tex
MOp CTPEMUTENBHO pa3BuBacTcsl. MUKpodIongHbIe
CUCTEeMBI KYJIbTUBUPOBAHUS MOTYT ObITh OTKPBITBIMU
U 3aKPBITHIMU, CTATUYECKUMHU WIM IMHAMWYECKIMU B
3aBUCUMOCTH OT 1IeJieii KOHKPETHOI'O UCCJIeIOBAHMS.
JlaHHbIE CHCTEeMBI MTO3BOJISIOT CO3/aTh IUPKYJISIINIO
KUAKOCTU BOKPYT SMOpHOHA 11T ero 3 PEeKTUBHOTO
obMeHa MOJIeKyJIaMU CO cpefoi (0TBoIa MPOAYKTOB
oOMeHa U MOCTaBKY ITUTATEIbHBIX BEIIECTB U OMOaK-
TUBHBIX MoJjieKyn). KpoMe Toro, aMOpHOHBI MBIIIHN
JIydllle pa3BUBAIOTCS IIPU COBMECTHOM KYJIbTUBUPO-
BaHUW U MUKpOQJIIOUIHAs CUCTeMa MOAAEPKUBACT
WX MOJICKYJISIPHOE B3aMMOJIEMCTBUE APYT ¢ ApyroM. B
MUKPOMIIONIHBIX CUCTeMaX BO3MOXKHO 00jiee TOYHO
KOHTPOJIMPOBATh BCE XapaKTePUCTUKU CPEIbI, TAKKE
MOJHOCTHBIO 3aKPHIThI€ CUCTEMBI HE TAl0OT MUKPOOOb-
eMaM XUJIKOCTU TepechixaTh. Ellle oqHUM BaKHBIM
MPEUMYIIECTBOM TJaHHOI MOJEIU KyJIbTUBUPOBAHUS
SIBJISIETCS TO, UTO P IBUKEHUU B KaMepax ¢ MUKPO-
GIIIONINKOM SMOPHOH MOJTyJaeT MEXaHUIECKUE CUT-
HaJIbl, CXOXME ¢ IoJrydaeMbIMU in vivo (Esteves et al.,
2013; Gac, Nordhoff, 2017).

CucreMbl Ha OCHOBE MUKPOMIIONINKI MOTYT VIC-
TTOJTB30BaThCs KaK I (hyHIaMEHTATbHBIX HAYIHBIX
WCCIICAOBAaHM, TaK U B KIIMHUYECKOM TTPaKTUKE JUTS
KYJIbTUBUPOBAaHUSI 3MOPHUOHOB, TaMeT, CTBOJIOBBIX
Kki1eTok. Ha maHHBIIT MOMEHT yXXe pa3paboTaHBI MO-
JeTbHBIe MUKPOMIIOUIHBIC CHCTEMBI, TTO3BOJISIONINE
KYJIbTUBHPOBATh SMOPHOHBI YeJIOBeKa W IPOBOIUTH
HWCKYCCTBEHHOE OIUTONOTBOPEHHE B paMKaX IMPOTOKO-
JIOB BCTIOMOTATEIBHBIX PEITPOTYKTHUBHBIX TEXHOJIOTHIM
(Smith et al., 2011).

SAKIIIOYEHHUE

MonenupoBaHe pa3BUTUS SMOPUOHOB B KYJb-
Type MO3BOJISIET AETAIbLHO M3y4aTh SMOPUOHAILHOE
pa3BUTHE MBI U YeIoBeKa U (PaKTOPHI, BIUSIO-
mue Ha Hero. [IpeuMylniecTBOM MOIENU SBIISIETCS
TO, YTO SMOPUOH, COAEPKAIIUINCS B KYJIbTYpE, JIeT-
KO JOCTYNEH IJIs HaGIIoAeHUS U 9KCIIepUMEHTATb-
HBIX BO3MIEMCTBUIA, UTO JA€T BO3MOXKHOCTb U3YUEeHUSI
BIIMSTHUST JTIOOBIX SKCIIEPUMEHTAIBLHBIX (DaKTOPOB He-
MOCPEICTBEHHO Ha pa3BuBaroluiics aMopuoH. C mo-
MOIIBIO KYJILTUBUPOBAHUSI 3MOpPHOHA B YCIIOBUSIX
in vitro OBLUIN ONCAaHBbI MHOXKECTBO aCIIEKTOB SMOpU-
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OHAJBHOTO Pa3BUTUS MIIEKOITMTAIOIINX, OTHOCS-
MUXCS K MOPMOIOTHH, (DU3NOIOTHI B MOJIEKYJISIP-
HBIM acIieKTaM 5MOpHoTeHe3a.

HecMmotps Ha mpenMyliiecTBa JaHHOTO MeToaa 1
ero IIMPOKOe IpUMEHEeHHE 11 U3yUeHUs SMOpUOTe-
He3a MJIEKOITMTAIOIINX, Y HETO TaKXe €CTh OIpeae-
JICHHBIE orpaHNYeHusI. Bo-nepBbIXx, SMOPUOHEI, CO-
JlepKaBIIrecs B KyJbType, UMEIOT PSI OTIIMYUIA OT
TeX, KOTOpbIE€ Pa3BUBAIMCHh B HOPMAITBHBIX YCIIOBUSIX,
BO-BTOPBIX, MTOIAEPKUBATH SMOPUOH MBILIN B KYJIb-
Type BO3MOXHO TOJIbKO B TE€UYECHUE MOJOBUHBI CPOKA
SMOPHOHAJIBHOTO Pa3BUTHsI, a SMOPHUOH YeJIoBEKa B
COOTBETCTBUM C MEXAYHAPOAHBIMU HOPMAaMU TOJIb-
Ko 14 cyT, B-TpeTbUX, MOACIMPOBaHUE TIpoIecca UM-
IUTAHTALIMKA HE COBCEM COOTBETCTBYET TOMY, KaK TaH-
HBIN TIpolecC MPOXOMUT in vivo. Takum odpasoM, y
METo/Ia eCThb OOJIbIINE MEPCHEKTUBDBI JJIST TalbHE-
IIIETO Pa3BUTHUSI.

OCHOBHbIE HaMpaBJIeHUsT Pa3BUTUSI METONOB KYJIb-
TUBUPOBAHUS SMOPUOHOB MJIEKOTIUTAIOIINAX BKITIOYA-
IOT B c€0sT MOI00P YCJIOBUIA CPENbI IS MAKCUMAJTBHOTO
TMOBTOPEHUS YCITOBUIA, OKPYKAIOIIINX SMOPUOH i Vivo.
B ToM umicne coBeplIeHCTBOBaHUE CyOcTpara sk MO-
JIEIMPOBAHUS TTPOLIECCa UMITIAHTALIUN, TPUOIKEH-
HOTO K XU3HU. Hanbomnee mepcneKTMBHBIMUY TSI MO-
JieJIe UMTUTAHTAIl U SIBJISTFOTCS CyOCTpaThI, BKITIOYAt0-
II1e B ce0s1 KJIETKU MaTKNU MaTEPUHCKOTO OPTaHU3Ma,
Haxonsuecs: Ha 3D MaTpukce, UMUTUPYIOIIEM SHI0-
MmeTpuil. HeobxonuMmo co3gaHve MOIenW UMITIaHTa-
UM, KOTOPasI TI03BOJIsIa Obl HAOMIOAATh KaK UMITJIaH-
TalIo SMOPUOHA, TaK U €r0 paHHEe MMOCTUMITIAHTA-
IIMOHHOE Pa3BUTHUE B paMKaX OJTHOTO 3KCIIEPUMEHTA.

B coBpemMeHHOM pa3BUTHUM METOIOB U3YUYEHUST paH-
Hero 3MOpHoreHe3a MJICKOITUTAIONINX IIPeo0IagaioT
JBa HarpapjieHus. [lepBoe 3akioyaeTcs B CO3TaHUU
KyIBTYPaTBHBIX CUCTEM U DMOPHOMIOTOOHBIX KJIETOU-
HBIX KOHCTPYKTOB C HUCITOJIb30BAaHUEM TLTIOPUITOTEHT-
HBIX KJIETOK, OTBEYalOII1X 3a1a4aM KOHKPETHOTO 3KC-
nepuMmeHTa. J[pyroe HarpaBieHHE — 3TO CO3IaHUe
KJIETOYHBIX MOJIeJIeii, 00J1amaroninx O0IbIION CIIoco0-
HOCTBIO K camMoopraHmuzanuu. Ob6a HarpaBJIeHUS OT-
KPBIBAIOT TTEPCIIEKTUBBI 3KCIEPUMEHTAIbHOIO U3yJe-
HUSI paHHETO Pa3BUTHUSI MJICKOITUTAIOIINX B OKOJIONM-
MJIAHTALWMOHHBIN EPUO/I.
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Modeling of Early Development of Mouse and Human Embryos in vitro

L. Sh. Izmailova'- *, E. A. Vorotelyak!, and A. V. Vasiliev'-2

Koltzov Institute of Developmental Biology of Russian Academy of Sciences,
ul. Vavilova 26, Moscow, 119334 Russia

2Faculty of Biology, Department of Embryology, Lomonosov Moscow State University,
Leninskiye Gory 1-12, Moscow, 119234 Russia

*e-mail: luba.ranaway-94@yandex.ru

Mammalian embryonic development includes preimplantation, implantation and post-implantation devel-
opment, during which the embryo is attached to the uterus wall. Remodeling of embryo development in cul-
ture allows us to study the process of ontogenesis in dynamics, which is especially valuable for studying early
post-implantation development. We reviewed existing cultivation systems for mouse and human embryos.
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Also we considered a new experimental approach for studying early mammalian embryogenesis — embryo-
like cell constructs. Using these methods, the most important results were obtained about embryonic germ
layers formation, molecular and cellular mechanisms of morphogenesis of the mouse and human embryos.
The purpose of this review is to generalize the possibilities and limitations of such systems for studying mam-
malian embryogenesis and to find directions for the further development of this approach.

Keywords: embryo cultivation, embryonic development, mouse, human, remodeling of the implantation
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CepOTOHUH y4acTBYeT B peryJsiliMy IIUPOKOro crekTpa yHKIIU MMMYHHOU CUCTEMBbI Y MOJOBO3PEIbIX
XKUBOTHBIX. PaHee HaMu ObLIO TTOKA3aHO, YTO MOAABJIEHUE CUHTE3a CEPOTOHMUHA y TUIOIOB B Tiepuo hop-
MUPOBAaHUS TUMYCAa MPUBOAUT K JOJTOCPOYHBIM HEOOPAaTMMBIM M3MEHEHUSIM B (DYHKIIMOHUPOBAHUU
T-cucrembl uMMyHuTeTa. OTHAKO MEXaHU3Mbl MOP(HOTEHETUYECKOTO BIUSIHUSI CEPOTOHUHA HA Pa3BUTHE
TUMYCa OCTalOTCSl HEBbISICHEHHBIMU. B maHHOiT paboTe 6bu1a BhisiBieHa akcnpeccuss MPHK u 6enkoBoro
MPOAYKTa CEpOTOHMHOBOTO petnienitopa la tuma (Htrla) B Tumyce mmonoB. OmHOKpaTHOE BBEACHME ILI0IAM
in utero antaronucra Htrla (NAN-190) Ha 17-i1 neHb SMOPUOHAIBHOTO Pa3BUTHUS BBI3BIBAJIO CTOMKOE MO~
BbIlIEHUE (DYHKIITMOHAIBHOUM aKTUBHOCTU T-11MGOLIMTOB B MMOCTHATAILHOM X13HU. Ha Moaenu opraHo-
TUIIMYECKOM KYJbTypbl SMOPUOHAIBLHOTO TUMYCA IOKa3aHo, YTo Oyokana Htrla yckopsier nuddepeHm-
poBKy T-1uMdOIIMTOB Ha caMbIX pAaHHUX CTAIMSIX UX Pa3BUTUS U c1ab0 BIUSIET HA 00pa30BaHUE 3PEJIbIX
¢dopm T-KJI€TOK MOMOIIIHUKOB 1 IMTOTOKCUUeCKUX T-1rumdonmToB. [IpucyTcTBre B pa3BUBAIOIIEMCS TH-
myce perentopoB Htrla monrsepkaaeT BO3MOXHOCTh MPSIMOTO BIUSIHUSI CEPOTOHUHA Ha (hOpMUPOBaHNE
9TOrO0 OpraHa. YCTaHOBJIEHO, YTO cepoTOHUH Yyepe3 Htrla crioco6eH n3amMeHsITh 0alaHC IMTOKWHOB B (pop-
MUPYIOLIEMCS] TUMYCE, UTO MOXET JIEKaTh B OCHOBE MEXaHM3MOB OHTOT€HETUYECKOU TIACTUYHOCTUA UM-
MYHHOU cucteMbl. LINTOKMHEBI, OTBETCTBEHHBIE 32 UM DHEPEHIIUPOBKY KJIETOUYHBIX 3JIEMEHTOB TUMYCA, MO~
BUAVMMOMY, SIBJISIIOTCSI ONIHUM U3 KJIIOYEBBIX 3BEHBEB, Uepe3 KOTOPhIe peain3yeTcsi MopdoreHeTu4ecKuii

3¢ deKT cepoToHMHA, OITocpeaOBaHHbII akTuBaneit Htrla peuenropa.

Karoueswie crosa: cepotoHrH, Htrla penienitop, TUMyC, OHTOreHe3, Kpbica
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BBEJAEHUE

HeitpoTpaHCMUTTEP CEPOTOHUH YY4aCTBYET B pe-
TYJISIIUUY ITAPOKOTO CITEKTPa GUOJTOTUUECKUX (PYHK-
LIVI1, KaK B MO3Te, TaK U B ITepudepruyeCcKUX OpraHax,
B TOM YHCJIE B MMMYHHOI cCHCTeMe. Y TTOJIOBO3PETbIX
KUBOTHBIX CEPOTOHMH KOHTPOJIUPYET IIPOLIECCHI
BPOXIEHHOIO M afalTUBHOTO nMMyHUTeTa (Baganz,
Blakely, 2013). CBou MMyHOTpOIIHBIE 3D (EKTHI ce-
POTOHUH OCYLIECTBIISIET Yepe3 crelupuiecKue pe-
nenTopsl (Cloéz-Tayarani, Changeux, 2007; Arreola
et al., 2015). MexaHU3Mbl UMMYHOMOMIYJISITOPHOTO
JIeiCTBUSI CEpOTOHMHA XapaKTEPU3YIOTCST KJIETOYHOI
cnel(UIHOCTBIO U 3aBUCST OT 9KCIPECCUU TEX WU
WHBIX TUTIOB PELIENITOPOB HA KJIETKaX UMMYHHOM CH-
cTeMbl. B 4acTHOCTH, ONMUCaHO BIUSIHUE CEPOTOHUHA
Ha AaKTUBHOCTH €CTECTBEHHBIX KJIETOK-KUIIJIEPOB,
JIEHIPUTHBIX KJIETOK U MAKpO(aroB, XeMOTAKCHUC, CEK-
peLio INTOKMHOB, aIloNTo3, Mpojudepanunto, Tud-
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(epeHIIMPOBKY 1 aKTUBALIMIO JIMM(MOIINTOB, a TaKKe
UX co3peBaHue B JUM@OMAHBIX opraHax (Arreola
et al., 2015; Herr et al., 2017). UMmMyHOMOIYJISITOP-
Hble (PYHKILIMM CEPOTOHUHA Y TIOJIOBO3PEJIBIX SKUBOT-
HBIX U 4eJOBeKa U3YYeHBI JOCTATOYHO IIOJIHO, B TO
BpeMsI KaK JaHHbIE O €r0 YYacTUM B Pa3BUTUU NM-
MYHHOI CHUCTeMbl HEMHOTOYUCJICHHBI U, TJIABHBIM
00pa3oM, OXBaThIBAIOT PAHHWI MOCTHATAJILHBIN TTe-
puon.

CraHOBJIEHUE OTACIBHBIX CTPYKTYPHO-(YHKIINO-
HaJIbHBIX 3JI€MEHTOB UMMYHHOI CHCTEMbI XapaKTe-
pu3yeTcs BLICOKOI aganTallMOHHON IJIACTUYHOCTBIO
1 YYBCTBUTEJIBHOCTBIO KO MHOTMM PEryJSITOPHBIM
¢daxkTopaM, OOHUM U3 KOTOPBIX SIBJISIETCS] CEPOTOHMH.
Panee Hamu GbUTO TTOKA3aHO, YTO MPEeHATAIBHBIN Je-
GUIUT cepOoTOHMHA B nieprod GOPMUPOBAHUS TUMYCA
MPUBOAUT K CYIIECTBEHHBIM JOJTOCPOUYHBIM U3MEHE-
HUSIM KJIETOYHOTO COCTAaBa TUMYCA U K HApYIIIEHUSIM B
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GyHKIIMOHNPOBaHUM T-CcrCTeMbl UMMYHUTETA BIUIOTh
JI0 TI0JIoBO3penioro Bo3pacta (MenbHUKOBa W 1p.,
2012). OmHako MexaHU3Mbl MOP(MOTeHETUYECKOIO
JIeiICTBYSI CEPOTOHMHA Ha pa3BUTHE TUMYCa OCTAIOTCSI
HEBBISICHEHHBIMU, B YACTHOCTU, OTCYTCTBUE JAHHBIX
00 3KCIIPecCrr PelerTOpoB K CEPOTOHUHY B TUMYCE
TLUTOAOB He TTO3BOJISIET CYAUTH O BO3MOXKHOCTH MPSIMO-
IO BJIMSIHUSI CEPOTOHMHA Ha pa3BUTHE 3TOTO OpPraHa.

B Hacrosiiee BpeMsl BBIIEISIOT CEMb CeMEICTB
CEpOTOHUHOBBIX penenTopon: Htrl, Htr2, Htr3,
Htr4, Htr5, Htr6 u Htr7, MHOTHE 113 KOTOPBIX BKITIO-
yarot moarunsl (Kroeze, Roth, 2006). Y nmonoBo3pe-
JIBIX XKMBOTHBIX KJIETKWM MMMYHHOM CUCTEMBbI 3KC-
IIPECCUPYIOT IIOYTH BCE TUITBI CEPOTOHMHOBBIX PEIICII-
TOPOB, OTHAKO, HAaNOO0JIee IIPEACTABICHHBIM SIBIISIETCS
Htrla. Okcnipeccus Htrla BeissBiIeHa B TUMYyCe, celie-
3eHKe, TUMGATUIECKUX y3J1ax, a TakKKe Ha HUPKYJIU-
pytomux B KpoBu T-mumponurax. Yepes 3TOT THII pe-
LIETITOPOB CEPOTOHMH CITOCOOCH MOMYJIMPOBATh IU(D-
depeHILIMPOBKY, TpoJimdepaliiio U GYHKIIMOHATEHYIO
aKTUBHOCTh T-TMMMOIIUTOB, a TAKXKE X CO3pPEBaHUE B
JMM@MOUIHBIX OpraHax y IMOJIOBO3PENIbIX KMBOTHBIX
(Arreola et al., 2015). Auraronuctsl Htrla nomasmistior
nponudepaunio T-1TMMEPOIMTOB, WHIYLIMPOBAHHYIO
MUTOreHaMu Wiu uHtepiaeiikuaom 2 (UJI-2), a Tak-
K€ CEKpelrIo HUTOKUHOB, Taknx Kak UJI-2 u uHtep-
dbepou-y (MDH-y) (Aune et al., 1994).

MHoOTro4YMCAeHHbIE UCCIEeNOBaHUSI CBUAETEb-
CTBYIOT, uTO Htrla peienTopbl UrpaloT BaXXHYIO POJb
B PETyJIsiLIUM Pa3BUTUSI MHOTHX OT/I€JIOB MO3Ta y IJ10-
noB (Albert, Lemonde, 2004; Gleason et sl., 2010; Ki-
shi et al., 2011). HapymieHnue 6ajnaHca cepOTOHUHA B
nepro (popMupoBaHUsS MO3ra NMPUBOIUT K JOJITO-
CPOUYHBIM CTPYKTYPHO-(YHKIIMOHAIBHBIM U3MEHEe-
HUSIM, OMIOCPEJOBAHHBIM B 3HAUUTEIBbHON CTETICHU
yepe3 Htrla. ¥V venoseka monumopdusm rena Htrla,
OO0YyCJIOBJIEHHBIN TOYEUHBIMU MYTallUSIMU B MTPOMO-
TEPHOM YYacCTKe, CBSI3bIBAIOT C MATOT€HE30M IIU30-
dpeHun, OUMOJISIPHOIO pacCTpoiicTBa, NEMpeccuH,
cKJIoHHOCTHU K cyutiuay (Albert, Lemonde, 2004; Ki-
shi et al., 2011). Tumyc 1 MO3T (POPMUPYIOTCS B pa3-
BUTUU MapalJIeJIbHO, OOHAaKO, poib Htrla B perymns-
LIUU Pa3BUTUSI UMMYHHOM CUCTEMBbI A0 HACTOSIIIETO
BpPEMEHM He UCCJIeOBaIN.

B nanHoii paboTte Mbl ycTaHOBUIM, uTo Htrla pe-
LIETITOPbI SKCIIPECCUPYIOTCS B TUMYCE TJI0I0B KPbIC
U OLIEHWJIM OTHaJIeHHbIE MOCAEACTBUS OJIOKAAbl 3TUX
PELIENTOPOB B MEPUOA aAKTUBHOTO (hDOPMUPOBAHUS THU-
Myca. Ha Moaenn opraHOTMIIMYECKON KYJIbTYpbl M-
OpHOHAJIBHBIX TUMYCOB M3YyYWJIU BIUSIHUE OJIOKaIbl
Htrla penenropoB Ha nuddepeHurpoBKy T-mmMdpo-
LIMTOB, a TAK>KE MPENTOXUIN BO3MOXHbIE MEXaHU3MbI
peanuzauuu 3P@EKTOB CepOTOHMHA HA pa3BUBAIO-
LIMICS TUMYC, B YAaCTHOCTHU, BBISIBUJIM €TO BJIUSIHME Ha
9KCIPECCUI0 TUMUYECKUX LIUTOKUHOB.
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MATEPUAJIBI U METO/JbI

2KuBOTHBIE U KCIIEPUMEHTAJIbHbIE Nponexypbl. Pa-
0oTa rnpoBelieHa Ha Kpbicax BucTtap, KOTOpbIX comep-
KaJIu B CTAHAAPTHBIX YCJIOBUSX C KOHTPOJbHBIM pe-
JKMMOM OCBEIIIEHUSI ¥ CBOOOJHBIM JOCTYIIOM K TMHIIIE
u Bojie. 11 mostydeHusi CaMOK € TaTUPOBAHHBIM CPO-
KOM 0€peMEeHHOCTU UCIOJIb30BAJIM TPEX—YEThIpEXMe-
cstyHbIX KpbIc BecoM 200—250 r. JIeHb 0OHapy>KeHUsI
CIepMaTO30MI0B B BarMHAaJIbHOM Ma3Ke CUMTaJIU Iep-
BbIM JHEM B3MOpUOHaJbHOro pa3Butusl (D1), neHb
POXAEHUST KPBICSIT CUMTAIU TePBbIM IMOCTHATAIbHBIM
nHeM (IT1). BeiesneHue sKCIiepuMeHTaIbHOTO Mare-
puasia BBINOJHSUIM 1o U30(hIypaHOBBIM MHTAJISILIM-
OHHBIM HapKO30M C CODJIIOIECHUEM TTpaBuJj MpoBene-
HUs pabOT C MCMOJIb30BAaHUEM 3IKCIEPUMEHTAIbHBIX
XMBOTHBIX. B paboTe ncrnonap3oBaHo 38 0epeMeHHBIX
CaMOK KpBbIC.

Hccaenosanue BO3pacTHOI JMHAMHKHN SKCIPECCUH
Htrla B Tumyce kpbic. Dxcrpeccuto MPHK u 6enka
Htrla wusyyanu meTrogamMu MOJYKOJIUYECTBEHHOTO
ITLIP c obpaTHOIi TpaHCcKpUNueil u BectepH-610T-
THHTa B TUMYCE TI0IOB (B mepron D16—321) 1 mocT-
HatanbHBIX Kphic (I13).

ITIIIP. Beinenenue TotanbHoii PHK m3 tnmycos,
obpartnHyio Tpanckpunuuio u I[TIP nmpoBoauau B co-
OTBETCTBHUH C IIPOTOKOJIOM, OIIMCaHHBIM paHee (Mel-
nikova et al., 2019). I'eH, KogupymoIuii pudbocoMab-
Hblii 0enok L19 (RPL19), Gbi1 BeIOpaH B KayecTBe
pedepeHCHOTo0. AHAJIM3 IMPOAYKTOB MPOBOIIIM C MO~
MOIIIbIO arapO3HOTO rejib-3JIeKTPodope3a U CUCTEMBI
Buaeopeructpauun “ChemiDoc MP Imaging Sys-
tem” (“Biorad”). /s MCK/IIOUEHUST JTOXKHOTIOIOXKHU -
TEJILHOTO pe3yjbTaTa IIPOBOIWJIM OTPUIIATEIbHBIC
koHTponu — [P 6e3 maTpuiiel u TP 6e3 o6par-
HoOii TpaHckpunuuu. Crneumdudyeckue MNpaiMepsl,
MpeacTaBlIeHHBIE B Ta0. 1, mogbupaiu ¢ MOMOIIBIO
cepBruca NCBI Primer-BLAST ¢ ygeToM 3K30H-WH-
TPOHHOI CTPYKTYpHI TeHoB. IlpaiiMepsl momdbupanm
TaKMM 00pa30oM, UYTOOBI TeMIlepaTypa OTKHUra Oblia
BO BCeX C/IydyasiX OqMHaKoBa, ¥ cocTanisiia 59°C. s
nerekuuu Htrla mnpoBogwiau 30 uuKIOB, pede-
PEHCHOTI0 reHa — 25 LIUKJIOB, a BCEX OCTaJIbHBIX 00-
pas3ioB — 28 LIMKJIOB aMIUTM(MUKALIUU. DTOT MapaMmeTp
MIpeaBapUTEIbHO TTOIOMpPaIn ST KaXKIOro reHa 3KC-
MEPUMEHTAJIBHO TaK, YTOOBI OH COOTBETCTBOBAJI 30HE
SKCITOHEHIIUAJIBHOTO POCTa, KOIa BO3MOXKEH IOJy-
KOJIMYEeCTBeHHbBIN aHanu3. Beioop meToma I11IP, a He
[11IP B peanbHOM BpeMeHU ObLT OOYCJIOBIIEH OrpaH-
YeHHBIMI 00beMaMM1 SMOPUOHAIIBLHOTO MaTepHaia, B
TO BpeMsI KaK B 3KCIEPUMEHTAX, TPEOYIOIINX CpaBHE-
HUSI YPOBHEM 3Kcrnpeccuu, YyyBcTBUTEIbHOCTL TTLIP
ObLJ1a JOCTaTOYHOM.

BecrepH-010TTHHT. [ToTy4eHNEe OCBETIEHHBIX IO~
MOTEHATOB TUMYCOB, 3JIeKTpodope3 u ITepeHoc 6er-
KOB Ha MeMOpaHy OCYIIECTBIISUIM IO ITPOTOKOILY,
ormcaHHomy paHee (Melnikova et al., 2019). Ha no-
POXKY HAHOCHJIM OJWHAKOBOE KOJIMYECTBO OOILIErO
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Tab6auma 1. OJUroHyKJI€OTUAHBIE TTpaiiMepsl, cnojb3oBaHHbIe 1ist [T P

Fen HocneHOBaTeanOCTb IIPSIMOTO HOCJICI[OBaTeJH)UHOCTb 06paTHOTO Pasmep NpoayKTa, .1,
npaiitmepa npaitMepa
Htrla tgaagactctgggcatcatcat acccaacaacgcaggcat 116
RPL19 atcgccaatgccaactct gagaatccgcttgtttttgaa 321
nJ-10 tgctcttactggetggagtg cctggggcatcacttctace 264
NOH-y ccctetetggetgttactge cgaacttggcgatgctcatg 315
NII-1o cccagatcagcacctcacag gcgagtgacttaggacgagg 570
nI-1p tcaagcagagcacagacctg ttctgtcgacaatgcetgect 357
ni-4 ctcatctgcagggcttccag agtgttgtgagcgtggactc 173
DdHO-a ccatgagcacggaaagcatg ggctcataccagggcttgag 586

oenka (mo 40 mxr). KauecTBo mepeHoca O€JIKOB U
TOYHOCTh HaHECEHUsI MPOO Ha JOPOKKU KOHTPOJIU-
pOBaJIM C MTOMOIIIbIO oKpalmBaHust MeMopaH IToHco C.
MemOpaHbl UHKYOMPOBAIY C TIEPBUYHBIMU aHTUTE-
nmamu Kpoauka K Htrla (1: 1000, “Abcam”) B TeueHUE
Houu 11pu 4°C. [1o okOHYaHNY MHKYOALIMKY MeEMOpaHbI
HecKoabKo pa3 mpoMbiBaii B TNT oOydepe (10 MM
Tpuc-HCI, pH 7.5, 150 MM NacCl, 0.1% Tween-20) u
WHKYOMPOBAJIU ¢ BTOPUYHBIMU aHTUTEIaMU, KOHb-
IOTUPOBAaHHBIMU C MEPOKCUIA30i XpeHa, K IgG kpo-
quka (1 : 10000, “Jackson Immunoresearch”) B Teue-
Hue | 94 mpu KOMHaTHOM TeMmmepaTtype. MeMOpaHbI
MPOSIBJISUIN CTAHAAPTHBIM METOIOM YCUJIEHHOM XeMU-
moMuHecueHun (ECL) ¢ momompbio Hadopa “ECL
Plus Western Blotting Detection Reagents”, (“Amer-
sham”). PeHTreHoBcKue IUJIEHKM CKaHUpPOBAJIMU, U
MOJIydeHHbIe M300paxkeHus: odpabdbaThiBaaIu B CTaH-
naptHoil mporpamme Imagel, olieHUBass MHTErpaib-
HOe TMOrJIoleHWe OeIKOBBIX MoJioc. Pe3ynbTaThbl
oIpenesieHUs] YPOBHS 3KCIIPECCUN MCCIIeTOBAHHbBIX
BelIEeCTB ObUIM HOPMUPOBAaHBI Ha oOlllee coaepxka-
Hue OeJika Ha TIOPOXKKY.

Jutg mposicHEHUs BOIIpoca O KJIETOYHOM pacrmpe-
JIeJICHUM pelierTopa, Ha D19 mcciaemoBain aKCIpec-
curo 6enka Htrla otnenbHO B TUMOLIMTAX U KJIETKAX
CTpOMEI TUMYyca. IJis1 3TOro cBeXXeBBIACICHHbBIE TH-
MYCBI TOMOT€HU3UPOBAJIU B CTEKJISTHHOM F'OMOTECHU-
3aTope U (PIIBTPOBAJIM Yepe3 KallpOHOBBIN (DUIBTP.
TumonnTel coOMpan M3 TOJYYEHHOM CYCIEH3UM
LHeHTpUPyTrupoBaHuEeM, a 00pa3lbl CTPOMBI TUMYyCa
coOMpay NUHIIETOM ¢ ToBepxHocTu puiabrpa. ITo-
JIydeHHBI€ ITPOOBI UCIIOIb30BaIU A1 BecTtepH-0710T-
TUHTa, KaK OonMcaHO BuIle. s aHanu3a BBIOpaH
CpoK D19, MOCKOIBKY OH COOTBETCTBYET IIEPUOIY aK-
TUBHOM TG hHEPEHIINPOBKU BCEX TUTIOB KJIETOK B TH-
Myce, a pa3Mep OpraHa yxe MO3BOJISIET MOIYUYUTh 10~
CTaTOYHOE KOJIMYECTBO MaTepHaJa IS aHaIu3a.

HUccaenoBanue OTIANIEHHBIX MOCJEICTBMIA MpeHa-
TajgbHoi 0J0kaapl Htrla peunentopos B Tumyce. Ha
17-i1 neHb 6epeMEeHHOCTH KpbicaM oA M30(JIypaHo-
BbIM HapKO30M BCKpPbIBIM OPIOIIHYIO MOJOCTb U C
MOMOIIbI0 TaMUJIBTOHOBCKOTO IIMpUlIa BBOIWIU

njgongaM in utero aHTtaroHucT Htrla peienTopoB
NAN-190 (1 MKr B 5 MKJI Ha IJIOJ), 3aTeM paHy MO-
CJIOHO ymuBaiu. Bce MaHUITYISIIUM TIPOBOAVIN B
acernTuyecKux yciaoBusiX. KOHTpOJIbHBIM XKUBOTHBIM
BBOIWJIN PaBHLII 00beM cTepuiibHOTO 0.9% pacTBO-
pa NaCl. Pogusliieecss MOTOMCTBO BhIpAIllUBaIN, U
Ha [120 u 1140 oueHmBanyu PyHKIIMOHAJIBHYIO aKTUB-
HOCTh T-TMGOIUTOB TUMYCaA IO UX CITOCOOHOCTH K
akTuBalUMU T-KIIETOYHBIM MUTOT€HOM.

Onenka nposmdeparuBHoro orsera T-ymmdbonu-
TOB TUMYCA HA MUTOreH KOHKaHaBamH A. PyHKIINO-
HAJIBHYIO aKTUBHOCTH T-TMMQOIIMTOB TUMYyCa Olle-
HUBAJIH 110 TpOJINepaTUBHOMY UMMYHHOMY OTBETY,
WHAYLIMPOBAHHOMY MUTOT€HOM KOHKaHaBaJIMHOM A
(KoHA, 2.5 Mxr/Mmn). IIponndepainio KJIeToK ome-
HUBAJIU B KYJIbType TUM(DOIIUTOB IO TIPOTOKOJTY, OTTH-
caHHoMmy paHee (MenbHUKOBa U Ap., 2012), ¢ UCITOJIb-
3oBanueM [3H]|tumunnHa (60 Kuu/MM, “Amersham”).
st onHOI 9KCIepUMeHTaIbHOM TOUKU UCITOIb30Ba-
JIM 1151k JiyHOK. Tlocie mHKyOalmu KJIETKU TTepeHOCH -
JIW TIOJTyaBTOMaTUYeCKUM XapBecTtepoM (“Scatron”) Ha
crekitoBojiokHUCTEIe pumbTpel GF/C (“Whatman”).
PammoakTHBHOCTE 00pa3OB U3MEPSIIN Ha CITMHTIT-
JsgiMoHHoM cuetunke “Rack-beta” (“LKB”).

OpraHoTunuyeckas KyJbTypa SMOPHOHANLHBIX TH-
MycoB. OpraHOTUITMYECKYIO KYJIbTYPY TUMYCOB, BbI-
JIleJICHHBIX U3 TUI010B Ha D18, mpoBOaAMIY MO MTPOTO-
KoJy, onmucaHHoMy paHee (Cunningham et al., 2016;
Melnikova et al., 2019). KynbTypy noaaep:xuBaiv B
TedeHHe 7 AHEe C eXEIHEBHOM 3aMEHOM KYJIbTY-
PaJIbHOM cpebl U J00aBJIEHUEM B CPeNly B OTIBLITHBIX
JIyHKax aHtaroHucta Htrla peuentopoB NAN-190
(107 M, “Sigma”). [Tocie KyJbTUBUPOBAHUS TUMY-
Cbl TOMOTEHU3UPOBAJIM B CTEKJISTHHOM TOMOTeHU3a-
TOpE, CYCTNIEH3UI0 TUMOILIMTOB (DUIBTPOBAIMU uepes
KarnpoOHOBBI (DUIBTP U OTMbIBAIM LEHTPUDYTUPO-
BaHueMm. [IpolieHTHOe conepxaHue TMOMyJSALni
T-nuMdboumnTOB OmMpenesyii METOIOM TPOTOYHOM
LIUTOMETPUMU.

AHAIM3 COCTaBa KJIETOYHBIX MOMYJALMWii THMYcCA.
Crenennb 3penoctd T-TMM@POINTOB aHAJIM3UPOBAINA

OHTOI'EHE3 ToM 51 Ne5 2020
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LIUTHI

Puc. 1. Bo3pacTtHast ntuHaMuKa skcrnipeccuu Htrla penernropa B TuMyce KpbIC ¢ 16-10 1HSI 9MOpHOHaIbHOTO pa3Butus (D16)
o 3-it neHb noctHaraabHoro pazputus (I13), oleHuBaeMasi ¢ MOMOIIBIO MOJTMMEpPa3HOi LEMHOM peakKlMu ¢ 0OpaTHOM TpaH-
ckpumniueii (a) u BectrepH-6aoTrTunra (6). B KauecTBe MOJOXUTEIbHOTO KOHTPOJISI UCIIOJIb30BaHbI TUITOTaaMyc (+) 1 poMO-

sHedanoH (++) 21-mTHEBHBIX TJIONOB.

C TIOMOIIBIO ABOMHOTO MEUEeHWSI MOHOKJTIOHATbHBIMU
antutenamMu K CD8b u k CD4 anTureHaMm, KOHBIOTH-
POBaHHBIMU ¢ PUKOIPUTPUHOM U (PIIyopecienH U30-
TUolIMaHaToM, cooTBeTcTBeHHO (“Cederlane”). Ym-
MYHOIIUTOXMMHUYECKOE MeEYeHHE M TOCJIeIyIOIINi
aHanu3 KieTok Ha nuToMeTpe “Cell Lab Quanta SC”,
(“Beckman-Coulter”) mpoBoauiIn B COOTBETCTBUU C
METONOM, OMUCAHHBLIM paHee (MenbHUKOBA W Ip.,
2012; Melnikova et al., 2019).

OleHKA BIMSHASA CEPOTOHMHA HA MHAYIHPOBAHHYIO
mutorenom mnposmdepamuio T-mumdbomuros. T-1mM-
GOLIUTEI, BEIACIEHHBIE N3 TUMYCOB TUIOAOB Ha D21,
KyJbTUBHpOBaJIM ¢ MuToreHoM KoHA, Kak onmucaHo
BoIlIe. B otnensHbIe TyHKM 32 30 MUH 10 10OaBIIEHUS
MUTOreHa BHOCWJIM CEPOTOHMH B AWaria3oHe KOH-
neHTpanuii 10-4—10-8 M mm antaronner NAN-190
(107 M). Yepes 72 4 oueHuBau BnodeHue [3H]tu-
MUIVHA B KJIETKH.

Omnenka BinsaHuA mutoreHa KoHA Ha 3kcmpeccuio
MPHK Htrla penenTropoB B THMycCe ILIOIOB M IIOJIO-
BO3peJIbIX KpbIC. T-T1UMQPOLIUTHI, BbIIEIEHHbBIE U3 TU-
MycoB 11oaoB (D18) u nByxmecssuHbix Kpbic (I160),
WHKYOMpoBaiu 24 9 in vitro B MIpUCYTCTBUU MUTOTeHA
KoHA (2.5 MKT/M1) 11 63 Hero. 3aTeM B TUMYcax OIpe-
nenstii MPHK Htrla peuentopoB metonom ITLP.

AHaJM3 CMHTE3a M CeKpeluu UTOKUHOB. TUMYCHI,
BBICJICHHBIC 13 TUIOA0B Ha D18, MHKyOMpPOBaJI B Cpe-
ne RPMI-1640 B npucyrctBun ceporonuHa (10-7 M),
aronucra (8-OH-DPAT 10~7 M) uiu aHTaroHucra
(NAN-190 10-° M) Htrla peLienTopoB B TeueHue 24 4.
Yepes 4 4 oTOMpav MpOOKI CPeabl IJIsk OLIEHKH BBIIE-
JIEHUSI IMTOKUHOB. Yepes 24 4 TUMYCHI 3aMOpak1Ba-
i 1 xpaHmwin go omnpenencansg MPHK nmroxkmuHos
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metogom IIIIP, xak ommmcano Beiire. KoHueHTpa-
A0 IIMTOKMHOB B oOpa3liax Cpeiabl ONpeaeisiu C
IMOMOIIBIO IIUTOMETPUYECKUX OYC COIJIACHO MPOTO-
koJty nmpousBoautens (“Rat cytokine flex set for BD
Cytometric Bead Array”, BD Bioscience). Mcrosb-
30BaJId OyCHI 4151 onpenejieHus UMTOKuHOB: NJI-1q,
WII-1B, N-2, -4, NJ1-10, UDH-y u dakrtop He-
Kpo3a oryxoim (DHO-).

CraTUCTUYECKYI0 00pabOTKy TaHHBIX ITPOBOIUIN
C TTOMOIIbIO KOMIbIOTEPHBIX TTporpaMm Excel u Sta-
tistica 7.0. laHHBIC TpeacTaBiAeHBI B BUIE: CpeIHEE
3HAYEeHME T cTaHAapTHas olnbka. JJocTOBEpHOCTh
pa3Iuuuii OLleHWBaJIU C HMCIIOJIb30BaHMEM Hemapa-
METPUYECKOro Kpurepus MaHHa—YUTHH.

PE3VJIbTATHI

Htrla peuenrtop 3Kcmpeccupyercsi B ¢opMupyro-
meMcs THMYyce y I10a0B Kpeic. MetomoMm I1IIP B pa3s-
BUBAIOIIEMCSI TUMYCE TUIOJOB KpBIC OOHapy:keHa
skcrpeccuss MPHK Htrla perenrropa ¢ 216 mo I13
(puc. la). C nmomoiibio BecTepH-0JIOTTUHIa Ha Tex
Ke CTamMsIX OHTOTreHe3a ObUTa IMOATBEpXKIeHA 2KC-
npeccusi 6eakoBoro nmpoaykra Htrla (puc. 16). Ana-
JIu3 KJIETOK, BKcIpeccupyrolux Htrla penenrop y
ioaoB Ha D19 mokazan Haauyue penenTtopa Kak B
T-muMmdornnTax, TaK U B CTPOMAJIBHBIX 3JIeMEHTaX
tumMmyca (puc. 16).

IIpenaransHas 6;0kaga Htrla penenTopoB B THMY-
ce IJIOJ0B MPUBOAUT K JOJTOCPOYHBIM H3MEHEHHAM
onacrorenHoro norennuana T-aumdouuros. [Tpena-
TaJibHast 6Jokana Htrla perientopoB BbhI3bIBajia HEOO-
paTuMble U3MEHEHUsT (DYHKIIMOHATIBHOTO COCTOSTHUS
T-K1€TOYHOro UMMYHMTETA B MOCTHATAILHOM Pa3BU-
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. OMHOKpaTHOE BBeIeHME TiomaM Ha D17 in utero
antaronucta NAN-190 mpuBoamIo K TOJITOBpEeMEH-
HOMY MOBBIIICHUIO (PYHKIIMOHAIBHOUW AKTUBHOCTU
(6n1actoreHHOTO MNoTeHuMana) T-TMMEOOUMUTOB TU-
Myca, OLIEHMBAaeMOM Mo IMpoJinpepaTUBHOMY OTBETY
Ha T-knetouHblit MuToreH KoHA, Kak B 1ripe-, Tak U B
MOCTITyOepTaTHOM MepUOe KU3HU (puc. 2).

baokaga Htrla penentopoB BimsieT HA JMHAMUKY CO-
3peBanus T-1UM(pONMTOB B OPraHOTUNHYECKO KYJIbTYpe
THUMYCOB ILI0I0B. Jl0oOaBiIeHNE CEeIeKTMBHOIO aHTaro-
aucta Htrla penenropoB (NAN-190) B opranoTurm-
YECKYIO KYJIbTYPY TUMYCOB, BBIICICHHBIX M3 IUIOIOB
Ha D18, BBI3BIBAIO CYIIECTBEHHBIC U3MEHEHMS B TU -
HaMuke AIUG@EepeHIINPOBKN MpPeAlIeCTBEHHUKOB
T-numdpouuToB B TeueHue 7 mHeit in vitro. dons
HanmMeHee 3peibix TuMonnToB CD4-CD8 -deHo-
TUIIA CHIXaJIach B 1.7 pa3a, a IOITyJIsIIus TBOMHBIX
MO3UTUBHEIX KieTok CD4*CD8"-(peHoTumna, npen-
CTaBJISTIONINX CIEAyIomUil Tamn auddepeHIUPOBKA
T-nmumdounToB, yBenmuuBaiack B 3 pasa (puc. 3),
YTO CBUIETEIHCTBYET 00 YCKOPEHUM CaMbIX paHHUX
sTarmoB gndepeHINPOBKY IIpeaIIeCTBeHHMKOB. Ha
MONYJIALNUN 3pebIX KIETOK IMOMOIIHUKOB CD4"-
deHOTUITIA U LUTOTOKCHMYECKUX InMPouuToB CD8-
deHotumna antaronuct Htrla penentopa He oKa3bI-
BaJI 3HAYMMOTO BIUSHUSA (puUc. 3).

Ceporonnn u antaronuct Htrla peuenTopoB He
OKa3bIBAIOT BJIMSAHUS HA WHIYIMPOBAHHYI0O MUTOTEHOM
npojudepanu0 TAMOIUTOB Y ILIOA0B KpbIC. T-7TMM-
(GOLNTHI, BEIIEIIEHHBIE U3 TIOAOB Ha D21 cITOCOOHBI
oTBeyaTh Ha T-KIIETOUHBIMI MUTOTEH YCUJICHUEM
nponudepanyu (puc. 4). B oruune ot 1oj1oBo3pesbix
KUBOTHBIX (MeTbHUKOBA ¢ cOaBT., 2012) cepOoTOHUH B
muarasoHe koHueHTpaumii 10-8—10~* M, a taxcke aH-
taronuct Htrla peuenropos NAN-190 (1077 M) ne
BJIMSUIV Ha Tipoiudepanuio T-1uM@oLMTOB TUMYCA,
WHIYLPOBAaHHYIO MUTOTeHOM (puc. 4).

AxtuBanuu T-1MM(OIHUTOB MHTOTEHOM CTHMYJIM-
pyet 3kcnpeccuio MPHK Htrla penentopoB y moJio-
BO3peJIbIX KPbIC, HO HE Y IUIOJOB. Y TOJIOBO3PEJbIX
JKMBOTHBIX aKTHUBallWsl TUMOILIMUTOB MUTOT€HOM BbI-
3bIBajia MoBbINIeHUEe ypoBHS akcripeccun MPHK pe-
nentopa Htrla. B oTimune oT 1oJIoBO3pebIX XKUBOT-
HBIX, Y TUIOAOB Ha D18 akTMBaLsI TAMOILIMTOB MUTO-
reHOM B TeuyeHUe 24 4 He BJMsIa Ha 3KCIPECcCUlo
MPHK Htrla penentopos (puc. 5).

Htrla peuenTop y4acTByeT B peryJisiii CUHTE3a H
BblleJIeHUs] IUTOKMHOB B TUMYCe MioAoB. KynbTruBU-
pOBaHMeE 1IeJIbIX TUMYCOB, BbIJIEJIEHHBIX U3 MJI0A0B Ha
D18, B npucyrcreun aroucra (8-OH-DPAT, 10~7 M)
unu anraronucta (NAN-190, 10~° M) Htrla peuern-
TOPOB IIPUBOAWIIO K n3MeHeHusIM cekpeunu WUJI-10,
NPH-y n cuare3a MPHK NJI-10, UPH-y u PHO-a
(puc. 6, 7), HO He BIMsUIO Ha 3Kkcmnpeccrio UJI-1q,
WII-1B, WJ-2, NJI-4 (naHHBbIe HE TPEACTaBICHBI).
HMccnenoBanue cekpelimy IMTOKMHOB B Cpeay MoOKa-
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Puc. 2. MHoynpoBaHHBIN MUTOT€HOM KOHKaHaBaW-
HoM A (KoHA, 2.5 MKr/mu) npoiudepaTUBHBIN OTBET
JMM@OILIUTOB TUMYCa Y KPbIC, KOTOPEIM Ha 17-if aMOpuro-
HaJIbHBIN ICHb OMMHOKPATHO BBOAMJIA AHTarOHUCT pelieIT-
TopoB K ceporoHuHy Htrla (NAN-190). KoHTpoJIbHBIM
KUBOTHBIM BBoawM 0.9%-ueblit pactBop NaCl. [Tponu-
depaTuBHBIN OTBET TUM(OLIMTOB OlleHWBaiM Ha 20-it 1
40-it mau mocTHataimbHoro pasputus (1120, 1140). * p < 0.05
10 CPaBHEHUIO C KOHTPOJIEM.

3aJ10, 4YTO 4Yepe3 4 U KyJIbTUBUPOBAHMUSI KOHIIEHTpA-
uun UI-1o, UJI-2 n UJI-4 6611 MeHee 40 1ir/mi,
T.e. HIWXKE Mpedeia YyBCTBUTEIBHOCTH MeTona. B
cpene ObLIa BbISIBJIEHAa OTHOCUTEIBHO BBICOKAS
koHneHTpauust MJI-10 (okono 300 rir/mi) u PHO-o
(okosio 200 nir/min), nmpuyem cekpeuust PHO-o He
3aBHMCeNla OT CEpOTOHMHA U ero penentopa Htrla.
Akcnpeccust MPHK ®OHO-o cHimkanacek non neii-
CTBUEM 3K30T€HHOIO CEPOTOHMHA WJIM arOHUCTA U
5TOT 3¢heKT OTMEHSUICSI aHTaroHucToM Htrla (puc. 6).
[IpumeHeHne TOJNILKO aHTaroHucra (OJiokama meii-
CTBUSI BHYTPUTUMUUYECKOTO CEPOTOHMHA) HE BIUSIIO
Ha skcrpeccuio MPHK ®HO-o (puc. 6).

Axkcmnpeccugs MPHK MNJI-10 He MeHsI1ach B IpH-
cyrcTtBuu aronucta Htrla, Ho cHMXXanach Mo BIIM-
aaneM anTtaronucra Htrla (puc. 6). JloGaBieHue B
cpelly ®K30TeHHOT0 CepOTOHMHA uiau aroHucra Htrla
pelenTopoB cTuMyiaupoBayio BbimeaeHue WMJI-10
(puc. 7a). Autaronuct Htrla, moGaBisieMblii cOB-
MECTHO C aTOHUCTOM, OTMEHSIT 3 (EKT MocIeaHE-
ro, a UCMOJb30BaHUE TOJIbKO AaHTATOHUCTA HE BIIUSI-
110 Ha Beigenienue NJI-10 (puc. 7a).

Oxcnpeccuss MPHK M®H-y cHuxkanace B npu-
CYTCTBUM aHTaroHUWCTa W MPU COBMECTHOM IMpUMe-
HEHWM aroHucTa U aHTaroHMCTa, HO HEe MEHsJIach
MpY BBeIeHUU TOJbKO aroHucrta Htrla peuenTtopa
(puc. 6). Konnenrpanust MOH-y B KyabTypasbHOM
cpene B KOHTPOJIE COCTaBIIsIIa OKOJIO 65 mr/MiT U He
MeHsJ1ach B mpucyTcTBuuM aronucrta Htrla perenro-
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Puc. 3. Bnusinue antaronucta Htrla petienrropos (NAN-190) Ha muddepenmpoBky T-mumbonmToB B Tumyce mioaos. Op-
raHOTUITMYECKYIO KYJIbTYPY TUMYCOB, BBIZIECJIIEHHBIX U3 18-IHEBHBIX IJIONOB, IMOAAEPXKUBAIU B TeueHUe 7 THEMH in Vitro, B KyJb-
TypajibHyio cpeny noo6asisii NAN-190 (10’7 M). Bkcnpeccuto antTureHoB CD4 u CD8 aHanM3MpoBaju ¢ MOMOILbIO TPOTOY-

Hoit tmTomeTpud. * p < 0.05 Mo cpaBHEHUIO C KOHTPOJIEM.

poB (puc. 70). JobaByiieHrEe B cpeay 3K30T€HHOTO Ce-
pPOTOHMHA HE3HAYMUTEJbHO YCUJIMBAJIO BbIACJIEHUE
N®OH-y knetkamu TuMmyca. biokana neiictBust BHyT-
PUTUMUYECKOTO CEPOTOHUHA C TIOMOIIBIO aHTATOHU -
cta Htrla peuentopos cHuxana cekpeuunto MDOH-y,
TakXXe KakK U COBMECTHOE NMpUMEHEHNe aroHucCTa u
anraronucrta Htrla (puc. 70). Jlo6aBieHue B cpenay
9K30T€HHOI'O CEPOTOHMHA CTUMYJIMPOBAIO 3KCIIPEC-
curo MPHK Htrla.

OBCYXIEHMWNE

CoracHoO TI0JlydeHHBIM JaHHBIM, Y TUIOIOB KPhIC
KJIETKM (DOPMUPYIOIIETOCS] TUMYCAa DKCIPECCUPYIOT
Htrla penenrop Ha BceX M3y4eHHBIX CTaaUsIX OHTO-
renesa (D16—I13). biokana Htrla B nmepuon akTus-
HOTo (OPMUPOBAHUS TUMYCA IPUBOAUT K CTOMKOMY
MOBBIIIEHNIO (DYHKIIMOHAJIBHOUW aKTUBHOCTU (yBe-
JIMYEHNIO OJIaCTOreHHOro moreHnuana) T-mmmdo-
LIUTOB B ITOCTHATAJILHOM ITEpUOE KU3HU. AKTHUBA-
musa Htrla penenTtopoB B 3MOpHMOHAILHOM THUMYCE

OHTOT'EHE3 2020

TOM 51 Ne 5

U3MeHsIeT O0allaHC LIMTOKWUHOB, KOTOpHIC, MO-BUOAV-
MOMY, SIBIISTFOTCSI OMHUM M3 KJIIOUEBBIX 3BeHbEB, OITO-
cpeaymoimunx MopgoreHeTudeckuii 3@eKT cepoTo-
HUHA Ha (popMUpPOBaHIE OpraHa.

IMpucyrcrBue kak MPHK, Tak 1 COOTBETCTBYIOIIETO
6enkoBoro mnpoaykra Htrla Ha cramuax D16—921, B
SMOPHUOHAIBHOM THUMYCE CBUIETEIbCTBYET O BO3-
MOXKHOCTH IIPSIMOTO IeCTBUSI CEPOTOHMHA Ha (Gop-
MUPYIOLINICSI opraH y mionoB. CilaeayeT OTMETUTD,
yTto 6e10K Htrla oGHapyXuBaeTcs He TOJILKO Ha CO3pe-
BalOIIMX MpeaIeCTBeHHUKaX T-JIMM(MOIUTOB, HO 1 Ha
KJIETKaX CTPOMBI TUMYyCa. DMOPUOHAJIBHBIA TUMYC SIB-
JISIETCS JUHAMUWYHO CHUCTEMOIA, TJI€ JIEMEHTBI CTPOMBbI
1 TUMOLIWTHI aKTMBHO B3aMMOIECTBYIOT, M Iudde-
PEHLIMPOBKA CTPOMAIbHBIX 3JIEMEHTOB TUMYyCa IIPUH-
LUIMAIBHEIM 00pa30M 3aBHCUT OT B3aUMOACHCTBUS C
MEePBBIMU  JTUM(POIIO3TUYECKUMU  TIpEAIIeCTBEHHUKA-
mu (Meilin et al., 1995; Anderson et al., 2006), 3aces-
IOIIMU SIUTEINAIBHYIO 3aKJIAIKy TUMYyca Ha D13—16
(Brelinska, Malinska, 2005). JIuddepeHuupyomnime-
CSI TIPEAIIeCTBEeHHUKU SIBJISIFOTCSI TPAaH3UTOPHOIM, T10-
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Puc. 4. Bnusinue cepoToHHA (10_8—10_4 M) u anTaronucra Htrla peneniropos (NAN-190 1077 M) Ha MHIYIIMPOBAHHBIN
MUTOTeHOM KOHKaHaBaTMHOM A (KoHA 2.5 Mkr/mut) nponvcdepaTUBHBII OTBET TUMOLMTOB, BBIAEICHHBIX U3 21-THEBHBIX

mionoB. * p < 0.05 Mo cpaBHEHMIO C KOHTPOJIEM.

CTOSIHHO OOHOBJISIIONIEHCS TOMyJIsiIueit B TUMyce, B
TO BpeMsI KaK CTpOMaJIbHbIC KJIETKM IPEICTABISIOT
Cco0O0I pPe3nASHTHYIO TOIYJISIIINI0, COOCTBEHHO CO-
CTaBJISTIONIYIO TKaHb TUMyca. CTpoMa TuMyca obec-
neuynBaeT ANGOEPEeHIUPOBKY IPEANIeCTBEHHUKOB
T-muMboIMTOB Ha TIPOTSKEHUU Bcell XKu3HU (Su,
Manley, 2000; Anderson et al., 2006). D10 TTO3BOISIET
MPEAIOI0XUTh, YTO BBISIBJICHHbIE HAMMW OTHAJICHHbIC
nocaeactBus ookaasl Htrla y miogoB oOyCaoBIEHBI
CTOMKHMMU HU3MEHEHUSIMU HMEHHO B CTPOMAJIbHBIX
aJIeMeHTax TUMyca. B Halllem ncciaenoBaHUM BBEIEHNE
IUIOJaM CeJIEKTUBHOTO aHTaroHucrta Htrla peuenTo-
POB UMEHHO B IIEpHO]I, KOrIa BO3MOXXHO KOOPAUHUPY-
follIee JeMCTBUE CEPOTOHMHA Ha CO3peBaHIE BCEX TH-
OB KJIETOK THUMYCa, MOATBEPKIAET 3TO IIPEAIIOJIO-
xeHue. OmHAKO, HEIb3s MCKII0YaTh, YTO HAPSIAY C
MPSIMbIM IEUCTBUEM CEPOTOHMHA, YEPE3 PELICHTOPHI
B TUMYCE, BO3MOXHO U ONOCPEIOBAaHHOE BIUSHUEC
CEpOTOHMHA Ha TUMYC 4epe3 Helpo-3HIOKPUHHYIO
CHUCTEeMY, KOTopasl Takxke SIBJSIeTCSI MUILIEHbIO OJIisl
Mop¢OTeHeTUIECKOTO AeiicTBUs cepoToHrHa (Ugru-
mov et al., 1994; Pronina et al., 2003).

i u3ydyeHust pojid CUHTE3UPYEMOTO JIOKAJIBHO B
TUMYCE CEPOTOHMHA ObUTM MPOBEICHBI UCCIIETOBAHUST
Ha MOJEIU OPraHOTUIIMYECKOU KYJIbTYpbl 3MOpPUO-
HajibHOrO TUMyca. COrJacHO MOJYyYeHHBIM AaHHBIM
npsiMasi 0J1okana peuentopoB Htrla yckopsieT nudpde-
peHLMPOBKY T-TMM@OIIMTOB HA caMbIX paHHUX CTa-
JIUSIX (IBOMHBIX HETATUBHBIX U ABOMHBIX MO3UTUBHBIX
T-muMbonUTOB) 1 HE BIMSET CYIIECTBEHHO Ha 00pa-

30BaHUE HaubOoJjiee 3penbiXx ¢GopM — T-KIeTOK-TI0-
MOIIHUKOB U HUTOTOKCUYECKUX T-TUM@OLIUTOB.
HMcnonb3oBaHue B JaHHOI MOJEIM aHTaroHUCTa pe-
LIETITOPOB, a He T00aBJIeHNE SK30TeHHOTO CEPOTOHM -
Ha, CBUICTEIBCTBYET O TOM, UTO HaOJIIoJaeMbie 3(-
¢deKThl 00YCIOBIICHBI MMEHHO BHYTPUTUMHYECKUM
CEPOTOHMHOM, a He TOCTYMAIOIIM 13 OOILIEH LINPKY-
Jsiumu. IToydeHHbIe pe3yJIbTaThl XOPOIIO TOTOJHSIIOT
CYILECTBYIOIIE TIPEACTABIICHUS O TOM, KaK IPOUCXO0-
1T nudhepeHIIMPOBKa CTPOMAJIBHBIX KJIETOK TUMYCa
B OMOpHOreHe3€e, COrJIacHO KOTOPBIM ITPENIIECTBEH-
HUKKA T-TuMdOIUTOB, 3aceldioniue TUMYC B TIpeHa-
TaJIbHOM TIepUO/JIe Pa3BUTHS, 3a[CP>KUBAIOTCSI B OpTraHe
3HAYUTEJIBHO AOJIBIIIE, YeM 3TO HeOOXOIMMO IJIsT TU(D-
¢depeHIIMPOBKYN MPEIIIeCTBEHHUKOB y TIOCTHATAIb-
HBEIX Kpeic (Manley, 2000; Brelinska, Malinska, 2005).
IMo-BuaMomy, 3afepxKKa IIpeHATAIbHOM BOJHBI MU-
rpaluy CBs3aHa ¢ TEM, UTO 3TU KJIETKU 3aCeJIsIIOT CO-
BCEM HE3PEJbIil 3a4aTOK TUMYyCca U HEOOXOTUMBI JIJIST
MOJIHOLIEHHO IuddEepeHIIMPOBKA  CTPOMATBHBIX
syeMeHTOB. Hamm maHHbIE MO3BOJSIOT MPEAIIoNio-
KUTh, YTO OMHUM U3 MEXaHU3MOB, KOTOPHII B HOpMeE
MPUTOPMakKUBaeT NUGGEPEHIINPOBKY PAaHHUX CTa-
Wi TIpealIecTBEHHUKOB T-TMM@OIIUTOB U TeM ca-
MBIM YIJIMHSIET BpeMsl TIpeObIBaHUSI TIEPBOM BOJIHBI
MUTpPaALVH B (POPMUPYIOLIEMCSI TUMYCE, MOXKET OBbITh
aktuBauus Htrla pelienTopoB Ha CTpOMaIbHBIX 3Jie-
MEHTAaX JIOKAJbHBIM CEPOTOHMHOM.

IToMuMoO BAUSTHUS Ha CTPOMY THMMYCa, CEpPOTO-
HUH, HECOMHEHHO, JIeficTByeT M Ha quddepeHInpY-
OHTOTI'EHE3
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Puc. 5. Bnusaue mutorena koHkaHaBasimHa A (KoHA 2.5 mxr/mi) Ha skcnipeccuto MPHK Htrla penenropos B T-mumdboru-
Tax, BbIAEJIEHHBIX U3 TUMYCOB 18-aHeBHBIX TU10A0B (D18) 1 AByxMecssuHbIX Kpbic (I160), 1 MTHKyOMpOBaHHBIX 24 4 in vitro. Tpen-
CTaBJICHBI Pe3yJIbTAThI JIeKTpodopesa B arapo3HoM Tesie mpoayktoB [TLP u onTuueckas rmioTHocTh nosoc. * p < 0.05 o cpaBHe-

HUIO C KOHTPOJIEM.

ommecs T-muMponutel. MU3BeCTHO, 9TO y B3POCIBIX
JKMBOTHBIX CEPOTOHUH 4epe3 cBoi penernrop Htrla
CTUMYJIMpYET TMpoiaudepalnio aKTUBUPOBAHHBIX
T-nmumdponutos (Aune et al., 1993; Abdouh et al., 2001).
B 3penwix T-kieTkax, BBIIEJICHHBIX U3 CEIEC3CHKU U
nepudepruuecKoii KpoBu, IpU aKTUBALIMM MUTOTE-
HOM ITOBBIIIAETCSI YPOBEHb 3KCIIPECCUM PELICTOpA
Htrla, uTo, B CBOIO oUepenb, yCHINBAET IIpoardepa-
TUBHBIN O0TBeT T-nuMdoriutoB (Abdouh et al., 2001,
2004). B HaleM npeablayleM UCCIeI0BaHUU MBI I1O-
Ka3aJIi, YTO CEPOTOHMH aHAJIOITMYHBIM 00pa30M BIIMSI-
€T Ha aKTUBUPOBaHHbBIC T-TMMQOLIMTEI, BEIACICHHbBIC
M3 TUMYyca TMOJ0BO3penbix Kpbic (MenbHUKOBa C CO-
aBT., 2012). I1Ipn aKTUBaLIMU 3TUX KJIETOK MUTOTCHOM
KoHA cepoToHMH ycminBaeT UX Ipoaudepalmio de-
pe3 MHAYKIMIO cBoero peuentopa (Abdouh et al.,
2001). B mpoTHUBOIIOI0XHOCTb 3TOMY, SMOPUOHAJIb-
HBI€ TUMOILIUTHI, XOT$I 1 ObLIM CITIOCOOHBI K YCUJICHUIO
npoangepaTUBHOTO OTBETA HA MUTOTE€H, OKa3aJINUCh
HEUYYBCTBUTEJbHBI K CEPOTOHMHY M aHTaroHHUCTY
Htrla peuenTopa. IIpy 3ToM MUTOTE€H HE BJIMSIIT HE
skcnpeccuto Htrla B T-nmumdonnTax, BblIeICHHBIX
13 TUMyca miaonaoB. Takas pasHuiia B 3ddekrax ce-
poToHMHA Ha Tud@epeHIUPYIOIIECS TUMOLUTEL Y
B3POCJIBIX M IUIOAOB MOXET OBITh O0YC/IOBJIEHA Ma-
Joi1 poyei T-KiTeToK mo3gHnX cTagnii fnddepeHIn -
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POBKM B TUMYyCe IUIOOOB. TakuMm oOpa3oMm, HaIlu
JaHHBIE CBUACTEIBCTBYIOT O TOM, YTO MEXaHU3MBbI
peryJIsIIuM 3KCIpeccuu peuernropa Htrla B 3penbix u
He3pebIX MpeaiiecTBeHHMKaX T-TuM@OLIMTOB pa3-
JINYaroTCS.

OOHapy:KeHHBII HaMU (HaKT, YTO CEPOTOHUH Ue-
pe3 Htrla penenTop crnoco0eH BIMATH HA KCIIpeC-
CUI0 LIMTOKMHOB MO3BOJISIET TPEATOJOXUTh BO3-
MOXHBI MEXaHU3M JIOJITOCPOYHBIX U3MEHEHUU B
GYHKIMOHUPOBAaHUU T-KJI€TOYHOTO 3B€HA UMMY-
HuteTa. MI3BECTHO, UTO LIMTOKWHBI SBISIOTCSI OC-
HOBHBIMUM MeaIraTopaMu, obecrnedyrnBaoMMu KOM-
MYHUKaLUIO MeXAy KjieTkamMu B Tumyce. Cyiie-
CTBEHHO, UTO OHU MPEJCTABISIOT cobOit (pakTOphI
KOPOTKOAUCTAHTHOTO NEHUCTBUSI U XapaKTepPU3YIOT-
csl oIpeAesieHHON POCTPaHCTBEHHON MPUYpPOUYEH-
HOCTBIO K MecTaM peaiusaluu ux apdexTon. B Tu-
MyC€ LIMTOKHWHBI DKCIPECCUPYIOTCS B OCHOBHOM
KOHCTUTYTUMBHO. [JIaBHBIM HCTOYHUKOM IIMTOKH-
HOB SIBJISIIOTCSI CTPOMAaJIbHBIE 2JIEMEHThI — IMUTEJIN -
aJibHbIE KJIETKU TUMYyca. [1pu aToM cyOKarncyJisipHble
U MeOYJUISIpHBIC 3MMUTEeIUaIbHbIE KIETKN OTJIMYAIOT-
cs1 0oJ1ee IIIMPOKKM CIIEKTPOM MPOAYLIMPYEMBIX LIMTO-
KWHOB M0 CPaBHEHUIO C KOPTUKAIbHBIMU KJIETKAMU,
TeM CaMbIM CO3[1aBasi MUKPOOKPYKEHUE, TMOIICPKM-
Baloliiee co3peBaHue T-KJIETOK Ha COOTBETCTBYIOLIMX
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Puc. 6. Bmustaue ceporonuna (SHT, 1077 M), aronucra (§SOH-DPAT 1077 M) u anTaronucra (NAN-190 10 M) Htrla pe-
uerrropoB Ha akcrnpeccuio MPHK niuroknnos WJI-10, UDH-y n @®HO-0 B TMMyCax, BbIIeNeHHBIX U3 18-IHEBHBIX IUIOOB 1
VHKYOMPOBaHHBIX 24 4 in vitro. [IpencraBiaeHbI pe3yIbTaThl 3JIeKTpodope3a B arapo3HoM rejie mpoayktoB [T P 1 onTtuyeckast

TUTIOTHOCTH T10J10C. * p < (.05 110 CpaBHEHUIO C KOHTPOJIEM.

CTanusIX. YPOBEHb SKCIPECCUN IIMTOKMHOBBIX T€HOB
U BbIAEJIEHUE CaMUX LIMTOKMHOB 3aBUCUT OT B3aUMO-
MEUCTBHUS TUMYCHBIX STUTENATBHBIX KJIETOK U TH-
mouutoB (Yarilin, Belyakov, 2004). B oTiuuue ot
CTPOMBI, TUMOLIUTHI MPOAYLIMPYIOT LIMTOKUHBI He
KOHCTUTYTUBHO, @ B 3aBUCUMOCTH OT CTaJUU 3PeJio-
CTH. Y He3peNBIX KOPTUKAIBHBIX TUMOIIMTOB (heHO-
tuna CD4*CD8% cnmoco6HOCTbL CEKpETUPOBATE LIH-

TOKUHbBI CHMXKEHA 110 CPaBHEHMIO ¢ 6oJiee MO3THUMU
cranuamu nuddeperposku (Wolf, Cohen, 1992).

B mpeHatasibHOM TiepHone pa3BUTHS IKCIIPECCHS
Te€HOB IIUTOKWHOB, PETYJIMPYIOIIMX Mpoudepainio 1
IUddepeHIMPOBKY KJIETOK B TUMYCe, HAYMHAETCs He
OHOBPEMEHHO. Y MbIlIEN BbIAEISIOT TPYIITY “paH-
Hux” muroknHoB, MPHK koTophIX 0OHapyXuBaeTcsI C
D14 (COOTBETCTBYET Y KPBIC MPUOIN3UTEILHO D16) —
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3 —5HT + NAN-190 6 — 8OH-DPAT + NAN-190
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Puc. 7. Biusaxaue ceporonuna (SHT, 1077 M), aroHucra
(8OH-DPAT 1077 M) u antaronucra (NAN-190 10° M)
Htrla peuentopos Ha cekperuio uutokuHos MJI-10 (a) u
NPH-y (6) B TuMycaX, BbIIEJEHHBIX U3 18-THEBHBIX
IUIONOB U WHKYOMpOBaHHBIX 4 4 in vitro. * p < 0.05 mo
CPaBHEHUIO C KOHTPOJIEM.

WI-1B, Wi-4, UI-5, N1-6, NJ1-7 u UOH-y. C He-
OOJTBIIION 3aep>KKOI B 2—3 THS HAUMHAIOT 9KCITpecC-
cuposBarbes murokunabsl UI-1a, UI-2, UJI-3, GM-
CSF (Montgomery, Dallman, 1991). ITpu 3ToMm cuH-
te3 NJI-7, ctumynupyioiero mmpoarudepannio, HO He
muddepeHIpPOBKY T-TMM@OIUTOB, 3aMeIISIETCS K
MoMeHTy cuHTe3a UJI-2, 4To cBUaeTEIhCTBYET O BO-
BJICYEHUM OIIPEIEICHHBIX IUTOKHOB HA OpeacICH-
HBIX CTaausIX pa3BUTHUsSI TMMyca. B TuMyce B3poCibIx
MJIEKOITUTAIOIIMX IIMTOKNUHBI (DYHKIIMOHUPYIOT B BU-
JIe “MaJioil HUTOKMHOBOM CeTH” U IIPEICTaBIISIIOT CO-
Ooit (aKkTOpBI, OCYIIECCTBISIONINE B3aMMOACUCTBUE
KJIETOK U MHOyLIMpyoomme cuHTte3 apyr apyra (Yarilin,
Belyakov, 2004). ITono6Hy10 (pyHKLMWIO OHU BHIIOJ-
HSIOT, BEPOSITHO, 1 B paHHEM pa3BUTHUM TUMmyca. B
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dopmupyltomieMcs TMUMyce TUIOA0B IIUTOKMHEI UTPaIOT
Ba>KHYIO POJIb B 00pa30BaHUU KJIETOYHBIX HUIIIL, CITO-
COOHBIX BITOCJIEACTBUU TIOAAEPKUBATh KOPPEKTHOE
cospeBaHue T-nmumdoruToB (Van Ewijk et al., 2000;
Nitta et al., 2011). B Hamieit pabote MbI OKa3aau, YTO
o61okana penentopoB Htrla (t.e. 610Kama meicTBUS
CEpOTOHMHA, CMHTE3UPYEMOIO B THMMYCE) CHIDKAET
skcnpeccuto MPHK u cexpenuio nuroknna MO H-y,
B TO BpeMsI KakK akTuBalus pelenropa Htrla momas-
nsiet cuHTe3 MPHK ®HO-o. M3BecTHO, 4TO 3TU
IUIEMOTPONHBIE ITMTOKMHBI YYaCTBYET B PEryJISILIUU
MEXKJIETOYHBIX B3aMMOACMCTBUIA, alionTo3a, MOp-
¢orenesa (Yarilin, Belyakov 2004). KoniieHTpamuu
HJI-10, NJI-2 v NJI-4 6b111 HUXKe TTpeneia YyBCTBU -
TenbHOCTU MeTona (MeHee 40 IIT/MJT) U B KYJIBTYPaJlb-
HoI1 cpene He onpenesiiuchk. B To XXe BpeMs akTuBa-
nus Htrla aroHncToM ycuamnBaiia CeKpelnio perysi-
TopHoro umrtokmHa WMJI-10, ucxomHbIl YpPOBEHb
KOTOPOI'O0 B KOHTPOJIE ObI OTHOCUTEIBHO BBEICOKUM
(300 mr/mu). Axtaronuct Htrla cHukam cuHTe3
MPHK 1turokuna MJI-10. IToxydeHHBIE pe3yIbTaThl
MOKa3bIBaIOT, YTO aKTUBaLIMs MM O10Kana Htrla pe-
LIETITOpAa MEHSIET COOTHOIIIEHNE Pa3IMYHbBIX [IUTOKU-
HOB B TUMYyce. CylllecTBYIOIIME K HACTOSIIEMY Bpe-
MEHU JAaHHBIE HE ITO3BOJISIIOT HaM OOCYXKIaTh POJIb
KaXXJ0ro IMTOKMHA B 9MOpuroreHese. TeM He MeHee,
MIpaBWIbHBIN OaJlaHC IMTOKWHOB B (DOPMUPYIOILIEM-
csl TUMYCe KpaiiHe BaXKeH IIJIsi KOPPEKTHOTO OpraHo-
reHesa. C Ipyroi CTOPOHBI, €ro UyBCTBUTEIBHOCTD K
BO3JIECMCTBUIO BHEIIHUX (haKTOPOB MeJIa€T BO3MOXK-
HOW TOHKYIO TTIOACTPOMKY BHYTPUTUMUYECKOTO MUK-
pookpyxeHUs1. ClIocCOOHOCTh CEPOTOHMHA BIUSTH HA
9KCIPECCUI0 IIMTOKMHOB MOXKET JIeXXaTh B OCHOBE
MEXaHU3MOB OHTOTCHETUYECKOM IJIACTUIHOCTU M-
MYHHOI1 cucteMbl. [1T0CKOJIbKY BHELIIHUE U MAaTEPUH-
cKkue (PaKTOphl CITOCOOHBI U3MEHSITh YPOBEHB CEPO-
TOHMHA B OOIIEN HUPKYJISALMU Y TUIOA0B, 3TOT MOHO-
aMMH MOXET BBICTYNATh CBSI3YIOIIMM 3BEHOM MEXIY
OKpYyKalolleit cpemoit 1 hopMUPYIOIIEICSI NMMYH-
HOW CUCTEMOM.

Ha pasButue TMMyca MOXET BJIUSITb CEPOTOHUH,
TTOCTYTIAIOIINI U3 pa3HBIX UICTOYHUKOB. Kak rmokasa-
JIV HAIIIW TTOCTIEAHUE UCCIIeOBAHMS, Y TIJIONOB KPBIC
CEpOTOHWH CHHTE3UpYyeTCsT KieTKaMHu TmMmyca (JIn-
¢anuena ¢ coanT., 2017). M3 maHHBIX TUTEpaTypPhl 13-
BECTHO, YTO CEPOTOHUH MUPKYJIUPYET B KPOBU TLIO-
JIOB KpbIC B 3HAUUTEJILHOI KOHLIEHTpaluu. B otiu-
Yue OT B3POCBIX XXUBOTHBIX, Y TUVIOJOB B OTCYTCTBUU
reMaTo3HIieaIniyecKoro 6apbepa BeAyIyIO POJib B
co3maHnM (GU3NOJIOTUIECKN aKTUBHOM KOHIICHTpA-
I CEPOTOHWHA B KpoBW mMrpaeT mMo3r (Hacwiposa
¢ coasT., 2009). M3BecTHO, UTO CTpecc UIn BocIaie-
HUE Yy MaTepu CTUMYJIMPYIOT CUHTE3 CEpOTOHMHA TLJ1a-
LICHTOM U TIOBBIIIAIOT YPOBEHb CEPOTOHUHA B KPOBU
mona (Williams et al., 2017). 1o HacTosiIiero BpeMeH!
BHUMAaHUE YYEHBIX ObUIO CKOHIIEHTPUPOBAHO Ha BO3-
MOSKHBIX TIOCJIEACTBUSIX U3MEHEHMST YPOBHSI CEPOTO-
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HUHA B KPOBU IUIOAOB IJISI Pa3BUBAIOIIETOCS MO3Ta.
YcTaHOBIIEHO, YTO IIPU CTPECCE U BOCITAJICHUH Y MaTe-
PpY HapyIIaeTcsi pOCT aKCOHOB 1 CO3PEBaHUE Psia OTIe-
JIOB TOJIOBHOT'O MO3Ta y IUIOIOB, a MEXaHMU3MBbI TaKMX
M3MEHEHMIA pean3yroTcs yepe3 Htrla penienropsl Ha
HelipoHax (Balakrishnan et al., 2013; Goeden et al.,
2016). Myrauuu B rene Htrla accoumnpoBaHbl ¢ na-
TOT€HE30M IIU30(PPEeHUN, OUITOISIPHOTO PaCCTPOM-
cTBa U psaa apyrux narogoruit (Gleason et al., 2010;
Van Velzen, Toth, 2010). B To e BpeMsl moKa3aHoO,
YTO y 4YeJoBeKa HEKOTOpbie HapyIIEHUs Pa3BUTUS
MO3Ia COMPOBOXKIAOTCS TTATOJIOTUSIMU UMMYHHOM CH-
CTEMbI, HalpuMep, ayTOUMMYHHBIMU PacCTpOCTBa-
mu (Michel et al., 2012). ITpuHSATO cUUTATh, YTO COMYT-
CTBYIOILIME MMMYHOJIOTUYECKNE MaTOJOTUU BTOPUY-
HbI, OOYCJIOBJIEHBI BJIMSIHUEM HEPBHOI CHUCTEMBI Ha
dopMupoBaHre UMMYHHOM. ITOCKOJIbKY B OHTOTeHe3¢e
¢dhopMurpoBaHUE MO3ra U TUMycCa MPOMCXOIUT Iapai-
JIEJIbHO, HAIlIM JaHHBIe o poau Htrla B pasButuu TH-
Myca CBUIETEIBbCTBYIOT O TOM, YTO B OCHOBE PeTyJIsi-
UM Pa3BUTUS HEPBHOI 1 UMMYHHOI CHCTEM MOTYT
JIeXaTb HE3aBUCHUMbIE MEXaHM3MBbI, OIIOCPEIOBaH-
HBIE€ CXOOHBIM ITyJIOM aKTUBHBIX MOJIEKYJ, B 9aCTHO-
CT MOHOAMHWHAaMU.

Takum o6pa3oM, B pa3BUBAOIIEMCST TUMYCE TLIO-
JIOB KpBIC MOp(doreHeTndecKmii 3(pPpeKT cepoToOHNHA
peanu3syercs Tipu ydactuu Htrla penernropa, ot ak-
TUBAILIMU KOTOPOTO 3aBUCUT IKCIIPECCHS ONpeeIeH-
HBIX IIUTOKWMHOB M, KakK clieIcTBUe, TuddepeHim-
POBKa KJIETOYHBIX 3JIEMEHTOB CTPOMbI U TUMOILIUTOB.
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Serotonin is involved in the regulation of a wide range of immune functions in adult animals. Previously, we
have shown that the suppression of serotonin synthesis in fetuses during the thymus development leads to
long-term irreversible changes in the T-cell immunity. However, the mechanisms of the morphogenetic effect
of serotonin on the development of thymus remain unclear. In this study, the expression of mRNA and sero-
tonin receptor type 1A (Htrla) protein was revealed in fetal thymus. A single in utero administration of Htrla
antagonist (NAN-190) to the fetuses on the 17th day of embryonic development caused a persistent increase
in the functional activity of T-lymphocytes in postnatal life. In fetal thymus organotypic culture we demon-
strated that Htrla blockade accelerates the differentiation of T-lymphocytes at the earliest stages and has little
effect on the mature forms - T-helpers and cytotoxic T-cells. The presence of Htrla receptors in the develop-
ing thymus confirms the possibility of the direct influence of serotonin on the formation of this organ. It was
found that serotonin through Htrla is able to change the cytokine balance in the developing thymus, which
may be the basis of mechanisms of ontogenetic plasticity of the immune system. Cytokines responsible for
the differentiation of the cell in the thymus are one of the key links through which the morphogenetic effect
of serotonin, mediated by the activation of the Htrla receptor, is realized.

Keywords: serotonin, Htrla receptor, thymus, ontogenesis, rat
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MEXAHN3M ITPOPACTAHUNA I1bLJIbIIBI 1 POCT IIbIJIBIIEBBIX
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[IbuibLIEBBIE TPYOKM SIBJSIIOTCSI MOITYJISIPHBIM OOBEKTOM IPHU M3YYeHUM (PU3UOJOro-OMOXMMUYECKUX U
CTPYKTYPHO-TMHAMUYECKHUX TPOLIECCOB B PACTUTEJIBHBIX KJIeTKaX. BoJblllasi 4acTh TaKMUX MCCeIOBAaHUIA
MOCBSIIIeHA MbUIBIIEBBIM TPYOKaM IIBETKOBBIX PACTEHUI C KOPOTKUM PENMPOAYKTUBHBIM IIUKJIOM. M3yue-
HUIO MBbLUTBIIEBBIX TPYOOK rOJIOCEMEHHBIX YIEsIeTCSl 3HAYUTEIbHO MeHbIIIe BHUMaHUsI. B crathe paccmar-
PUBAIOTCS MIPOLIECCHI TUAPATAIIMU TIBIIBLIEBBIX 3€PEH U Pa3BUTHE MBLIBLIEBBIX TPYOOK Y MOX KEBEJIbHUKA
OOBIKHOBEHHOTO. 3peJioe MbIIbLIEBOE 36PHO MOXKKEeBEIbHIUKA HAXOMUTCS B NIETUAPATUPOBAHHOM COCTOSI-
HUU U CONEPXKUT He 6osiee 2—3% cBoOOAHOI Biaru. Peruaparaiivsi MpMBOAMT K aKTUBALIMA METaboIU3Ma,
MMPOPACTaHUIO MBUIBII M POCTY TBIIBLIEBLIX TPyOOK. ['MapaTalivst MbIIBLIEBOTO 3epHA MOXOKEeBEIbHUKA,
MpUBOJSILIAsA K 00pa3oBaHUIO TUAPOGUIBHOM KATCyJibl, BEKPBITHIO U COPAaChIBAHU IO K3UHbI, NTPEICTABIS-
€T ITOCJIeIOBAaTeIbHOCTb COOBITUI, KOHTPOJIUPYEMBIX, BEPOSITHEE BCETO, OeKaMU HapyXKHOU SIIepHOM
MeMOpaHbl MUKPOCTIOpPbI. B OpOuKysax NblIbLEBBIX 3€PEH MOXXKEBEJIbHUKA BbISIBJIEHO HEOOBIYHO 0O0JIb-
1I1oe coiepkaHue MOM-MHO3UTOJIa, HEOOXOAMMOT0, BEPOSITHO, TSI OBICTPOi 11 dY3UM BOABI B CPETHUIA
CJIOt MIHTUHBI M 00pa30oBaHUsI TUAPODUIILHOI Karcyibl. B MbuiblieBbIX TPyOKax MOX>kKeBeJbHUKA OOHApY-
JKeHO nBa (purocTepounna: 6eTa-CUTOCTEPUH M KaMIIECTEPUH, CTUMYJIUPYIOIINX MpOopacTaHue MbUIbIIBI 1
POCT MBUIBLIEBBIX TPYOOK. Be3ukysbl, mepemMeiiasich B TMaJIONIa3Me TMbIIbLEBON TPyOKM, CKATLJIMBAIOTCS
BOJIM3Y ee KOHYMKA. Be3nKyibl cCBOMMU MeMOpaHaMy BHEAPSIOTCS B MeMOpaHy KOHUMKA TPYOKH, BBICBO-
06oxaast HapyXXy cBoe cofepxkumoe. Hanbompliiiasi KOHIIEHTPALMs MUTOXOHIPUI B PACTYIIUX MBUIbIEBBIX
TpyOKax HaGofaeTcsT BOJIM3U 000UX sIIep U o nepudepry MpOoTOIIacTa, aCCOLMUPOBAHHOTO C SIAPOM
KJIETKU TPyOKU. B MbLIbIIeBbIX TPYOKaxX OOBIKHOBEHHOTI'O MO KEBEJIbHUKA MEXIY SIIPOM KJIETKHU TPYOKU U
reHepaTUBHBIM SIIPOM BEJIMKa BEPOSITHOCTh CYIIECTBOBAaHMST KaHaJla pelOKC-CUTHAIbHOM cBsi3u. He mc-
KJTIOYEHO, YTO TaKasi CBSI3b MOXET aKTMBUPOBATHCSI OeJIKaMM Hapy>KHbBIX MeMOpaH 000MX WM OJHOTO U3
szep.

Karoueswie croea: MOXXKEBEIbHUK, MbUIbLIA, MbLUIbLEBast TpyOKa, MHMpaKpacHas CIIEKTPOCKOIIHSI, TIMPO-
JIN3, CTEPOUIBI, OPOUKYJIbI, MOM-WUHO3UTOJI, PEAOKC-CUTHAJIMHT

DOI: 10.31857/50475145020050079

BBEAEHWE

[MeIbLEBBIE TPYOKU Yy GOJTBIIMHCTBA BUIOB TOJIO-
CEMEHHBIX CJIyXaT CPEICTBOM JTOCTABKM MYXKCKUX
MOJIOBBIX KJIETOK K apXerOHUSIM, 3a UCKIIOUECHUEM
LIUKAIOBBIX U TMHTKO, Y KOTOPBIX OHU BBIMOJTHSIIOT
raycropuanbHylo pyHkuuio (Ko3yoos u ap., 1982). B
MbUTLLIEBBIX TPYOKaX OOBIYHO MPOUCXONAT U 3aKITIO-
YHUTEeIbHBIE 3Tallbl MUKpoTramMeToreHe3a. [Ipopacra-
HUE MBUIBIBI, POCT U Pa3BUTHUE IbLUILLIEBLIX TPYOOK

Aob6peBuatypnl: FTIR: nndpakpacHas cnekrpockorust ¢ Dy-
pbe-TipeodpaszoBanuemM, DCF-DA: 2,7-nuxinopodayopecuens
nuatetar, APK: akruBHbIe (HOPMBI KMCIOPOA.
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SBJISIIOTCSI Ba>XKHEMWIIEN COCTABISIIONIEN MTOJOBOM pe-
nponykiuu pacteHuii. CoBpeMeHHbIe TpeacTaBiie-
HUS O Pa3BUTUU TMbUILLIEBBIX TPYOOK 0a3upylorcs, B
OCHOBHOM, Ha pe3yjbTaTax UCCJeToBaHUM TbLIbLIE-
BBIX TPYOOK TTOKPBITOCEMEHHBIX PACTEHWIl in Vitro
(Krichevsky et al., 2007).

ITpouecchl TMapaTally MBUILLEBBIX 3ePEH, TIpOpac-
TaHUS MbUIBLLI, POCTA Y Pa3BUTUSI TTBLUTBLIEBLIX TPYOOK
Yy MOXCKEBEJIbHUKA M3ydeHbl HegocTarouHo. Cremyer
OTMETUTb, YTO MEXaHU3MBbI TUIPATALIAM ITbLIBLLI OYeHb
CUJIBHO 3aBUCSIT OT CTPYKTYPHBIX U (PM3UOJIOTO-01OX -
MUWYECKUX COCTABJISTIOIINX TTBUTLIIEBOTO 3€pHA, TTO3TO-
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Taomma 1. Xapakrepuctuka nojoc nomiomenus B MK-cnekrpax

ITonoxenue I10JIOCHI, CM_l

OTHeceHMe I0JIOC TTOTJIOIIEHUST

3200—-3600 BaneHnTHBIe KOJIeOaHUST THIPOKCUIBHBIX TPYIII, BOBJICYCHHEIX B BOOOPOIHYIO CBSI3b
2920, 2875—2850 Banenrtnbie konebanus cBsa3eit C—H B METUIIBHBIX U METUJIEHOBBIX TPYTITIax
1735—1740 BasieHTHBIE KOe0aHMsI KapOOHUIBHBIX TPYIII, HECOIMPSIKEHHBIX KETOHOB U KapOOK-

CUWJIBHBIX I'PYIIIT

1605, 1512, 1430

CKeneTHBIE KOJIEOaHUS apoMaTU4Y€CKOTIO KOJIblia

1650—1630

BanentHrble Konedbanus csa3eit O—H cBs13aHHOIT BOIBI

1030, 1060, 1100

BanentHbie konedanuss C—O cBsI3U IoJiMcaxapuaoB

855, 815, 750—770 (mneuo)

BuerutockocTHBIC I[C(I)OpMaI_II/IOHHI)IC kosiebanust C—H cBsizu apoMaTU4Y€CKOIo KoJiblia

My H3y4YeHHEe UX POJU B Mpoleccax IpopacTaHUs
MBUTBLLIBI Y pa3HBIX BUIOB TAKXKE UMEET O0JIbIIIOE 3HA-
YeHHe.

Mopdosiorust meUIbIIBI M YABTPACTPYKTYpa 000-
JIOUKU TBIIBLEBBLIX 3epeH BUAOB p. Juniperus pac-
cMmatpuBalorcs B padorax 1. Cay3Bopaa (Southworth,
1986) u P. MoxanTu ¢ coaBT. (Mohanty et al., 2016),
a Takxke B 003ope M. X. Kypmanna (Kurmann, 1994).
IMpouecchl ruapaTaliy MbUTBLLI 1 MEXaHU3MBI cOpa-
CBIBaHMSI 9K3UHBI y BUIOB ceM. Cupressaceae OImrcaHbl
BCETO JIMIIIb B HECKOJIBKUX 9KCIIEpUMEHTAIBHBIX pabo-
tax (Duhoux, 1982; Chichiricco, Pacini, 2008; Takaso,
Owens, 2008; Chichiricco et al., 2009; Danti et al.,
2011). OG30pHBIX CTaTeil, rAe pacCMATPUBAINCH ObI
OCOOEHHOCTH POCTa M Pa3sBUTHS MBUIBLIEBEIX TPYOOK
BunoB cem. Cupressaceae, Takke HemHoro (Fernando
et al., 2005). DKcriepuMeHTAILHBIX Pa0OT, ITOCBSIIIICH-
HBIX POCTY M Pa3BUTUIO MBUIBLIEBBIX TPYOOK MOXKE-
BeJIbHMKA OOBIKHOBEHHOTO0, KpaiiHe MaJio (Diavanshir,
Fechner, 1975; Surso, 2018), 3a NCKIIOUEHUEM CEpPUN
crateit E. JIproo (Duhoux, 1972a, 1972b; 1974), cy-
IIECTBEHHO BOCITOJIHUBILIMX 3TOT IMIPOOEI.

B aT01f cTaThe MHTEPIIPETUPYIOTCS HOBBIC OPHUTH-
HaJIbHBIEC OKCTIEPUMEHTAJIBHBIE TAHHBIE O TIpolleccax
TUAPATAIIMN THUTBIBI M Pa3BUTHS TBUILLIEBBIX TPY-
6GOK Y MOX>KEBEJIbHIKA OOBIKHOBEHHOTO.

MATEPUAJIbI 1 METOIbBI
FTIR-cnexmpockonus

OTHoOCUTEbHOE Co/iepXXKaHUe TPYII XUMUYECKUX
COEIMHEHU B MbUIbLEBbIX TPYOKaX, MbUIbLIE U B Op-
OUKYyJIax MOXKEBEIbHUKA U3y4alu C UCTIOJIb30BaAHU -
eM FTIR-cnekTpockonuu MeTOAOM HapyLIEeHHOIO
noyiHoro BHyTpeHHero orpaxeHusi (HITBO). O6pa-
3€ll TTbLIbLEBBIX TPYOOK MO KeBEJIbHUKA 151 aHAJIU -
3a TOTOBWIU clieayroiuum obpasoM. Ilocie mpopa-
IIUBaHUS Ha arapoBoii cpene ¢ 5%-Hoit (w/v) caxa-
po30ii B TeueHue 7 OHei B TepMocTaTe npu 26.5°C
MbUIbLIEBbIE TPYOKM CMBIBIM C MOBEPXHOCTU TeJis
dH,0. CycrnieH3uto ocaxpaaiu LeHTpUdyrupoBaHu-
eM 11pu 1.5 TeIC. 006./MuH. [1eueThl TpXKIbI TPOMBI-

Basiu B dH,0, cycneH3uio Kaxaplii pa3 HeHTpudyru-
poBayiu nipu 1.5 ThIC. 06./MuH. OOpasell MbUIbLIEBBIX
TpyooK 3amopaxkubanu 1pu —80°C u IMoGWILHO BbI-
cymBaiu. O0pasel MbUIbLbl, OUMILIEHHOI OT Ipu-
Meceii MMpocenBaHUEM Yepe3 MeJIKOe CUTO, UCITOIb30-
BaJICS JUTST aHaJIu3a 0e3 JOIOJIHUTEIbHOI 00paboTKU.
Oo6pa3zeln; OpOUKYJI TOTOBUJICS CICAYIOIIUM OOpa3oM.
BoaHas cycnieH3ust mbUTbLIBI TPOCerBajIach Ha BUOPO-
mreiikepe Retsch yepes cuto ¢ AuamMeTpoM OTBEpCTUIA
20 mxwMm. IIpomrenmas yepe3 cuto ppakimst LIEHTPU-
¢yrupoBanacek 10 muH 1pu 4200 06./MuH. [lemteTsl
3aMopaxkuBach Ipu —80°C U BBICYIIMBAINCH JIMO-
¢dunbHO.

MK-criektprl 3anmceiBaimch Ha MK-Dypbe-criek-
tpodoromeTpe IR Prestige 21 (Shimadzu, SInonwust) ¢
npuctaBgoii HITBO MIRacle ¢ mpusmoit ZnSe
(Pike, CIIIA). ITonyyeHHBIE 3HaYeHUS KO3 PUIII-
€HTOB MPOITyCKaHUsI MPeoOPa30BLIBAIMCH B €NUHM-
1Ibl ONTUYECKOU MIOTHOCTU OOpabOTKOU TOJydyeH-
HBIX crieKTpoB pyHKuueit ATP-kKoppeknonn ¢ moMo-
mpio mporpaMMel IR Solution. B Tabi. 1 mpuBeneHo
OTHECEHUE XapaKTePUCTUYECKUX TIOJOC TOIJIoNIe-
HUS K COOTBETCTBYIOIIM CBSI35IM.

C 1IeJIbI0 KOJIMYECTBEHHO! OLIEHKU KOMITOHEHT-
HOT'O COCTaBa MCCJIEMyeMbIX 00pa31ioB ObUIHA paccum-
TaHbl BEJIMYMHBI OTHOCUTEJIbHOM ONTUYECKOM TIIOT-
HoctH (K) C UCIIOJIb30BaHUEM BHYTPEHHETO CTaHIap-
Ta. IToCcKONBKY BO BCEX MCCIEIOBaHHBIX OOpaslax
VIJICBOBI SIBJISIIOTCSI OCHOBHBIM KOMITOHEHTOM, B Ka-
YyecTBEe BHYTPEHHEIro CTaHAapTa BHIOpaHAa MHTEHCHUB-
Hag Tostoca nomtomeHns 3300 cm~!, cooTBeTCTBYIO-
Iast KojiebaHUsIM TUIPOKCWIBHBIX Tpyril. OnTude-
CKME TJIOTHOCTH OITpeAeieHbl OTHOCUTEIbHO 6a30BOit
JIMHUU, KOTOPYIO IPOBOJAWIM MO BOJTHOBBIM YHCIaM
4000, 3800, 2400, 1800, 800, 600 cM~! ¢ momombBIO
nporpaMMbl IRSolution. Bemmmamnasl K paccunThiBa-
JIUCBH T10 hopMyJIe:
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rae D, — onThyecKast INTOTHOCTh XapaKTepUCTHIECKO
M0JIOCHI MOTJIOIIEHUSI KOMITIOHEHTA, D, — oNTUdecKas
IUIOTHOCTb BHYTpeHHero ctanaapra 3300 cm~ !,

Ilupoaus

Jns muponan3a oopasiibl TOTOBUJIUCH TaK XKe, KaK U
st FTIR-cniektpockonuu. st aHanu3a Opajach Ha-
Becka 0.11—0.35 mr. O0pa3zer moaBeprajics ITMPOJIN-
TUYECKOMY Pa3JIOXKEHUIO C MCIIOJIb30BaHUEM MUPOJIM -
3epa EGA/PY-3030D (Frontier Lab) ¢ kpuonoByiii-
KO1. AHaJIN3 MPOAYKTOB MPOJIM3a IIPO0 IIPOBOMMIICS
METOAOM Ia30BOM XpOMAaTO-MacC-CIIEKTPOMETPUM Ha
npudope GCMS-QP2010 Plus (Shimadzu, SmoHus).
VcoBus nuponmsa: ra3oBasi cpena — IeJIinii, TeMIiepa-
Typa mposmsa 600°C, kprodoKycupoBaHUE ITPOIYK-
TOB MMPOJIM3a B TeYECHUE OJHON MUHYTBI, TEMIIepaTy-
pa kpuonoByliku —197°C. Pa3neneHue: KoJoHKa Ka-
mwuisipHass HP-5MS, muamerp 0.25 MM, TojmmHa
HenoaBYKHOM assl 0.25 MKM, 11rHa KOJIOHKH 30 M.
Bson npo6sI nenenuem nmoroka 1 : 500, remrieparypa
ycrpoiictBa BBoga 300°C, ra3-HocuTeJIb — Te€JIMii,
yIpaBjieHHe MTOTOKOM raza — IMOCTOSTHHOE aBJeHUe,
IIOTOK Yepe3 KOJIOHKY | MJI/MWUH, HadYaIbHas TeMIIe-
patypa tepmoctara 40°C, nmogbeM TeMmepaTypbl CO
ckopocThio 10°C/MUH, KOHeUHasl TeMmIieparypa Tep-
mocrata 350°C, usorepma 10 MuH, TemIieparypa
ycTpoiictBa conpsikeHus 300°C, TeMiiepaTypa MOHHO-
ro ucrouHuka 230°C, sHeprust nonuzauuu 70 3B. Ha-
CTpoiiKa Macc-AeTeKTopa: TeMIleparypa MHTepdeiica
280°C, Temniepatypa noHHoro mcrouynuka 230°C. Pe-
>XUM paboThl Macc-aerekTopa — TIC (ckaHupoBaHUe
MaccC-CIeKTpa), IMarna3oH cKaHupoBaHUs Macc 30—
600 J1a. HarpsokeHnst Ha MOHHOM MCTOYHUKE U IETEK-
TOpe — MO pe3yJibTaTaM aBTOTIOHWHTA. HampsokeHue
Ha gerexkTope 0.7 kB. MHTErpMpOoBaHmne aBTOMaTH4e-
CKO€, KOPPEKTUPOBKA Pe3yJIbTaTOB MHTEIPUPOBAHUS
pydHas. BubOIMOTeYHBI# TIOMCK TI0 OUOIMOTEKaM
Macc-craektpoB NIST-11/Wiley-10.

DayopecuenmHas MUKPOCKONUS

JInzocoMbl B TUIOPAaTUPOBAHHOM TBUIbLIE U B
MBUIBLIEBBIX TPYOKax OKpalllMBaId JIM30COMAJIbHBIM
okpaluBalomuM peareHToM Abcam-Red/Cytopaint-
er (ab112137), seastroliumcst (pryoporeHHbIM 30HAOM
JIJISI MAPKMPOBKU JIN30COM XHMBBIX KJIIETOK. MUTOXOH-
JIpUY B TBUIBLIEBBIX TPYOKaX OKpalllMBaJl MUTOXOH-
JIpuajibHbIM OKpalllMBalOIIUM peareHToM Abcam-
Red/Cytopainter (ab176832), apnsromumMcst (piayopo-
TEHHBIM 30HAOM UISI MapKMPOBKU MUTOXOHIAPUIA
XKUBBIX KJIeToK. OKpallluBaHUE TIpernapaToB >KUBBIX
MBUIBIIEBBIX TPYOOK 1 IBUILLIBI BHIIIOJIHSIM B COOT-
BETCTBUU C IPOTOKOJAMU KOMITAaHUM-ITPOU3BOIUTE-
Jis. Pe3yabTaThl ucCienoBaHUS BU3yTM3UPOBAIN Ha
¢ayopeciieHTHOM MuUKpockone Altami Lum 1LED
(cBetodmwibTp G, 460—550 HM).

O6muit mya ADK BBISIBISIN € TIOMOIIBIO (DIyo-
pecuieHTHOTO Kpacureiass DCF-DA. OxpammBaHue
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HATUBHBIX MPENapaToB MbUTBLLI U MTBUILLEBBIX TPYOOK
MpoBoOIWIN B TedeHue 1.5—2 4 npu 26.5°C B TeMHOTE.
KoHeuyHast KOHILIEHTpalKsI KpaCUTEJIS B CYCIIEH3UM CO-
craBisuia 50 MkM. OKpallleHHBIE TIpenapaThl TPYEKIbI
npoMbiBasiich B dH,O 1 nipocmaTpuBanvch Ha ¢yo-
pecueHTHOM Mukpockomne Altami Lum 1LED (cBero-
¢unsTp B, 420—485 HM).

PE3VJIBTATBI 1 OBCYXIAEHHWE

Ocobernocmu Moppoaoeuu NbLabUeabix 3epeH
U NPOPACMAHUE NbLAbUbL MONCHCEEEAbHUKA

YV MoxckeBeJIbHMKA OOBIKHOBEHHOIO IThLIBLIEBOE
3EpPHO IIAPOBUIHOE, AMAMETPOM OKOJIO 25 MKM, C OfI-
HOI (pyHKIIMOHAIBLHOI ITOPOI, MPUKPHITOI KPBIIIEY-
Ko (puc. 1a), KoTopasi TepsieTcs IIpU ruapaTaiu.

[ToBepXHOCTh 2K3MHBI XAOTUYHO yCesTHA MHOTO-
YUCJIEHHBIMU OPOUKYJIaMU, YACTb KOTOPBIX MPU TUJI-
paTamyy OTPBIBAETCS, OCTABIISIA TTOCTIe ceOsI KpOoIIed-
Hble niepdopanun (puc. 16). OpOMKyIbI IMaMETPOM
okoJjo 150 HM, mapoBUAHBIE, ¢ “IIMIIaAMU” TTMPAMU -
nanbHOM popmEl (puc. 1B). Ha MukpodoTorpadusix,
noiaydeHHbIX ¢ 1momomibio TEM, sk3uHa y BUIOB
p. Juniperus nuddepeHIMpoBaHa Ha JIBa CJI0sI: BHYT-
pEeHHUI, SHAO0PK3UHY, U BHEIIHUI, 3KTOIK3UHY. B
WHTHUHE pa3IMYUMBI TPU 3JIeKTPOHHO-TUIOTHBIX CJIOSI
(Mohanty et al., 2016). ITbbLIEBOE 3€pHO MOXKE-
BeJIbHUKA OMTHOKJIETOYHOE, T.€. IIPEACTaBIIsIeT COO0M
HE TIPOPOCIIYI0 B MHKPOTaMEeTOMUT MUKPOCIIOPY.
SAnpo oKpy:KeHO TUTOTHBIM KOJIBIIOM aMIJIOTIACTOB,
KoTopoe opMUPYETCS cpa3y IocJie paciana TeTpa,
KOT/Ia MUKPOCIIOPBI HAXOASTCS €lle BHYTPU MUKPO-
CTIOpaHTHUEB.

[Ipouecc mpopacTaHuUsI NBUILLLI MOXKEeBEJIbHUKA
10 pe3yJIbTaTaM BU3YyaJIbHBIX HAOJIIOACHWI OITMCaH B
psane padot (Duhoux, 1982; Surso, 2018). ITpu ruapa-
TallMU TIBUTBLIEBOTO 3€pHA BOJA BCACHIBAETCS MEXITY
BHYTPEHHEI 1 Hapy>XHOM MHTUHOM, 00pa3ysi TUIpPO-
GUIIBLHYIO KaTICyly, KOTopasi ObICTPO YBEJINIUBACTCS
B 00beMe U MOJT BO3/IeIICTBUEM TYypropa BbIXOAUT Hapy-
XKy 4depe3 (PyHKIIMOHAJIBHYIO IIOPY BMECTE C MUKPO-
CIIOPOIA, pa3nBurasi 3K3MHY Ha JIB€ paBHbIE CTBOPKM U
cOpacheiBag ee ¢ cebs. IlpopactaHue MUKpPOCIIOPHI B
MUKpOraMeTouT MPOUCXOIUT, KOrma MHUKpOCIiopa
HAXOOUTCS BHYTPU Karcyibl. IIpoKCUMaIbHBIN KOH-
YUK paCTyLIEH MBIIBIEBON TPYOKM IPOXOIUT CKBO3b
CTeHKY TMApO(WIBHON KallCyyibl, He Hapyllas ee Ie-
noctHocTu. ['eHepaTuBHOE SIIPO OCTAETCS B IUCTAIb-
HOM KOHYHMKE TPyOKU, IIOTPYKEHHOM B KaIICyJTy, SII-
PO KJIETKY TPYOKM BMECTE C aCCOLIMMPOBAHHBIM ITPO-
TOTJIACTOM TIOCTOSTHHO TEpeMellaeTcsl B CTOPOHY
pacTylIero KOHUMKa, BCce yAajsisch OT TeHepaTUBHO-
ro sapa. ['mapoduabHas Karcyjia CoxpaHsieTcsI B Te-
YeHME BCero BpeMEeHU MpopallMBaHus MbLIbLBI in Vi-
fro B T€YEHUE BCEIl XXU3HU TPYOKU in vivo, BKITIOYAs
MepHO 3UMHETO ITOKOSI.
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Puc. 1 — Mopdosiorust bUIbLEBBIX 3¢PEH U OPOMKYJI MOXKKEBEJIbHUKA OOBIKHOBEHHOTO. a — B/ IBLIBLIEBOIO 3¢pHA C 9KBa-
Topa, BUIHBI KPBIIIEUKH, MPUKPbIBatoIne (GyHKIMOHAIbHBIC MOPHI (ITOKa3aHbl CTPEIKaMu), TTOBEPXHOCTh 3K3UHBI yCesiHa
MHOTOYUCIIEHHBIMU OPOUKYJIaMU, O — BUJI TMAPATUPOBAHHOTO MbUIBLIEBOTO 3€pHA C TMOJIOCA, BUIHA OTKPBIBIIAsICS (DYHKIIM-
OHaJIbHas Mopa U Iepdopaiun, oopa3oBaBIIMecs Ha IMTOBEPXHOCTU 3K3UHBI B pe3yJbTaTe OTPbIBAHUS OPOUKYJ (ITOKa3aHbI
CTpeNKaMm), B — BHEITHUI BU opOuKyi. B3sTo ¢ cokpamenusmu u3: Surso, 2018 (c mobe3Horo paspemreHus Arctic Environ-
mental Research).

Il Il Il Il
600 1000 1400 1800 2200 2600 3000 3400 3800

BosiHOBOE 4ncIto, cM !

Puc. 2. UK-crieKTpbl IBLUIBLIEBBIX TPYOOK ( /), MbUIBLLI (2) 1 0pOUKYII (3) MOXKEBEIbHUKA.

Pezyarvmamor UK @ypve-cnekmpockonuu KOMIIOHEHTHOTI'O cOCcTaBa 00pa3lloB pacCUYUTaHbI Be-
JIMIUHBI OTHOCHUTEIBLHBIX ONTHYECKUX TJIOTHOCTEMH,

WK-criekTpsl MBUIBLBI, MBUTBLEBBIX TPYOOK ¥ OP-  koTopbie MpeacTaBIeHbl B Ta6. 2.

OMKYJI UMEIOT CXOXWI BUJI U XapaKTepU3yIOTCsl Habo-

pOM TMOJOC TMOMIOIIEHUSI ¢ OJMU3KMMU 3HAYCHUSIMU B mbUIBLEBBIX TPYOKAX IO CPABHEHUIO C ITBUIBLION
YacTOT, UMEIOIIMMMU Pa3HyI0 MHTEHCUBHOCTH (puc. 2). HaOII00aeTCsI OTHOCUTEILHO OOJIblliee CoAaepKaHUe
C LEJIbIO OIpeneeHns KOJMYECTBEHHBIX pasinuyuii  YITIEBOIOB, XapaKTEPU3YEMBIX BEIMYMHON K|g4, 32
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Ta6muma 2. BeM4nHBI OTHOCUTEIBHOM OIITUYECKOM MJIOTHOCTH

BenuunHa OTHOCUTEIBHOM ONTUYECKO IJIOTHOCTU
O6pas3el
1047 1512 1740 2850 2920
Tpyoku 0.82 0.05 0.09 0.37 0.52
[TeLb1Ia 0.33 0.12 0.17 0.59 0.89
OpOuUKyJIbI 0.85 0.21 0.07 0.46 0.61

CUET HAIMYUS OCTATOYHOI caxapo3bl U BHOBb CUHTE-
3MPOBAHHOTO KpaxmaJjia, MEHbIIIee CoiepXKaHue apo-
MaTU4ecKuX BellecTB (K5, ), OosblIee KOJIUYEeCTBO
coenuHeHuit ¢ HenossipHbiMu C—H cBsA3siMU, TakuX
Kak aunuael, yoesonsl, 0enxku, PHK, THK (K9, 1
Kygs0), 4UTO CBUIETENBCTBYET O OoJblIel ruapodo0-
HOCTH TbUIBLIEBbIX TPYOOK. B opOuKynax, mo cpaBHe-
HUIO C MbUIbLIOK, OTMEUEHO OOoJiblliee COJepXKaHue
yreBonoB (Kjg4)), MEHbIIIEE KOJIMYECTBO COEIUHE-
HMIA, copepxXamux KapOooHwibHble C=Q TIpyIIIbI:
oenku, PHK, IHK, nunuab! (K,,), MEHbIIIEE KOTM-
yecTBO coeqruHeHU ¢ C—H cBsa3saMu (Kygyo U Kigsp),
YTO XapaKTepu3yeT WX OOJIbIIYIO TUAPOGUIBHOCTD.
OOpa3zen; opOMKYJI XapaKTepH3yeTcs HauOOIbIINM
CoJiep>KaHMEM apoMaTuyeckux coearuHeHuid (Ks;o),
K KOTOPBIM MOXHO OTHECTU apoOMaTUYeCK1Ue aMUHO-
KUCJIOTHI U yriieBoaopoabsl. HauMmeHblliee KoauuecTBo
apoMaTUYeCKMX BEIIECTB OTMEUEHO B IbUIbLIEBBIX
Tpyokax. Kpome Toro, Ha MK -crniekTpax nbIIbLIbI M Op-
OUKYJI IpUCcyTCcTBYeT Ttostoca 1600 cm~!, cooTBeTCTBY-
IoIasl KOJeOaHWSIM apoOMaTHUYECKUX CTPYKTYp, IS
MbUIBbLIEBBIX TPYOOK MHTEHCUBHOCTh JTAHHOM TMOJIOCHI
OKa3ajlach HE3HAuMTeJbHA, YTO TOATBEPXKIAET Hau-
MEHBbIIIEE COMEP>KaHUE B HUX apOMaTUYECKUX COEMIU-
HeHuii. TakuM o6pasom, MetonoM MK-crmekTpocko-
WU BBISIBJIEHBI pa3inyus B KOJJUYECTBEHHOM COCTaBe
XUMMYECKUX COCAWHEHUN B TMbUIbIE, MbUIBLIEBBIX
TpyOKax U B OpOMKYJIax Y MOXKKEBEJIbHUKA OOBIKHO-
BEHHOTO.

Pezyavmamor nupoauza. Topmonst pocma 6 noLivlesolx
mpybkax moxciceseavhuxa. O npupode opouKyn

B 1me11B1IEBBIX TPYOKaX MOXCKEBEJIbHUKA OOHAPY-
KEHO JIBa (uTocTepounaa: 6eTa-CUTOCTEPUH U KaM-
MECTEPUH, SIBJISTIOIINXCSI CTEPOUIHBIMUA CHUPTAMM.
DTU CTEPOUIBI PETYIUPYIOT SJIACTUIHOCTD 1 IIPOHU-
LIAEMOCTh MeMOpaH, MOJISIPHbBIIA POCT KJIETOK, a TaK-
Ke WHULIHWUPYIOT aKTUBHOCTh MEMOpPaHO-aCCOLIM-
POBaHHBIX (PEPMEHTOB, YUYaCTBYIOT B TOPMOHAJIBHOM
U KJIETOYHOM CUTHAJIMHTE U CBSI3aHBI C UMMYHUTETOM
pacTteHuii K matoreHam (Saeidnia et al., 2014; Cynkap-
HaeBa, 2016). I1o cBoeit XUMUYECKOM CTPYKType Oe-
Ta-CUTOCTEPUH aHAJIOTMYEH XOJIECTEPUHY, a KaMITe-
CTEpUH yJacTBYeT B CMHTe3e OpacCMHOCTEPOUIOB,
SBIISTIOIINXCS (pUuTOropMoHaMU. B mbUIbIIE MOXKIKE-
BeJbHMKA U 0€Ta-CUTOCTEPUH, M KAMIIECTEPUH OT-
CYTCTBYIOT, U TIOSIBJISIIOTCS TOJIbKO B TIBUIbLIEBBIX
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TpyOKax, B MEPUOJ UX aKTUBHOTO POCTa, TIO3TOMY UX
¢ OOJBIIION IOoJeit BEPOSITHOCTU TaKXKe MOXKHO pac-
cMaTpuBaTh B KayecTBe TOPMOHOB pocTa. OTHOCHU-
TeJIbHOE coliepXKaHue 0eTa-CUTOCTepUHA B IMbLIbIIE-
BBIX TPyOKax MoOXKeBeJbHUKa coctaBuiao 0.31%,
kammectepuHa — 0.11%. JloGaBieHue B TATATEIb-
HYIO Cpely CTEPOUIHBIX TOPMOHOB CTUMYJUPYET
MpOpacTaHUe TbUIbIIBI U POCT MbUIBLIEBBIX TPYOOK
(Ylstra et al., 1995). B nibiiblie BUnoB p. Pinus (P. syl-
vestris L., P. nigra Ar.) B HEOOJIBIIINX KOINYECTBAX ObI-
JI1 OOHApYXXEeHbI CTEPOUIIBI KMBOTHOTO MTPOUCXOXKIIE-
Hus (Janeczko, Skoczowski, 2005). CnemyeT OTMETHUTB,
YTO B 00pasiiax MbLUIblbl, COOPAHHOI B MOJEBBIX YCJIO-
BUSIX, JaXKe TOCJie OYEHb THIATEJIbHOTO MPOCEUBAHMS
BCerna MpUCYTCTBYET MHBA3UBHBIN Marepuan 6ecro-
3BOHOYHBIX KMBOTHBIX W TIPOMYKTOB WX >KU3HEIEes -
TEeJILHOCTU. DTO OOCTOSITETECTBO HEOOXOTMMO YIUTHI-
BaTh ITPY aHAJIM3€e SKCIEPUMEHTAIbHBIX JaHHBIX.

B op6uKymax MbUTBIEBBIX 36pPEeH Y MOXKKEBETbHU-
Ka BBISIBJICHO HEOOBIYHO Ooublnoe (moutu 14%) co-
nepxaHue MmoMm-uHosutona (C,H ,O¢). DT0T MOHOCa-
Xapuj C IIECThbIO TUIPOKCWIbHBIMY TPYIINaMU 4acTo
CONEPKUTCS BO MHOTHX JIEGKAPCTBEHHBIX PaCTCHUSIX
(Sunita, Manju, 2017; El-Awadi et al., 2018) u obiaga-
€T BbIpaXXEHHBIMU (papMaKOJOTMYECKUMU U aHTU-
CEeNTUYECKNMH CBOMCTBaMU. B TbUIBIlE M TpyOKax
MOM-MHO3UTOJI TaKKe MPUCYTCTBYET, HO B ropasao
MEHbBIINX KonuuyecTBax. CienyeT OTMETUTb, YTO B
oOpasuax TpyOoK U, TeM 0oJiee, ITbUILIBI BCE €Ie CO-
XpaHSIETCS 3HAYUTEIPHOE KOJTMIECTBO OPOMKYJI, STUM,
BEPOSITHO, U OOBSICHSIETCSI IPUCYTCTBUE MOM-MHO3U-
TOJIa B 9THIX 00OpasIiax.

B nmnbeuibne BeISIBIEHO OOJIBIIOE  COAEpKAHME
(6.92%) anudaTHIECKUX yIIIEBOAOPOIOB, SIBISIOIINX-
CsI TIPOOYKTaMU IMPOJIN3a KMPOB M BOCKOB, a TaKXKe
KapOTUHOUIIOB, BXOISIIINX B COCTaB CIOPOIIOJUICHU-
Ha. CieyeT OTMETUTD, 9YTO B OPOMKYJIax TaK1e COeIU-
HEHMsI He OOHapyXeHbl. Bo Bcex ncciaemoBaHHBIX 00-
pa3nax OTMEUEeHO HaJIM4Ke JUTHUHA 1 yIiIeBonoB. Oco-
OeHHO OOJIbIIOe KOMMYeCTBO yrieBomoB (11.79%)
COIEPXKUTCS B ITbUIBLIEBBIX TPYOKAX, UTO OOYCJIOBJIEHO,
[JIABHBIM 00pa30oM, CHHTE30M B MX ITIPOTOIUIACTAX KpaX-
Majia, a TakKe IOJIMCaxapuIOB, BXOASIIMX B COCTaB
00oJ104eK TpyooK. ITpomyKThl mposm3a 6eJIKOB, HyK-
JIEMHOBBIX KUCJIOT M1 aMHUHOKHUCJIOT OOHAPYKEHBI BO
BCEX MCCIIeNOBaHHBIX oOpasnax. Ilpu 3tom Oonblie
BCEro 0eJIKOB, aMUHOKMCJIOT 1, BO3MOXHO, HYKJICH-
HOBBIX KUCJIOT, CONEpPXUTCST B opoukynax (12.89%),
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MeHBbIIIe Bcero — B IbLble (2.45%), B TpyOKax ux 00-
1Iee comepxaHue cocrapirsger 3.48%.

ITossBnieHne OpOMKYJI Ha ITOBEPXHOCTU BK3UHBI
MbUILLEBBIX 3€PEH Yallle BCETro CBSI3aHO ¢ 00pa3oBa-
HYEM B KJIETKaX BBICTUJIAIOIIETO CJIOSI MUKPOCIIOPaH-
TMEB CIeIU(UIHBIX CTPYKTYP, BIIEPBbIE ONTMCAHHBIX B
1865 r. Po3aHOBBIM, 1 BHOBb OTKPHITHIX B 1927 T. Y6u1-
IIIeM, Ha3BaHHBIX UMeHeM nocieaHero. ['mmoretunye-
cKasg cxeMa ()OpMHUPOBaHMS U TpaHCIIOpTa TeJiell You-
1112 Y TOJIOCEeMEHHbIX ObL1a nmpemioxeHa I'.M. Ko3ybo-
BEIM (1974). DyHKIIMOHAIBHOE 3HAYCHNE MX BCE CIIe
BO MHOTOM OCTaeTcsl HessCHbIM. MIlHOrma roBopuTcs o
BO3MOXHOM YYaCTUU UX B CUHTE3€ CITIOPOMNOJJIEHUHA 1
B IIEpPEHOCE MOCJIEHETO HAa ITOBEPXHOCTh MMPUMBK3UHBI.
OnHako, OTCYTCTBHE B OpOMKYy/Iax Y MOXCKEBEIbHMKA
BOCKOB, XKUPOB, KAPOTUHOMIOB 1 BBICOKOE COAEpXKa-
HUE B HAUX MOM-MHO3UTOJIA CBUAETEILCTBYET, UTO 3TO,
CKOpee BCero, He TakK.

IMIpoucxoxmeHne opOMKYN TakKe HE BIIOJIHE MO-
HSTHO. BBICKa3aHHOe HaMU paHee IIPeAIIoIOXKEHUE O
BUPYCHOI1 IIpupojie OpOMKYJI He TTOATBEepanIoch. Be-
pOSITHEE BCETO, ITOSIBJICHUE IIPEIIIIeCTBEHHUKOB Te-
Jiel] Youia o0ycioBJIEHO CUHTE30M MOM-MHO3UTOJIa
B IIMCTEePHAX SHI0ILIa3MaTUIECKOIO PEeTUKYJIyMa I
B BaKyoJIsIX KOMITIeKca I'oabmkiy B KJIeTKaxX TareTyma.
Torpma, BO3MOXHO, OpOMKYJIBI — 3TO BCETO JIUIIb 3a-
CTBIBIIIASI MAcca MOM-MHO3UTOJIa CBOeoOpa3Hoii (hop-
MBI M OINpeIelIeHHBIX pa3MepoB, “BIUIaBJIcHHas B
MIPUMAK3MHY ITbUILLIEBOTO 3¢pHA U BMEIIAIONIAs B ce-
0s1 OrpOMHOE KOJUYECTBO OEIKOB, aMHMHOKHUCIOT U
apoMaTHM4ecKMX yriieBogopoaoB. KocBeHHO 3T0 moa-
TBepXKAaeTCsI TeM, YTO IPH JIMOPUIBHOM CyllIKe 00pa-
3¢l OpOMKYJI MHOTOKPATHO YBEIUNUYMBACTCS B 00bEME,
npuodpeTast IIEHUCTYIO CTPYKTypy. OmHMM U3 MpO-
CTBIX OOBSICHEHUI (DyHKIMOHAIa OpPOMKYT MOXKET
OBITh Y9aCTHE X B IIPOLIECCE TMApaTALIMU ITBLUIBIEBO-
ro 3epHa. Y MOXCKEeBEJIbHIMKA OOBIKHOBEHHOTO 00pa-
30BaHUe TMAPO(GUIBHON KaIlCyJibl IIPpU TUapaTalun
MBUIBLEBOrO 3¢pHA IIPOMCXOIUT B TeUEHUE HECKOJIb-
KMX CEKYHI 3a CYeT OBICTPOrO BCAChIBAHUSI BOIBI B
IMIPOCTPAHCTBO MEXKIY BHYTPEHHEN U HAPYXKHOM UHTU-
HOIA. JIJ1s1 BCKPBITUSI 9K3UHBI IByMSI PABHBIMU CTBOP-
KaMy HeoO0XOAMMO, YTOOBI JaBJieHHE CTEHKM THUIpO-
GUILHOIT KarcyJibl, 00pa30BaHHON HAPY>KHOII MHTH-
HOIi, Ha BHYTPEHHIOIO IIOBEPXHOCTh 9K3UHbI, ObLTO ObI
paBHOMEPHBIM M JOCTAaTOYHBIM. “BBICTPEIIT” ocMoc
HanboJiee BEPOSITCH 3a CYET IVIMKOJUTUYECKOIO pac-
IIETUICHUST MOM-MHO3UTO/Ia B OpPOMKYJIaX, YaCTUYHO
BHEAPUBIINXCS B CPEIHUI CT0 MHTUHBL. Takum 00-
pa3oM, BO3MOXHO, OpOUKYJIbl — 3TO CBOEro poja Ha-
COCEI, CITOCOOCTBYIOIINE OBICTPOMY BCAChIBAaHUIO BO-
IIbl Yepe3 IUCTAJbHYIO arepTypy (1, BO3MOXHO, Ye-
pe3 riepdopaliii) B CPSIHUMN CJIOM MHTUHBI.

Jlokaauzayus au3zocom u MUmMoxoHopuii
8 NbLIbYEBbIX MPYOKAX MONCIHCEBEABHUKA

TpchnopT BE3UKYJ N 3K30IIMUTO3 He0o0XOIUMBbI
IJIA poCTa M pa3BUTHA ITbIJIBLIEBBIX TDY6OK, oCy-

LIECTBISIOMX reTepoTpodHBIN TU nutanus (Pet-
titt, 1985; Camacho, Malho, 2003; Wang et al., 2006).
MUTOXOHIPUU, SIBJISTIOIINAECS SHEPIreTUUYCCKIMU LIEH-
TpaMH, KOHLIEHTPUPYIOTCS BHYTPU KJIIETKU TaM, IIe
BO3HHMKAET HEOOXOIMMOCTD MOBBIIIIEHHOTO MOTpeOIe-
HUS HEPIUHU, NepeMellasich, KaK U BEe3UKYJIbl, BIOJIb
MUKpO(DUIAMEHTOB LIMTOCKeeTa. M3yueHue noKaim-
3allMU U TPAHCIIOPTa JIM30COM U MUTOXOHAPHII BHYT-
p¥ Tena MbUILLIEBOM TPYOKM BaxKHO JIJIST TIOHUMAaHMUS
MPOILIECCOB POCTA MBUILLIEBBIX TPYOOK.

B runparupoBaHHOI MbLIbLIE JIM30COMBI JIOKATU-
30BaHbI BOJIM3M BHYTPEHHEN MTOBEPXHOCTH 00009~
KM TIbUIBLIEBOTO 3epHa (puc. 30).

B mbutblLIeBBIX TpyOKaxX BE3UKYJIBI paciipeaeieHbl
Mo BCeMy OOBEMY THaJIOINJIa3Mbl 0ojiee WIN MEHee
paBHOMepHO. OnHAKO 3HAYMTEIbHAS YaCcTh BE3UKY,
OCOOEHHO Y aKTUBHO PACTYyILIMX TPYyOOK, CKarIuBa-
eTcsl BOJIM3U KOHYMKa Tpyoku (puc. 3r). CKONUBIIN-
ecsi B Tuajiolula3Me BOJIM3M pacTyIIero KOHYMKaA
TpYOKM BE3UKYJIbI CBOMMU MeMOpaHaMU BHEAPSIOTCS
B MeMOpaHy KOHYMKA TPyOKU, BCTpauBasl B Hee pe-
LICTITOPHBIC, TPAHCITOPTHBIC OCJIKM 1 JIMITMIBI, a TaK-
K€ BEICBOOOXKIAsT HAPYKY THIPOIUTAYECKIE (hepMeH-
Thl, CUTHAJIbHBIE OEJIKM U MENTUIHbIE TOPMOHBI (Bat-
tey et al., 1999; Parton et al., 2001; Samaj et al., 2004).
Ha puc. 3e 5T BeIeIeHUS CHAPYXKU PACTYILIEeTO KOH-
yypKa TPyOKM BUIHBI B BUIE SIPKO CBETSIIMXCS Ma-
JIEHBKMX IIapUKOB. MUTOXOHAPUMN CKOHLIEHTPUPO-
BaHbI BOKPYT 000UX sIIep U Mo Tepudepun IIpoTo-
miacta (puc. 33).

Jlokanruzayus ADK 6 npopacmarouyeil noviivye
u 6 nolavyesvix mpyoxax. Cywecmeayem au CUSHAAbHAS
C8513b Mencdy s10pOM KaemKu mpyoKu
U eeHepamueHuiM 10pom?

ADK urpaior BaxXHYIO pOJib BO MHOTUX (PU3HOJIO-
ro-OMOXMMHUYECKMX IIpPOlieccax, IMPOMCXOASIINX B
pacTUTENbHBIX KieTKax. OnHako n30biTok ADPK, 06-
JIaJaloIIMX ITOBBIIICHHOM PeaKIIMOHHOI CIIOCOOHO-
CTBIO, WY CHYDKEHME YPOBHSI aHTUOKCUIAHTOB MOTYT
BBI3BIBATh OKMCJICHUE OMOMOJIEKYJT (JIMITUIOB KJIETOU-
HBIX MeMOpaH, 0€JIKOB, YIVIEBOIOB, HYKJIEMHOBBIX KHC-
JIOT), TIPUBOIS K HEOOpAaTUMBIM MOBPEXICHUSIM KJle-
tok (Gomes et al., 2005). BaxHoe 3HaueHue ADPK B
PeryJIsSILiIuK PoCcTa pacTeHU MOATBEPXKIESHO pe3yJibTa-
TaMJd MHOIMX uccienoBaHuii. OMHAKO MX pojb B pe-
NPOAYKTUBHOM NEATEIbHOCTU PACTE€HUId BO MHOIOM
ocraercst He sicHoit (CmupnoBa, 2009; MakcuMoB,
2019).

3peitoe MBLUIbIIEBOE 3¢PHO MOXKKEBEIbHIKA HAX0-
IUTCS B JNETUAPATUPOBAHHOM COCTOSTHUU W COHAEP-
XKUT He 6osiee 2—3% cBoGomHoOM Binaru. Permapara-
LIV TIPUBOIUT K aKTUBauu Metaboausma (bpeiiru-
Ha u np., 2012; EpmakoB u ap., 2016) u Havamy
rnmpoliecca, KOTOpblii MPUHATO Ha3bIBaTh “Ipopacra-
HUEeM bUIbLBL” . [10 yBETMYEeHUIO WITH YMEHBIIIEHUIO
KoHLeHTpauuu ADPK (yCuleHWI0 Uinu ociaabIeHUIO
OHTOTEHE3 Ne 5
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dayopeclieHIIMM) MOXHO TPOCIEINTh ITOCea0Ba-
TEJIbHOCTh U3MEHEHU, TIPOUCXOMSIINX B TBLIbIIC-
BOM 3€pHE U B TbLIbLIEBBIX TPYOKaX.

Hammu HaOmoneHus Tmokasajiv, YTO THApaTalus
MbUILLIEBOTO 3€pHA MOXCKEeBEJbHUKA HE SIBJISIETCS
IIPOCTO OCMOTUYECKOM nuddy3ueii, a IpeacTabisieT
LIETTh COOBITUI, KOHTPOJIMPYEMBIX, BEPOSITHEE BCETO,
OefkaMu BHeEIIHelt MeMOpaHbI siiepHOil 0OO0JIOUKH.
Y muapaTUpOBaHHBIX TTBUIBLEBBIX 3¢peH IO Hadaja
obOpa3zoBaHUs TUIPOMUIEHONM KaIlCyJIbl ITPU OKpallIv-
BaHuu DCF-DA oTHocuTeJIbHO cliadast hiryopecleH-
LIMsI HAOJTI0TaeTCS JIUIIL B 000JIOUKE MBLUIBIIEBOTO 3€P-
Ha (puc. 40, BHU3Y cjeBa), siapa IIoUYTH He (piryopec-
LHUPYIOT. B MOMEeHT Havalia BbIXxoJaa TuapoGUIbHOM
Karcyjibl 4yepe3 (YHKIMOHAJIBHYIO ITOPY HapyXy
ITPOUCXOIUT sIpKasi (pIyopecLieHTHasl BCIIbIIIKA Ha
MOBEpXHOCTU siApa (puc. 4r, BBepxy). Heckonbko
MeHee gpKas (IIyopecLeHINs siaep IJIUTCS OO0 TOTO
MOMEHTa, MoKa TuapoduiIbHas KarcyJjia He COpOCUT
9K31UHY. B 3TOT KOpPOTKMII IMPOMEXYTOK BPEMEHH,
JJISIIIAIACST HECKOJILKO CEKYH[I, HAOJI0AaeTCs TaKKe
duryopeclieHIIUSI MHTHUHBI, 0oJiee sTpKasl 10 epuMeT-
py AUCTaJIbHOM alepTyphl, B MeMOpaHe caMoii arep-
Typhl (IyopecleHLIMM He HaOmomaercsa (puc. 40,
BBepxy). K MoMeHTy, Korna ruapoduibHas KarcyJsa
MOYTHU LIEJIUKOM BBIXOIUT HApYXKy, HO MUKpOCIOpa
BCE ellle OCTAaeTCsI BHYTPU 3K3UHBI, (PIyopecleHIIns
SJIep U MHTUHBI HAUMHAaeT 3aTyXaTh (puc. 4T, BHU3Y).
Cnabas (payopecueHIs siaep COXpaHsieTcsl U 1o 3a-
BEpPIICHUU IIpoliecca rTuapaTalnu, Iocjie copachiBa-
HUS 3K3UHBI (puc. 40, cnpasa). CiaenyeT OTMETUTD,
YTO B TeYEHHE BCEro Mpoliecca ruapaTaluu MbUIblie-
BOTO 3epHa MOXKEBEJIbHUKA HU B TUAPOMMILHOM
Karicysnae, HA B GOpMUPYIOIIEH ee 000JIOUKY HapyX-
HOU MHTHUHE (IyopeclieHIIMU He HabmonaeTcs. To-
r71a, BO3MOXHO, Yepe3 BHYTPEHHIOK UHTUHY B OpOM-
KYJIbl OCYILECTBIISIETCS aKTUBHBIN TpaHcnopT AT® u
MIMKOJIUTUYECKUX (DEPMEHTOB, YTO BIMCHIBAETCS B
HaIlly KOHLENUWI0 (PYHKIMOHAIA OPOUKYI U POJIU
MOM-MHO3UTOJIA B IIpOLIECCE TUAPATALIU ITUIBLIEBO-
ro 3epHa MOXCKEBEJIbHUKA. Y TOJBKO YTO 00pa3oBaB-
LIUXCS TOCJIe MUTO3a SIIpa MUKPOCTIOPHI ABYXKIIETOU-
HBIX MUKPOTaMeTO(pUTOB (hTyopeCLICHIINS 000X ISP
U TpoToIiacTa TakKXKe COXpaHsIeTcs, O4YeHb cjabasi
¢ayopeceHIIsT HAOMIOMAETCSI B O0OJIOUKE ITPOKCH-
MaJIbHOTO KOHYMKA (pOpMUpPYIOIIEcs TpyOK! U B KJTe-
TOYHOI1 neperoponke (puc. 4¢). Ilo Mepe pocTa IbUIb-
LIEBOI TpYOKM (hayopeclieHIUS siAep U MPpOoToILIacTa
ocyiabeBaer (puc. 43).

Bonpoc simepHBIX B3aMMOCBSI3€if B NBLIBLEBBIX
TpyOKax pacTeHuil 3arparuBajicsi He pa3 (South-
worth, 2001). CrnoxHass MopdoJorudecKasi CBSI3b
MEXIy FeHepaTUBHOM KJIETKOM M BETeTATUBHBIM ST~
POM B IIPOpACTaOLIEi MbLUIbLE Y MOKPBITOCEMEHHBIX
BIIEpBhIe OblIa YCTAaHOBJIEHA Ha MpUMEpe BHUIOB
p. Rhododendron tytemM TpexMEepHOM PEKOHCTPYK-
LIMM TBUIBLEBBIX TPYOOK IO YJIBTPATOHKUM Cpe3aM
(Kaul et al., 1987). B mbuiblieBbIX TpyOKax rosaoce-
MEHHBIX LIUTOIUIA3MATUYECKUM TSK MEXKAY sSApaMu
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Puc. 3. Jlokanuzaius IM30COM (a—e) U MUTOXOHAPUIA (K,
3) B TIpOpacTarollei mbutblie (a, 0) ¥ B TBUTBIIEBBIX TPYOKaX
(B—3) MOXCKEBEJIbHUKA (Cl1eBa — MPOXOISIIINIA CBET, CBETIIOE
oJie, Crpasa — To Xke, (UIyopeclieHIMs). a—e — OKpallliBa-
HME JIM30COMATBHBIM OKPAIIMBAIOIIMM peareHToM Abcam-
Red/Cytopainter, X, 3 — MUTOXOHAPUAIBHBIM OKpaIlINBalO-
M peareHToM Abcam-Red/Cytopainter. PG — mibuiblieBoe
3epHo, HC — rumpodubHasa karicyna, DA — mucranbHast
arreptypa (yHkimoHambHast 1opa), TCN — sapo KileTKn
Tpyoxku, GN — reHepatuBHoe sinpo, EC — ak301MTO3.
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obu1 onucaH s Taxus yunnanensis (Wang et al.,
2008). B mbUIBLIEBBIX TPYOKAX MOXKEBEILHIKA OOBIK-
HOBEHHOTO MOP(OIOTHYECKIE CTPYKTYPBI, KOTOPHIE
MOTJIM OBbI CBSI3BIBATh 00a siipa, He IIPOCMaTPUBAIOTCS.

Ha puc. 5 moka3zaHa >xuBasi mbUIbLicBasi TPyOKa
MoOXCKeBelTbHMKa, okpanreHHass DCF-DA. Tlpoto-

Puc. 4. BoisiBnenue AQK B runpatipoBaHHBIX TTBUTBIIE-
BBIX 3€pHAX U B MbUIbLEBBIX TPYOKaX MOXXKEBEIbHUKA C
nomolbio payopecueHTHoro kpacutesss DCF-DA (cie-
Ba — MPOXOJASILINI CBET, CBETJIOE T0JIe, CIIpaBa — TO Xe,
dbayopecuieHLMs1). a, 6 — cJieBa BHU3Y — MPU TMIpaTaluu
MIBLIBLEBOIO 3¢epHa 00pa3oBaHMs TUAPOMUILHOI KaIlcy-
JIbI HE TIPOM30IILIO0, CJIeBa BBepXy — ruapodusibHas Kar-
cyJia BBIXOAMT uepe3 (YHKIIMOHAJIBbHYIO TMOPY, MUKPO-
cropa Bce ellle OCTaeTCsl BHYTPY 9K3UHBI, CIIpaBa — TUI-
podunpHas  Karcyna  LEJIMKOM — BbILLIA  HApyxXy,
pa3aBUHYB CTBOPKM 3K3UHBI, OJHOKJIETOYHAs MUKPO-
cropa B LIGHTPpe TMAPOMUILHON KarCyibl; B — BBEPXY —
ruapoduIbHas KarcyJia TOJIbKO YTO Hayasla BBIXOAUTh U3
MBUIBLIEBOTO 3epHA; T — BBEPXY — TO XK€ CITyCTsI HECKOJIb-
KO CEKYH[I; B, T — BHM3Y — r'MApodWIbHas KarcyJsa MmoYTh
TMOJTHOCTBIO BBINILJIA HAPYXXy, HO MUKpOCIIOpa BCe elle
OCTaeTCsl BHYTPU 3K3UHBI; I, € — IMbUIblLEBas TpyOKa
(OBYXKJIETOUHBIIT MUKpOrameTouT) Ty(heIbKOo00pa3HOM
¢opMBbI Bee ellie 1eJIMKOM BMeIlaeTcs B rTuapodUiIbHYIO
Karicyiy; X, 3 — cbopMUpOBaBILIAsICS TbLUIbLIEBAsI TPYOKa:
reHepaTUBHOE SIIPO B IMCTATbHOM KOHYMKE TPYOKM ITpU -
JKMMAaeTCsl K OTHOM U3 ee GOKOBBIX CTEHOK, SIIPO KIJIETKU
TPYOKU C aCCOLIMMPOBAHHBIM MTPOTOIJIACTOM MepemMelia-
ercs OnmXe K TMPOKCMMAIbHOMY KOHYMKY pacTyllei
Tpyoku. PG — mputblieBoe 3epHo, MSP — Mukpocriopa,
EX — sk3unHa, HC — runpodumnbHast Karicyia, PGN — sinpo
OBLIBLEBOTo 3epHa, MN — s11po MuKpoctiopsl, DA — mun-
crajgpHas areprypa (dyHkuMoHaibHas mopa), PT —
nbutblieBast Tpyoka, TCN — sinpo kietku Tpyoku, GN —
reHepaTUBHOE SIIIPO.

IUIACT aCCOLIMMPOBAH C SIAPOM KIIETKHM TPYOKHU, TeHe-
paTUBHOE SIIPO JIUIIEHO COOCTBEHHOTO MPOTOIIACTA,
YTO XapaKTePHO IS TTbLIBLIEBBIX TPYOOK MOMKKEBETb-
HUKA B OONBIIMHCTBe ciydaeB. Ilpu okpalmmBaHuM
nelIbleBEIX TpyOOK DCF-DA mnposiBasieTcst sipkast
ycroiumBas ¢ayopecueHnuss APK B Buae y3Koii He-
PaBHOMEPHO CBETSIIEICS Ha pa3HOM IIPOTSLKEHUU
JIOPOXKKM, TSIHYIIEHCST B TeJie TPYOKM OT sigpa K SIapy
CKBO3b IIPOTOILIACT W THAJOIUIa3My M 3aKaHYMBalO-
meiics (MM HadnMHaIeics?) oT MOBEPXHOCTU Of-
Horo u3 saep. Ha puc. 5 ¢gpayopecueHms 000109k
¢J1a60 BBIpaXKeHA TOJILKO Y TeHEpAaTUBHOTO siapa. [1pu-
BEICHHOE M300pakeHne He SBIsIeTcs apTtedakToM
WM CITyYaifHBIM COOBITUEM, TIOCKOJIBKY CXOXUE Kap-
TUHBI HAOJIIOAAINCH U B APYTUX TPyOKaXx.

B nocnennee Bpemst poiabr ADK B Ouonorude-
CKUX TIpolieccax, B TOM YHCJe peloKC-CUTHAJIUHT,
mupoko obcyxnatorcs. @ynkiuu ADPK B nepenaue
CUTHAJIOB BHYTPU PACTUTEIbHOM KJIIETKU TPAKTYIOT-
¢ HeomHo3HauyHO. HesicHo, saBasoorcsa mmu ADK
MecCCeHIXKepaMu, MHIYLIUPYIOIIUMU HOBBIE CITeIIH -
¢UYHBIe CUTHAIbHBIE CHUCTEMBbI, WUJIN PETYISITOpa-
MU, YOPaBJISIOIIMMU WU3BECTHBIMU CUTHAJbHBIMU
nytsamu. [ToTreHIIManbHbBIe OEIKM-MUIIIEHN He 00J1a-
JIaloT crnelndUIHOCThIO HU K ogHOM U3 dopMm ADK,
onHako H,O, cooTBeTCTBYET psiay KpUTEpUEB BTO-
puyHbix MecceHmxkepoB (ITpagenosa u ap., 2017).
CorlacHO KOHLIeNLIUY KOMITAapTMEHTAJIM3AlUU, “KO-
JIOKaJIN3allisl MHOTOKOMITOHEHTHBIX  CHTHAIbHbBIX
KOMIIJIEKCOB OCYILIECTBIISIETCSI Uepe3 OeIKOBBIE Kap-
Kachl, KOTOPbIE TTO3BOJISIIOT IOCTUYb OOJIBIICH CITeIN-
(UIHOCTH, YeM B CiIydae IIpocToit mnd¢y3uu TOro ke
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Puc. 5. Xapakrtep (ayopecleHIIMU CBUIETEIbCTBYET O
BO3MOXHOM CYIIIECTBOBAaHUM KaHajla PeIOKC-CUTHAJIb-
HOI CBSI3M MEXIY SIIPOM KJIETKU TPYOKU M TeHEepaTUB-
HBIM SIIPOM B TMbUIBLEBOM TPYOKe MOXKEeBEIbHUKA
(okpammBanue DCF-DA). TCN — sanpo kieTku TpyoKu,
GN — reHepaTUBHOE SIIIPO.

Habopa ydacTHUKOB mnpouecca” (bemoycoB u map.,
2013). ¥YcranomneHo, uto ADK, mpomyumpyembie
MmeMOpanHoii HAJI®H-okcumaszoit (NOX), akTUBU-
pytor Ca?*-kanansl (Foreman et al., 2003; Moon-
shausen et al., 2007). CuuTtaeTcsi, YTO OCHOBHYIO POJIb
B dyHknuoHupoBaHnu AM®K-3aBUCUMBIX CUTHAIb-
HBIX CUCTEM PACTUTEJIbHOM KIIETKHA UTPAIOT PEIOKC-
PETYISATOPHI, IPOTEMHKWHA3hLl 1 IIpoTenHpocdara-
3bI, a Takke (akTopbl TpaHcKpunuuu (OKTIOpb-
ckuit, CmupHoBa, 2007; KpecmaBckmii u ap., 2012) u,
BO3MOXHO, OanaHc pepokc-tap (buman u np., 2015).
Ponw aktHOBOTO IUTOCKeneTta B AMDK -curHanmure
MOXHO, BEPOSITHO, C ONpeeICHHBIMIA OrOBOPKAMH,
paccMaTpuBaTh B KadecTBe (pakTopa KOMIapTMEHTA-
JIN3aINU.

OtcyTcTBrE MOP(POIOTNUECKI BBIPAXKEHHOM! CBSI-
31 MEXIY SIAPAMU B IBLIbLIEBOI TPYOKE MOXKEBEIIb-
HUKa HE O3HadaeT OTCYTCTBME MEXIY HUMM CBSI3U
KaK TaKOBOi1. DTa CBS3b XXU3HEHHO HEeOOXoaruMa JIJIst
IMOJTHOLIECHHOTO (PYHKIMOHUPOBAHUSI IBLIbLIEBOM
TPYOKM B OHTOIeHe3€, KOTIa SIIPO KJIETKU TPYOKM Bce
OoJiee oTnansgeTcs (10 OonpeaeieHHOTO MOMEHTA) OT
ee TeHepaTUBHOTO sigpa. MeHOMeH, TTOKa3aHHBIN Ha
puc. 5, Ha HaIll B3[JISII, CBUAETEBCTBYET O TOM, UTO B
MMBUTBLIEBBIX TPYOKaX OOBIKHOBEHHOTO MOMKIKEBEJIb-
HUKAa Ha KaKMX-TO 3TaIlaX UX Pa3BUTUS MEXKAY SIAPOM
KJIETKU TPYOKM U TeHEPaTUBHBIM SIIPOM HEJb3s VC-
KJTIOUUTh BO3MOXHOIO CYIIIECTBOBAHUSI PEIOKC-CUT-
HaJbHOM cBsI3U. He uckimoueHo, 4To Takast CBSI3b MO-
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XKET aKTUBUPOBAThCSI OEJIKaMM SIACPHBIX MeMOpaH.
DTO KOCBEHHO ITOATBEPXKIACTCS TEM, YTO B ITHUIbLIC-
BBIX TpyOKax MoCKeBeabHUKa MeTogaMu MALDI Ha-
MU OOHapy>XeH OeJIOK CepUH/TPEOHUH-TTPOTENHK-
Ha3a, OTHOCSIINICSI K CEMENCTBY (hochaTuamInHO-
3UTOJ 3-KMHAa3-POACTBEHHBIX IIPOTEMHOB KMHA3bI, a
Tak>Ke psifi OeJIKOB, MpUHALIEXAIUX K CyllepceMeii-
CTBY C aKTUBHOCTBIO pochoruaposassl (HD nomeH-
colepxXKaliuii IpoTenuH, MeTaul-3aBucumast dpocgo-
ruaposia3a), KOTopble (DYHKIIMOHAJIBHO CIIOCOOHBI
yyacTBoBaTh B pabore AMK-3aBUCUMEBIX CUTHAJIb-
HBIX CUCTEM.

SAKJIFIOYEHUE

IMb1bia, OpOMKYJIBI Ha ITOBEPXHOCTH 3K3WHBI
MbUIBLIEBBIX 3€PEH U IbLIbLIEBbIE TPYOKM Y MOXKXKE-
BeJIbHUKA OOBIKHOBEHHOTO Pa3IMYalOTCs 110 XUMU-
YEeCKOMY COCTaBy. B IbUIBIIEBBIX TPYOKAX MOXOKEBEITb-
HUKa OOHapyXeHo JBa (pUTocTepomna: GeTa-CUTOCTE-
PVH Y KaMIIECTEPUH, CTUMYJIUPYIOIIUX TIPOPACTAHUE
NBUTBLEI U POCT MBUIBLEBBIX TPYOOK. B opOukymax, B
OTJIMYHE OT ITbUIBIIBI, OTCYTCTBYIOT BOCKA, SKMPhI M Ka-
POTUHOMIIBI ¥ COAEPKUTCS OOJIBIIIOE KOJIMIECTBO OeJI-
KOB, aMMHOKHUCJIOT U apOMaTUUYECKUX YTJIEBOJOPOIOB.
B opOukynax BBISIBIEGHO HEOOBIMHO OOMBIIIOE COAEP-
KaHrMe MOM-MHO3UTOJIa, UTPAIOIIETO, ITI0-BUANMOMY,
BaXXHYIO POJIb B IIpollecce TuapaTaluy MbUTbIEL. [1i-
paraius TbIIbLEBOro 3epHa MOX KEBEJIbHUKA HE SIB-
JISIETCSI TIPOCTO OCMOTHYECKOM Tuddy3reii Boabl uepes
JIUCTAJIbHYIO afepTypy, a IPeACTaBIsIeT Lelb COObI-
THIi, KOHTPOJIMPYEMBIX, BEpPOSITHEE BCEro, OeIKaMu
Hapy>XHOM sIIepHOM MeMOpaHBI MUKpOCIIopbl. B
TUAPATUPOBAHHOM TIBLIbIIEC JIM30COMBI JIOKAN30Ba-
HbI BOJM3M BHYTPEHHEH ITOBEPXHOCTU OOOJIOUKU
MBLIBIIEBOTO 3¢pHA. B MBLIBIIEBBIX TPyOKax BE3UKY-
JIBI pacHOpeneieHbl IO BCEMY 00beMYy T'MaIoILIa3Mbl
OoJjiee MM MeHEe paBHOMEPHO. 3HAYUTEIbHASI YaCTh
BE3UKYJI, OCOOEHHO y aKTUBHO PacCTYyIIUX TPyOOK,
CKarIMBaeTcsl BOJIM3M KOHYMKA TpyOKH. BrinemeHue
YaCTU BHYTPEHHETO CONEPKMMOT0 BE3UKYJI BO BHEIII -
HIOIO cpedy 00ecIieurMBaeTCsl MEXaHU3MOM 3K30LIM-
To3a. MMTOXOHIPUM CKOHLIEHTPUPOBAHbI BOKPYT
oboux saep M no nepudeprn npororiacra. Xapak-
Tep (GayopecHeHUIMHU TTBUIBILIEBBIX TPYOOK MOXKKE-
BeabHMKa, okpaineHHbIX DCF-DA, cBuaeTebcTBy-
€T O BO3MOXHOM CYIIECTBOBAHMM KaHajla PeaOKC-
CUTHAJIbHOM CBSI3U MEXIY SIAPOM KJIETKU TPYyOKHU U
TeHEepaTUBHBIM SIIPOM.

BJIIATOOAPHOCTH

HccnenoBaHus poBeAeHBI ¢ MCITOJIb30BaHUEM 000PY-
moBanus IIKIT “Apkruka” CeBepHOro (ApKTHYECKOIO)
denepanbHoro ynuepcutera uMeHu M.B. JlomoHocoBa.
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OUNHAHCHPOBAHWE PABOTDI

PaGora BbImonHeHa mpu noanepxke Poccuiickoro
¢doHna dyHmameHTaIbHBIX UccaenoBaHuit (mmpoekT Ne 18-
04-00056). Coop 00pas1i0B OCYILECTBISICS IIPU ITPOBEe-
HUM 3KCHEAUIIMOHHBIX paboT B pamkax ®HUP mno rocy-
JIapcTBeHHOMY 3amaHnio dDeaepaibHOTO UCCIeI0BATEIb-
CKOTO IIeHTpa KOMIUIEKCHOTO M3ydeHUs] ApKTHKu Poc-
cuiickoii akanemuu Hayk (Ne tembl — 0409-2019-0039),
Ne roc. peructpaunu — AAAA-A18-118011690221-0.

COBJIIOAEHWUE OTUYECKUNX CTAHIAPTOB

HpI/I BBIITOJIHCHUM OJAHHOIO MCCJICOHOBaHUA JIIOOU N
KMBOTHBIE HE UCIOJIb30BaJIUCh B KAU€CTBE OOBEKTOB.

KOH®JIMKT MHTEPECOB

ABTOpBI 3asIBJISIIOT, YTO KaKOi-1100 KOHMIMKT UHTE-
pPECcoOB OTCYTCTBYET.

NHO®OPMAILINA O BKIIALE ABTOPOB

C.C. XButo30B BoitojiHmI FTIR-cniekrpockonuio 06-
pasloB, 06pPabOTKY CMEKTPOB U aHAIN3 Pe3yJIbTaTOB CITeK-
tpockonuu. C.A. TTOKPBIIIKWH BBIMOJHWI 3KCIIEPUMEH-
TaJIbHYIO YacTh Impojm3a oopasuos. J.I'. YUyxunH mpoBen
aHam3 pe3ybTaTtoB nuposmsa. M.B. Cypco npoBsei cBeTo-
MMKPOCKOITMYECKHe UcciienoBaHusl. Bce aBTopbl yyacTBoBa-
JIK B 0OCYKIIEHNU pe3y/IbTaToB. Bece aBTOpBI BHECIN OMHA-
KOBBII BKJIAJ B JAHHOE MCCIIEIOBAHYE U TIOATOTOBKY CTATBH.
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Pollen tubes are a popular object in the study of physiological-biochemical and structural-dynamic processes
in plant cells. Most of these studies are devoted to pollen tubes of flowering plants with a short reproductive
cycle. Much less attention is paid to the study of pollen tubes of gymnosperms. The article discusses the pro-
cesses of hydration of pollen grains and the development of pollen tubes in juniper. Mature juniper pollen
grain is in a dehydrated state and contains no more than 2—3% of free moisture. Rehydration leads to activa-
tion of metabolism, pollen germination and growth of pollen tubes. Hydration of the juniper pollen grain,
which leads to the formation of a hydrophilic capsule and exine rupture and shedding, is a sequence of events
controlled, most likely, by the proteins of the outer nuclear membrane of the microspore. The orbicules of
juniper pollen grains contain an unusually high content of mome-inositol, which is probably necessary for
rapid water diffusion into the middle layer of the intine and the formation of a hydrophilic capsule. In pollen
tubes of juniper found two phytosterols: beta-sitosterol and campesterol, stimulating the germination of pol-
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len and growth of pollen tubes. Vesicles, moving in the hyaloplasm of the pollen tube, accumulate near its tip.
Vesicles with their membranes are embedded in the membrane of the tip of the tube, releasing their contents.
The highest concentration of mitochondria in growing pollen tubes is observed near both nuclei and along
the periphery of the protoplast associated with the tube cell nucleus. In the pollen tubes of common juniper,
there is a high probability of the existence of a redox signaling channel between the tube cell nucleus and the
generative nucleus. It is possible that this connection can be activated by proteins of the outer membranes of
both or one of the nuclei.

Keywords: juniper, pollen, pollen tube, infrared spectroscopy, pyrolysis, steroids, orbicules, mome-inositol,
redox signaling
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INokazana skcnpeccuss MPHK renos Tomn-nmono6Hbix petientopoB (TLRs) 2, 4, 7, 9 B ceTuarke, Xpycranu-
K€ M CTEKJIOBUIHOM Teiie T71a3a 13, 17 u 19 HenebHBIX IUIOI0B YesioBeKa. Pe3ynbrathl paboThl MOTYT CBU-
JIeTeJIbCTBOBATh O POJIU 3TUX PELIETITOPOB B Mpolieccax npoiaudepaunu u nuddepeHIupOBKY MPU HEHPO-
reHe3e U CUHAINTOreHe3e CeTYaTKU, B Mpolleccax npoaudepaly U 3JOHTalUU XPYCTAUIMKOBBIX BOJOKOH,
a TakKe B CIyvasx MH(MUIIMPOBaHUS O TOTOBHOCTH 3alllMIIaTh TKAHU TJ1a3a OT NMaTOTeHOB.

Karouesoie cnrosa: Tonn-mmonooHbIE PEHICIITOPLI, pa3BUTUC I'JlIa3a, C€TYaTKa, XpyCTaJIMK, CTCKJIOBUIAHOC TEJIO,

MPHK, nioaer yenoBeka
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BBEAJEHUWE

Tonn-monoousie peuentopel (TLRs) — TpanHc-
MeMOpaHHBIe OeJIKOBBIE MOJIeKYJIbI 1 TuIra. OHM pac-
MMO3HAIOT KOHCEPBAaTUBHbBIE CTPYKTYPhl MUKPOOPTa-
HU3MOB (0aKTepuii, BUPYCOB, TPUOOB) M SIBJISIFOTCS
CUTHaAJIbHBIMM pELIENITOPaMU BPOXIEHHOIO HNMMY-
Hutera (XautoB u ap., 2009; Kannaki et al., 2010;
Akira et al., 2006). TLRs akcipeccupyIoTCst Ha TeMO-
MOATUYECKMX KJIETKaX, KJIeTKax JUM(MOUIHOTO U MU~
eJIOIHOro psiaa (MoHoLMTaxX/Makpodarax, HeiiTpo-
¢dunax, IEHAPUTHBIX, TYIHBIX KJIETKaX, JUMQMOII-
Tax). Dkcrnpeccuss TLRsS mpucyTcTBYeT B SHAOTSIUN
COCYIIOB, KJIETKAX SIMUTEINATBHOTO U ME3eHXUMAaJlb-
HOTO IIPOMCXOXIeHus. B 3aBucuMocTu oT THNAa pe-
LIENTOpa OHU JOKIU3YIOTCS JIMOO Ha MOBEPXHOCTH,
oo B umuToIiasme KieTok (Brito et al., 2004; Fleer,
Krediet, 2007; Iwasaki, Medzhitov, 2010, 2015; Luger
et al., 2013; Kulikova et al., 2014; Sriram et al., 2016).
Tak, peuentoper TLR2, TLR4 pacnonaraiorcst Ha
KJIETOYHOM MeMOpaHe U ITpy NTHUILIMPOBAaHUU PACIIO-
3HAIOT OaKTepUalbHbIC JUTAHABI. Takue pelernTophl
kak TLR7 u TLR9 skcnpeccupylorcsi B IMTOILIa3Ma-
TUYECKMX OpTaHesIiax, IPEUMYIIECTBEHHO B SHIOCO-
Max, JIN30COMax, IHJI0JIU30COMax M SHI0IIa3MaThude-
ckoM petukyiayMe. TLR7 pacno3HatoT COOCTBEHHYIO U
BupycHyto onHoiernoyHyto PHK, a TLR9 sasnsgercs
JIETEKTOPOM HEMETIIMPOBAaHHBIX ydacTkoB CpG ar-
meHTOB JIHK OakrepuanbHoii mpupons! (Akira et al.,
2006; Pandey et al., 2015).
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Omnako ¢yuknun TLRs He orpaHnuymBaioTcs
ydJacTHEM B UMMYHHOM OTBETE OpraHu3Ma Ipu mora-
JTaHu WHeKInoHHoro areHTta. IlokasaHa BakHast
posab TLRs B acenTnyecKoM BOCIaJICHUH, TIPU TPaB-
MaTUYECKOM MOBPEXIEHUN TKaHell 1 Ipolieccax pe-
napauuu (Breen et al., 2012). ITosiBasieTcst Bce 60Jb-
1IIe CBeJIeHM, Tae moka3aHa 3Kcrpeccust TLRs B pas-
JIMYHBIX OPraHax U TKaHSIX BHE MH(PUIIUPOBAHUS, KaK
BO B3POCJIOM OpPTaHU3MeE, TaK U B TIPOLIECCE €T0 Pa3BU-
TUs. 10 nmoaTBepxaaeT, yro TLRs moryt ¢pyHKIIMO-
HUPOBAaTh HE TOJILKO KaK 3all[UTHBLIA MEXaHU3M Opra-
Hu3Mma oT mHpeknuit (Kannaki et al., 2015), HO u
y4acTBOBaTh B ITpolieccax SMOPHUOHAIBHOTO PAa3BUTHS
OPraHOB U TKaHEM, TIe UM OTBOAUTCSI POJIb PETYIISTO-
POB (pyHIAMEHTATIBLHBIX KJIETOUHBIX ITPOLIECCOB, TAKMX
Kak MuUTpalus, mpoaudepanus, nupdepeHIINPOBKa U
anornro3 (Harju et al., 2001; Liet al., 2010; Krysko et al.,
2011; Kannaki et al., 2015; Ma et al., 2017).

Penentop TLR4 sBisercss yHMKAJIbHBIM CpeIu
npyrux TLRs TeM, 4To OH MOXKeT BOBJIEKATh ABa CUT-
HaJbHBIX ITyTh: MyD88 mocpencTBoM amanTepHoOii MO-
nexkynsl TIRAP u MyD88-He3aBUCHUMBIA ITyTh I10-
cpenctBoM amanrtepHoii MojieKynbsl TRIF, mpuBoms-
X K aktuBaumm pakropa NF-kB u 3anmycky cuHTe3a
MPOBOCTIAJIUTEIbHBIX LIMTOKMHOB. [ToMuMO akTuBa-
M BocnaneHus, TLRs Takke peryJmpyroT amoIros,
nponvdepalivio U BbDKUMBaHWE KJIETOK, YTO CBUJIE-
TEJIbCTBYET O CBOMCTBaX MMMYHHBIX KJIETOK U UX y4a-
CTUM B WHTETpallMd BOCMAIUTEJIbHBIX peakiiuii U B
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Mpolieccax BOCCTaHOBJIEHUsI TKaHeil. B 3Toii cBs3u
BaXXHbIMU KJIIOYEBBIMU CUTHAJIBbHBIMU MOJIEKYJIaMU
TLR sBAsItOTCSI MUTOTEH-aKTUBUPYEMbIE TTPOTEUH-
knHasel (MAPK) (Muzio et al., 1998; Li et al., 2010;
Amirchaghmaghi et al., 2013; Ma et al., 2017).

HNmerorcsa maHHbIE, CBUIOETEIBCTBYIOIINE O TOM,
yto TLRS M ux amanTepHble OSJIKA CBSI3aHBI C pa3-
JIMYHBIMMU acIIeKTaMU HeliporeHe3a M CUHAITOreHe3a
B Pa3BUTUM MO3Ta IIO3BOHOYHBIX U C IJIACTUIHOCTHIO
HepBHBIX KJIeTOK (Rolls et al., 2007; Okun et al., 2011;
Kaul et al., 2012; Barak et al., 2014; Kawasaki, Kawai,
2014; Anthoney et al., 2018). B mpeniecTBytoiiemM
HCCJIEIOBAaHUM C TIPUMEHEHUEM MeToda UMMYHOXH-
MUM HaMU BIIEpBBIC OblIa TOKa3aHa ITMHAMUKA JIOKA-
mu3auyu TLR2 u TLR4 B ceTuaTKe B IIpeHAaTaAJILHOM
pa3BUTHUHU YeJIOBEKa, yKas3blBalolllas Ha TO, YTO 3TU
pELEINTOPEl UIPalOT BaXXKHYIO pPOJIb B HOPMaJILHOM
pa3BUTHU CETYATKU: HeiiporeHese, aKCOHOICHE3¢ U
¢dopmupoBaHuu cocyaon (Panova et al., 2018).

CseneHnii 00 3KCIpeccu reHoB Tomn-1mogo0-
HBIX PELIENTOPOB B TKAHSX IJIa3a YeJloBeKa B IIepUOI,
IIpeHaTaJbHOTO Pa3BUTUSI K HACTOSIIEMY BpPeMEHU
HaMu HaiaeHo He O0but0. Ilenb mpencTaBiaeHHOM pa-
00THI — TIpoaHanu3upoBaTh 3Kkcnpeccuio MPHK re-
HOoB TLR2, TLR4, TLR7 v TLRY B ceTuaTKe, XpycTa-
JIMKE U CTEKJIOBUIHOM TeJie B IIPOlieCCe HOPMaIbHO-
ro pa3BUTHS IJla3a ILIOJIOB YeJloBeKa.

MATEPUAJIBI U METOJbI

HMccnenoBanu CTEKIOBUIHOE TEIO, CETYATKy W
XpycTajauk ot 3-x 1ionoB 13, 17 u 19 Hen. rectanuu.
Bo3spacT ni0n0B COOTBETCTBOBAJI CPOKaM, YCTAaHOB-
JICHHBIM BpadyoM-aKkyiiepoM. ['J1asHble sI6JI0KHU, O-
JIydeHHBIE TIPU ayTOTICUM, OTHCIISIIA OT OKpYKaro-
X TKAaHEeW 1 OTMBIBAJIM B HECKOJIBKMX CMEHax (u-
auoorndeckoro pactsopa (0.9% NaCl). 3aTem 1101
ouHokyssipHoit ynoit MBC-9 Bbipe3asin mo aumoy
DPOTOBMILY, U3BJIEKATU CTEKIIOBUIHOE TEJIO, XPYCTATUK
n ceryaTKy. CeT4aTKy OYMINAIM OT TTMTMEHTHOTO
srutenusd. CTEKIOBUIHOE TEJO IEHTPUGMYTUPOBAII
(eppendorf centrifuge 5417R pu 12500 06./MuH 1 4°C
B TeueHue 30 muH). [Tocire neHTprdyrupoBaHus Ha-
OCAIOYHYI0 XUAKOCTh yaamsuti. OcamoK CTeKIIOBUI-
HOTO TeJIa, CeTYATKY M XPYCTATUK MCITOIB30BAIM TSI
ucciaegoaHusi ypoBHs 3kcrnpeccun MPHK reHoB
Tonn-mmomoouerx penentopoB TLR2, TLR4, TLR7,
TLR9 meronom OT-IILIP B pexume peaabHOIro Bpe-
MEHH (BCe UCTTOIb30BaHHBIE PEaKTUBBI U JETEKTUPYIO-
e aMImmdukaTopsl Tpomspoactea OO0 “JIHK-
Texnonorus”, Poccust).

Bo u3bexanue merpagam MPHK B3sgTEIIT MaTe-
pual moMeInaicsl B IpoOUPKU ¢ paCTBOPOM TyaHHU-
IUHTUOLIMaHaTta (JIM3UPYIOIIMK pacTBOp Habopa
“IIpo6a-HK”). Brigenenue toranbHoit PHK mpo-
BOJIMJIM C UCIIOJIb30BaHMEeM Habopa “IIpoda-HK”.
I[MpuHLIMT MeTOAAa OCHOBAaH Ha JIM3MCE KIIETOK, Oca-
xneaun PHK wm3onpomanoioM B HOpuCYyTCTBUU

BYPMEHCKAA u np.

coocaauTesisl, MOCAEAYIOIIUX OTMbIBKAX W 3JIOLUU
PHK. B peaxiinu ncronb30Baau OJTUTOHYKJICOTUIHI,
cnelUYHbIE B OTHOIICHUY TPAHCKPUIITOB TEHOB U
He oTxkuraromuecss Ha matpuie reHomHou JIHK.
ITosTomy 006paboTka obpasuoB JIHKa3o0it He Tpebo-
Bajiach. Peakiinio oopaTHOU TpaHCKPUTIIIMY CTaBUIN
npu temneparype 40°C B teuenune 30 MuH, ¢ moce-
Iyolieit MHaKTUBAalMel 00paTHOI TpaHCKPUIITa3bl B
TedeHHe 5 MUH Tipu TeMriepatype 95°C. B peakuuu
o0paTHO# TpaHCKPUMIIMU MCMOJb30BaJlaCh CMECHh
cneun(pUUYecKrnX OJTMTOHYKIEOTUAOB BCEX UCCIIENy-
€MbIX T€HOB. AMIUTM(UKAILIAS OCYIIECTBISIACh B
peXxnMe peaibHOTO BpEMEHU C U3BMEPEHUEM YPOBHS
dayopecueHIMM 1o KaHainy FAM Ha KaxXgoM 1IUKJIIe
MIpY TeMIIepaType oTXXura npaiiMepos 64°C. Peanuza-
1O “Topsyero crapra” odecrneyrnBaIv UCIOIb30Ba-
HueM Tagq-nmonuMepasbl, aKTUBHOCTb KOTOPO# OJIOKM-
pOBaJIV aHTUTEJIAMU U BOCCTAHABIMBAJIM TTPU MPOTpe-
Be. Peakuuio ctaBuiu B IBYX MOBTOpaX sl Kaxkmoit
TOYKU. YpoBeHb aKkcrpeccu MPHK m3mepsiim B oTHO-
CUTEJIbHBIX €IMHUIIAX, HOPMUPOBKY YPOBHSI SKCITpEC-
cun MPHK wuccienyeMbIx TeHOB MPOBOAVIN METOIOM
CpaBHEHMS TTOPOToBbIX LIMKIOB (MeTod AACQ) OTHO-
cuTelibHO pedepeHcHbIX TeHoB B2M, TBP, GUSB,
HPRT1 n o6pa3la ¢ MUHMMAJIbHBIM YPOBHEM 3KC-
MPECCUU UCCIIEyEeMOro TeHa.

BBumy orpaHM4eHHOTO YMCiia IPeAOCTABICHHOTO
MaTtepuaa, CTaTUCTUYECKYI0 OOpabOTKy pe3yabTa-
TOB HE TIPOBOIUJIN.

PE3VIIBTATHI 1 OBCYXIEHUWE

B Hacrosmeit paboTre HaMu NOPOBEOSCH aHAIU3
askcrpeccun MPHK renoB T7LR2, TLR4, TLR7, TLR9
B ceTYaTKe, XpPYCTaJIMKe U CTEKIIOBUIHOM TeJle Iiia3a
IUIOAOB YenoBeka Ha 13, 17 u 19 Hen. mpeHaTaJIbHOTO
pa3Butus. Bo Bcex oOpasiiax Obia oOHapyKeHa dKC-
npeccust MPHK uccienyeMbix reHoB. OTHOCUTEIIb-
Hble ypoBHU 3Kcpeccur MPHK atux reHoB rpacdu-
YeCKH OTpaxkKeHbI Ha puc. 1.

OTtHOCcUTeNbHBIN ypoBeHb 3KcIpeccun MPHK re-
Ha TLR2 B CTeKJIOBUIHOM TeJIe HA BCEX CPOKaAX MC-
cJIeOBaHUS IIPaKTUYECKA OQUHAKOB M MMeeT Ooee
BBICOKUI YPOBEHb 110 CPABHEHUIO C XPYCTaJIUKOM U
ceTyaTkoii. B XxpycTajuke ypoBeHb 3KCIpecCUu
MPHK rena 7L R2 HuXe, 4eM B CTEKJIOBUIHOM TeJle,
HO TIPU 3TOM OTMEYaeTCs TeHICHLIVS YBEeJIMYCHUS
9Kcmpeccuu 3toro reHa ¢ 13 o 19 Hen. B cetuatke
ypoBeHb 3kcrpeccun MPHK rena 7TLR2 meHble,
YyeM B CTEKJIOBUIHOM Tejle M XpyCTaJlMKaxX Ha BCex
cpokax ucciaenoBaHus (puc. 1a).

Vposensb s3kcnpeccunt MPHK rena TLR4 B cTek-
JIOBUITHOM Tejie Ha 13 Hen. BBIIIE MO CPAaBHEHMIO C
ceTyaTKoi 1 xpycranukoM. Ha 17 u 19 Hen. Habmo-
ImaeTcd TEHOSHIMS CcHInKeHUs sKcrpeccnn MPHK
reHa TLR4 B crexnoBumHoMm Teje. B ceryaTtke Ha
17 men. akcnpeccust MPHK rena 7'L R4 Beliie, 4eM Ha
13 u 19 Hen. B xpycranuke oTMedeHa TeHICHIINS yBe-
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(6) Okcnpeccuss MPHK TLR4
100

111}

13 wenens 17 Hemens 19 Henenb

[u—

(=]
—_

(r) Okcnpeccuss MPHK TLR9
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Puc. 1. OtHOocutenbHble ypoBHU 3KcIpeccurt MPHK renoB Toit-nmogo6Hbix petienntopoB (TLRs) B TKaHsIX M1a3a B IpeHaTalb-
HOM pa3BuTuu uenoseka. (a) — TLR2, (6) — TLR4, (8) — TLR7, (r) — TLRO.

mmaenns skcnpeccun MPHK renwa TL R4 ¢ Bo3pac-
ToM Iu10Aa (puc. 106).

Vposens akcnpeccut MPHK rena TLR7 B cTekiio-
BUIHOM TeJIe Ha BCEX CPOKaX MCCIeIOBAaHUS TIPAKTU-
YECKU OJUHAKOB, HO BHIIIIE [0 CPABHEHUIO C XPYCTaIM-
KOM M CeTJaTKo. B ceTyaTKe aKcIpeccust 3Toro reHa
TaK>Ke MPUMEPHO OAMHAKOBA Ha MUCCIIeAOBAHHBIX CTa-
JIUSIX U TIPY 5TOM BBIIIIE, YeM B XpycTaiauke. B xpycra-
JINKe OTMeUYeHa TeHAECHLMS K YBEJIMYEHUIO DKCITpec-
cuu atoro reHa Ha 17 u 19 Hen. (puc. 1B).

Vposens akcnpeccun MPHK rena TLR9 B crexiio-
BUIHOM TeJie HECKOJIBKO Bo3pacTaeT ¢ 13 mo 19 Hen. B
ceTyaTKe HaOII0IaeTCsl HE3HAYMTEIbHOE CHIDKEHUE
skcnpeccun MPHK rena 7L R9Ha 17 Hel. 110 cpaBHE-
Huto ¢ 13 u 19 Hen. B xpycranuke Takke oTMe4aeTcst
CHIXXEHME YPOBHS 3KCIIPECCUU 3TOro reHa Ha 17 Hef,.
o cpaBHeHuto ¢ 13 u 19 Hen. (puc. 1r).

Crenyetr OTMETUTD, YTO OTHOCUTEILHBII YPOBEHD
skcnpeccunu MPHK rena 7L R9 Bo Bcex aHaIM3upye-
MBIX TKAaHSIX 3HAUUTEJIBbHO HMXE, YeM 3KCIpeccust
MPHK renoB TLR2, 4u 7.

B Hacrosmieit padboTe moka3zaHO, YTO TpaHCMEM-
opannbie peuenTopbl TLR2, TLR4 1 BHyTpHKIIeTOU-
Hble perentopsel TLR7 n TLRY skcripeccupyoTcest Bo
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BCEX MCCJIeAOBAaHHBIX HAMM TKAHSIX IIa3a IIOIOB Ue-
JIOBeKa, CIIOCOOCTBYSI CTAHOBJICHUIO MMMYHMTETA,
YTO BaXXKHO B CJTydae BO3MOXXHOTO MHMULIMPOBAHUS
rmaza (Akira et al., 2006; Kannaki et al., 2010).

Kaxk n3BecTHO, 3KCIIpeccrsi TEHOB 3THX PEIeNTO-
DPOB UTPAeT BaXXHYIO POJIb B pa3BUTHUM MJIEKOIIUTAIO-
IIHX, PETYINPYs KIIETOYHBIE ITPOIIECCHI B Pa3BUBAIO-
muxcs opraHax u TKaHsx (Anthoney et al., 2018),
BKJIIOUAs M IJ1a3Hoe 1010Ko. PaHee MeToIOM UMMY-
HOTHCTOXMMHUHM HaMM ObLIa ITPOIEMOHCTPUpPOBaHA
muHamuka jJokamm3auu TLR2 n TLR4 nipu pa3su-
TUM CETYATKM IJ1a3a rioaoB uenoBeka (Panova et al.,
2018), u aTo cormacyercs ¢ akcrpeccueir MPHK atmx
TeHOB B ceTYaTKe, TOKa3aHHO B HACTOsIIIEit paboTe.
Nmmynoxumuaeckn TLR2, TLR4 takxke ObLIM BbI-
SIBJICHBI B HIOTEJINH COCYIOB pPa3BUBAIOIICICS CET-
yatku (Panova et al., 2018).

XpycTaaukK SIBIISIETCSI TPOU3BOIHBIM MOKPOBHOM
SKTOIEPMBI, KOTOpasl YTOJIIAeTCS M JaeT Havajio
XpYCTaIMKOBOI Miakode. B pe3ynbTaTe MHBaruHa-
LIVM XPYCTATMKOBOM IIaKOABI M CMBIKAHUS €€ KpaeB
obpasyeTcs XpyCTaauKOBBIN My3bIpek. KiieTku rme-
pelHel YacTh XpYyCTaJIMKOBOIO My3bIpbKa NAIOT Ha-
YyaJio mepeagHeMy BIUTENNI0 XpyCcTaauKa, a KIETKU
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3aJHEil YacTU — BOJIOKHAM XpyCTajiiKa, KOTOpPEIE
GhopMUPYIOT SIAPO U KOPTUKAJIBHBIE CJIOU XPYCTaIM-
Ka. PocT xpycTanuka cBsizaH ¢ MOCTOSIHHBIM 00pa3oBa-
H1EeM HOBBIX BOJIOKOH 3a CYeT Ipojudepaliii Majao-
I depeHINPOBAHHBIX KJIETOK SITUTEINUS B TepMITHA-
TUBHOI 30He. [locie meneHus KJIeTKU CMEIIarTCs K
9KBaTOpy, I MPOUCXOOUT UX YIMHEHWE U Hadajao
muddepeHINPOBKM BOJOKOH. B mmporiecce oopa3ona-
HUSI HOBBIX BOJIOKOH ITPOMCXOJUT YBEIMUYEHUE 00beMa
Y TUIOTHOCTHU SIApa XPYCTaJIMKa, K KOTOPOMY IIPOIOJI-
2KaloT 100ABJISITHCS BCE HOBbIE U HOBbIE KOPTUKAJIbHbIE
cior. OTHUM U3 TIPU3HAKOB AUM(GEpeHIIMPOBKU Xpy-
CTAJINKOBBIX BOJIOKOH (IIOMUMO CHHTE3a KPUCTAJUIM-
HOB) SIBJISIETCS [IOCTEIIEHHOE MCYE3HOBEHNE B HUX BCEX
MeMOpPaHO-OKPYKeHHBIX OpraHeJil U siapa (He3aBep-
meHHb anonro3) (Lovicu, McAvoy, 2005; Cvekl,
Ashery-Padan, 2014). B npoueccax npojudepaliuu,
I depeHIMPOBKA U HE3aBEPIIIEHHOTO aronTo3a B
xpycraauke ydactByeT MAPK curHaabHbIN ITyTh,
npu 3ToM TLRS gBnstioTcst perienTopamMu, UHIYLIUPY-
IOIMMU aKTUBALIMIO MUTOTCH-aKTUBUPYEMBIX TTPOTE-
naknHa3z ERK1 1 ERK?2 (Li et al., 2003). ITokazanHas
B HacTosIeM ucciienoBanuu sKcrpeccust MPHK re-
HOB TLR 2, 4, 7B XpycTajvKe, UMeIOIIasi TCHASHLINIO
YBEJIMYEHMSI C BO3PACTOM ILIONA, 4 TAKXKE SKCIIPECCUST
MPHK rena TLRY, yka3pIBaloT Ha y4yacTHe 3TUX TEHOB
B KOHTpoJie Tpoiudepaumu, AuddOepeHIMPOBKU U
He3aBepIICHHOIO aIlonTo3a IIpu (pOpMUPOBAHUY XPY-
CTaJIMKOBBIX BOJIOKOH.

B sMOpmoHaNbHOM pPa3BUTUM B CTEKJIOBUIHOM
TeJie TPAH3UTOPHO MPUCYTCTBYIOT TMaJIOUIHBIE COCY-
JIbI, KOTOPbIE TTOJBEPraloTCsI perpecCuy 1o MeXaHu3-
My anonTo3a. [ToMruMo TualonaIHbBIX COCYIOB ITOCTO-
SIHHBIMU KJIETKAMM CTE€KJIOBUIHOIO Tejia SIBJISIIOTCS
TAaJIOLIUThI, KOTOPBIM CBOMCTBEHHA (PYHKLIMS MaK-
podaroB, a Takxke CmOCOOHOCTh CUHTE3MPOBATh I'a-
JIypOHOBYIO KucaoTy 1 kosuiareH Il tumna (Balazs et al.,
1980; Zhu et al., 1999, 2000). Vcxonst u3 qaHHBIX JIU-
TepaTyphl, Ha CpOKax IMPOBEACHHOTO HAMM HUCCIIEIO-
BaHUSI THAJIOUIHBIE COCYIbI CTEKJIOBUAHOIO TeJIa Ha-
YMHAIOT peaylupoBaThbcs Ha 13 Hemelie, U 3TOT IIPO-
mecc mpomorkaeTrcsa Ha cramgmax 17 m 19 Henmenb
MpeHaTtajJbHOro pa3BuUTUsA. [Ipu 3TOM THMaJIOLIMUTHI,
MIPUCYTCTBYIOIIME B CTEKJIOBUIHOM TEJIE€, BBIITOIHSI-
IOT poJIb MakKpodaroB, (ParoUTUPYIOIINX THOHYIIIE
kietku (Zhu et al., 1999, 2000). OueBuUIHO, IKCIIPEC-
cust MPHK reHoB TLRs, oOHapyXeHHast HaMUu B 00-
pa3ziiax CTEeKJIOBUIHOTIO Tejla, CBSI3aHa C 3KCIIPECCUE
9THUX T€HOB B TMAJIOLIMTAX, S9HAOTEINATIBHBIX KJIeTKaX
THaJIOUIHBIX COCYIOB U C PEryJIsIUE altonTo3a Kiie-
TOK CTEHKHU THAJIOUIHBIX COCYIOB. DTO COTJIACYETCS C
JIAaHHBIMU, TIOJTyYeHHBIMI Ha MbIIIaX, I7e ObLIO MO-
Ka3aHO, YTO 3MOpHOHAaJIbHbIe MaKpodaru 3KCIpec-
cupyoT Tomi-nogo6HbIe penenTopsl 1,2, 4, 6,7, 8 u
9 (Balounovi et al., 2014).

HccnenoBanue (GyHKUIMOHAIBHOW 3HAYMMOCTH
KCIIpeccuu ToJI-TIOHOOHBIX PELIETITOPOB SIBJISIETCS
CTpaTeTM4YeCKU BaXKHBIM IUISI TIOHMMAaHUs MeXaHU3-
MOB, JIeXaIlliX B OCHOBE psma 3a0oJieBaHMWII I1a3a

BYPMEHCKAA u np.

paHHEro JEeTCKOTO BO3pacTa, TaKUX KaK peTUHOIIa-
THUSI HEJOHOIIICHHBIX, BPOXKICHHbBIC KaTapaKTa, IJiay-
KoMa, 3a00JieBaHUs TIepeIHero oTpesKa riasa.
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mRNAs of Genes of Toll-like Receptors Are Expressed
in Human Fetal Eye Tissues

O. V. Burmenskaya!, R. A. Poltavtseva!, and I. G. Panova® *

! National Medical Research Center of Obstetrics, Gynecology, and Perinatology, Ministry of Health of Russia,
ul. Akademika Oparina 4, Moscow, 117997 Russia
?Koltzov Institute of Developmental Biology, Russian Academy of Sciences, ul. Vavilova 26, Moscow, 119334 Russia
*e-mail: pinag@mail.ru

The expression of mRNA genes of Toll-like receptors (TLRs) 2, 4, 7, 9 in the retina, lens and vitreous body
of the eye of 13-, 17-, and 19-week fetuses is shown. The results of this work may indicate the role of these
receptors in the processes of proliferation and differentiation in neurogenesis and synaptogenesis of the reti-
na, in the processes of proliferation and elongation of the lens fibers, as well as their readiness in cases of in-
fection to protect eye tissues from pathogens.

Keywords: Toll-like receptors, eye development, retina, lens, vitreous body, mRNA, human fetuses
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ITpoBeneH MOHUTOPHMHT TTOKa3aTesieii ”THTEHCUBHOCTHY (hJIyopecIieHIITNY KOMIIeKca MeMOpaHa-KalbIInii-
XJIOPTETPALIMKJIMH B CIIEpMaTo30M1aX OBIKOB B Ipolieccax KalaluuTalud U aKpOCOMHOM peaklMu ¢ UC-
M0JIb30BaHUEM MHTMOUTOPHOTO aHaau3a. BhIsIBICHO, 4YTO HOOGaBIeHUE OTACIbLHO MpodakKTUuHa, TOHAM®,
[T® wm TP crumyImpoBaio B crepMarosonnax ocBoboxneHne Ca’’ M3 BHYTPHKIICTOYHBIX HEIIO
(BKI). ITpu coBmecTHOM aeiictBum nponaktuHa u I'Td, a takxke 16UAM® u I'/I® ormeyanoch TOMO-

HuTenbHOe ocBoGoxaeHre Ca’t 3 BKJI. TMpenBapurenbHas MHKY6AIMs B TPUCYTCTBUM HETHAPOIU3Ye-
Mbix TIDBS v I'TDYS uHrnbuposaia 0cBOGOXKIEHUE Ca?" u3 BHYyTPUKJIETOUHBIX JEMO, CTUMYJIMPOBaH-
Hoe ['T® unu I'’ID, HO He oKa3bIBajia BAMSIHNE HA aKTUBUPOBAaHHOE MpoJakKTUHOM uinu 16UAM®D ocBo-
6oxnenne Ca’" u3 BKJI. B To e BpeMsi NpY COBMECTHOM IeiCTBMM TpoiakTuHa u I'Td, a Takxke
16uAM® u I1® 1no-TpexxHeMy MPUCYTCTBYET TOMOTHUTETbHbI BbIxon Ca2t M3 BHYTPUKIETOYHBIX IETI0
CIIEpMATO30UI0B, TIPEIBAPUTEIEHO MPOMHKYOUpOoBaHHbIX B pucyrcTBun [IDBS wiau ['TDYS. Ananus
JloKanu3aluuu GayopeclueHIIMU XJIOPTeTpallMKINHA B CIIepMaTO30MIaX BBISIBWII, YTO TOC]e WHKYOaIuu
crepMaTo3ouaoB B pucyTcTBun 10HUAM D, I'JI® nau ux COBMECTHOM BO3AeHCTBUM HAUOOJIbIIIEe KOJTUYE-
CTBO KallallUTUPOBAHHBIX KJIETOK PErMCTPUPOBAIN MPU COBMECTHOM JIEMCTBUM 3TUX IBYX COCIMHECHMUIA.
HMHKy6a1us KiIeToK mpu 1o6asieHnu npojaktiHa, ['T® nim nx coBMeCTHOM IEeMCTBUM TTPUBOIMIIA K YBe-
JIMYEHUIO KOJIMYECTBA aKPOCOMHBIX KJIETOK, IMPUYEM HauOoJIbllIee KOJUYeCTBO (PMKCUPOBAIU MPU COB-
MeCTHOM neiicTBum nposaktuHa u ['TA. Takum o6pa3oM, TOMYCTUMO TPEAITOTOXKUTD, YTO MOOUITU3ALIMS
KaJIbIIUSI U3 BHYTPUKJIETOYHBIX JIETIO NIETEPMUHUPYET POCT KOJIMYECTBA KallallMTUPOBAaHHbBIX CITIEPMaTO30-
UIOB OBIKOB, 3¢h¢eKT HauboJjiee BhIpaXkeH Mpu coBMecTHOM aeiicTBun 10UAM®D u I'IdD, u yBenuuyeHue
KOJIMYECTBAa aKPOCOMHBIX KJIETOK, MAKCUMAaJIbHOE KOJIUYECTBO KOTOPBIX BBISIBJISLIM TP COBMECTHOM Jeii-
cTBuM nponaktuHa u ['TD.

Kniouegvie croea: xanmauurauuys, akpoCoMHas peakius, KaJabL1ii, CTIEpMaTO301bl ObIKOB
DOI: 10.31857/S0475145020040035

BBEJEHUWE

HUITAEMOCTHN MCM6paHI)I MN3MEHAIOTCA ITOTOKM Caz+ n

711 KOHTaKTa CrepMaTro3ouaa C STMIEKICTKON 1
aKpOCOMAJILHOTO BK301IMUTO3a, MYXKCKHE TaMeThl MJle-
KOTUTAIOMINX AOJDKHBI TIPONTH PSI OMOXMMITYECKIX
MIpeBpAIICHUIA B JKEHCKOM PETPOIYKTUBHOM TpaKTe,
T.€. TIONBEPTHYThCS KarmauuTaimu. Kamamurammst xa-
paKTepU3yeTCsT pa3TMIHBIMA MEMOpaHHBIMU MOITH(DH-
KaIlsIMU, TIPUBOISIITMMHA K CHYDKEHUIO CONMEpsKaHMS
xoJrectepoda (Brouwers et al., 2011). ITpu ynamerum xo-
JIeCTepoJia CHIDKAeTCST TEKydeCTh TUIa3MaTHIeCKOM
MeMOpaHBI CTIepMAaTO30MIOB, YTO TPUBOIUT K YBEJIH-
YEHUIO €€ TIPOHUIIAEMOCTH U Pa3IMIHBIX WOHOB
(Gadella, Boerke, 2016). B pe3ynbrate MI3BMeHEHUSI ITPO-
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HCO;, 4to BezeT K akTUBalUM afeHUIWILNAKIIA3bl U
n3MeHeHu1o ypoBHsI CAMP (Harayama, 2013). Takke
BO BpeMsl KaralMTaluy MpoucXoasT MHOTOUUCIEHHbIE
OMOXUMUYECKUE U3MEHEHUS, B T.U. YBEJIMUEHUE KOH-
LIEHTpalMi MHTPALUTOIIa3MaTUIECKOTO  KajblIus,
HAM®, BHyTpuKIeTouHoro pH u dochopunmpoBa-
Hus OenkoB mo tupo3uHy (Harrison, Gadella, 2005;
Pons-Rejraji et al., 2009).

PerynupoBaHue BHYTPUKJIETOYHOI KOHIIEHTpa-
uuu Ca?* aBjsieTcst OMHUM U3 BaXHEUIINX COOBITHIA,
MPOUCXOASIIMX BO BpeMsl Kamauutaiuu (Darszon
et al., 2005). B onmyGankoBaHHBIX paboTax OBLIO I10-
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Ka3aHo, 4YTO Kamauurauus asiuserca Ca’™-3aBucu-
MbIM npouieccoM (Rodriguez et al., 2012), 1 kanbuuii
JIeficTBYeT Ha pa3jiMuHble CUTHAJIbHbIE MYTU B CIIEpP-
Me (Lawson et al., 2008). YBenuuenue pH, KoHILIeH-
Tpauu HAM® u ochopunpoBaHue TUPO3UHA He
MPOMCXOAUT, KOTAa CIIepMaTO30UAbl UHKYOUPYIOT B
OeckanblueBoii cpene (Battistone et al., 2013). bonee
TOro, aJCHUJIWJI LIMKJa3a CIiepMbl, KOTOpasi 3Hauu-

TenbHO aktuBupyercss HCO;, Takke aKTUBUPYETCS
Ca?* (Buffone et al., 2014). MexaHU3MBbI, y4aCTBYIO-
e B peryasunn Ca’" Bo BpeMsl KanaluuTaluy, U3y-
YeHbI HETOCTATOYHO MOJHO.

HMmeroTcs nokazaTeabCTBa TOTO, YTO aKPOCOMHAst
peaklusl CriepMaTo30MIOB, BbIpaxKkalollasicsli B BUIIE
9K301IMUTO3a MPU NPUOIUKEHUN CIepMaTo3ouaa K
oouuty, sieasgerca Ca?t-3aBucuMbiM poueccom (Al-
madaly et al., 2015). BHekIeTOUHBIN KaJblIMii HEO0-
XOIUM JIJISI aKPOCOMHOM peakIIMy M MCTIOIb30BaHNE
HEKOTOPBIX OJIOKATOPOB MOHHBIX KaHAJIOB WHTUOW-
pYeT 3TOT TIpoIiece, YKa3biBas Ha BAXKHYIO POJIb STUX
noHoB (Pons-Rejraji et al., 2009). B ciepmaro3ounax
HEKOTOPBIX BUIIOB IT'PHI3YHOB, KOTOPBIE MTHKYOMpPOBa-
JIN B OeCKaTBIIMEBOM Cpelie, aKpOCOMHasl peaKIIus He
MIPOXOIMJIA IO TeX TTOp, TTOKa B Cpeay He T00aBIISIIN
kanpumii (Jimenez-Gonzalez et al., 2006). XoTs ToU-
Hble MEXaHU3MBI, IPUBOASILNE K yBejndeHuto Ca?*
B CIIepMaTo30M1aX BO BPeMsI aKPOCOMHOM peakiuu
HE M3BECTHbI, UMEIOTCS IaHHBIC, YTO HEOOXOIUMBbIi
IUISL 9K30LIMTO3a aKPOCOMaIbHBIX Be3uKyia Ca’" Bxo-
IUAT B KJIETKU 4Yepe3 MOTCHIIMAI3aBUCUMbIE KaHAJIbI
T-tuna (Florman et al., 2008). Kpome Toro, nokasa-
HO, YTO BHYTPUKJIETOUHbIE neno Ca’" Takxke ydact-
BYIOT B MHULIMALIMU aKPOCOMHOI peakuunu. B oTcyT-
crBue BHekJeToyHoro Ca’" B KanmauuTMpOBaHHBIX
MBIIIMHBIX CIIEPMATO30MIaX aKpOCOMHAs peakiius
aKTUBUPOBAIACH MPU IEMCTBUU TarlCUTapruHa, Ko-
TOPBII CTUMYIUPOBa ocBobOXAeHHe Ca’" 13 BHYT-
puxkiieTouHbIx gemno (Herrick et al., 2005).

HMcnonb3oBaHue GIIyopeCLiEeHTHBIX KpacUTeNe,
takux Kak Quin-2 u Fura-2 (Tsien et al., 1982; Halet,
2016), mO3BOJISIET U3MEPSITh KOHIIEHTPALIIO IIUTO-
nmnasMatudeckoro Ca?t, ogHaKo 3T 30HIbI HE JAI0T
OTBET Ha BOIIPOC 00 UCTOYHUKE yBeanueHusa Ca’t —
MOCTYIMJI JIU OH LMUTOIUIa3My KJIETKU U3 BHEKJIE-
TOYHOI cpenbl WU U3 BHYTPUKIETOUYHBIX HCIO.
KoHueHTpauug uurtoruiazmaruuyeckoro Ca?t B
criepMaro3omnaax ObIkoB coctapisieT ot 50 no 200 HM
(Vijayaraghavan, Hoskins, 1989), Torma xak KOH-
cTaHTa nuccoluaiu kKomruiekca XTI[-Ca?t co-
craBisieT okoiao 400 MKM, uyro nenaet XTI HeuyB-
CTBUTEJIbHBIM K HU3KUM KOoHLeHTpauusam Ca?t u He
CIocoOHBIM K u3MepeHusM Ca’t B muroruiasme
kieTok (Caswell, Hutchinson, 1971). B To xe Bpems

criocooHocTh XTIl mpoHuKaTh 4yepe3 MeOpaHbl U
HaKaIuIMBaTbcs B MecTax ckoruieHus: Ca?t B BbICO-
KOl KOHLIeHTpauuu (BHYTpUKJIETOUHBIE nero Ca?t)
JIEJaeT €ro UCHOJIb30BaHME YIOOHBIM IJISI NU3yUYeHUS
ypoBHeil Ca’" B MecTax ero BbICOKOW KOHLEHTpa-
muu (Cerella et al., 2007).

3aBUCUMOCTb MPOLIECCOB KaIlallUTALIMM U aKpo-
coMmHoOI1 peakunu oT Ca’>" IIMPOKO IPEACTABIEHA B
JIUTEpaTrype, OAHAKO TOYHBIE MEXaHU3MbI, C ITOMO-
mblo Kotopblx Ca?t MoOMIM3yercs B criepMe MJIEKO-
MMUTAIOLIMX, elle ITPEJICTOUT IOTHOCThIO YCTAHOBUTD.

Ienp HacTOsILIETO MUCCIACIOBAHUS — WUIEHTUDU-
Kaluys myTeil TpaHCOYKIIMY KaJTbIIMsI, MOOMJIN30BaH-
HOTO M3 MHTPALUTOIJIa3MaTUUECKUX JIEMO criepMa-
TO30MOOB OBIKOB, B Ipolleccax KaImaluTaluyl 1 aK-
POCOMHOI peaKluu.

MATEPHAJIBI U METOJbI

B skcriepuMeHTax MCIOAB30BaId CIIEPMAaTO30M-
JIbI OT Pa3HbIX OBIKOB, MOJIyYeHHbIE HETIOCPEICTBEH -
HO mepen padboToii. B Kaxmom oIbITe UCTTOIb30Ba -
Csl BSIKYJSAT CIIePMbI OT TpeX OBIKOB TOJIIITUHCKOM
nopoabl. OcBOOOXIEHHE CHEepMBI OT CEMEHHOM
IUIa3Mbl MPOBOAWIIM LEHTPU(MYTUPOBAHUEM TIpU
300 g B reuenue 10 mun B cpene TALP, conepxarieit
100 MM NaCl, 3.1 MM KCl, 25 MM NaHCO;,
0.3 MM NaH,PO,, 21.6 MM nakraTa HaTpus, 0.5 MM
Ca(Cl,, 0.4 MM MgCl,, 10 MM HEPES, 1 MM nupy-
Bata (Sigma, CIIIA). /1151 oTMBIBaHUSI CIIEPMEL K Cpe-
ne TALP mo0aBistiin HOJIMBUHUIAIKOTOJIb (MOJIEKY-
nsipHOIt Maccoit 30000—70000 Ha) (Sigma, CIIIA) B
koHueHTpauuu 0.1%. Ilpouenypy OTMBIBAaHUSI I10-
BTOPSITA JBAKIBI.

Usmepenue Ca?t Bo BHYTPUKIIETOUHBIX JEMO MPO-
BOIWJIM C TIOMOIIBIO (hJIyOPECLIEHTHOIO 30HAA XJIOP-
terpatukiuH (XTIL) (Sigma, CIIIA), obGecrnieunBaio-
LLIETO MPU TTPOBEACHUM TIPEACTABIEHHBIX SKCIIEPUMEH-
ToB Bxod I'T® u I'T® B cnnepmaro3ouanl. B ciayyae
WCIIOJIb30BAHUS IPYTOTrO 30HAA [UISI UBMEPEHUS KaJlb-
sl TpeboBajachk OBl IMpolienypa IepMeaduIn3alin
s obecnieyeHus Bxona B kieTku I'T® u 1P, B TO
BpeMs Kak XTIl criocoocTBoBai Bxony B Kiietku ['TM
u I'JI® 6e3 gonoaHUTeNbHBIX Ipoueayp (deHuceHkKo,
Kyspmuna, 2005). CriepmaTo3omnabl MTHKYOUpPOBaId B
npucyrcrBun XTI B koHueHTpanun 100 MKM B Teue-
aue 30 MuH 11pu TeMrieparype 38.5°C, 95% BiaxkHOCTH
u 5% CO,. [1ocne okpalliiBaHUs KJIETKA OTMBIBAJIY C
MOMOIIBIO LIeHTpudyrupoBanus B cpeae TALP mpu
300 g B reueHue 10 muH. I1poluienypy IMOBTOPSUIN TpU
pa3a. MUaMepeHre UHTEHCUBHOCTU (DIIyOpeCLeHIIMU
XTL mpoBomuu Ha crnekrpodayopumerpe (Hitachi,
Anonus) B cpene TALP 6e3 no6asnenusi CaCl,. Benu-
YMHA IJIMH BOJH BO30OYXXICHUS U W3IYYCHUS IS
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XTI pasastmack 380 u 530 HM, COOTBETCTBEHHO.
ConepxaHUe B CIEpMaTO30MAAX KaJIbIIMs BHYTPH-
KJIETOYHBIX JIETI0 U3MEPSUI B YCIOBHBIX eIMHMIIAX
(yci1. el.) MHTEHCUBHOCTU (DJIyOpeCLEHIIMN KOMIUIEK-
ca Ca?*-XTL. KoHueHTpalusl CrepMaToO30UI0B Py
M3MepeHnH cocTapisiia 1.5 X 10° kiieTok/mur.

C 1enplo aKTWBAIIUM TIPOLIECCOB KaralluTalluu
CIIepMaTo30Uabl OBIKOB MHKYOMpoOBaiW 4 4 IIpu
38.5°C, 95% Bmaxnoctu u 5% CO,. [l kanamura-
1 ucnoab3oBaiu cpeay Sp-TALP, B kotopyio mo-
6aBisutn 6 mr/MiT BSA 11 0.5 MM CaCl,. AKTuBammo
aKpOCOMHOM peaKIINH MPOBOIWIIH C TIOMOIIIBIO T30~
docharnmixonrHa (Sigma, CIIIA) B KoHIIeHTpaLuu
100 MKM, KOTOpBIii TOOABISIIU K IIPEeABAPUTEIIHHO Ka-
NaluuTUPOBaHHEIM crepMmaro3ouagaM (Parrish, 2014).
IponoKUTEeTbHOCTh aKPOCOMHOM PEaKIIMM COCTaB-
sta 30 MAH B YCJIOBUSIX, aHAJIOTUYHBIX HCIIOIb3Ye-
MBIM JUTS KaITallMTALIVN.

IMoce mpoxokAeHUsS KamalWTallud WIN aKpo-
COMHOI peaklIuU U3 KaxKI0ro 3KCIePpUMEHTAILHOTO
oOpasua opanu 1mo 20 MKJI CyCIIEH3UM CIIEPMAaTO301-
noB 1 20 mxu1 pactBopa XTLI, cmemmBanu u THKyOuU-
posanu 1ipu 38.5°C B reuenue 10 mun. PactBop XT1],
(750 MxM) roToBUIIN B Oy(depe, KOTOPBIil COAEPKUT
130 MM NaCl, 5 MM L-uucreuna (Sigma, CIIIA) u
20 MM Tpuc (pH 7.8) (Sigma, CIIIA). PacTtBop roro-
BWJIM €Ke€IHEBHO 1 XpaHWIM B TeMHoTe rpu 4°C. 3a-
TEM B 3Ty CMech I pukcaumu gobasasuin 10 Mxa
25% tiryrapanpaeruna (Sigma, CILIA) B 1 MM Tpuce
(pH 7.4) no xoHeuHoit KoHueHTpauuu 0.1%. B maH-
HOI KOHILIEHTPALMK TIyTapaibAeruj o0ecreunBaeT
CTaOWIBbHYIO (DIIYOPECLEHIIMIO B TeUYeHHE 2 9 U He
OKa3bIBaeT MoOOYHBIX 3(pdekToB Ha KieTku (Ward,
Storey, 1984). ITocne 3Toro npyv KOMHaTHOU TemIie-
paType KaIuTio CyCIieH3uHu criepMaTo3ouaoB (10 M)
pa3MelIaloT Ha IPeAMETHOM CTEKJIe U CMEIINBAIOT C
10 Mmxnm 0.22 M 1,4-gnazoonnukio [2.2.2]-oKTaHa
(Sigma, CIIIA), pactBopeHHOTO B rauinepoy/PBS
(9 : 1, v/v), 11 cHUXXeHUs BbILBeTaHUS (iiyopec-
neHuny. O6pa3lbl HAKPBIBAIOT MOKPOBHBIM CTEK-
JIOM U XpaHAIT B TeMHOTe T1pu 4°C.

OleHKY CITepMAaTO30UIOB TIPOBOAMIIN C UCITOJIb-
3oBaHueM Mukpockona ZEISS AxioLab. Al. (Zeiss,
I'epmanus) ¢ pa3oBBIM KOHTPACTOM U 30UMIyopec-
LEHTHOM onTuKoii (Bo30yxaeHue rmpu 400—440 um u
nanydeHue 1pu 470 am). Kaxnyo n3 200 kieTok
OLICHMBAJIA B COOTBETCTBUM C OMHUM U3 TPEX TUIIOB
dayopecuennuum XTL (Fraser et al., 1995): paBHO-
MepHast ¢JIyopeclieHIIUSI BO BCeii ToJIOBKe (HeKama-
LUTUPOBAHHBIE KJIETKM, obpa3eln F), cBobogHast ot
dayopeclieHIUM TI0JIoOcCAa B MOCTAKPOCOMAIBHOM
paiioHe (KarmauuTUpOBaHHBIE KJIETKM, obpaseln B), u
HU3Kast QIIyopecLIeHIINSI BO BCei TOJIOBKE, 32 UCKITIO-
YeHHEM TOHKOM SIpKOM 1oJiochkl (hJiyopecleHIInN B
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5KBaTOPUAJIBHOM CeIrMeHTe (aKpocoMa-peaKTUBHEIE
KJIeTKU, oopazelr AR).

B paGote mcnoab3oBanu clieayone peakTUBHI:
nHKyOaimoHnyio cpeny TALP, TA®BS, T'TOyS,
I'TO, TP, 16UAM®, npoJIaKTUH, XJIOPTETPALIMK-
muH, DI'TA (Sigma, CIIIA).

JocToBepHOCTb pa3iuuusi CpaBHUBAEMbBIX Cpel-
HUX 3HAYECHUI 719 4—5 HEe3aBUCUMBIX 9KCIIEpUMEH-
TOB OLICHUBAJIU C TIOMOIIBIO 7-KpuTepust CThIOJEHTA.
O0paboTKy JAaHHBIX TPOBOIMIM C TIOMOIIBIO TTAKETa
CTaTUCTUYECKOM IMporpaMMbl SigmaStat.

PE3VJIBTATHI

PesynbTarthl 2KCIEpUMEHTOB, OTpaKalollue BO3-
nevicteue IIDPRS u IT'TDYS Ha cTUMYIMPOBAHHOE
I6UAM® u I'T® ocoboxnenue Ca’t u3 BHyTpuU-
KJIETOYHBIX JET0 CIIePMAaTO30MI0B OBIKOB IIPEACTaB-
JeHbl Ha puc. 1. B akcriepuMeHTax MCIIOJIb30BaIU
TAD®BS u I'TDYS B koHIeHTparmsix 100 MkM. Jlo-
6asieHue 16UAM® B koHueHTpauuu 100 MKM win
I'1® B koHLeHTpauuu 50 MKM oKa3bIBajao aKTUBHU-
pytomuii adpdekrt Ha Bbixon Ca?t U3 BHyTpUKIIETOU-
HBIX Jerno criepMaTo3onoB. COBMECTHOE ICUCTBUE
JOUAM® u I'/IP npuBOOWIO K JOIMOTHUTETBHOMY
ocsoboxneHno Ca?" u3 neno. [IpensapurenbHas MH-
KyOarust criepmaro3ouaoB B ipucyrctBun [JIDPS un-
rubuposaia oceoboxaeHre Ca>t U3 nerno, CTUMYJIUPO-
BaHHOe no6asiienueM I'J1d. OgHako, Ha OCBOOOXKIIE-
Hue Ca?' U3 BHYTPUKIIETOYHBIX €TI0, AKTUBUPOBAHHOE
neiictBueM NOLHAM®, MM ITOMOJHUTEIBHBIA BBIXO/L,
Ca’' u3 memno, cTUMY/JIMPOBAHHBIA COBMECTHBIM JIEii-
crBueM 16HAM® u TID, o6padoTka kietok [TDPRS
BJIMSIHUSI HE OKa3bIBaJia. BHeceHue B cpeay MHKyOa-
vy cnepmaTto3ounoB [ TOYS mpuBoauiIo K MHTUOK-
poBaHUI0 ocBoboXAeHU Ca%t U3 1erno, BBI3BAHHOTO
nobapneHueM I'I®. B 1o Xe BpeMst 0CBOOOXIEHUE
Ca’' U3 BHYTPUKIIETOUHBIX [IEITO0, CTUMYJIMPOBAHHOE
nobasiaeHeM omgHoro TOHAM®, uiau COBMECTHBLIM
neiictBueM 16UAM® u I'/I®, nmo-npekHEMY OTMe-
yajoch gaxe B mpucyrcteuu [ TOYS.

Ha pwuc. 2 mpencraBiieHbl JaHHBIE O BIUSHUUN
TADPS u ITOYS Ha CTUMYIMPOBAHHOE MPOJIAKTH -
HoM u I'T® ocBoboxneHre Ca?" U3 BHyTPUKIETOU-
HBIX JETIO0 CIIEPMAaTO30UI0B OBIKOB. BBISIBICHO, 4TO
Jnob6aByieHUE TIpoJIaKTMHA B KOHLIEeHTpauuu 10 Hr/ma
i I'T® B koHueHTpauuu 10 MKM akTHBUPOBAJIO B
KiIeTkax ocBoboxneHue Ca’" U3 BHYTPUKIIETOUHBIX
nerio. Ilpu coBMecTHOM OEMCTBUM MNpOJaKTUHA U
I'T® B ciepmaro3onmax OTMEYAIU JTOMOTHUTEIBHBII
Bbixon Ca?t u3 meno. MHKyOaLust CriepMaTo30UIOB B
npucyrctBun [T1DPS B koHueHTparmu 100 MkM oka-
3bIBajla UHTUOMpYIOIlee BIMSHIE Ha OCBOOOXICHME
Ca’* U3 BHYTPUKIJIETOUHBIX JIETIO TIPU MOCIIELYIOIEM
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Puc. 1. Biusave TIADPS u TTOYS Ha crumynupoBarHoe 16HAM® u III® ocBoGOXAEHUE Ca?t us BHYTPUKJICTOUYHBIX €TI0
criepmaro3onzioB 661koB. Konnerrparmu [ADPRS u TTOYS — 100 MM, 161AM® — 100 MkM, TAP — 50 MxM. ITo BepTu-
KaJii: UHTEHCUBHOCTD (ryopecueHumun XTL, %. Pasnmuuns noctoBepHbl: P<0.001 (1u2;2u8;3u4;3u5;3u6;3u7;3nu
8;5u6;7u8),P<0.01(1u3;2u4d;2ub).
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Puc. 2. Bimsiaue TADPS u [TDYS Ha cTuMyIMpoBaHHOE MPOTaKTHHOM U [ TMD 0cBOGOXIEHNE Ca?t us BHYTPUKJIETOUHBIX
IeTTo criepMaTo30unoB 6b1koB. Koutentparnu FADPS u ITDYS — 100 MM, nponaktuHa — 10 vr/mir, [TO — 10 MxM. Tlo
BEPTUKAJIN: MHTEHCUBHOCTD (hiryopecteHmu XTL, %. Paznuuus noctoBepubl: P<0.001 (1u3;1u2;2u4;3u4;3u5;3u7).
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Puc. 3. PenpeseHTaTUBHBIE N300pakeHMsT 00pa3I0B OKpalnBaHUs criepMaTto3ouaoB 0bikoB XTI mocie nHKyOaumu B Teue-
Hue 4 1 B cpene Sp-TALP u 6 mr/mia BSA: (a) o6paser; F — HekanauuTpoBaHHbIE KJIETKH, (0) — KanmaluuTUPOBaHHBIE KIIETKH,

X
(B) AR — akpocoma-peakTHBHbIEC KIIETKH; Ca?t — BHYTPUMKJIETOUHBIE Aero Kaibliusa. Konnenrpanus XTI — 750 MkM, mist
OLIeHKM ucnoib3oBain He MeHee 200 kieTok. JimHa BojiH Bo3oyxkaeHust 400 HM, amuccuu — 470 Hm. CTpekamMu yKazaHa Jio-

+ o
Kaum3aumst QJIyOpecCLIeHLIMH 30Ha OTPaKaroLasi n3MeHeHus: KoHLeHTpaunn Ca2t. O6bektus x40. PasMep MaciutaGHOM J1u-
HEWKU COOTBETCTBYET 7 MKM.
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Puc. 4. Bmusnne nouAM® u /1 Ha kanamuramnuo cnepMaTo3ouoB 6bikoB. KonnieHTpayu to6nAM® u /1P coctaBisim
100 1 50 MxM. 1o BepTUKaIK: TOJIST KJIIETOK C pa3HbIM (hyHKIIMOHAJIBHBIM cTaTycoM, %. Paznuuus nocroBepHsl ipu P < 0.001
(amd;aung;auj;amm;oul;oumi;nuk;nuh;nue).

no6asienun ['T®. B 1o ke Bpemst Ha feiictBue onHo-  [JIPPS He okasbiBasia Bo3neicTBYsl. B mpucyTcTBrM
ro MPOJIaKTMHA WIN Ha COBMECTHOE AeiicTBue nmpoiak- [ ADPS nponakTiH no-npeskHeMy CTUMYJIMPOBAT Bbi-
tiHa 1 [T® npensaputenbHas oOpaboTka kieTok — xon Ca’' u3 Ieno, a COBMECTHOE AEMCTBUE TPOJIAKTUHA
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B AKpocoMa-peaKTHUBHBIS

Puc. 5. BnusHue nponaktrHa u ['TM Ha aKpOCOMHYIO peakInIo CIiepMaTo30ua0B 6bIKoB. KoHlieHTpauu rpojaaktuHa u [ TO
coctapisu 10 Hr/mit u 10 MkM. Tlo BepTUKaIW: TOJISI KJIETOK C pa3HBIM (DYHKIIMOHAIBHBIM cTaTycoM, %. Pasmmaus nocro-
BepHbl ITpu P < 0.001 (amd;aug;auj;amm;nuk;nuh), P<0.01 (oul;omni).

u I'T® akTUBUPOBAJIO IOTMOJHUTEIBHOES OCBOOOXIC-
Hue Ca?' U3 BHYTPUKIIETOUHBIX 1eno. [Ipensapureiis-
Has MHKyOalus CIIEpMaTO30MAOB B MPUCYTCTBUU
I'T®YS npuBoaUIa K THTUOMPOBAHUIO OCBOOOXKIE-
Hus Ca’" U3 BHYTPUKJIETOUYHBIX €TI0, BbI3BAHHOTO
nobapneHueM I'T@. Mcrionb3oBaHue 111 aKTUBALIUKA
KJIETOK OJHOTO IpPOJaKTWHA, WA COBMECTHOE JIeii-
ctBUe mnpojlakthHa U ['T®, cTuMyIupoBajii OCBO-
6oxnenne Ca?t U3 merno mpu AEiiCTBAM OTHOTO pea-
FeHTa, WK AOTOJHUTENIBHOE ocBoboxneHue Ca?t us
BHYTPUMKJIETOYHBIX JIETIO IPU JCHCTBUM IBYX COECIU-
HeHuit faxe B ipucytctBuu ['TOYS.

ITpu aHamM3e ciepMaTo30Ma0B, PAHKPOBAHHBIX B
COOTBETCTBUM C UX (DYHKIIMOHAIbHBIM CTaTyCOM (KOH-
TPOJIbHBIE, KANALIMTUPOBAHHBIE U aKPOCOMA-PEaKTUB-
HbIE KJIeTKU, puc. 3) ucnoiyib3oBayiv cpeny TALP ¢ no-
OapyieHHEM Kajbliusgd B KoHueHTpaiuu 0.5 MM. Ha
puc. 4 peacTaBieHbl JaHHbIE O BIMIHUNA 1O0LHAM®D
u I'’1® Ha KamaluuTaluio CIEPMATO30MI0B OBIKOB.
ITocne 4 4 mHKyOalIMK B KOHTPOJIBHBIX KJIETKax B
cpaBHeHUM ¢ KoHTpoJieM (0 4 MHKyOanuu) ooHapy-
KEHO CHIDKEHME KOJIMYECTBA KOHTPOIBHBIX KIIETOK
(obpazen F) u yBenmueHue 4mcia akpoCOMHBIX KJle-
ToK (00pazenr AR). CoBmecTHOE (B TeueHUE 4 4) Aeii-
crBue JOUAM® u I'JID BbI3bIBaeT 3HAYUTEIBHOE
YBEJIMYEHME TIPOLEHTHOTO COIEePXKaHMs KarallnuTH-

POBaHHBIX KJIeTOK (oOpasel B), addekT oTcyTcTBO-
BaJl MPU BO3JIEHICTBUM KaXKIOTO U3 3TUX COSTUHEHU
B OTJEJIbHOCTH.

Ha puc. 5 npencrabiieHbl JaHHbIE, OTpaXkaroliue
s dekThl nponakTrHa 1 ['TM Ha aKPOCOMHYIO peak-
1Mo criepmaro3onnoB. MHKyOaiysi KOHTPOJbHBIX
KJIeTOK (4 4) IPUBOAUT K CHIKEHHUIO KOJUYECTBA
KOHTPOJIBHBIX KJIeTOK (00pa3zen F) u pocty uncia ak-
pocOoMHBIX KJIeToK (obpasenr AR) B cpaBHeHUM C
kietkamu Ha 0 4 maky6anum. [1ocie 4 4 nuaKyOaum
CTIEPMATO30MI0B B IPUCYTCTBUM TTpoakTiHa 1 [ T
OTMeYaad 3HAYWUTEJIbHOE YBEJIMYEHUE KOJIMYecTBa
aKpOCOMHBIX KjIeToK (oOpaserr AR) u cHmkeHue
yuclia KaIlallMTUPOBAaHHBIX KJIeTOK (oOpasen B), B
CPaBHEHUM C JEUCTBUEM OTAEIbHO KaxXJA0To U3 3TUX
COETMHEHWIA.

OBCYXIEHUE

B pe3ynbTare aHanM3a JaHHBIX, TTOJTYYEHHbBIX B 9KC-
MepUMEHTAax, OOHapy>KeHO, uTo nobasieHre ['TD v
I'1® Kk criepMaTo3omIaM GBIKOB CTUMYJTPOBAIIO OCBO-
ooxnenne Ca’"t U3 BHYTpUKIIETOYHBIX Aero. Panee Ha
kinetkax N1E-115 HelipoHaMbHOI KJIETOYHOW JIMHWUU
ObUI0 MoKa3aHo, yto ['IdP cTuMyIpyeT OCBOOOXKIE-
Hue Ca’" U3 BHYTPUKJIETOUHOIO JEIO C 3aIePXKKOii
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BO BpeMeHU, KOTopasl cocTaBiisia IpuMepHo 90 ¢
(Ueda et al., 1986). ®akTUYEeCKN CaMOCTOSITEIIEHO
I'A® He crumynupyet ocoboxaeHue Ca’" U3 BHyT-
pukietouHbix Aeno; [APPS, koropsiit He hocdhopu-
nupyetcst 1o FTORS ¢ nomotibio HykIeo3uaudoc-
(bokuMHAa3bI, HE aKTUBUPYET ocBobOXIeHe Ca’" u3
BHyTpuKJIeTOoUHbIX nero (Gill et al., 1988). JloruuHo
TIPEITONIOKUTh, YTO 3(DMEKT 3TOro HyKJIeoThuma Ha
ocBoboxaeHue Ca’" U3 BHYTPUKIIETOUHBIX €TI0 MO-
XKeT ObIThb OOYCJIOBJIeH ero mpeBpaiieHueM B ['TO
yepe3 KaTaJu3upyemylo peakiinio hochopuimpo-
BaHUSI, CTUMYJIUpyeMylo B NpucytctBuu AT®. Dtor
npouecc npespameHust IJI® B I'T® onocpenyercs
depmenToM HykieosumaudochokmnHasa (Ueda et al.,
1986). TADPS u ITDYS sBAAIOTCS COCAUHEHUSIMU,
KOTOpBIE HE MOABEPTaroTCs peakiuu TMAPOJIU3aLIMHN.
OrcyrctBue BiausHust I'TDYS Ha ocBoboxneHue
Ca’" 13 BHYTPUKJIETOUYHBIX €O U €I0 UHTUOUPYIO-
mee neiictBue Ha ctumyiampoBaHHoe ['T® ocso-
ooxaenne Ca’" U3 Ierno CBUIAETEILCTBYIOT O TOM,
4TO IS aKTUBAaLMKM OocBoOoxaeHus Ca’t HeoOxo-
num ruapoaus I'TO.

TakuMm oOpa3om, B criepMaTo3ougax OBIKOB JIO-
O6aBieHHble oTAeabHO IT® u I'I® cTtumyaupyior
BbIxog Ca’" U3 BHyTPUKIIETOYHBIX AEIO, TPUYEM IS
peanuzanuu Bo3aeiicteus ['TM HeoGXoaUM ero TUI-
ponus, B TO BpeMd Kak 3¢dekT I'1D npenmnoaoxu-
TeJIbHO CBsI3aH ¢ nepexoaom ero B 'T® u nmocnenyio-
LM TUIPOJIM30M.

Ecnu no6asneHHbie otaeabHO ['T® wiu I'1P He
CTUMYJIUPYIOT ocBoboxneHue Ca’t u3 BHyTpUKIIe-
TO4HbIX Aeno B npucytctBuu [ DBS vau ITDYS, to
MPU COBMECTHOM JeicTBUM mponakTuHa u I'TD, a
takxke 1O0UAM® u I'I® B cnepMaTo3ougax ObIKOB
MO-MpeKHEMY OTMeYaeTcsl AOIMOJHUTEIbHOE OCBO-
ooxmenne Ca*t u3 nerno B npucyrctsuu [IPPRS u
I'T®YS. Dro MO3BONSIET MPEATONOXUTD, YTO MeXa-
HU3M JeiicTBUs Ha ocBoOoXaeHue Ca’" u3 BHyTpU-
KJIETOYHBIX AeTo Npu Bo3aeiicTBuu onHoro I'T® win
I'’AP, v mpy yyacTUU TUX HYKJICOTHUIOB B COBMECT-
HOM JefiCTBUM B MPUCYTCTBUM MPOJAKTUHA WJIU
ITOUAM®, pa3aIndeH.

B GoJMBIIMHCTBE KJIETOK MJICKOITUTAIOIINX TTOKA-
3aHO HAJIMYME ABYX TUIIOB BHYTPUKIIETOYHBIX IETIO
KaJIbIUsI — WHO3UTOATPpUdOCHAT- M puaHOIWMH-IyB-
CTBUTEIBLHBIX BHYTPHKICTOUHBIX mero (Berridge,
2002). CornacHo runote3e, BeIABUHYTOM Mullaney
et al. u Ghosh ¢ coaBropamu, 'T® ciocoGeTBYET 00-
pPa30BaHUIO CBSI3U MEXIY Pa3IMYHBIMUA BHYTPHKIIC-
TOYHBIMU AeTio Kanblius (IP;-9yBCTBUTENBHBIMU U
IP;-He4yBCTBUTEBHBIMU) U OOECIIEUMBAET MEPEXOL
Ca’" u3 IP;-HeyyBCTBUTENbHBIX B IP;-uyBCTBUTED-
HBIe BHYTPUKIIETOUHBIE nero. COBMeCTHOE IeiCTBIE
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IP; u I'T® crioco6eTBYET AOTTOTHUTETHHOMY OCBOOOXK-

nenvio Ca?* u3 BHyrpuwieTouHbx aerno (Mullaney
etal., 1987; Ghosh et al., 1989). B cnepmMaro3ounngax
MJIEKONUTAIOLIMX MPUCYTCTBYIOT HE MEHEe IBYX pas-
JIMYHBIX OPTAHEJUI Ui XpaHEHMSI KaJblys, pacioio-
XKEHHBIX B aKPOCOMHOM 4YacTW M OOJIACTH IIEUKU
(Costello et al., 2009). [1ns1 oOpa3zoBaHUSI CBI3U MEXK-
Iy pa3IMYHBIMHU BHYTPUKIJIETOYHBIMU AETO KaJIbIIMSI
HeoOXOoaUMO, YTOObI B3aMMOACHCTBYIOIINE COCHOU-
HEHUSI aKTUBUpPOBaIu ocBoboxaeHue Ca?" u3 pas-
JIMYHBIX BHYTPUKJIETOUHBIX €TI0 U OJTHUM U3 COCIU -
HeHMii no/mkHBI ObITh I'T® wmnm I'IPD. Panee Ha
criepMaTo3ougax ObLIKOB HAaMU OBLIO MOKa3aHO, YTO
nposaktuH U [P crumynupyior Beixox Ca’* us 1P;-
YyBCTBUTENBHBIX Aemno, a I0HAM® (TeopysiuH) U
I'T® — u3 puaHOAUH-YYBCTBUTEIbHBIX BHYTPUKIIE-
TOYHBIX Jieno Kaubius (JeHucenko u ap., 2015). Tak
KakK B CIIepMaTo30M1ax ObIKOB ITPU COBMECTHOM JICii-
ctBuM nposiaktuHa u I'TP, a Taxke 1OUAM® u I'1D,
MIPUCYTCTBYET JOMOJHUTEIILHOE OcBoOoXaeHue Ca’t
13 BHYTPUKIIETOYHBIX JIETIO, MOXHO ITPEAITOIOXUTH,
4yTO B JaHHOM citydae nevictBue ['T® u /1D Hatpasie-
HO Ha oOpa3oBaHME CBSI3U M ODecIleYeHNre IIepexoa
Ca?" Mexy pas/IMYHbIMU BHYTPUKJIETOYHBIMU JIETIO.

Takum oOpa3oM, U3 aHaIM3a pe3yabTaTOB, ITOJIy-
YeHHBIX B HAIIMX 3KCIEPUMEHTaX, CJIeAyeT, 4To,
neiictByg otaenibHO, I'T® wnmn 1D ctumynupyior
Bbixon Ca’" M3 BHYTPUMKJIETOUHBIX JEINO, IPU COB-
MeCTHOM AeiicTBUM npojakTuHa u I'T®D, a Ttakke
ITOHAM® u ITID neiicTBUue HYKIIEOTUIOB, BEPOSITHO,
HampasJieHO Ha 00pa30BaHNE CBSI3U U IIepeMeIICHNE
Ca?* Mexny pas3JIMYHBbIMYA BHYTPUKJIETOYHBIMU JIETIO.

ITocne 3aBepiiieHUsT KananuTaluyd CIIEpMaTO301-
IIBI TIPUOOPETAIOT CITOCOOHOCTH ITOIBEPraThCst aKpo-
COMHOI1 peakliiu, IIpU KOTOPOM MPOUCXOAUT K301~
TO3 aKPOCOMHBIX IMy3bIPHKOB. CBSI3BIBAHUE CIIEPMATO-
30MAa ¢ OOHUM M3 IJIMKOIPOTEHMHOB 30HHBI ITEJUTIOLIMIA
ooLMTa CTUMYJIMPOBaIo Bxoa Ca’' 1 akpoCOMHYIO pe-
aKI1Io B CIIepMaTO30MIax MJIeKonuTammmx (Abou-
Haila et al., 2014). CnepMaTo30MbI YeJIoBeKa o01aga-
10T BHYTPUKJIETOYHBIMU nerto Ca?" u ocBoboXIeHUE
Ca?* U3 3TUX [EeMno, CTUMYJIUPOBAHHOE TAIICUTAPTU-
HOM, akTuBupyer Bxon Ca>" u3 BHEIIHENR cpenbl, KO-
TOPBII PETyIMPYET BaXKHbIE OMOJIOTMYECKUE ITPOIIEC-
Chbl, SIBJISTIONIMECS (PYHIAMEHTAIBHBIMU JIJISI aKPOCOM-
Hoit peakumu (Sosa et al., 2016; Engel et al., 2018). B
criepMaTo3ouaax OBIKOB yBEJIMYEHUE KOJIMYECTBA
KJIETOK Ha CTaguM aKpOCOMHOI peaklMU IIPOMUCXO-
JIVJIO TIpU OJTHOBPEMEHHOM MCIIOJIb30BAaHUM JIJIST aK-
TUBALUM CIEPMATO30MIOB IposiakTuHa u I'TD. B
3TOM ciydae aeiicteue I'Td HanpaBiaeHO Ha 00pa3o-
BaHME CBA3U U obecnieueHne nepexoga Ca’" mexmy
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pazmuabiMu (IP;- 1 paHOMMHYYBCTBUTEIBHBIMU)
BHYTPUKIIETOUYHBIMU JIETIO.

B mpoiieccax kamanuTanuy y9acTByeT KaK BHYT-
PUKJIETOYHBIN, TaK 1 BHEKIIETOYHBIN Kanblmii. THKY-
OaLusI CIepMaTO30MI0B CBUHEN B O€CKAIBIIMEBOM Cpe-
Jie TIpUBOIWIA K MHIMOMPOBAHUIO KaIlallUTAIIM, YTO
CBUIETEILCTBYET O HEOOXOOMMOCTU BHEKJIETOYHOIO
Ca’?* m1g akTMBaLMK NIPOLIECCOB KanauuTauuu (Marti-
nez-Abad et al., 2017). Takke ObLTO OOHAPY>KEHO yBE-
JIMYEHVE KOHLIEHTPALMX BHYTPUKJIETOYHOTO KaJIbIIUS
BO BpeMsI MpoxoxkaeHus1 aToro npoiecca (Lopez-Tor-
resetal., 2017). B cnepmaTo3oumax OLIKOB POCT YKC-
Jla KJIETOK Ha CTaAu{ KarauuTaluuu HaOJIogaiu B
cJiydae COBMECTHOTO MCHOJIb30oBaHUS NOLHAM® u
I'1®. BeposTHO, B 1aHHOM ciiyuyae aeiictue 1D,
Takxke Kak u I'T®D, HampaBieHO Ha oOpa3oBaHUE
CBSI3M MEXKIY pa3INYHBIMYU BHYTPUKIIETOUHBIMU [~
MO KaJblIUs.

Ha ocHoBaHMM pe3ybTaTOB 3KCIIEPUMEHTOB
MpeaiaraeTcs TMnoTe3a, COraacHO KOTOPOIi Kanaliy-
TalMsI U aKpOCOMHAas peaklys B CIIEPMAaTO30UAax
OBIKOB ITPOUCXOIUT BCIeACTBUE NepeMelueHust Cat
MEXY pa3IMYHbIMU BHYTPUKJIETOYHBIMU JIETIO TPU
Bo3aeiicTBuu 10UAM®, npojaktuHa, [ TO u I'1D,
MpUYEeM CTUMYJIMPOBAHHOE COBMECTHBIM JIeHCTBHEM
T6HAM® u I'I® nepeMelieHre KaTbLMS TPUBOIUT
K YBEJIWYECHUIO KOJUYECTBA KaIlalMTUPOBAHHBIX
KJIETOK, TOTJa KaK pOCT YMCJIa CIIepMaTo30MI0B Ha
CTaIuM aKpPOCOMHOI peakuny OTMeYajau IpU BO3-
JIeJAICTBMM Ha MY:KCKHeE TaMeThl IposaktTuHa u I'TD.
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Intracytoplasmic Calcium Transduction in Bos taurus Spermatozoa
at Capacitation and Acrosome Reaction

V. Yu. Denisenko! and T. I. Kuzminal- *

All-Russian Research Institute of Genetics and Breeding of Farm Animals — Branch of Federal Science Center
Jfor Animal Husbandry named after Academy Member L.K. Ernst,
Moskovskoye shosse, 55a, St. Petersburg — Pushkin, Moscow, 196601 Russia

*e-mail: prof-kouzmina@mail.ru

Fluorescence intensity indicators of the membrane-calcium-chlortetracycline complex in bovine spermato-
zoa in the process of capacitation and acrosome reaction using an inhibitor analysis were monitored. It was
revealed that the addition of separately prolactin, dbcAMP, GTP, or GDP stimulated the release of Ca2* from
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intracellular stores (ICS) in spermatozoa. With the combined action of prolactin and GTP, as well as
dbcAMP and GDP, an additional release of Ca?" from ICS was detected. Pre-incubation in the presence of
non-hydrolyzable GDPBS or GTPYS inhibited Ca’" release from intracellular depots stimulated by GTP or
GDP but did not affect prolactin or dbcAMP-activated Ca?* release from ICS. At the same time, with the
combined action of prolactin and GTP, as well as dbcAMP and GDP, an additional Ca?* output from ICS
previously incubated in the presence of GDPBS or GTP)S is still present. An analysis of the localization of
chlortetracycline fluorescence in spermatozoa revealed that after incubation of spermatozoa in the presence
of dbcAMP, GDP or their combined effect the largest number of capacitated cells was recorded under the
combined action of these two compounds. Incubation of cells with the addition of prolactin, GTP, or their
combined action led to an increase in the number of acrosomal cells, with the greatest number being recorded
after the combined action of prolactin and GTP. Thus, it is reasonable to assume that the mobilization of cal-
cium from intracellular stores determines the increase in the number of capacitated bull sperm, the effect is
most pronounced with the combined action of dbcAMP and GDP, and the increase in the number of acro-
somal cells, the maximum number of which was revealed by the combined action of prolactin and GTP.

Keywords: capacitation, acrosome reaction, calcium, bull sperm
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MEXAHUW3MbI HOPMAJIBHOI'O
N ITATOJIOTUYECKOTI'O PA3BUTUA
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OCOBEHHOCTU IIVJIA IIPOTEACOM B CIIOHTAHHO BO3HUKAIOIIINX
3JIOKAYECTBEHHBLIX OITYXOJISIX MOJIOYHO# XKEJE3bI MBIIIEN
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Llens HacTOsIIIE# PaOOTHI — UCCIEOOBATh OCOOEHHOCTH IIyJIa IIPOTEaCcOM 3JI0Ka4eCTBEHHBIX OITYyXOJIEi MO-
JIOUHOM 3XeJie3bl Ha YHUKaJIbHOM Moaenu nHopenHbix Mbliieit BLRB/BYRB, xapaktepusyoomniuxcst BbICO-
KOi1 BEpOSITHOCTBIO CIIOHTAaHHOTO Pa3BUTHS 3TOro Tuia paka. OOHapy:KeHO, UTO ITyJ1 IPOTeacOM MOJIOY-
HBIX XeJie3 OTHOCUTEJIbHO YCTOMYMB U HE U3MEHSIETCS Y MbILIEH pa3TMYHOro (hU3NOJIOTrMIECKOTO COCTOSI -
HUST: 3IOPOBBIX CaMOK pPa3HBIX BO3pAacTOB M caMKH-omyxojieHocuTelss. OmHako Ipu oOpa3oBaHUM
3JI0KQYECTBEHHBIX OMYXOJIei 3Ta yCTOMYMBOCTh HAPYIIAETCS, U TTyJI IPOTEacOM ITOABEPraeTcs KOMILJIEKC-
HBIM U3MEHEHUSIM. B 11e710M, OH yBeIMIMBaeTCs IO KOJIMYECTBY IIPOTEOJIUTUICCKUX cyodacTull. I1pu aTom
HETMPONOPLUMOHAIBLHO CUJIbHEE BO3PACTaeT €ro XMMOTPUIICUHIIOA00HAs aKTUBHOCTh, UTO yKa3biBaeT Ha
IIOTIOJIHUTEIbHBIE MEXaHU3MBI €€ peryisinui. K TakuM MexaHn3MaM MOXKHO OTHECTH BBISIBJICHHYIO ITOBBI-
HIEHHYIO 3Kcnpeccuio akTuBaTtopoB PA28cf u 19S RC, a Takxke M3MeHEHHE CyObEIMHUYHOTO COCTABA
IpOTeacoM, OOYCIIOBJICHHOE YBeIUICHIEM IKCIIPECCUN MMMYHHBIX cyobennaun LM P2 u LMP7. Konmue-
CTBO KaXXJI0T'O 13 UCCIeA0BAHHBIX KOMITOHEHTOB ITyJj1a IPOTEeacoM BO3PacTallo B OTyXOJIv Mo-pa3Homy. Hau-
0oJ1ee 3HAUNTEILHO YBEJIMIMBAIOCh KOJIMUYECTBO IBYX KOMITOHEHTOB — akTruBaTopa 19S RC u cyObe mMHUIIBD
LMP2, yTo yKa3bIBaeT Ha IepCHEKTUBHOCTD MX UCTTOJIb30BAHMSI B KAYECTBE MUILLICHEH IJTsI TEparuu paka Mo-
JIOUHOM KeJie3bl. BMecTe ¢ TeM, Hellb3sI 3a0bIBaTh, YTO 3TH KOMIIOHEHTHI BaXKHBI 1 IS SKM3HEIESITeTbHOCTH
HOPMaJTbHBIX KJIEeTOK. [T03TOMY IpY CO3MaHUM HOBBIX JIEKAPCTBEHHBIX MPEIapaToB CJIeAyeT IMOMyTHO pa3pa-
0aThIBaTh IMPUEMBI UX aAPECHOM JOCTABKU K OITyXOJIM MJIM MHBIE CITOCOOBI 0€30ITaCHOTO IIPUMEHEHMSI.

Karouegnie crosa: MMMYHHBIC ITPOTE€ACOMBI, PETYIATOPLI IIPOTCACOM, aKTUBHOCTDL ITPOT€ACOM, pPaK MOJIOY-

HOI1 xxene3bl, Mmoaesb Mbilieit BLRB/BYRB
DOI: 10.31857/S047514502005002X

BBEIAEHHWE

BrisiBieHMEe MOJIEKYISIPHBIX MEXaHU3MOB BO3-
HUKHOBEHUSI U POCTA 3JI0KAYECTBEHHBIX OITyXOJIeH
pPa3IMIHON STHOJIOTUH SIBJISIETCS OTHOM U3 HanboJiee
aKTyaJIbHBIX 3a7a4 COBPEMEHHOM OWOJIOTMU pa3BU-
THS. B 9TOM CBSI3U NpeACTaBIsIeTCS MEPCIIEKTUBHBIM
HCCJIeOBaHUE IIPOTEacoM — “Be3eCyIlinX’ MYJIbTH-
CYOBEIMHWYHBIX TPOTEa3, OCYIIECTBIISIONINX BaX-
HEeHIMN MeTabOJMUEeCKUid TyTh M TEOpPEeTUYSCKU
CIIOCOOHBIX pacCIIeNUTh JI000M KIIETOYHBIM OeloK
(Kondakova et al., 2020). KiteTki MJIEKOITMTAIOIINX
00J1a1a10T CaMbIM MHOTOYMCJIEHHBIM HaOOPOM MHO-
JKECTBEHHBIX (OpM MpPOTEacoM, pas3TNYarolINXCs
CTPYKTYPOU M CIOCOOAMM pacITo3HABaHUS W THIPO-
JIM3a TeX WM MHBIX OeJIKOBBIX cyocTpaTtoB. Ocoboe
MECTO B ITyJIe IPOTEacOM MJIEKOITUTAIONINX IIPHHAIIC-
JKAT IMMYHHBIM TIpOTeacoMaM, COAepKaIIruM ITPOTEO-
auTtuyeckue cyobenuHuil LMP2 (Bli), LMPI0
(MECLI, B2i) u LMP7 (B5i) cooTBeTCTBEHHO BMe-
cto cyowenuuuil 1, B2 u B5 KOHCTUTYTUBHBIX MTPO-

teacoM (Tanaka, Kasahara, 1998). UMMyHHBIe nTpoTe-
acoMbl 3¢ (HEKTUBHO 00pa3yroT aHTUTEHHBIC SITUTOITHI
IUIST MOJIEKYJT TJIAaBHOTO KOMILIEKCAa THICTOCOBMECTH -
moctu (MHC) kiacca I 1 61aromapst 3Tomy SIBJISIIOTCS
BaXXHBIMU yYaCTHUKAMU Pa3BUTUSI UMMYHHbBIX peak-
mit. OgHaKko GYHKIIMY UMMYHHBIX IIPOTEACOM B M-
MYHHBIX TIpolieccax He OTrpaHMYMBalOTCs oOpas3oBa-
HHEM aHTUTEHHBIX 3IUTONOB. HemaBHO 0OHaApYXKeHO,
yTO (pOopMa MMMYHHBIX ITPOTEACOM C CyOBbEIAMHULICH
LMP2 (1o He LMP7), akcrpeccupymouiasics B KIeT-
Kax aJUTOTpaHCIUIAHTaTa Y KPBIC, CBSI3aHa C pa3BUTH-
€M HMMMYHOJIOTUYECKOM TOJIEpaHTHOCTH HE3aBUCH-
MO OT JOHOP-PEUUMNUEHTHBIX pasnudyuii (Astakhova
et al., 2019). MHoxecTBeHHbIe (hOPMBI MPOTEACOM
OTJIMYAIOTCS HE TOJTBKO HAOOPOM ITPOTEOTUTHYSCKIX
CyOBeIMHUII, HO U TIPUCYTCTBMEM WJIN OTCYTCTBUEM
pasnmuuHbIX peryiasaTopos (Tanaka, 2009). Tak, pery-
nsaTopHbI KoMIuieke 19S5 (19S RC wim akTuBatop
PA700) pacno3zHaeT yOMKBUTUHUPOBAHHBIE TTOJHO-
pa3MepHBIe OETKI M OCYIIECTBIISIET MX TPOIBUKEHIE
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Ta6auna 1. OnucaHue caMOK MBI, B3SITBIX B 3KCIIEPU-
MEHT

Howmep Bospacr, Pa3MeprUOnyon1/1
JInrns MOJIOUHOI KEJE3bI,
MBIIIN MeCSIIbI
MM X MM X MM

1 |BLRB 3 Hor

2 BLRB 18 Her

3 |BLRB 19 12%x16x%9

4 |BLRB 14 12 % 16 x 8

5 BYRB 18 18 x 24 x 10

B MPOTEOJIUTUYECKYIO KaMmepy TpoTeacoMbl. Hampo-
TiB, aktuBatopsl PA280f3 u PA200 criocoGCTBYIOT
YTWIM3AlUU HEOOJIBIIMX TTOJIUTIENTUAOB HE3ABUCUMO
OT yOMKBUTHHA. {151 HOpMaJIbHOTO (DYHKIIMOHUPOBA-
HUS OpraHu3Ma HeoOXOAMMO TOMJIEPKAHUE COOTHO-
IIEHUS MHOXECTBEHHbIX (hopM MpoTeacoMm, CTPOro
OIPEAEJIEHHOTO ISl KaXKIOT0O TUTIA KJIETOK.

HeynuButenbHO, 4TO B LIEJIOM psiie OMyXOJei
yeaoBeKa OOHapyXeHbl U3MEHEHMS B ITyJIe IIpoTea-
COM ITO CpaBHEHMIO ¢ KOHTposieM (Sharova et al.,
2011; Kondakova et al., 2014). B 6oJbmnHCTBE HC-
CJICIOBAaHHBIX OMYXOJIC BBISBJICHBI ITOBHIIICHHBIC
aKTUBHOCTb 1 OKCITPECCUSI TOTAJIbHOTO I1yJia IpoTe-
acoMm. /111 HEKOTOPBIX TUIOB paKa YeJIoBeKa MoKa-
3aHO M3MEHEHHUEe CYObeIUMHUYHOIO COCTaBa MpoTea-
coMm. Bmecre ¢ TeM, cienyeT yuuThIBaTh, YTO UCCIIEHO0-
BaHUE 3JI0KaYECTBEHHBIX OITyXOJCi YeJIOBeKa MMEET
CepbEe3HOE OTpaHUYEHUE — OTCYTCTBUE KOPPEKTHOIO
KOHTpoJs1. B KauecTBe KOHTpOJISI, KaK IpaBUIIO, HC-
MOJIBL3YETCS IMIPUJIeKAIIAs K OITYyXOJIM TKaHb, KOTOPYIO
MOXHO paccMaTpuBaTh TOJbBKO KaK YCJIOBHO HOpP-
MaibHyo. [ToaToMy B monojHeHre K oOpa3laM 3/10-
KayeCTBEHHBIX TKaHEeH MallMeHTOB MOJIE3HO U3yYeHe
MOJIEJIbHBIX OITYXOJI€i XMBOTHBIX, O3BOJISIOIINX MIC-
M0JIb30BaTh 00JIee afeKBaTHBIA KOHTPOJIb. I1omoOHEIe
WUCCJICIOBAaHUSI BaKHbI UIsSI AETaJbHOIO aHalu3a U
CpaBHEHUSI TOHKUX Pa3InuMid B 3KCIIPECCUN OTACIIb-
HBIX CYyObeIVMHUIL U/UJIU CYyOKOMILIEKCOB MPOTEacoM
B 3JI0KAYECTBEHHBIX OIYXOJISIX XKMBOTHBIX M YEJIOBE-
Ka, 4TO MOXET OBITb IEPCIIEKTUBHO IJISI pa3padboTKu
HOBBIX CIIOCOOOB Tepaluu U IUArHOCTUKU OHKOJIO-
TMYECKUX 3a001eBaHUIA.

Ta6auna 2. OnucaHue o6pa3loB, B3SITHIX B OKCIIEPUMEHT

Lenp HacTos1IEl pabOThl — UCCAEOI0BATh OCOOEH-
HOCTH ITyJla IIPOTEacOM 3JIOKAYECTBEHHBIX OITyXOJei
MOJIOYHOM XKeJIe3bl Ha YHMKaJIbHOM MOIe/IM MHOpe-
Hbix Mbieit BLRB/BYRB, xapakTepu3yionmxcst Bbl-
COKOI BEPOSITHOCTBIO CIIOHTAHHOTO Pa3BUTUSI 3TOTO
tua paka (Moiseeva, 2009; Aronov et al., 2019).

MATEPHAJIBI U METOJbI

KupoTtHble. PaboTy BBIMNOJHSJIM Ha OIYXOJSIX
MOJIOYHOM 3KeJie3bl CaMOK WHOpPEOHBIX MBIt
osm3kopoacTBeHHBIX TMHU BLRB-Rb(8.17)11lem n
BYRB-Rb(8.17)1lem (masee BLRB u BYRB coot-
BetcTBeHHO) (Festing, 1998; Moiseeva, 2009), xapak-
TEPUIYIOLIMXCS BBICOKOM YaCTOTOI CIIOHTAHHO MpPO-
SIBJISTIOIIIETOCS paka MOJIOYHOM Kesle3bl Y pOXKaBIINX
caMok (Aronov et al., 2019). Mbii111 noaaep>KBaJIMCh B
MNHcTtuTyTe 06MOOpPraHNYECKOM XMWY M. aKaJeMUKOB
M.M. IllemskuHa u FO.A. OBunHHMKOBa Poccuiickoit
aKaJeMUM HayK B CTAHJAPTHBIX TIIATEJIBHO KOHTPOJIM-
PYEMBIX YCJIOBMSIX BUBApHs, €XKEHENETbHO B KOJJOHUU
CTapelollMX CaMOK BBISIBJISIIA BHOBb MOSIBJISIIOLLIMECS
OITyXOJIM MOJIOYHOM KeJIe3bl. DKCIIepUMEHTaIbHbIE
MaHMITYJISILIMM C XXMBOTHBIMU MPOBOAWIN B COOTBET-
CTBUU ¢ MexXayHaponHbIMu HopMamu (US Department
of Health and Human Services, National Institute of
Health Publication No. 93—23, revised 1985), npoto-
Ko ucciaenoBanust Ne 155/2014 6611 omodpeH Ko-
MHUCCHE 1o OuoaTuke MHcTtuUTyTa OMOOpraHude-
ckoit xumuu (http://www.ibch.ru/downloads/docu-
ments/553/Institutional_Policy _on_the Use of
Laboratory Animals.pdf). Mcrnonb3oBanu oIryxojiu
MOJIOYHOM XeJie3bl CaMOK MBIIIeil B Bo3pacTe 14—
19 mecsiieB (Tabj. 1 u 2). KoHTpojaeM clyKuiau uH-
TaKTHBIE TKAaHW MOJIOYHBIX 3KeJIe3 CAMOK MBIIIEC B
Bo3pacTe 3 u 18 Mecs1eB, He MMEIOLIMX OITyXOJIH, a
TakKxKe HEMOpaXKeHHbIE OITYXOJIbI0 MOJIOUHBIE XKeJIe3bl
caMKu-oIryxojieHocuTes (tadi. 1 u 2). Kaxmbrii 00-
pazell ObLI pa3aesieH Ha YeThIpe MopLuKn/pparMeHTa,
KOTOpBbIC WCCCIOBaIM B HE3aBHUCUMBIX BKCIIEpHU-
MECHTaX.

Antnrena. /Insg BectepH-0J0TTUHTA MCITOJIb30Ba-
JIM MOHOKJIOHAJIbHbIE aHTUTEJIA MBIILIM K CYObeIUHN -
uaMm ol,2,3,5,6,7 mpoteacoM, cyobeauHuiie Rpt6 pe-
ryjsTopa 19S RC, nojmkioHaIbHbIE aHTUTE A KPOJIM-
Ka K MMMYHHBIM cyobenuHuiiaMm LMP2 u LMP7
nporeacom, cyobeantuiie PA28o aktuBaropa PA2803

O603HaYeHre obpasiia Homep Mbimm

TkaHb

I

1
11 2
1 5
v 3
\% 4
VI 5

MoiouHbIe XKeJie3bl HepoXKaBIIei CaMKH

MonouHbIe KeJie3bl HepoXKaBllleil caMKu

MonouHEbIe KeJIe3bl 0€3 IPU3HAKOB pakKa CaMKH-OITyXOJIEHOCUTEIIS
Pak Moyi0uHOI1 kene3bl

Pak Mo104HOI1 XKene3bl

Pak Mo109HOI1 3XKene3bl
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(Enzo Life Sciences, CIIIA), MOHOKJIOHAJIbHbIC aH-
TuTeaa Mblim K -aktunHy (Santa Cruz Biotechnolo-
gy, CIIIA), anTuTena Ko3bl K IgG MBIIINM 1 KPOJIMKA,
KOHBIOTMPOBaHHBIE ¢ epokcuaa3oi (Amersham Bio-
sciences, BeankoOpuTaHus).

Onpenenenne XUMOTPHIICHHIIOAO0OHOH AKTHUBHOCTH
nporeacoM. OcBeT/IeHHbIE TOMOT€HAaThl TKaHE IMo-
Jlydaiu B COOTBETCTBUM C OIyOJIMKOBAHHBIM MPOTO-
kosioM (Karpova et al., 2012). XMMOTpUIICUHITOA00-
Hy1o (XTII) akTUBHOCTh IPOTEACOM OIPEACSIISITIN B 1,
1.5 1 2 MK/ OCBETJIEHHBIX TOMOI'€HATOB TKaHEWl II0
ruapoaunsy ¢iayoporeHHoro cyocrpara Suc-LLIVY-
AMC (Sigma, CIIIA) B COOTBETCTBUU C METOJIUKOI,
onucaHHoii I1.A. EpoxoBbiM ¢ coaBTopamu (Erokhov
et al., 2017). Peakiuio npoBoauau B TeueHue 20 Mu-
HyT npu 37°C. B atux ycnoBusix 3HaueHust XTI1 ak-
TUBHOCTU COOTBETCTBOBAIU MPSIMOJUHEHHOMY OT-
pe3Ky rpaduka 3aBUCMMOCTHU KOJIMYECTBA TUAPOJIN-
3yeMoro cyocrpaTta oT BpeMeHu peakiuu (Erokhov
et al., 2017), 9To 1MO3BOJNIIO CPABHUBATh AKTUBHOCTD
B pa3HBIX ITpooax. Crienn@UIHOCTD ITOATBEPKIATIN C
nomolpio nHrnontopa XTII akKTUBHOCTH IIpoTea-
coM Z-leucyl-leucyl-leucinal (MG-132) (Sigma,
CHIA). Ocratounasi XTIl akTuBHOCTb B mpobax B
npucytctBun 5 MKM MG-132 cocTaBiisiia He Gosee
10%. YBenmuueHUe KOHLIEHTpALIMXM WHIUOUTOpA HeE
M3MEHSJIO 3HAaUYeHUI OCTaTOYHOU akTUBHOCTU. X TTI
aKTUBHOCTb MPOTEACOM OMNpEIe/sUIM KaK pa3sHUILY
MEXIY TIOJIHOM aKTUBHOCTBIO B OTCyTcTBUEe MG-132
M OCTaTOYHOM aKTUBHOCTBIO B MPUCYTCTBUU 5 MKM
MG-132, BeIpaxKaau B KOJMYECTBE THIPOJIN30BAH-
Horo cyocTpara 1 HopMmanu3soBaiu Ha 100 MKJT ocBeT-
JIEHHBIX TOMOTEHATOB.

Becrepu-oaorTunr. Ilocie  saekrpodopesa
OCBETJIEHHBIX roMoreHatoB B 13%-nom ITAATI B
npucyrctBur SDS (5 MKJI Ha TOPOXKKY) IOJIUIETITH-
JIbI TIEPEHOCUIIU C TIOMOILBIO MOKPOTO OJIOTTUHTA Ha
HUTPOLIEJIION03HYI0O MeMOpaHy. O0paboTKy MeM-
OpaHbl aHTUTeIaMu K B-akTuny (1 : 1000), cyobenu-
Huuam nporeacoM (1 : 1000) u akTUBAaTOPOB MPOTE-
acoM (1 : 1500) ocy1iecTBIsIIv CTaHAAPTHBIM METOAOM
(Erokhov et al., 2017). 7151 BeIsIBJICHUS Hecrieupuyue-
CKOro MeueHUsl 0eJIKOB MPOBOAUIN JTOMOJTHUTEIHHO
00paboTKy MeMOpaHbI MOcje MepeHOoca MOJTUIIENTH-
noB aHTuTeaaMu K IgG Mplmm. ONTHUYECKYIO TJI0T-
HOCTB I10JIOC HA PEHTTeHOBCKOM TNIEHKE aHAJTM3UPO-
BaJIv C TIOMOILBIO CTAHIAPTHOM mporpaMmbl Imagel.

Cratucrnyeckmii anaau3. CTaTUCTUYECKYIO 0Opa-
OOTKY pe3yJIbTaTOB IMPOBOAMINA C TOMOIIBIO ITPO-
rpaMMHoOro TipuiaoxeHus: Excel. Pe3ynbTaThl mpen-
CTaBJIEeHbI KaK CpeHee 3HaUeHU i1, TTOJydeHHBIX B Ue-
ThIpEeX aHAJIOTUYHBIX 9KCIIEPUMEHTaxX U U3MEPEHHBIX
B TPeX MapaJUIeJIbHBIX TTpobax + cTaHmapTHAasT OO~
Ka. CTaTUCTUYECKYIO TOCTOBEPHOCTh OIICHUBAIIM C
TTOMOIIIBIO0 OMHO(DAKTOPHOTO AUCITIEPCUOHHOTO aHAIM-
3a, JOCTOBEPHBIMM CIMTATIN pazmadaust 1ipu p < 0.05.

OHTOT'EHE3 Ne 5

TOM 51 2020

50 *

40 b

30 |
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Puc. 1. XuMoTpuUncuHNonooOHast aKkTUBHOCTb IPOTEACOM
B KoHTposbHbIX (I—I1I) m omyxoneBbix TkaHsx (IV—VI)
MOJIOYHBIX XeJie3 Mblleid. AKTUBHOCTb MPUBEICHA s
100 MKJI OCBETJICHHBIX TOMOT€HATOB TKaHEH KaK cpeaHee +
+ crangapTHas omubka. * JIocToBepHOE OTJIMYME OT 00-
pazuos I, [Tu III (p < 0.05, n =4).

PE3VJIBTATBI 1 OBCYXIEHHUE

AKTHBHOCTB IIPOTEACOM B 3JI0KAY€CTBEHHBIX OIyXO-
JIAX MOJIOYHOM KeJe3bl Mblmeid. B Tads. 1 u 2 npuse-
JICHO ONMCAaHME MHBIIICH W TKaHEel, B3SThIX B DKCIIe-
pumeHT. XTIl akTUBHOCTBH myJia IIPOTEACOM OITyXO-
Jieii MOJIOYHOM XeJjle3bl JOCTOBEPHO HE OT/IMYanach y
ncciaegoBaHHbIx camMok Mhlieii BLRB/BYRB, Ho B
Tpu pas3a npesbimaia XTII akTUBHOCThP KOHTPOIb-
HBIX TKaHEell MOJIOYHOI Kene3bl (puc. 1). [Ipumeua-
TEJIbHO, YTO aKTUBHOCTbD IIPOTEaCcOM ObLIa OIMHAKO-
Ba B MOJIOYHBIX Kejle3aX, B3SITHIX B Ka4eCTBE KOH-
TPOJIbHBIX, HECMOTPSI Ha TO, YTO B 9TO MCCJEAOBaHUE
BOIIUIM, BO-IIEPBBIX, MBIIIN Pa3HbIX BO3PACTOB U, BO-
BTOPBIX, MBIIIN, HE UMEIOIINE OIIYXOJIU, M CAaMKa-OITy-
xoneHocutesb. TakuMm oopasom, XTI akTMBHOCTS ITy-
JIa TIpOTeacoM MOIIEPKUBACTCS B YCTOMYMBOM COCTO-
STHUM B MOJIOYHBIX XeJIe3aX Y MBIIIEH ¢ yKa3aHHBIMU
(U3NOIOTMYECKUMM  PA3IUYUSIMMU, HO 3HAYUTEIHLHO
HapyIaeTcs IIpy 00pa30BaHUM ITaTOJIOTUYECKOI OITy-
XOJIEBOM TKaHW. TpexKpaTHOe MOBBIIIEHNE aKTUBHO-
CTU B OITYXOJI MOIJIO OBbITh CBSI3aHO KaK C aHOMaJIbHO
BBICOKOI 3KCIIPECCHEi MPOTEOIMTUIECKIX CyOUaCTHL]
MIPOTeacoM M/WId U3MEHEHUEM MX CyObeOIUHUIHOTO
COCTaBa, TaK U C YBEJIMYEHUEM IKCIIPECCUU PETYJISITO-
POB aKTHUBHOCTHU IiporeacoM. Cieayrolasi 4acTh Ha-
CToOsIIIIei paOOTHI MOCBSIIEHA BBISICHEHUIO 3TOTO BO-
npoca.

OCo0eHHOCTH IKCNpPecCHH CyObeIMHUI TPOTEACOM
U PEryjsATOPOB AKTHBHOCTH MPOTEACOM B 3JI0Kaye-
CTBEHHBIX OIYXOJISIX MOJIOYHOM 2KeJie3bl Mblmeid. To-
TaJbHBIN ITyJd MIpoTeacoM u3ydanu BecTepH-010T-
TUHTOM C WCIIOJIb30BAHUEM AHTUTENI K CYObeIUHMU-
maMm o1,2,3,5,6,7, BXOOSIIUM B cocTaB BceX (hopm
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Puc. 2. BectepH-06J10THI CYOBETMHUIL TPOTEACOM U aKTU-
BaTOPOB TPOTEACOM OCBETJICHHBIX TOMOTEHATOB KOH-
TposbHBIX (I—I1I) 1 onyxoneBsix TKaHeit (IV—VI) Mmosou-
HBIX XeJie3 MBIIIEH C MCITOJIb30BAHUEM COOTBETCTBYIO-
WX aHTUTEN. YKa3aHbl MOJIEKYJIIPHBIE MacChl OEJIKOB-
MapKepoB.

nporeacoM. TeM ke MEeTOIOM C UCITOJIb30BAaHUEM CO-
OTBETCTBYIOIIUX aHTUTE UCCIECA0BAIN SKCIPECCUIO
MNPOTEOJIMTUUECKUX UMMYHHBIX cyobenuHul LMP2
1 LMP7, BbI3bIBaOIIMX HAMOOJIBIINIA MTHTEPEC B CBSI-
31 ¢ UX QPyHKILMEe 00pa30BaHUS PETYISITOPHBIX METT-
TMao0B. KpoMe TOro, aHajJu3upoOBaIu coAepXKaHUe
aktuBaTopa 19S RC ¢ moMoliiblo aHTUTEN K OJHOM 13
ero cyobenuHul] — 6eaky Rpt6, a Takke akTuBaTOpa
PA280/3 ¢ momoriibio aHTuTeN K CyobeauHuie PA28o
(puc. 2). IIpeaBapureabHOE UCCIeAOBaHUE HECIIC-
¢ruecKoro cBs3bIBaHUS OEJIKOB HA MEMOpaHe aHTUTE-
Jamu K IgG MBILLIM BBISIBUIO HAJTMYKE MEUEHBIX TTOJIM-
METNTUIO0B C MOJIEKY/ISIPHOM Maccoii 0osee 50 ka, J1o-
KaJIn3alvsg KOTOPBIX He COBMAaajia ¢ JIoOKaIu3amueit
U3yd4aeMbIX CyObeIMHUILI.

OO0OHapyXKeHO, 4To He TOJbKOo XTIl akKTMBHOCTB,
HO U coaepKaHMe KaXOIOro M3 yKa3aHHBIX KOMIIO-

HEHTOB ITyJia IIPOTEeacOM OJMHAKOBO B KOHTPOJILHBIX
TKaHSIX MOJIOYHOI »eJjie3bl He3aBUCUMO OT (pU3UO-
JIOTUYECKOIO COCTOSIHUSI MbIlei (puc. 2, tada. 3),
YTO CBUIIETEIBCTBYET 00 YCTOMYMBOCTH ITyJjia IIPOTE-
acoM B 11e710M. B onyxoJieBeIx 0Opa3iiax Bce MCCiemy-
eMBbIe MapaMeTpPhI IIPOTEacoOM ObLIN JOCTOBEPHO yBE-
JIMYEHbI, HO MO-pa3HOMY. TakK, TOTaJILHEIN ITyJI IIPO-
TeacoM OKa3aJiCsl yBeJIMYEHHBIM TOJILKO B 1.6 pa3 npu
TpexXKpaTHOM TOBbIIeHUU ero X TII akTUBHOCTH, YTO
CBUIIETEILCTBYET O CJIOKHON PeTyJISILMM aKTUBHOCTU
MpOTEeacoM JIOIOJHUTENbHBIMU (PaKTopaMu MpU 00-
pa3oBaHNWM 3JI0KAYECTBEHHBIX OITYyXOJIEi MOJIOYHOM
XKEJe3Hbl.

Bompioii mHTEpEeC HpeAcTaBisieT CYILIeCTBEHHAs
pa3HUIIA B UBMEHEHUU 9KCIIPECCUN UMMYHHBIX CYyOhb-
ennaul, LMP2 u LMP7. Ecnu skcnipeccust cyobenm-
Hull LMP2 yBennueHa B 2.6 pa3, TO CyObeIMHULIBI
LMP7 — Bcero qmib B 1.5 paza. DTOT pe3yabTaT yKa-
3bIBACT Ha pa3Hble (PYHKIMM CYOTHIIOB IIPOTEACOM,
conepxamux cyobequaunbsl LMP2 u LMP7. IToxo-
Kasi 3aKOHOMEPHOCTh ObLlIa BBISIBIIEHA HAMU paHee
MpU MCCIeIOBaHUM 3J10KaYeCTBEHHOM TpaHCchopma-
UM KJIETOK IEYEHU 101 AeiicTBUEeM OUIIMHA Y MbI-
meii (Astakhova et al., 2010) 1 mpouecca pocra ma-
NUWJUISIPHOM KapLUMHOMBI LLIUTOBUIHOMN XeJIe3bl Ye-
noBeka (Sharova et al., 2011). I[ToHsaTh pa3HuUIly B
(GYHKUIMSIX JaHHBIX CyOTUITOB MMMYHHBIX IIPOTEAaCcOM
yIJIOCh JIMIIb TIPU U3yYCHUU MIpoliecca pa3BUTHS TO-
JIEPAHTHOCTU K aJUIOTPAHCIUIAHTATy HA MOMEIN MH-
OYKUIMWA  JTOHOPCHeM(pUIECKO TOJIEPAaHTHOCTU Y
KpbIc. OKa3ajloCh, UTO YBEJIMYEHUE SKCIIPECCUM MPO-
TeacoM C MMMYHHOI cyobeaunuieiin LMP2 B kiieTkax
TpaHCIUIAaHTaTa COIIPOBOXKIAET pPa3BUTHE TOJIEPAHTHO-
CTH, a BBICOKOE COJIEp>KaHUE MTPOTEACOM C CyObeIMHM-
ueit LMP7 B numdonurapHo-MakpodaraibHOM WH-
¢unbTpaTe CBSA3aHO C MPOLECCOM OTTOPXKEHUS
tpaHcrianTata (Karpova et al., 2012; Astakhova
et al., 2019). M&I rtoy1araem, 4TO B OITYXOJIEBBIX KJIET-
Kax Tak Xe, KaK ¥ B KJIETKaX TpaHCIUIaHTaTa, IpoTe-

Tadmuna 3. CoaepxaHue CyObeIMHUIL TPOTEACOM U PETYJISITOPOB aKTUBHOCTH MTPOTEACOM B OCBETJICHHBIX TOMOTeHaTax

KOHTPOJIBHBIX U OITYXOJIEBBIX TKaHEe MOJIOYHBIX XKeJle3

OTHOCUTEIBbHOE colepXaHue CyObeAUHULL B oOpasuax, % (%)
CyObe1THULIBI MOJIOUHBIE KeJIE3bI PaK MOJIOUHOI XeJIe3bl
11 111 v A" VI

al,2,3,5,6,7 96 + 20 89+ 19 153 £+ 24* 159 + 18* 151 £+ 22*
LMP7 107 £ 11 104 £ 20 174 £+ 32* 139 + 12%* 155 £ 15%*
LMP2 98 + 27 101 £ 11 265 £ 64* 295 £ 75* 230 £ 26*
PA28a 102+ 14 106 £ 12 166 £ 30* 197 £ 43* 167 £ 36*
Rpt6 94 + 31 117 £ 23 426 £ 42* 491 + 99* 414 + 87*

(* 3a 100% npuHATO comepXaHUe CyOLEIMHUIL B KOHTPOJIbHOM obpasie 1. ComepxaHue CyOheIMHNUI HOPMAJIU30BAHO HA COMepXKa-
Hue B-aktuHa. [IprBeneHa cTaHmapTHast omMbKa cpefHero. * JlocTOBEpHOE OTIMYNE OT COOTBETCTBYIOIINX 3HAYEHUH B oOpasiax I,

ulll (p<0.05,n=4).
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Puc. 3. Cxema U3MEHEHUA, IPOUCXOASIIUX B ITyJI€ IIPOTEACOM B CIIOHTAHHBIX OITyXOJISIX IO CPABHEHUIO ¢ MHTAKTHOM TKaHbIO

MOJIOYHOM XKEJI€3bl Y MBILLIEIA.

acoMbl ¢ cyobenuHuneir LMP2 nponyuupyror memn-
TUABI, KOTOphle, MUHYsI MoaeKynsl MHC xnacca I,
BBIIEJISIIOTCS B MEXKKJIETOYHOE IIPOCTPAHCTBO U IT0-
JaBJISIOT aKTUBHOCTh MH(MWIHLTPOBAHHBIX LIMTOTOK-
cuyeckux JgumdouutoB. Ilo-BuauMoMy, HaHHYIO
GYHKIUIO TIPOTEACOMBI, COAEePXKAILINE CYObeINHUILY
LMP2, BBINOJHSIOT COBMECTHO C aKTUBAaTOPOM
PA280f3, akcrmpeccust KOTOPOro Takke MOBBIIICHA B
OIYXOJISIX MOJIOYHEIX Xeje3 (puc. 2, taba. 3). Ilon-
TBEPKACHUEM 3TOMY IPEAITOJOXKEHUIO CIyXKaT pe-
3yJbTaThl, YKa3blBaWOIIME Ha TPEeUMYIIECTBEHHOE
“Hape3aHue” IENTUOOB Majloil IJIMHBI, HE IIPUTOI-
HeIX 11 Moaekyl MHC knacca I, mon nefictBuem
aktuBaropa PA28af3 no cpaBHenuto ¢ 19S RC (Raule
et al., 2014).

CrenyeT nog4epkHyTb, YTO BO BCEX KCCJIENOBaH-
HBIX OITyXOJIEBBIX TKaHsX aKcrpeccus 19S RC ysenum-
yeHa HauboJiee 3HAYUTEJIbHO 110 CPABHEHUIO C APYTU-
MU KOMITIOHEHTaMu (puc. 2, TadJ1. 3). DTO 00bSICHUMO,
IMOCKOJIBKY aKTUBHO JeJIsIuecsl 3J10KaueCTBEHHbIE
KJIETKU TPeOYIOT MHTEHCUBHOTIO OEJIKOBOTO OOMEHA, B
OCYIIECTBJIEHUN KOTOPOro BaXKHYIO poJib urpaet 19S
RC, oGecrieunBasi pacrio3HaBaHUE€ W YTUJIM3ALIUIO
YOMKBUTUHHUPOBAaHHBIX OeIKOB. B TOM 11 nHOI cTe-
MEeHU, DKCIIPECCUsl ITOrO PEryjasiTopa yBeJIWuYeHa B
pa3HbIX OITyX0JeBbIX KileTKax (Astakhova et al., 2010;
Sharova et al., 2011; Kondakova et al., 2014). HeynuBu-
TEJIbHO, YTO COEAUHEHMS, TTIOBpexXaaoue GyHKInm
19S RC, nposiBASIIOT TPOTHMBOOITYXOJIEBYIO aKTUB-
HOCTb, B TOM UMCJIE€ TI0 OTHOILIEHMIO K 3JI0KaUYeCTBEH-
HbIM KJIETKaM MOJIOYHOI Xeje3bl Mbliu (Astakhova
et al., 2018).

S3AKJIFIOYEHUE

B manHoi1 paboTe BriepBbIe MPOBEACHO IeTAIBHOE
HWCCIIEMOBaHME ITyJia TIPOTEacOM 3JIOKAYeCTBEHHBIX

OHTOIEHE3 Ttom 51 Ne 5 2020

OIIYXOJIEM MOJIOYHOM 2KeJjie3bl 110 CPAaBHEHUIO C KOH-
TPOJILHBIMU OOpa3laMM Ha YHUKAJIBHOI MOIEIN MbI-
meit BLRB/BYRB. O6GHapy:keH psia BaXXKHBIX (paKTOB.
Bo-1iepBbIX, ITyJI TpoTeacoM TKaHU MOJIOYHOM XKene3bl
XapaKTepU3yeTCsl OTHOCUTEILHOM YCTOMUMBOCTBIO U
HE U3MEHSETCSI Y MBIIIEH pa3sIMUYHOTO (hPU3NOJIOTUYEe-
CKOI'O COCTOSIHUSI. BO-BTOpBIX, MpU CIIOHTAHHOM 00-
pPa30BaHUM 3J10KAYECTBEHHBIX OMYyXOjeil MOJOYHOIM
2Kenessbl Iyl IIpoTeacoM “BbIOMBAaETCSI” M3 paBHOBE-
CUsI U CTAHOBUTCSI MOAYMHEHHBIM HYXJ1aM PaKOBBIX
KJIETOK, YTO COTIPOBOXIAETCS €TI0 KOMIUIEKCHBIM U3-
MeHeHueM. B 1ieioM, Ty nmporeacoM yBeJIUuuuBaeTCst
M0 KOJMYECTBY MPOTECOJUTUUECKUX cydouacTull. ITpu
5TOM HETNPONOPLMOHAIBHO CUJIbHEE BO3pacTaeT ero
XTII akTUBHOCTB, YTO YKa3bIBaeT Ha JOMOJHUTEIb-
HbIe MEeXaHU3MBHbI ee peryiasiuuu. K Takum MexaHus-
MaM MOXHO OTHECTU BBISIBJISHHYIO ITTOBBILICHHYIO
akcnpeccuio aktuBaropoB PA28a u 19S RC, a tak-
XKe U3MEHEHUe CYObeIMHUYHOTO COCTaBa IIpoTea-
COM, OOYCIIOBJIECHHOE YBEJIMUEHUEM SKCIIPECCUN UM~
MYHHBIX cyObenuaun LMP2 u LMP7.

Heob6xonnMMo oTMETUTD, YTO KOJMYECTBO KaXK10-
ro U3 WUCCAEAOBaHHBIX KOMIIOHEHTOB ITyjia MmpoTea-
COM YBEJIMYMBAETCS 10 HEOOXOAMMOTO JIJISI OTTYXOJIH
ypoBH: (puc. 3). HanGonee cuibHO yBEIMYEHO KO-
JIMYECTBO ABYX KOMIIOHEHTOB — akTuBaTopa 19S RC
U UMMYHHOI cyobenuHuiibl LMP2, uyto ykasbiBaeT
Ha TIepCHEKTUBHOCTb UX MCITOJb30BaHMSI B KAYECTBE
MMUILIEHEH 7151 Teparuy paka MOJIOUHOI xKeJie3bl. BMme-
CTe C TeM, HeJib3s 3a0bIBaTh O TOM, YTO 3TO BaXKHbIE
KOMIIOHEHTHI U 310pOBbIX KjeToK. Hanpumep, akTuB-
HocTb cyobenuHuLbl LMP2 cBsizaHa ¢ mepengaveit cur-
Haja mexuy HeiipoHamu (Erokhov et al., 2017). IToaTto-
MY TIpU CO3[IaHUM HOBBIX JIEKAPCTBEHHbIX Mpenapa-
TOB CJIeAyeT YUUThIBATh HEOOXOAUMOCTh pa3paboTKU
MPUEMOB UX aJPECHON MOCTaBKM K OMYyXOJU WIU
WHBIX CITOCOO0B 6€301TaCHOTO NIPUMEHEHMS.
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Features of Proteasome Pool in Spontaneously Occurring Malignant Tumors
of the Mammary Gland in Mice
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The purpose of this work is to investigate the features of the proteasome pool in malignant tumors of mam-
mary glands on a unique model of inbred BLRB/BYRB mice characterized by a high probability of sponta-
neous development of this type of cancer. It was found that the proteasome pool of mammary glands was rel-
atively stable and it did not change in mice of various physiological state: normal females of different age and
tumor carrier. However, with the formation of malignant tumors, this stability is violated, and the proteasome
pool undergoes complex changes. In general, it increases in the number of proteolytic subparticles. At the
same time, its chymotrypsin-like activity increases disproportionately stronger, which indicates additional
mechanisms for its regulation. These mechanisms include the detected increased expression of activators
PA280 and 19S RC, as well as changes in the subunit composition of proteasomes due to increased expres-
sion of the immune subunits LMP2 and LMP7. The amount of each of the studied components in the pro-
teasome pool increased in the tumor in different ways. The most significant increase was observed in the
amount of two components — 19S RC activator and LM P2 subunit, which indicates the prospects of their use
as targets for breast cancer therapy. However, we must not forget that these components are also important
for the vital functions of normal cells. Therefore, when creating new drugs, we should simultaneously develop
methods for their targeted delivery to the tumor or other ways of safe use.

Keywords: immune proteasomes, proteasome regulators, proteasome activity, mammary cancer,
BLRB/BYRB mouse model
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PaGorta siBiIsieTcst MpomoKeHNeM MCCIeTOBaHM i MO BBISIBICHUIO POJIU caxapo3bl B IIpoliecce (hopMupoBa-
HUS y30p4aTOM IpeBeCUHBI KapelIbcKoit 6epesnl (Betula pendula Roth var. carelica (Merckl.) Himet-Ahti).
Panee 6b110 ycTaHOBJIEHO, YTO TIPH JAHHOM THITE KCUJIOTEHE3a B TKaHSX CTBOJIAa 6epe3bl CYIIeCTBEHHO U3~
MEHSIETCSI aKTUBHOCTb (DEpMEHTOB METab0IM3alliM caXxapo3bl — CaXapoO30CMHTA3bl MU MHBEPTa3bl. Pe3ysibTaThl
MOJIEKYJIIPHO-TEHETUYECKOT0 aHAJIN3a CBUIETEILCTBYIOT O TOM, YTO aKTUBHOCTb YKa3aHHBIX (PepMEHTOB pery-
JIMpyeTCs IPEUMYIIECTBEHHO Ha YPOBHE TPAHCKPUTILIMY KOAMpPYIoIMX Ux reHoB (SUSu CWinv). B reHome Ge-
pe3bl TTOBUCIIO# MBI MACHTU(MOULIMPOBAIM TeHbI, KOTUPYIOIINE CaXapo30CHUHTAa3y M alloTUTACTHYIO MHBEpTa-
3y. In silico aHaIn3 peryIsITOPHBIX YuUC-3J€MEHTOB, IPUCYTCTBYIOIINX B 2 KO IIpoMOTOpHOIT 00J1aCTH 3TUX
TeHOB, ITO3BOJIWJI BBISIBUTD PSIT MOTUBOB, YIaCTBYIOIIMX B PETYJISIIIMU UX dKcIpeccuu. HanGobIeit Kak 1mo
YUCITY OTIAEIbHBIX 2JIEMEHTOB, TaK Y 110 UX BCTPEYaeMOCTH ObL1a rPpyIINa 3JIeMEHTOB, CBSI3aHHASI C BIIUSTHU -
eM abMoTHUYeCcKUX (hpaKTOpoB, B OCHOBHOM, CBEeTa M HeAoCTaTKa Bjaru. MaeHTuduLmMpoBaH psil TKaHecIe-
HIU(PUIHBIX MOTUBOB, (DYHKIIMSI KOTOPBIX CBSI3aHa ¢ 9KCIIpeccueil TeHOB B NMTPOBOASIIMX TKaHSIX. AHAIU3
TOPMOH-3aBUCUMBIX 3JIEMEHTOB ITOKa3aJj, YTo (hOPMHUPOBAHME Y30pUaTOM IPEeBECUHBI KapeIbCKOi GepesHl,
poucxosiiee Ha (hOHe BHICOKON aKTUBHOCTHU arloTIaCTHOM MHBEPTA3bl, OUYEBUIHO, HE CBSI3aHO C aKTU-
Bauueii reHoB CWIny BBICOKUM YpOBHEM ayKcHHa. B rccienoBaHHBIX TTOCIeI0BATEIbHOCTSIX TPOMOTOPOB
OOHapy>KeHbI pa3JIMYHbIC 3JIEMEHTHI, YKa3bIBalOIINE HAa HETTOCPEICTBEHHOE BJIMSTHUE CUTHAJIMHTA CaXapoB.
BrisiBiieHbI 1Ba HanboJjiee BEpPOSITHBIX KaHAUAaTa Ha ydacTHe B PETYJISIIIMU YIJIeBOIHOIO MeTabonr3Ma B
TKaHSIX CTBOJIa 6epe3bl — TpaHcKuununoHHbie pakTopsl (TA) DOFS5.6 (HCA2) u DOF5.8. Mnentuduka-
g U pyHKIMOHaNbHas xapakTepuctuka Td cemeiictBa DOF y 6epesbl HOBUCIIOM MPEACTABISIOT UHTE-
pec ¢ TOUKY 3peHUS PEeTYISIUN aTbTepPHATUBHBIX ClIeHapHUeB KCWJIOTeHe3a.

Kuiouesbie caosa: caxapo3ocHHTa3a, anoruiacTHasi MHBEPTa3a, aOMOTUYECKUI CTPECC, CUTHAJIMHT CaXapoB,
ayKCHH-3aBHCHMas KCIIPECCHUsI TeHOB, Oepe3a IOBUC/IasT

DOI: 10.31857/S0475145020050080

BBEAJEHUWE

V3opuaras npeBecrHa (Kcujaema) KapeabCKoi Oe-
pe3nl (Betula pendula Roth var. carelica (Merckl.)
Hamet-Ahti) o pucyHKy HalloMMHaET MpaMop U sIB-
JISIETCSI OMHOM 13 caMBbIX JoporocTosinux B CeBepHOit
EBponie (Hagqvist, Mikkola, 2008). IIpusHak y3opya-
TOCTU APEBECUHbBI HACJIEIYEeTCSsI, OHAKO €T0 MPOsIBIe-
HUE HaXOAUTCS TOA KOHTpoJieM (DaKTOPOB Cpelbl
(Hintikka, 1941; Cokounos, 1970; JliobaBckasi, 1978;
Epmakos, 1986; EBmokumos, 1989; Hosuikas, 2008;
Novitskaya et al., 2016b; Galibina et al., 2019a). Kpo-
M€ TOTO, Y30p4YaTOCTh MOXET CHJILHO BapbUPOBATh B
npenenax omHoro cteojia (Novitskaya et al., 2016a,
2016b) (puc. 1). BeICOKMIT ypoBeHb U3MEHYMBOCTHU

JIeJaeT KapelabCKylo O0epe3y YHUKAJIBHBIM OOBEKTOM
JUIST UCCIENOBAHUS MEXaHU3MOB PETryJISIINU KCUJTO-
reHesa.

dopmupoBaHUe y30p4yaTOil JIPEBECUHBI Kapelib-
CKOM Oepe3bl MpoucXoauT Ha (hOHE BHICOKOM KOHIIEH-
TpauMu caxapo3bl B KaMbuanbHou 30He (Novitskaya,
Kushnir, 2006; Novitskaya et al., 2016a) 1 conmpoBoxK-
JlaeTcsl UBMEHEHUEM aKTUBHOCTU PACIIETUISIIOIINX Ca-
Xapo3y (epMeHTOB. Y OOBIUHOIT Oepe3bl IMOBMUCIION
(B. pendula var. pendula) n y 6e3y30p4yaThiX IepeBbEB
KapeJbCKOM 6epe3bl pacllelyieHrue caxapo3bl B 30HE
pocTta u guddepeHIaly CTPYKTYPHBIX 3JIEMEHTOB
KCHUJIEMbl B OCHOBHOM ITPOUCXOIUT C y9acTUEM LU~
TOIIa3MaTUYeCcKoro ¢epMeHTa CcaxXapO30CUHTA3bI
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Puc. 1. [TorepeuHblii crniI CTBOJIA KapeJIbCKOi 6epe3bl (Kopa yaajieHa). Y3opuaTasi ipeBecrHa chopMUpOBaach BOKPYT Ape-
BECUHBI OOBIYHOTO CTPOSHUSI TMOCJIE TTPOPEKUBAHUSI IPEBOCTOST (PE3KOe YIIydIlIeHHe OCBEIIIEHHOCTH KPOHBI). XOpOIIIo BUAHA

ACMMMETPUYHOCTH y30pa.

(CC) (Galibina et al., 2015b; Moshchenskaya et al.,
2016; Novitskaya et al., 2020). O6pa3oBaHue y30pya-
TOI IpPEeBECUHBI KapeJIbCKOM Oepe3bl CBSI3aHO C pac-
IIETUIECHUEM Caxapo3bl aloILIAaCTHOM WMHBEPTa30ii
(A HB) 1 TIOCTYIUIEHUEM B KJIETKY OOJIbIIIOTO KO-
yecTtBa rekco3 (Galibina et al., 2015a, 2019b; Mosh-
chenskaya et al., 2016; Novitskaya et al., 2020). Ycra-
HOBJIEHO, UTO aKTUBHOCTh CC B MPOBOASIINX TKAHSIX
CTBOJIa Gepe3bl KOPPEIUpyeT C YPOBHEM 3KCIIPECCUU
KOAWPYIOUIUX NaHHBIM depMeHT reHoB BpSUSI u
BpSUS2 (Moshchenskaya et al., 2017). AKTUBHOCTb
AnHWHB peryaupyercs Kak Ha ypoBHE 3KCHpecCUu
reHoB (CWinvi.0, CWinvli. 1, CWInv4), Tak u Ha 110~
CTTPAHCJSILIMOHHOM YPOBHE C YYaCTUEM MHTUOUTOpa
AnMusB, xogupyemoro reHom BpCif (Galibina et al.,
2019b).

K HacrogieMy MOMEHTY HaKOILJIEH 3HAYUTEIb-
HBI 00beM JAHHBIX 00 Y4aCTUU CaXapO30CUHTA3hI U
WHBEPTa3bl B PA3IMYHBLIX (PU3UOJOTUUECKUX IIPO-
Heccax B pactutesbHOM opraHusMe (Roitsch, 1999;
Koch, 2004; Ruan, 2014; Moshchenskaya et al., 2019;
Stein, Granot, 2019), nmpoBeaeHbl MCCIAEIOBAHUS 1O
BBISIBJICHUIO UX POJI B KCUJIOTEeHE3e U (DIIodMOreHes3e
JIpeBecHbBIX pacTeHuit (Sung et al., 1993, 1996; Hauch,
Magel, 1998; Sauter, 2000; Coleman et al., 2009; Li
et al., 2012; Roach et al., 2017). B To ke BpeMs1, MoJie-
KYyJISIPHO-TEeHETUYECKMEe MEXaHU3MBI, Y4aCTBYIOILINE
B PEry/ISIIMU MeTaboJIM3Ma caxapoB, U3YyYEHBI CJ1abo
(Li et al., 2017; Stein, Granot, 2019). Hauboinbliee
KOJIMYECTBO IMyOIMKALINIA ITO JAHHOM TeMe TTOCBSIIIe-
HO pe3yjbTaTaM M3YYeHUS! pPeryjsiliui 3KCIIPeCCUu
reHoB, kogupypomux CC u AnMHB, Ha ypoBHE TpaH-
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cKpunuuu. B aToM ciydae perysisiusi OCyIIeCTBIISI-
eTcsl uepe3 B3aMMOICHMCTBUE CUTHAJIBHBIX MOJICKYJI
(caxapoB, TOPMOHOB U Jp.) WIM TPAHCKPUITIIMOHHBIX
daktopoB (TD) ¢ peryIaTOPHBIMU 4LUC-3TIEMEHTaAMH,
PACIIOJIOKEHHBIMU B 5'-IaHKUpYyIOLIei 061aCTU re-
HOB. MexaHU3Mbl TAKOTO B3aUMOECTBUS B HACTOSI-
Iee BpeMsl U3y4YeHBI C1ab0, OJHAKO 3KCIEPUMEH-
TaJbHBIM ITyTeM OBbLIO UASHTU(MUIINPOBAHO OOJIBIIIOL
KOJIMYECTBO UUC-ITEMEHTOB, YIACTBYIOIINUX B PETYJIsi-
LUK 3KCIIPECCUU T€HOB B CBS3M C JEUCTBUEM SHIO-
TeHHbBIX 1 9K30reHHbIX (pakTopoB (Galkin et al., 2004;
Priest et al., 2009; Bitas et al., 2016). Psan yuc-snemeH-
TOB OBLJI MIEHTU(GUIMPOBAH B IIPOMOTOpPaX I'€HOB,
KOIUPYIOIINUX (hepMEHTHI YTIJIeBOAHOTO oOMeHa. Taxk,
MOKa3aHo, YTO yuc-3JIEMEHTHI B IIpoMoTope reHa CC
puca RSusl HeoOXOOUMBI JJISI €T0 caXxapo30-UHIYIIM-
pyemoii akcripeccum (Chang et al., 2011). YcraHoBie-
HO, YTO COIepKalllrecs B IIPOMOTOpax reHoB A HB
ToMmata Lin5 u Lin7 3/1eMEeHTbl CUTHaJIMHra ruboe-
pelliiHa, ayKCUHA U abCIIU30BOM KUCIOTHI 00YCI0B-
JINBAIOT VHAYKIWIO SKCIPECCUM 3TUX T'€HOB COOT-
BeTcTBytolMMu ropmoHamu (Proels et al., 2003). B
npomoTtope reHa AnnMHB TomaTa Lin6 ObUIA UIEHTH-
¢$ULPOBaHBI MOTUBHBI, CBSI3aHHbBIE C PAHEBLIM CUTHA-
JIMHTOM U CYTOYHBIMM PUTMAaMU, U SKCIICPUMEHTAIb~
HO TTOKa3aHa MHIYKIIWS SKCMPEeCCUU TJaHHOTO TeHa Co-
oTBeTcTBY1oIIMMU cTuMyiaMu (Proels, Roitsch, 2009).
CpaBHUTENbHBINM aHAIU3 MOCJICA0BATEILHOCTEN MPO-
MmoTtopa reHa A HB Tabaka Nicotiana benthamiana n
npoMoTopoB 30 IpyTux ero reHoB, IEMOHCTPUPYIOIINX
aHaJIOTUYHBII MPOGUIIb SKCIIPECCUU IIPU BO3ACHCTBU
PA3IMYHBIX CTPECCOBBIX (DAKTOPOB, MO3BOJIMI YCTAaHO-
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TAPEJIKMHA u np.

Tab6mauma 1. Yucio peryiasiTopHbIx yuc-3jieMeHTOB B 2 K6 nmpomMoTopHoii ooiactu reHoB BpSUST—4u BpCWinvI—3

I'pynma anemeHTOB BpSUS1 | BpSUS2 | BpSUS3 | BpSUS4 | BbCWinvl| BpCWinv2| BpCWinv3
YyBCTBUTEIbHBIE K BIUSIHUIO a0UOTHYE- 38 28 26 31 26 36 30
CKUX (PaKTOPOB
TxanecrenmpuyHbIe 20 20 25 25 18 22 20
T'opMOHUYBCTBUTEIBLHEIE 12 13 17 15 15 9 12
Caxapo4yBCTBUTEJIbLHbIE 8 7 8 5 8 2 5
[Tpoune 30 23 22 22 24 24 24
Bcero anemMeHTOB 108 91 98 99 91 93 91

BHUTh BaKXHYIO POJIb 4UC-3JI€MEHTOB, YJaCTBYIOIINX B
CTPECCOBOM CHUTHAIMHTE, B PETYJISIIMN KOOPIMHUPO-
BaHHOI 3Kcripeccuu reHoB (Sheshadri et al., 2018).

Ha ocHoBaHUM BbIIIECKA3aHHOTO MOXHO 3aKJI0-
YUTh, UTO U3YYECHUE PETYISITOPHBIX MEXaHU3MOB 9KC-
MPECCUU TeHOB, YYACTBYIOIINX B YIJIEBOIHOM OOMEHE
MPU Pa3INYHBIX CLIEHAPUSIX KCUJIOTEeHe3a, IPeACTaB-
JIgeT GOJNBIION MHTEPEC ¢ TOYKU 3PEHUS MTO3HAHUS
MEXaHU3MOB HOPMAaJIbHOTO U aHOMAJILHOT'O POCTa Y
JIpeBECHBIX pacTeHMii. B reHoMe Gepesbl MOBUCIOM
MBI UIEHTUDUINPOBATIN TeHbI, KOOAUPYIOILINE caxa-
pPO30CHUHTAa3y M aloILUIACTHYIO MHBEPTA3y, U U3y~
JIN PEeTYJASITOPHBIC 3JIEMEHThI, MPUCYTCTBYIOIIME B
X IIPOMOTOPHBIX 00JIACTSIX.

MATEPHAJIBI U METOJbI

ITouck renos, kogupytomux CC nu AnMHB, ipo-
BOIWJIM B TeHOMe Oepe3bl noBuciioil (Betula pendula
Roth), onybiukoBanHoM Ha nmoptajie CoGe (Salojar-
vi et al., 2017). C 3Toii 11eJIbI0O HYKJICOTUIHBIE TTOCIIe-
npoBatesbHOCTH CDS 1 cOOTBETCTBYIOIIIE UM GEIKO-
Bble rociaenoBareabHOCTU TeHOB SUS u CWIN Arabi-
dopsis thaliana n Populus trichocarpa (6a3bl TaHHBIX
The Arabidopsis Information Resource (TAIR) (re-
lease 13, https://www.arabidopsis.org) m Phytozome
(release 3.0, http://www.phytozome.net/poplar)) uc-
MOJB30BAJIN B KaUecTBEe MoMcKoBoro 3amnpoca BLAST
1o reHomy B. pendula (release 1.2, https://genomevo-
lution.org/coge) 1S BBISIBJICHUSI TOMOJIOTMYHBIX T10-
clieoBaTEIbHOCTEIA.

I1penckazaHue CTpYKTYphbl O€JIKOB Oepe3bl HOBUC-
JIOi1 BBITIOJIHSIIM C MCITOJIb30BaHMeM pecypca Nation-
al Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml)
(Marchler-Bauer, Bryant, 2004), nmpenckazanue ¢pusu-
YeCKHMX CBOMCTB — C IoMolIkio pecypca Expert Protein
Analysis System (ExPASy) (https://www.expasy.org/)
(Artimo et al., 2012).

DunoreHeTUUECKUIA aHAIU3 TIPOBOIUIN C ITOMO-
mblo mporpaMmbl MEGA 7 (Kumar et al., 2016). MHo-
KECTBEHHOE BbIPaBHUBAaHUE TOCIEA0BATEILHOCTEN
OCYILIECTBJISLIN ¢ TIoMolbio anropurMa ClustalW. ®u-

JIOTEHETUYIECKOE IPEBO OBIJI0 MOCTPOECHO C MCIIONb-
30BaHMEM METOIA TIPUCOEIMHEHMST OIMKaiIIero co-
cema (Neighbor-Joining method), olieHKy mocToBep-
HOCTH KJIaCTEepU3alIM ITPOBOIUIN METOIOM bootstrap
¢ 1000 nmoBropamu (Felsenstein, 1985; Saitou, Nei, 1987;
Tamura et al., 2004). OnpeneneHue CTEIEHU UICH-
TUYHOCTHU/CXOJCTBA TOCIEI0BATEIbHOCTE BBITIOJ-
HeHo ¢ nomolbio pecypca EMBOSS Needle (https://
www.ebi.ac.uk/Tools/psa/emboss_needle/).

s ananuza MetogaMu OMonHGOpMaTUKA ObI-
JIU UCMOJIb30BaHbl MPOMOTOPHbIE 0O0JACTU TEHOB
mmaHoi 2000 map HYKJIICOTUAOB OO cTapTa TpaH-
ckpunuuu. [Mouck yuc-peryiasiTOpHbIX 3JEMEHTOB,
pacCMoOJIOXKEHHBIX B MPOMOTOPax MCCIAEAYEMBbIX T'e-
HOB, BBIMOJHSJIM C MOMOIIbIO pecypcoB New-
PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE/)
(Higo et al., 1999) u PlantPAN 3.0 (http://plant-
pan.itps.ncku.edu.tw/) (Chow et al., 2019). I[Tomumo
WHCTPYMEHTOB JJIS1 BBISIBJIEHUS YUC-DJIEMEHTOB, yKa-
3aHHBIE PECypChl coaepKaT MHGOPMAIIMIO 00 PKCIe-
PUMEHTAJIbHO TTPOBEPEHHBIX (QYHKLMSIX UlC-ITIEMEH-
TOB 1 aCCOLIMUPOBAHHBIX C HUMU TPAHCKPUITLIMOHHBIX
dakropax (TD). g BbISBICHUS ITOTCHLIMAIBHBIX
caiiToB cBsI3bIBaHYs ¢ TP MpoBOIWIIN aHATIN3 YACTOTHI
BCTPEYAEMOCTHU YUC-DJIEMEHTOB 1 €€ CTaTUCTUUECKOe
OlICHMBaHWE€ Ha OCHOBAHUM BCTPEYAEMOCTU UUC-
3JIEMEHTOB B MPOMOTOPAaX MOJENbHBIX OPraHM3MOB
A. thaliana n P. trichocarpa c TOMOIIBIO UHCTPYMEHTA
Regulation Prediction pecypca PlantRegMap (http://
plantregmap.cbi.pku.edu.cn/) (Tian et al., 2020).

PE3YJIBTATBI 1 OBCYXIAEHHWE

Hoenmugpuxayus eenos SUS u CWinv
6 eeHoMe Oepe3bl NOBUCAOU

I'ennl cemeiictB SUS 1 CWiny 6bu1n uaeHTUDU-
LIMPOBaHbI U OXapaKTepU30BaHbl y psia APEBECHBIX
pacteHuit. Y Vitis vinifera ObUIO0 BBISIBJIEHO 5 T€HOB
SUS (Zhu et al., 2017), mo 6 reHoB — y Citrus unshiu
(Islam et al., 2014) u Prunus persica (Zhang et al., 2015),
11 reHoB — y Malus domestica (Tong et al., 2018) u
15 renoB y Populus trichocarpa (An et al., 2014). Ilo
3 rena CWiny 610 nageHTHMLIIMPpOBaHO Y Malus do-
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Puc. 2. @unoreHeTUUECKOE IPEeBO, MIOCTPOSHHOE Ha OCHOBE CPABHUTEJILHOTO aHaJIM3a HYKJICOTUAHBIX MOCIeA0BaTeIbBHOCTE M
(CDS) noreHuuanbHbix reHoB SUS Betula pendula v nzBecTHbIX reHOB SUS Arabidopsis v Populus. Tenwl Betula pendula 060-
3HAYEHBI YePHBIM LIBETOM, Arabidopsis thaliana — 6envim 11BeTOM, Populus trichocarpa — cepbiM 11BeTOM. JIJTHA BETBEI Iporop-
LIMOHAJIbHA TeHETUYECKOM AUCTAaHIIMU (YUCIIO 3aMelieHUuit Ha caiiT). CylecTBeHHbIe 3HaUeHUsI bootstrap (IMPOLEHT IepeBbEB,
B KOTOPBIX aCCOLIMMPOBaHHbIE TAKCOHBI KlacTepusytoTcst BMecTe) st 1000 BBIOOpPOK IToKa3aHbl B OCHOBAaHUM BETBU.

mestica (Hyun et al., 2011), Camellia sinensis (Qian
et al., 2016) u Populus trichocarpa (Chen et al., 2015).

B reHome Gepe3bl MOBUCIONM OBIJIO BBISIBICHO
4 rena SUS, Kogupyoimux 0eJIKN, TOMOJOTUYHEIE
CC Arabidopsis w  Populus (puc. 2). I'enam
Bpev01.c0294.g0013.m0001, Bpev01.c0051.g0185.m0001 n
Bpev01.c0727.g0009.m0001 66111 IPUCBOSHBI HAa3Ba-
Hust BpSUS1, BpSUS2 n BpSUS3 COOTBETCTBEHHO,
T.K. nociaegoBatenbHocTH CDS 3THX reHOB Tpoae-
MOHCTPUPOBAJIN BBICOKUI ypoBeHBb cxoacTBa ¢ CDS
reHoB SUS1—SUS3 Betula luminifera (Homepa n0CTy-
nma NCBI KC204973.1, KC204974.1, KC204975.1).
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I'eny Bpev01.c0568.g0013.m0001 ObLIO TIPUCBOCHO
Ha3BaHue BpSUS4. Ctpykrypa U puzndeckue CBOii-
CTBa MpeAcKa3aHHbIX OEJIKOB COOTBETCTBOBAJIM caxXa-
pPO30CUHTa3aM, BBISIBJICHHBIM Y IPYTUX BBICIIIMX pac-
TeHuit (JlomoaHUTEIbHBIC MaTepuaibl, Tadir. 1).

duyioreHeTUYECKUIT aHaAU3 TIoKaszaj, 4YTO U3
5 reHOB Oepe3bl MOBUCION, MpUHAIJIEXKAIIUX K MO -
CEeMEeMCTBY KUCIBIX MHBEPTa3, 3 TeHa TOMOJIOTMIHBI
aroIUIacTHEIM MHBepTasaM Arabidopsis n Populus, B
TO BpeMs KaK MOCIeI0BaTeIbHOCTH IBYX IPYTUX Te-
HOB OyMXe K BaKyOJISIpHBIM MHBepTasaM (puc. 3).
Ilo pesynbpTaTam (DHIIOTEeHETMIECKOTO aHAJIM3a Te-
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TAPEJIKMHA u np.

O AT3G 13784 AtCWInv5

67
100 —‘

O AT3G 13790 AtCWInvl

100

O AT1G55120 AtCWInv3

@ Bpev01.c0333.20031.m0001

85

O AT5G 11920 AtCWInv6

Potri.006G227500.1 PtrCWInv4

84

Potri.006G227400.1 PtrCWInv5

" 100

@ Bpev01.c0237.20050.m0001

O AT2G36190 AtCWInv4

100 |

O AT3G52600 AtCWInv2

@ Bpev01.c0516.20006.m0001

100

99

100
100

Potri.006G210600.1 PtrCWInv3
Potri.016G077400.1 PtrCWInvl
Potri.016G077500.1 PtrCWInv2

Potri.015G127100.1 PtrVacInv3

100 |

A Bpev01.¢1187.g0006.m0001

100

100

L 1

0.05

A Bpev01.c1041.20005.m0001
Potri.003G112600.1 PtrVaclnv2
Potri.003G126300.1 PtrVaclnvl

Puc. 3. ®unoreHeTuUeCKOE IPEeBO, MIOCTPOSHHOE HA OCHOBE CPABHUTEJILHOTO aHaJIM3a HYKJICOTHUAHBIX MOCIeA0BaTeIbHOCTEM
(CDS) noreHumanbHbix reHoB CWinv Betula pendula v uzBectHbix reHoB CWinv u Vaclnv Arabidopsis i Populus. T'enbl Betula
pendula 0603HaYEHBI YePHBIM 1IBETOM, Arabidopsis thaliana — 6enbim 1iBeTOM, Populus trichocarpa — cepbim 11BeTOM. [ITiHA BET-
BEil NMPOINopIMOHAIbHA TeHETUYEeCKONW TUCTAaHIMM (YMCIIO 3aMellleHnit Ha caiit). CyllecTBeHHbIe 3HaUeHus1 bootstrap (ripo-
LIEHT IePEeBbEB, B KOTOPHIX aCCOLIMMPOBAaHHbBIE TAKCOHBI KaacTepusyroTcst BMecTe) mist 1000 BBIOOPOK MoKa3aHbl B OCHOBAaHUM

BCTBU.

HaMm Bpev01.c0333.g0031, Bpev01.c0516.g0006 wn
Bpev01.c0237.g0050, KonupyrOIIM NOTeHIMATbHBIE
AnMHB, ObUIM NpUCBOEHbI HazBaHusi BpCWinvl,
BpCWilinv2 u BpCWInv3 COOTBETCTBEHHO (COOTBET-
ctBytor CWINI.1, CWIN4, CWIN1 1o Galibinaet al.,
2019b). ITo cBoeit cTpykType U (PU3UUYECKUM CBOIi-
CTBaM MpeAcKa3aHHbIe alloIJIacTHbIe MHBEPTAa3bl Oe-
pe3bl TOBUCJIO COOTBETCTBOBAJIM AIlOTJIaCTHBIM MH-
BepTa3aM ApYTUX pacTeHUi (1oImoIHUTEIbHbIE Ma-
Tepuaibl, Tada. J12).

In silico ananus yuc-snemenmos
8 NPOMOMOPHBIX 001ACMAX 2eHOB

HccnenoBanre NPOMOTOPHBIX OOJIACTE TEHOB
SUS u CWInv mo3BoJIWIO BBIIBUTH B UX IIOCJIEN0BA-
TEJIbHOCTSIX PSi PETYJISITOPHBIX 3JIEMEHTOB, KaK 00-
LIUX IS HECKOJIBKHMX IIPOMOTOPOB, TaK U YHUKAJb-

HBIX, T.€. BCTPEUYAIOLIMNXCS TOJIBKO B OOHOI ITOCIen0-
BaTeJbHOCTH. B mpomoTopax deTwipex reHoB SUS
OBLIO BBISIBJIEHO 54 OOILIUX yuc-3JeMeHTa, B IIPOMO-
Topax Tpex reHoB CWiInyv — 58 o01LIUX yuc-371eMEHTOB
(puc. 4). IIpomotop rena SUSI conepxxan HauOOJb-
1ee KOJUYECTBO YHMKAJbHBLIX 3jJeMeHTOB — 18. B
npoMotope SUS3 ObIIO BBISIBICHO 14 YHUKaIbHBIX
MOTHUBOB, B rpoMmotopax SUS2 u SUS4 — 1o 4 yHu-
KaJIbHBIX yuc-37eMeHTa (puc. 5). B mpoMoTopax reHoB
CWinvl, CWInv2u CWInv3 obulio BEIsIBIIeHO 13, 15 1
13 yHUKaJIBHBIX 3JIEMEHTOB, COOTBETCTBEHHO (puc. 6).

C yyeToM OITyOJIMKOBAaHHBIX ITaHHBIX, COAEpKa-
muxcga B 6azax gaHHbIX NewPLACE (Higo et al.,
1999) u PlantPAN 3.0 (Chow et al., 2019), Bce aite-
MEHTHI OBLIU pa3iesieHbl HA OCHOBAHUM X (PYHKIIUU
Ha cJIeylole rpynnel: 1) TKaHecneunuUuIHbIE dJ1e-
MEHTBI, 2) 3JEMEHThI, YIaCTBYIOIINE B TOPMOHAJIb-
HOI peryisiunu, 3) 3JeMeHThI, y9aCTBYIOIINE B caxa-
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OO01I1e MOTUBEI
B ripoMoTopax BpSUS1—4

-

OO611e MOTUBEI
B ipomotopax BpCWinvi—3

B A6uoTrnueckue
¢daKkTOpBI

O TopMmoHaibHas
pEryJIsLus

B Caxapo-3aBucumas
peryisiys

B TxkanecrieuuduyHbie

B [Ipouue

Puc. 4. PacnipeneneHue o01nx MOTUBOB B poMoTopax BpSUS1—4 u BpCWiny I—3 110 rpyIinam B 3aBUCUMOCTH OT (OYHKIIUM.
Yucna 0603HAYAIOT KOJIMUECTBO YUC-DJIEMEHTOB B KaXKI0i TpyIIIie.

pO-3aBUCUMOIA pEeTYJISILIAN, 4) 3]IEMEHThI, CBSI3aHHBIE
C BIUSIHMEM abuoTuyeckKux (haKToOpoB, 5) mpouue
3JIeMeHTHI (Tab. 1).

HLIC-3/1€M€HmbI, C653dHHblE
C GAUSIHUEeM aOUOMUHeCKUX ¢alcm0p06

In silico aHanU3 peryasiTOPHBIX YUC-3JIEMEHTOB B
2 K6 mpomMoTopa BeIIBICHHBIX TeHOB SUS 1 CWiny
MoKasajl, 4To HanboJiee 3HaUUTEeIbHAs IpyIa (Kak
10 YKCIY OTIEIbHBIX MOTUBOB, TaK 1 I10 UX BCTpeYa-
€MOCTH) Oblla CBsI3aHa C ACUCTBUEM pPa3IMUHBIX
abuorunueckux ¢pakTopos (Tadi. 1, puc. 4).

ITo xoiMyecTBY KONMU B IIPOMOTOPHOM 00JIacTH
mmHol 2 K6 y Bcex reHoB SUS 1 CWinv, B 3TOM IrpyII-
e JTOMUHUPOBAJIM MOTHBBI, CBSI3aHHBIEC C peaKiueid
Ha cBeT u Hepocrarok Biaaru (GTICONSENSUS,
GATABOX, MYCCONSENSUSAT, ACGTATERDI1
u ap). IToMuMo HMX IIPUCYTCTBOBAJIM 3JICMEHTHI,
CBsSI3aHHBIE C PEryJIsIIMeil SKCIIPECCUU ITOBHIIICH-
HOM Y MMOHUXXEHHOM TEMIIEPATYPOM, a TAKXKE aHOK-
cueii (RAVIAAT, LTRE1HVBLT49, CCAATBOXI1,
CURECORECR). B otinuuue ot reHoB SUS B npo-
MoTopax Bcex reHoB CWInv ObL1 BBHISIBIEH 3Jie-
MEHT, YYacTBYIOIIUK B curHaaumHre docdopa
(WBBOXPCWRKY1). Kpome Toro, B npoMmoTopax
CWIlinv BcTpeuanoch OoJbllee KOJUYECTBO BJe-
MEHTOB, CBSI3aHHBIX C peaklueil Ha aHOKCHIO
(CURECORECR, ANAERO2CONSENSUS,
ANAEROICONSENSUS).

Hanuuwue 6obioro yncia yuc-3aeMeHTOB, yJacT-
BYIOIIIMX B peakivsX Ha pa3idyHble aOUOTHYECKUE
CcTpeccoBhle (pakTopbl B mpoMoTopax reHoB SUS u
CWinv, cornacyercs ¢ JaHHbIMU 00 y4acTUU caXxapoB
B ToIep>KaHUM (byHKIIMI TKaHei ApeBEeCHbIX pacTe-
HUII B YCJIOBUSIX pazImdHbIX cTtpeccoB (Tomasella
et al., 2019). boibIiioe 41CI0 MACHTUYHBIX MOTHUBOB,
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CBSI3aHHBIX C BO3IEICTBMEM CBETA, BOTJHOIO M aHad-
pPOGHOIO CTPECCOB U MOHMXKXEHHOI TeMIepaTyphl, 1
OIM3KYEe 3HAYEHUSI UX BCTPEYaeMOCTH B IIPOMOTOpPax
TeHOB 13 00EMX TPYIIIT O3BOJISIET MPEANOIOXUTD O~
HOHAIIpaBJIeHHOE M3MEHEHUE YPOBHS UX 3KCIpec-
CUU B OTBET Ha JeiicTBue 3TuX pakropos. [TomyueH-
HbIe PE3Y/ILTAThI COIVIACYIOTCSI C UMEIOIIMMMUCS B JIM-
Teparype JaHHBIMHU O TIOJABJIEHUU (DOPMUPOBAHUS
y30p4aToil IpeBeCUHBI Y KapelIbCKOil OeEpe3bI MPH ee
MMPOU3PACTAHNH B YCIOBUSIX TJIOXOM OCBEIIEHHOCTH,
HU3KOIT TeMIIepaTyphl 1 HegocTaTtka Biaaru (EBmokm-
MoB, 1989; HoBuiikasi, 2008).

IIpomotoper SUSI nu SUS3 conmepkajin yHUKAIb-
HBIE 2JIEMEHTHI, CBSI3aHHBIC C CUTHAIMHTOM (ocdopa
(P1BS) 1 nona ammonust (AMMORESIVDCRNIAL)
(puc. 5). MotuB P1BS sBnseTcs caiiToM CBSI3bIBAHUS
¢ T® phosphorus starvation response 1 (Psrl) u npu-
CYTCTBYET B IPOMOTOPAX T'€HOB, DKCIIPECCUST KOTO-
PBIX crieuuGpUIECKHN aKTUBUPYeETCs 1edUuiuTom ¢poc-
dopa y pasnmuHBIX pacteHuii (Sobkowiak et al.,
2012). BoisiBIcHHbIE paHee U3MEHEeHMsI aKTUBHOCTU
CC y pacTeHuii KapelbCKOIi Oepe3bl, IIporu3pacTaB-
X Ha IOYBaX, OTIWYAIOIIMXCS IO YPOBHSM JIO-
CTYIHOTO a30Ta 1 hocdopa, MOXET OBITh OOYCIIOBIIE-
HO HAJIMIMEM TaHHBIX yuC-3JIEMEHTOB B IIPOMOTOpPax
cootBeTcTBYIoIMX reHoB (Galibina et al., 2016, 2019a;
Moshchenskaya et al., 2016).

UUC—3/leMeHn’Ibl, yuacmeyrwuiue
(5 mlcaHecneuuqbuuHoﬁ JKcnpeccuu ceHoe

AHanu3 sKcrpeccuu reHoB SUS y pas3IMyHBIX
pacTeHnit CBUIETENBCTBYET O TOM, YTO, HECMOTPS Ha
CTPYKTYPHYIO ¥ (PYHKIMOHAJIBHYIO OJIN30CTh KOIU-
PYEMBIX UMM OETKOB, OTAEIbHbIE TeHBI SUS neMoH-
CTPUPYIOT BBIPAXEHHYIO TKaHeCcTeln(pUIHYIO 3KC-
npeccuio (Xuet al., 2019). 'enst CWiny crietuuaHo
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—2000 —1500 —1000 —500 0 m.H.
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153 13 14 1118 15 8§52 179
. —>
susi il - il E ATG
158 8 713 1 15 167251217 6410
3 2 1
—>
SUS2 E H —I ATG
4 1
13 8 7 1 1 9
. ] Nl —
SUS3 H H H | |ATG
4 76 532 111291
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- i
SUS4 _‘ IH ATG
1

[\

Puc. 5. Cxema pacrosioxXeHusi YHUKaJIbHBIX yuc-3JIEMEHTOB B poMoTopax BpSUS 1—4. LiBeToBble 0003HAYEHWSI aHAJIOTUYHBI
puc. 3. lludpamm o603HaueHHI ciaenytomme 35meMeHThI: SUST 1 — 300CORE, 2 — ABRERATCAL, 3 — AT1BOX, 4 — BSIEGCCR,
5 — CACGTGMOTIF, 6 — CGACGOSAMY3, 7 — CTRMCAMV35S, 8 — HDZIP2ATATHB2, 9 — HEXAMERATH4, 10 —
IBOXCORENT, 11 — INTRONLOWER, 12 — IRO20S, 13 — MARARS, 14 — NAPINMOTIFBN, 15 — PIBS, 16 —
QARBNEXTA, 17 — RAVIBAT, 18 — REBETALGLHCB21. SUS2 1 — CGCGBOXAT, 2 — PROXBBNNAPA, 3 —
SORLREP3AT, 4 — TATCCACHVALZ2I1. SUS3 1 — ABRE3HVA22, 2 — ABREATCONSENSUS, 3 — ACGTOSGLUBI, 4 —
AMMORESIVDCRNIAL 5 — BOXIIPCCHS, 6 — C2GMAUX28, 7— CARGNCAT, 8 — GARE1OSREP1, 9 — RYREPEATGMGY2,
10 — RYREPEATLEGUMINBOX, 11 — RYREPEATVFLEB4, 12 — SPHCOREZMCI, 13 — SUREISTPAT21. SUS4 1 —
ACGTABOX, 2 — ACGTCBOX, 3 — AGCBOXNPGLB, 4 — TATABOXI1.

SKCITPECCUPYIOTCS BO (hJI03ME aKIIENTOPHBIX Opra-
HOB, B CBSI3M C YeM BBICKA3bIBACTCSI MHEHHE, UTO MX
TTOSIBJICHUE CBSI3aHO C pa3BUTHEM TPAHCIIOPTHOM CH-
CTEMBbI BBICIIMX COCYOUCTBIX pacTeHuit (Wan et al.,
2018).

B mpoMoTopax 06erx rpyII ucciIeT0BaHHBIX Ha-
MU T€HOB OBLIO BBISIBJICHO OOJIBIIOE KOJIUIECTBO
pPa3IUYHBIX YUc-2]IEMEHTOB, yUYaCTBYIOIIMX B TKaHe-
creiMpUIHON IKCIIPECCUU T€HOB B CEMEeHaX, KOop-
Hsx, Me3odmuie aucta u nbuible (CAATBOXI,
ROOTMOTIFTAPOXI, CACTFTPPCALI,
GTGANTGI10, POLLENI1LELATS2 u np.). Ilo-
MUMO OOIIMX 151 BCEX T€HOB 3JIEMEHTOB, B IIPOMO-
TOopax OTHeNbHBIX TeHoB SUS u CWInv BcTpedaauch
VHUKaJIbHBIC TKaHeCcTeln(GUIHbIE MOTUBHI (puc. 5,
puc. 6).

Bonbiioit mHTEpec IpeacTaBISIOT YHUKATbHBIE
MOTUBBI, UIEHTU(GULIMPOBAHHBIE B IIPOMOTOPAX Te-
OB SUSI n CWInv3, KOoTOpBIE, COTJIACHO MMEIO-
IIUMCSI JAHHBIM, OTJIMYAIOTCS HauOOJbIIEed aKTUB-

HOCTBIO B MU depeHIIpyoIIeiicss Kcrieme 0epe3bl
(Moshchenskaya et al., 2017; Galibina et al., 2019b). B
npomoTope SUSI ObIv BBISIBJICHBI 1BA YHUKAJIBHBIX
snemeHTa HEXAMERATH4 1 BSIEGCCR (puc. 5).
HEXAMERATH4 nipucyTcTBYeT B IIpOMOTOpE IeHa,
konupytoinero H4 ructoH y Arabidopsis; 5TOT MOTUB
yYacTBYeT B MepHUCTeMOCIeIn(MUIECKON KCIpec-
cun panHoro reHa (Chaubet et al., 1996). DnemeHT
BST1EGCCR o6Hapy:xeH B nipomoTtope reHa CCR n
Y4acTBYET B €T0 CIeu(pUIECKON 9KCIPECCUN B IMPO-
BOIAIIMX TKaHSIX CTBOJIa M KopHsA 3BKanumnTa (La-
combe et al., 2000). MoxXHO NpeanoIoXnTh, YTO BbI-
cokuii ypoBeHb 3Kcrpeccuun SUSI B KamOMaJIbHOMI
30He M IU(DHEPESHIIUPYIOMNXCS TTPOBOISIIINX TKa-
HSX TIPU peain3alliii HOPMaJIbHOTO CIIeHApUs KCH-
JloreHe3a Gepe3bl TTOBUCIION 00YCIOBIICH HAIMIUEM
5THX MOTUBOB.

I[Tpomotop CWlinv3, B oTIMUME OT ABYX APYTUX re-
HOB CWInv, He comepxXajl YHUKaJIbHBIX 2JIEMEHTOB,
CBSI3aHHBIX CO CcIlelnMduyeckoil »Kcrpeccueil B
MIPOBOASIINX TKAHIX cTBoJIa (puc. 6). Bricokue nmo
Ne 5 2020
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. >
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2
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Puc. 6. Cxema pacmnioioXeHUsT YHUKAJIbHBIX yuc-3JIEMEHTOB B TipoMoTopax BpCWiny [—3. 1lBeToBbIe 0003HAYEHMST aHATIOTUY-
HbI puc. 3. lludpamu o603HaveHsI cienyoliue anemMeHTol: CWinvl 1 — ACGTTBOX, 2 — ARFAT, 3 — AUXREPSIAA4, 4 —
BOXLCOREDCPAL, 5— CGACGOSAMY3,6 — MYBPLANT, 7— RYREPEATVFLEB4, 8 — SREATMSD, 9 — SURE1STPAT?21,
10 —m TATCCACHVAL21, 11 — TATCCAYMOTIFOSRAMY3D, 12 — WBOXNTCHN48, 13 — XYLAT. CWInv2 1 — 300CORE,
2 — AACACOREOSGLUBI, 3 — AGMOTIFNTMYB2, 4 — ANAERO4CONSENSUS, 5 — ASFIMOTIFCAMY, 6 —
CARGNCAT, 7 — CBFHV, 8 — DRECRTCOREAT, 9 — LECPLEACS?2, 10 — PREATPRODH, 11 — RBCSCONSENSUS,
12 — REBETALGLHCB22I, 13 — RGATAOS, 14 — SEBFCONSSTPRI10A, 15 — SORLIP2AT. CWinv3 1 — ABRELATERDI,
2 — CARGATCONSENSUS, 3 — CTRMCAMV35S, 4 — GAREIOSREPI1, 5 — MARABOX1, 6 — MRNASTA2CRPSBD, 7 —
MYBATRD?22, 8 — NAPINMOTIFBN, 9 — RHERPATEXPA7, 10 — SPSBFIBSP8BIB, 11 — SV4A0OCOREENHAN, 12 —

T/GBOXATPIN2, 13 — TATABOX3.

cpaBHeHUIO ¢ aApyrumu reHamu CWInv 3HauyeHus
SKCITPECCUY TaHHOTO TeHa B 30He auddepeHIra-
IIUA KCUJIEMBI 6epe3bl MOTYT OBITH BEI3BAHBI HAIM-
YreM MOTHUBOB, YYACTBYIOIIMX B CTAOMIM3AIIMU
MPHK (MRNASTA2CRPSBD) u ycuieHuun TpaH-
ckpunuuu (CTRMCAMV35S), o yeM cBUIETEIb-
cTBYyIOT naHHble JutepaTyphsl (Nickelsen et al., 1999;
Pauli et al., 2004). Beicokast skcnipeccusi reHa CWinvi B
nuddepeHIUpyloleiicss Kcuiaeme Oepe3bl MOXET
OBITH cBsI3aHa ¢ HanuuueM MoTuBa XYLAT, uneHTu-
¢dULMPOBAHHOTO B IPOMOTOpax 52 reHoB Arabidopsis,
JMEMOHCTPHPYIOIINX CIIEIIN(HIESCKYIO IKCIIPECCHUIO BO
propuuHoii keuieme (Ko et al., 2006). ITpomoTop re-
Ha CWinv2 conepXayl yHUKaJIbHBIN 3JIEMEHT, BCTpe-
YaoIINIiCs y TEHOB, 9KCITPECCHS KOTOPBIX HabJIroma-
ercsa mpeumyniecTBeHHO Bo ¢osme (RGATAOS)
(puc. 6).

ULIC-BﬂeMeHmbI, yuacmeyrwuiue 6 CucHa/iuHee 2COpMOHO8

B rpymniie sneMeHTOB, NPUHUMAIOIIUX Y4acTUE B
TOPMOH-3aBUCUMOI 3KCIpeccuu, B mpoMoTtopax SUS
u CWInv no KoJIM4ecTBY KOIIMI TOMUHUPOBAJIU MO-
B ARRIAT, apnsgromuiicsa caiiToM CBSI3bIBaHUS C
LHUTOKUHUH-3aBUCUMBIM T® ARR1 (Taniguchi et al.,
2007), m motuB WRKY710S, HeoOXoauMBbIii A5 TI0-
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JIaBJICHUSI CUTHaJIMHIa TuboepesuinHa (Zhang et al.,
2004). Hanuuue aTUX OBYX yuc-3IEMEHTOB Xapak-
TEPHO IIJIsi TPOMOTOPOB T'€HOB, CMEU(GUIYECKU aK-
TUBHBIX B MpoBomsIInx TKaHsax (Zhang et al., 2014).
ITomuMo 3TOTO, B TIpOoMOTOpax Bcex reHoB SUS u
CW Inv GBIV BBISIBJICHBI DJIEMEHTHI, YYaCTBYIOIIINE B
TpaHcaykuuu curdHaios aTmwieHa (WBOXNTERF3).
B otnnuue ot mpomoTopoB reHoB CWInv IpoOMOTOPHI
SUS conepxann Oosblliee KOJIMYECTBO MOTHBOB,
YYaCTBYIOIIUX B CUTHAJIMHIE aOCIIM30BO KUCIOTHI.
Cpelu BceX U3yYeHHBIX T€HOB, IMPOMOTOpPHL SUS3 u
CWinvl conepxaiu HauOOJblllee YUCIO YHUKAJIb-
HBIX YUC-3JIEMEHTOB, YYacTBYIOIIMX B CUTHAJUHIE
pPa3IUYHBIX TOPMOHOB, YTO yKa3biBaeT Ha BaXKHYIO
pOJIb TOPMOHOB B UX aKTUBaLIMU (puc. 5, puc. 6).

PaHee Obl1a BhicKazaHa rMNoTe3a, COrjacHO KO-
TOopoi (OpMHUPOBAHUE Yy30pUaTO APEBECUHBI Ka-
peIbCKOM Oepe3bl WMHAYLMPYETCS ITOBBILLIEHHBIM
YPOBHEM ayKcuHa B TKaHsX cTtBoja (IlleTMHKUH
1987). IToaTOMy cpeau 3JIEMEHTOB, CBSI3aHHBIX C
FOPMOH-3aBUCUMOI peryJsiueii, ocodoe BHUMa-
HME MBI YIeJIsJI1 MOTUBaM, Y4aCTBYIOIIIUM B CUTHA-
muHre aykcruHa. MotuB ARFAT, oO0Hapy:XeHHbII B
nmpoMoTopax Bcex SUS, mpucyTCTBYeT B IPOMOTOpPaX
paHHUX ayKCUH-3aBUCUMBIX T€HOB U SIBJISIETCS Caii-
ToM cBs3biBaHus ¢ TD cemeiictBa ARF (Hagen,
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Ta6auua 2. Crnucok mnepenpeacTaBieHHbIX caiiToB cBsa3biBaHUsl ¢ T® B mpomoTopax reHoB Bp SUST-SUS2 v Bp

CWinvil—CWlinv3

TAPEJIKMHA u np.

CewmeiictBo TO

IIporopwer SUSI-SUS2

IIpomoroper CWinvI—CWlinv3

DOF1.5 (AT1G29160)
DOF1.7 (AT1G51700)

DOF1.10 (AT1G69570)

DOF1.5 (AT1G29160)
DOF1.7 (AT1G51700)
DOF1.8 (AT1G64620)
DOF1.10 (AT1G69570)

DOF2.2 (AT2G28810) DOF2.2 (AT2G28810)
DOF3.2 (AT3G45610) DOF3.2 (AT3G45610)
DOF DOF3.4 (AT3G50410)
DOF3.6 (AT3G55370) DOF3.6 (AT3G55370)
DOF4.2 (AT4G21030)
DOF4.7 (AT4G38000)
DOFS5.1 (AT5G02460) DOFS5.1 (AT5G02460)
DOFS5.6 (AT5G62940)
DOF5.8 (AT5G66940)
MYBI5 (AT3G23250)
MYB17 (AT3G61250)
MYB31 (AT1G74650)
MYB
MYBS55 (AT4G01680)
MYBS4 (AT3G49690)
MYB96 (AT5G62470)
BPCI1 (AT2G01930)
BBR-BPC BPCS5 (AT4G38910)
BPC6 (AT5G42520)
SVP (AT2G22540)
MIKC MADS SOC1 (AT4G 18960)
AGL20 (AT2G45660) AGL20 (AT2G45660)
TCP1 (AT1G67260)
TCP
TCP20 (AT3G27010)
TSO1 (AT3G22780)
CPP
TCX6 (AT2G20110)
ERF005 (AT5G25390)
ERF
ERF122 (AT5G67000)
bHLH bHLH34 (AT3G23210)
C2H2 TFIIIA (AT1G72050)
AP2 BBM (AT5G 17430) BBM (AT5G 17430)
B3 RTV1 (AT1G49480) RTVI (AT1G49480)
GRAS RGAI (AT2G01570) RGAI (AT2G01570)
GATA GATAI (AT3G24050)
NAC NAC094 (AT5G39820)
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Guilfoyle 2002; Tiwari et al., 2003). ITpu HU3KOM ypOB-
He aykcuHa B kiieTke ARF ¢popmupytor rerepoaumep ¢
oenkamm-pernipeccopamu  Aux/IAA, 4to OJIOKUpyeT
SKCIPECCUI0 ayKCHMH-3aBUCUMBIX TeHOB. [Ipy MOBBI-
LLIICHUY YPOBHSI ayKCHHA B KJIETKE IIPOUCXOIUT MPOTEO-
mm3 Aux/IAA, 1 nocne cHatus penpeccun ARF obec-
MEeYMBaIOT TPAHCKPUIILIMIO ayKCUH-3aBUCUMBIX Te-
HoB (Li et al., 2016). ITomumo amemeHta ARFAT B
npomMoTtopax SUS ObLIN BLISIBJICHBI U IPYTUE 3JIEMEH-
Thl, YYacTBYIOLIME B ayKCHUH-MHIYLIMPYEMOM 3KC-
npeccuun  (ASFIMOTIFCAMY, C2GMAUX2S,
CATATGGMSAUR, NTBBF1IARROLB). U3 cka-
3aHHOTO CJIEAyeT, YTO MOBBIIIEHWE KOHIIEHTpALNU
ayKCHMHA B KaMOMAJIbHOI 30HE Gepe3bl JOIKHO CITO-
COOCTBOBATh YBEJIMICHUIO YPOBHS aKcnpeccun SUS n,
CJIe0BaTeIbHO, (DOPMUPOBAHUIO OOBIYHOI IO CTPOE-
HUIO IPEBECUHBI.

B cBoto ouepenb, B mpomoTopax reHoB CWinv (3a
uckmoueHuemM CWinvI) aneMeHTbl, y4acTBYIOIIME B
TPaHCAYKIIMUA ayKCMHOBOTO CHMTHaja, ObUIM OOHapy-
KEHbl B HE3HAUUTEJbHOM KOJIWYECTBE, YTO CBUJIE-
TEJILCTBYET 00 OrpaHUYEHNU y4acTUsi TOPMOHA B pe-
TYJISIUMA TPAHCKPUTILIUY 3TUX T€HOB. DTO HAXOAUTCS
B COOTBETCTBUM C pe3yJibTaTaAMU HAllUX UCCJIeIOBa-
HUi, COIJIACHO KOTOPBIM pPa3BUTHUE CTPYKTYPHBIX
aHOMaJIMI IpEeBECUHBI KapeabCKOU Oepe3bl Mpouc-
XOJIUT TIPU BBICOKUX YPOBHSIX akcnpeccun CWinv Ha
¢doHe MHTEeHCUBHOM MHAKTUBALIMK ayKcrHa (Novits-
kaya et al., 2020).

Peeyassmoprule yuc-anemenmol, yuacmeayoujue
8 CUCHANUHee caxapos

B HacTosilluii MOMEHT YyCTaHOBJIEHO, UTO caxapa
WUTPAIOT POJIb CUTHAIBHBIX MOJIEKYJI U BO3ICHCTBYIOT
Ha 9KCIIPECCHIO CaXapouyBCTBUTENbHBIX TeHOB (Koch,
2004; Horacio, Martinez-Noel, 2013; Lastdrager et al.,
2014). Bricka3bIBaoTCs IIPEAIIOI0KEHUSI O TOM, YTO
depMeHTHI MeTaboIM3alU caxapo3bl YYaCTBYIOT B
MEPEKITIOYEHNN MEXIY CaXapO3HBIM M TJIOKO3HBIM
curHanuHroM (Ruan et al., 2010; Ruan, 2012, 2014).
Tak, HanmpuMmep, BbICOKash akKTMBHOCTb ANMHB BO
¢d105Me MOXET Yepe3 TIIOKO3HbIIf CUTHAJIUHT CTH-
MYJIUPOBATh AeJeHUE KJIETOK U TTOAABIISITh ITPOrpaM-
MUpYeMYIo KJIeTouHyIo cMepTh (Wang, Ruan, 2013).
B cBoto ouepenb, 3KCIIpeccusi FTeHOB caxapO30CUHTA-
3bl U MHBEPTa3bl TAKXKE PETYIUPYETCS B 3aBUCUMOCTHU
ot ypoBHs caxapos (Li et al., 2017).

B npomotopax Bcex ucciaemoBaHHBIX TEHOB TIpU-
CYTCTBOBAJI Psifi YLC-3JIEMEHTOB, CBSI3aHHBIX C CUTHA-
JIMHTOM caxapoB. OOIIMM 151 BCEX ITOCIeA0BaTEIbHO-
creit 6601 MoTiB WBOXHVISOI, sBastionuiics caii-
ToM cBa3biBaHuA ¢ TP cemeiictBa WRKY SUSIBA2.
Motus WBOXHVISO1 6bu1 naeHTU(GULIPOBAH B
IIPOMOTOpAaX T'€HOB CaXapO30CUHTA3bl, UHBEPTA3bl U
MEPEHOCYNKOB CaXapoB Y pa3IMYHBIX OPTAHU3MOB, B
ToM 4ucie npeBecHbIX (Afoufa-Bastien et al., 2010;
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Rabot et al., 2014; Li et al., 2015; Qian et al., 2018).
Ha mpumepe oBca mokazaHO, YTO IIPU BBICOKOM
ypoBHe caxapoB SUSIBA2 cBsI3bIBaeTCs ¢ MOTUBOM
WBOXHVISO1 u paboraeT Kak yCWIATEIb TpaH-
CKPUIILIMM Caxapo-4yBCTBUTEIBHBIX TeHOB (Sun et al.,
2003). DKcrepruMeHTaJlbHO YCTAaHOBJIEHO, YTO IIPHU-
cyrctBue sgemeHta WBOXHVISO1 kputnuHo mist
WHIYKIMU 3KCOPECCUM T€HOB BaKyOJSIPHON MHBEp-
Ta3bl po3bl Rosa hybrida (RhVII) v yas Camellia sinen-
sis (CsINVS) B mpucyrcrBuu caxapo3sbl (Rabot et al.,
2014; Qian et al., 2018). CpaBHUTEIbHBIN aHaIN3
IMPOMOTOPOB TeHa, KOAUPYIOIIETO MEPEeHOCUUK caxa-
poB CITST2, y 124 xynpTuBapoB apOy3a 1 KOJOLIMHTA
rokasajl, YTO OTHOHYKJIeoTuaHast 3ameHa A/C B Mo-
TuBe WBOXHVISO1 npuBoIuT K HapylICHUIO CBSI-
3biBaHus T SUSIWMI1 (romosor SUSIBA2) ¢ mipo-
MOTOPOM HWCCJICIOBAaHHOTO TeHa, Pe3yJIbTaTOM 4Yero
sBisieTcst 6oJiee ciabdast akcrnpeccusi CITST2 u 6onee
HU3KOE CONIepXKaHWe caxXapoB B IDIOMAaX HECIamKHUX
kynbTuBapoB (Ren et al., 2018). IIpumeuaTe1bHO, UTO
y Oepe3bl BCTPEYaeMOCTh TAHHOTO 3JieMeHTa Oblia
BbIlIe B TipoMoTopax reHoB CWiny (2—6 . Ha 2 KO6)
o cpaBHeHMIO ¢ reHamu SUS (1-3 wrt.). KpoMe To-
ro, B IIpoMoTopax Bcex reHoB CWIny TIpucyTCTBOBaI
aneMeHT TATCCAOSAMY, gBasgiomiuiics caiiToM
cBsasbiBaHusl ¢ MYB T® u yyacTByolIMii B aKTUBa-
1Y TeHa ajibda-amMuiaassl puca (Kogupyetr GepMeHT,
pacIIeTUISTIONINI  KpaxMall 0 MPOCTBIX caxapoB) B
YCIIOBUSIX HEAOCTaTKa caxapoB, OCOOEHHO TJIIOKO3bI
(Lu et al., 2002). DTOT MOTUB MbI BBISIBUJIN B IIPOMO-
topax 3 u3 4 reHoB SUS (BpSUS1, BpSUS2, BpSUS3).

IMoMUMO pa3sNIUYHBIX YuC-3JIEMEHTOB, Y4aCTBYIO-
IIUX B MO3UTUBHON PETryJslUUA 3KCIIPECCUU T€HOB B
OTBET Ha caxapa, ObUIM BBISIBJEHBI TaKXKe 3JIEMEHThI
HEeraTUBHOM perynsinuu. B mpoMmoTopax BceX IreHOB
SUS O6epesbl npucyrctBoBal mMoTuB SREATMSD,
naeHTU(PUUMpPOBaHHBIA y 272 u3 1592 reHoB Arabi-
dopsis, dKCTIpeccUsi KOTOPbIX TTOAABISIETCS B MPUCYT-
CTBUM OOJBIIMX KOJMYECTB TIJ0KO3bl (Tatematsu
et al., 2005). 3 Bcex reHoB CWIny 3TOT 3JIEMEHT IIpU-
CYTCTBOBaJl TOJLKO B mpoMorope CWinvl (puc. 6).
BcTpeyaeMocTh 3TOro 3jeMeHTa B MPOMOTOpPaxX MC-
CJIeIOBAaHHbBIX TeHOB Oblla HU3KOI — OT 1 10 3 Komnuii.
IIpomoTOop reHa BaKyoJISIpHOM MHBepTa3bl KapTode-
nsa StvacINV1, skcripeccuss KOTOPOTO CYIIECTBEHHO
CHMXAEeTCSl B MPUCYTCTBUM BBICOKMX KOHLIEHTpALMA
[JTIOKO3bI U (DPYKTO3BI, COAEPKUT 9 KOIUL 3jIeMeHTa
SREATMSD, 13 Hux 7 KON pacroioXeHbI Ha y4acT-
ke oT —360 10 —524 n.H. (Ou et al., 2013). Kpowme Toro, B
IPOMOTOPAX BCEX UCCIIEIOBAHHBIX TEHOB Oepe3kl, 3a UC-
kmodeHreM SUS3 nu CWinv2, 0pmn naeHTUPUIIIPO-
Banbl MoTuBEI PYRIMIDINEBOXOSRAMYIA mun
MYBGAHYV. NU3BecTHO, 4YTO HAaJIMINE 3TUX IBYX MO-
TUBOB KPUTUYHO JISI TOJABJIEHUST SKCIIPECCUU TeHa
anb(a-aMuIasbl prca MPU BBICOKMX KOHIEHTPALIAIX
caxapo3sbl (Morita et al., 1998).
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IMonyueHHBIe pe3yJabTaThl COMIACYIOTCS C ITOJY-
YEeHHBIMM HAMU TaHHBIMU, COTJIACHO KOTOPBIM (hop-
MUpOBaHUE y30p4aTOil IPEeBECUHBI KapelabCKoil Oe-
pe3bl 00YCIOBIIEHO JOKAJIBHBIM TTOBBILIEHUEM YPOB-
Hs caxapo3bl B KamoOmanbHO# 30He (Novitskaya,
Kushnir, 2006; Novitskaya et al., 2016a, 2016b). VY ka-
peabCKOI Oepe3nl y3opyaThie M Oe3y30pUaThie yJacT-
KM OJTHOTO M TOTO e CTBOJIa CYLLIECTBEHHO pa3jinya-
I0TCsI TI0 ypoBHIO 3kcnipeccuu SUS u CWinv (Mosh-
chenskaya et al., 2017; Galibina et al., 2019b). M=l
roJjiaraeM, YTO MO3UTUBHbIE U HETATUBHbLIE DJIEMEH-
Thl CUTHAJIMHTA CaxapoB YY4acTBYIOT B TOHKOM pery-
Jsumn 9Kkcrpeccun reHoB SUS u CWiny Gepe3sl B
YCIOBUSIX JIOKAJLHOTO MOBBIIIEHUS YPOBHS Caxapo-
3bl U/VJIA OTHOIIEHUS YPOBHSI Caxapo3bl K YPOBHIO
MoHocaxapoB. OgHaKoO 111 yCTAaHOBJICHUS POJIU dJie-
MEHTOB CUTHAJIMHTa caXapoB B Ipoiecce opMUpO-
BaHMS y30puyaToii JIpeBEeCUHBI KapeabCKOll Oepe3bl
HEOOXOOUMBI TabHEHIINE UCCIIeTOBAHUS.

In silico anaaus nepenpedcmagaeHHbIX caiimos
CBA3bIBAHUS ¢ MPAHCKPUNUUOHHBIMU (haKkmopamu

C uenbio BbisiBlieHUs1 T, NOTeHUIMATIBHO y4acT-
BYIOIIMX B pEryJsdliM YIJIIEBOOJHOIO OOMeHa Ipu
HOPMAaJILHOM ¥ aHOMAJIbHOM CLIeHapUsIX KCUJIOTEHEe-
3a Gepe3bl, MBI MIPOAHATM3UPOBAIIN TTepeIpeaCTaB-
JIEHHBIE caiiThl cBsI3bIBaHUS TM B mpoMoOTOpax reHOB
SUS1-SUS2u CWinvI—CWInv3, skcripeccust KOTO-
PBIX CYILIECTBEHHO U3MEHSETCS B IIpolecce GopMHU-
pPOBaHUS y30pYAaTOM IPeBECUHEBI Y KapeJIbCKOM bepe-
3l (Moshchenskaya et al., 2017; Galibina et al.,
2019b). B nmpomMoTtopax aByx reHoB SUS u Tpex reHoB
CWiIinv 6bUIM UOEeHTU(MULIMPOBAHBI TIEpPEIIpPEaCTaB-
JIEHHBbIe caiiThl CBsI3bIBaHUS ¢ 28 1 21 Td cooTBeT-
cTBeHHO (Tab1. 2). HanboJibliiee 41 CIo BBISIBJICHHBIX
T® npunagnexano Kk cemeiictream DOF (13 1ur.) u
MYB (6 wt.). I1pu sTOM caiitel cBsa3biBaHug ¢ TD
ceMeiictBa MYB ObUIM BBISIBJIEHBI TOJIBKO B IIPOMO-
Topax reHoB SUS, Toraa kak st mpomotropoB CWiny
OBLI0 XapaKTepHO OOJIBIIIOE YUCIIO CAaiiTOB CBSI3bIBA-
HU4 ¢ pa3nuuyHbiMu TP cemeiictBa DOF.

Hcxonst 3 naHHBIX JIMTePaTyphl, CPEIU BBISIBICH-
HBIX TP HaMOONBIINIT MHTEPEC C TOUKHU 3PEHUS yJa-
CTUSI B PETYJISILINM aJIbTEPHATUBHBIX CIIeHapUeB KCH-
noreHesa npeacrapisiior DOF5.6 (HCA2) u DOF5.8.
VYcranoieHo, yTo T@® HCA2 urpaeT BaxkHyIO poJib B
peryJsiiuu KaMOuaJbHOM aKTUBHOCTHU U AU depeH-
OUalMKM KaMOUaJbHBIX ITPOU3BOAHBEIX. CBepXx3aKC-
npeccust HCA2'y A. thaliana npuBOAUT K YBEIUYESHUIO
KaMOMaabHOM aKTUBHOCTM, YCUJICHUIO SKCIIPECCUU
daoaMocnennUIHBIX TEHOB U TOAABJICHUIO KCUIe-
Mocrnelmpuuaeix TeHoB (Guo et al., 2009). T®
DOFS5.8 yuacTByeT B peryJsiiuu MopdoreHesa rmpoBo-
ISIIUX TKaHel mcta A. thaliana; Kcripeccust KO-
pylollIero ero reHa monysmmpyercs aykcuHoM (Koni-
shi, Yanagisawa, 2015). 1o HacTosiiero BpemeHu TdD

cemeiictBa DOF y 6epessl moBHCIION He McclienoBa-
JINCB.

SAKJTIOYEHUE

B rerome Gepe3bl ITOBUCTON OBUIN MACHTU(DUIIN-
poBaHbI 4 reHa SUS u 3 rena CWinv. In silico ananms
PETYISTOPHBIX LuUC-2]IEMEHTOB B TPOMOTOPaX T'€HOB,
Komupyomux ¢epMeHTbl MeTab0IM3aluU Caxapo3bl,
TTO3BOJIWII BBISIBUTD PSII MOTUBOB, YYACTBYIOIIIUX B pe-
TYJISIUMUA 3KCIIPECCUX HMCCIeAOBaHHBIX reHoB. Hau-
0OJIBIIEH KaK I10 YMCITy OTASIbHBIX 3JIEMEHTOB, TaK U
o nx BcTpedyaeMocTu B 2 KO mpoMoTopHOii obiacTtu
TeHOB ObUIa rPyIIIIa 3JIEMEHTOB, CBSI3aHHASI C BIUSIHU-
€M Ppa3JIMYHBLIX a0MOTUYECKUX (PAaKTOpPOB, B OCHOB-
HOM, CBETa U HeJAOCTaTKa Blaru. TakxKe IIpOMOTOPHI
KUCCIIEAOBAHHBIX T€HOB COAEPKAIU OOJIbIIOE KOIU-
YeCTBO TKaHEeCITeU(MUUHBIX MOTUBOB. AHAJIU3 TOP-
MOH-3aBUCUMBIX 3JIEMEHTOB ITOKAa3aJl, YTO IKCIpec-
cusi reHoB CWIny, nrparolx BaXKHYIO poJjib B (hOpMU-
pPOBaHUM y30pYaTOi APEeBECUHBI KapeJIbCKOM Gepeskl,
c1abo peryJiMpyeTcs ypoBHEM ayKCHUHA, YTO COIJIACy-
eTcsl ¢ HAllMMU TaHHBIMU 00 aKTUBHOM KOHBIOTALIUU
TOPMOHA B MPUCYTCTBUY BBLICOKMX KOHLICHTpALIMIA ca-
xXapo3bl. B uccliemoBaHHBIX II0CJIEIOBATEILHOCTSIX
IIPOMOTOPOB ObUIM BBISIBJICHBI Pa3IMYHbIC 3JIEMEHTHI,
yKa3bIBaloOILIME HAa HEMOCPEIACTBEHHOE BIUSIHUE CUT-
HaJIMHTa CaxapoB.

Ha ocHoBe aHain3a nepernpenacTaBJIeHHbIX CAUTOB
cBa3biBaHMsl ¢ TM M comnocTaBiieHUsI ITOJy4EHHBIX
pe3yJIbTATOB C JUTEPATYPHBIMU JaHHBIMU ObLIU BbI-
SIBJICHBI IBa HanbOoJiee BEpOSATHBIX KaHauWaaTa, Mo-
TEHILUATLHO YYACTBYIOIIUX B PETYJISLIUN YIJIEBOIHO-
ro Merabosm3Ma B TKaHdX cTBoja Oepe3pl — T
DOF5.6 (HCA2) u DOF5.8. T® cemeiictBa DOF He
OIMcaHbl y 6epe3bl MOBUCIION; X UISHTU(DUKALINS U
¢GyHKIMOHAIbHASI XapaKTepPUCTUKA TMPEACTABISIOT
WHTEPEC C TOYKU 3PSHUSI PETYISIIUN albTepHATUB-
HBIX CLIEHapMeB KCUJIOTeHe3a y PopM Oepe3bl TTOBUC-
JIOI, OTJIMYAIOLIMXCS IO TEKCTYpE IPEBECUHBI.

OUNHAHCHUPOBAHUE PABOTDHI

duHaHCcoOBoOe obecTieueHNe NCCIeTOBaHU OCYIIEeCTB-
JISIOCh U3 cpelcTB (heaepaibHOTrO Ol0/KeTa Ha BbITOJHE-
Hue rocynapctseHHoro 3aganus KapHII PAH (MuacTtutyt
neca KapHII PAH) u npu ¢duHaHCOBOI mommepxKKe
PODU (npoekt Ne 19-04-00622_a).

COBJIIOAEHHUE OTUYECKNX CTAHIAPTOB

HpI/I BBIIIOJITHEHUU JaHHOT'O UCCJICAOBaHUA JIIOAN U XK1 -
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In silico Analysis of Regulatory cis-Elements in the Promoters
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This work is a continuation of studies on the role of sucrose in the formation of figured wood of Karelian birch
(Betula pendula Roth var. carelica (Merckl.) Himet-Ahti). It was previously established that this type of xy-
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logenesis is accompanied by significant changes in activity of sucrose metabolizing enzymes, sucrose syn-
thase and invertase, in the birch trunk tissues. The results of molecular genetic analysis indicate that the ac-
tivity of these enzymes is regulated mainly at the level of transcription of the genes encoding them (SUS and
CWiInv). We identified genes encoding sucrose synthase and cell wall invertase in the genome of silver birch.
In silico analysis of the regulatory cis-elements present in the 2 kb promoter region of these genes revealed a
number of motifs involved in the regulation of their expression. The largest both in the number of individual
elements and in their occurrence was a group of elements associated with the influence of abiotic factors,
mainly light and drought. A number of tissue-specific motifs were identified, the function of which is associ-
ated with gene expression in conducting tissues. Analysis of hormone-dependent elements showed that the
formation of figured wood of Karelian birch, which occurs against the background of high apoplastic inver-
tase activity, is obviously not associated with the activation of CWInv genes by a high level of auxin. In the
studied promoter sequences, various elements were found indicating a direct effect of sugar signaling. The two
most likely candidates for participation in the regulation of carbohydrate metabolism in the birch trunk tissues
were identified — transcription factors (TF) DOF5.6 (HCA2) and DOF5.8. The identification and functional
characteristics of the DOF family TFs of silver birch are of interest from the point of view of the regulation of
alternative xylogenesis scenarios.

Keywords: sucrose synthase, cell wall invertase, abiotic stress, sugar signaling, auxin-dependent gene expres-
sion, silver birch
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