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METWIUPOBAHUE AHK — YHUBEPCAJIbHbI MEXAHU3M
PErynauin AKTUBHOCTU r’EHOB

BBEIEHVE

IMonnas pacumdposka renoma venoseka, K COKANEHUIO, MAO MPOSCHAIA
OIHY M3 OCHOBHBIX NPOOJIEM COBpEMEHHON OMonoruy — npobrneMy peanusa-
IIMH HacJIeACTBEHHOM HH(POPMAIIME Ha PA3HEIX CTaJAMAX OHTOreHesa. Bmecre ¢
TeM HMEHHO Orarofaps nporpamme TeHOM 4YeloBeKa, J0Ka3aBLIEH yIHMBHTENb-
HOE Ka4eCTBEHHOC H KOJMYECTBEHHOE CXOACTBO I'€HOMOB Pa3HBIX OPraHU3MOB,
0cOBEHHO B IIpeenax OJHOro Kiiacca (K pUMepy, MIEKOIIUTAOIIHE ), CTajlo Oue-
BUIHBIM, YTO B OCHOBE BUJIOBOI crelMUYIHOCTH, PABHO KaK M B MpOlEccax
peanu3auy HACTIeACTBEHHON MH(QOPMAILK B OHTOTEHEe3e, PEIAtoLLast POIIb [PH-
HaJISKHUT IPOIECCaM MOJEKYIISPHON M HAIMOJEKYISIPHON PErylIsaunu QyHK-
¥ reHoMa. VX pacimupoBKa coCTaBIseT BaKHbIN pa3ziell COBPEMEHHOM reHe-
THKH — (QyHKIIMOHANBEHOH TeHOMHKH (TpoTeoMHKH). Het, onHako, COMHEHHS B
TOM, UTO IIPOIIECCH PErY/ISLUY T€HHOM aKTUBHOCTH OCYIIECTBIAKOTCS IIPH TeC-
HOM B3auMojieiicTBuu 3u10reHHBIX (JIHK) 1 3K30reHHbIX (BHENIHAS cpea) dak-
TOopoB. OUEBMIHO ¥ TO, YTO IK30TCHHbIC, B TOM YHCIIE U SKOJIOTHUECKUE (HaKTo-
PBI MOTYT HE TOJIBKO HaNPaBIATh paboTy TEHOMA, HO B 3KCTPEMAbHbIX BapHaH-
Tax Hapymars AA(depeHIHaNnbHY0 aKTHBHOCTh [€HOB, JICKAIIYIO B OCHOBE
ontorenesa. CleqoBarensHO, 1aHHas pobieMa SBIMETCA He TOJIBKO TeHeTHYe-
CKOIf, HO IMEET HEMOCPEACTBEHHOE OTHOIIEHUE K DKOJIOTHIECKOH TeHETHKE.

Wsmenenns nquddepeHnnaIbHONR 3KCIPECCHH FEHOB, HaclenyeMbie B psay
MHTOTHUYECKHX JeNeHHI KiIeTku 6e3 HapylieHns HyKICOTUIHON I0CIeI0BATE N b-
noctd JIHK, Ha3pIBalOTCS 3MUI€HETUYECKMMH. B Hacrosilnee BpeMs ONMUCAHbI
7BA MOJIEKYJSIPHBIX MUTE€HETHUECKUX MEXaHH3Ma: MOIM(UKALUA TMCTOHOB M
Metmuposanue JJHK. Metunuposanne — 310 oOpartiMas KOBAJICHTHAS MOJIH-
¢ukarms JJHK, mpoucxomsiiias B pe3yasTaTe NPHCOCIHHEHUS METHIBHON IPyII-
Bl K YIIEPOLY B 5-OM MOJIOKEHHH MOJIEKYIIb IIMTO3HHA ¢ obpazosanueM 5-Me-
TrinuTo3uHa. Metunuposanue JJHK mupoko nmpeacTaBieHo B FeHOMax pasHbIX
OpraHU3MOB, TAKUX Kak OaKTepUH, PACTEHHS, HACEKOMbIC H MIICKOITHTAIONIHUE U
uMeeT GOJBIIoe 3HAYCHHUE JUIS X Pa3BUTHIL.

B nauane 80-x rofoB ObU1a BBIIBIEHA KOPPEILLNA MEXKIY XapaKTepoM JKC-
Ipeccuu TeHoB U crenenbio Merwniposanans JHK [17, 82]. Metunuposanue oxa-
3bIBaET BIMAHHUE HA TPAHCKPUIILMIO KaK Yepe3 M3MeHeHNe dPOEKTHBHOCTH CBS-
3bIBAHMA [O3HMTHBHBIX M HETATHBHBIX ()aKTOPOB TPAHCKPHIILMH C PETYIATOPHEI-
MM YYaCTKaMH, TaK ¥ HEMOCPEJCTBEHHO wYepe3 GOpMHPOBAHHE HEAKTHBHBIX
y4acTKOB XpomaTHHa, CTaTyC METHIMPOBAHHA B KICTKE MOXET U3MCHATHCS MOJ
BIIMSHHMEM BPEAHBIX 3KOTOTHYECKUX (haKTOPOB, B UACTHOCTH, TKEIBIX METAILIOB.
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28 MEXAHU3MbBI MOOUOUKALIMOHHOU H3MEHYUBOCTHU

Tak, BHyTPHKJIETOYHOE HAKOIUICHHE HWKENIA BBI3HIBAET Ha-
PYILICHHE CTPYKTYDPBI F€TEPOXPOMATHHA, YTO B CBOIO OYEPEIb
NpUBOAUT K runepmerunuposanuo JHK n vHakTHBarmm
9KCOPECCHHU ONU3JIeKaNMX TeHoB [24]. Mansle 10361 Kaj-
MUl BBI3BIBAIOT HHTHOMpOBaHHe MeTunTpancepashl H Be-
ZyT K runometnnuposanuo JHK. Oaxako npu mmyarensaom
BO3/ICACTBUM KaaMHA HaOmonaeTcs oOpartHblil d3pdeKT: ak-
THBALMA METHJITpaHcdepassl ¥ runepmerwinposanne JTHK
[94]. Takum 06pazoM, SMHICHETHIECKHE H3MEHEHHUS HA YPOB-
ue JIHK MoryT OBITH HHAYLHPOBaHBI BHEIIHEH cpeaoit u
OBITH OHUM M3 BAPHAHTOB OTBETA OPTAHM3MA HA TIOCTOAHHO
H3MeHsIoMecs (HaKkTopsl OKPyKarolel cpefpl.

1. PACMNPEAENIEHNE 5-METUNILNTO3INHA.
CpG OCTPOBKU

OcCHOBHAas! 9aCTh MOJIEKYN S-METUILUTO3NHA HAXOIUTCS
B cocTape quuyKneoTuioB 5'-CG-3" (CpG muryKkneoTumsl).
Hx nebonbmioe 9uciIo mpeacTaBiIeHO B NMOCIEAOBATEIEHO-
crsax 5’-CpNpGp-3’ nim acHMMeTpHYHBIX TI0CTICIOBATENBHO-
crax 5-CpA-3’u 5"-CpT-3" [79]. B npouecce 3posmromuu 1po-
HCXOIUT NOCTeNeHHas dnuMuHatya CpG THHYKJICOTH/IOB, B
Pe3yNbTaTe Yero Mx 4acToTa B F€HOMAx BBICUIMX 3YKapHOT
cocraspter 5-10% ot TeoperHdecku oxumaemoi [10]. Me-
THJIMPOBAHUE MTPAET BaXKHYIO POJIb B 9TOM MpOIECCe, TakK
Kak moteps GonbumncTea CpG caittoB 00yclosneHa npegpa-
LIEHHEM METHIMPOBAHHOIO LIMTO3HHA B THMHH B pe3yJbTare
CIOHTAHHOIO JE€3aMHUHUpOBaHus (pHc. 1).

B reHoMax MIICKOIHTAIOLIMX, B TOM YHCIE Y 4EJIOBEKA,
70-80% monekyn uurosuHa B coctase CpG IMHYKICOTHIOB
npencrapieHs! S-metunuurosudoM [10, 19]. Merunuposas-
upie ydacTku JIHK xapaktepHs! st XpoMaTHHa ¢ COOTBET-
CTBYIOIIMM HaOOPOM TICTOHOB H HYKJIEOCOMHOM OpraHm3a-
LIMEH, B COCTAB KOTOPOTO BXOIMT ITO3/HO PETLTHLMPYIOIAACS
JHK, TpymHOZOCTYNHAS /151 TPAHCKPHUITLIMOHHEIX (PaKTOPOB.
B takux yyactkax CpG AHHYKICOTH/IBI PACHOIOAKEHBI C Yac-
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Puc. 1. Cxema 63aUMHO20 NPEBPAWYEHUS YUMOSUNA U S-Memuayu-
MO3URA U UX MYMAYUOHHBIE UIMEHEHUSA

TOTOH npubmusurensHo 1:80. Ans GyHKIMOHATBHO aKTHBHO-
ro xpomaTtuHa 6onee xapakrepHsi ydactku JHK (500-5000
H.IL), HasbiBaemble CpG octpoBkamu, rmotHocTs CpG aH-
HYKJICOTHJIOB B KOTOPBIX B IATh pa3 GoJIblie, YeM B CpeIHEM
10 reHoMy. [IMTO3HH B TakuX yJacTkax B GONBUIMHCTBE CITY-
YacB HAXOMUTCS B HEMETUJIMPOBAHHOM COCTOSHHH. Xpoma-
THH CpG OCTPOBKOB Maji0 CIIHPAIM30BaH, OTIMYAETCS BEHI-
COKOH CTENEHBIO ALETUINPOBAHHS KOPOBBIX THCTOHOB,
NPaKTHYECKH ITOITHBIM OTCYTCTBHEM rucrona H1 u ciaGo BeI-
paXxeHHOH HyKJIEOCOMHOMN opranmsaimei. Bee stu ocobeH-
HoctH ctpoenns JIHK syxpoMariHa HO3BOSIIOT €My aKTHB-
HO B3aUMOJEACTBOBATh C TPAHCKPHIIHMOHHBIMU (HaKTOpaMHu
[97]. CornacHo noceHMM JaHHBIM, B TEHOME YeJIOBEKA Ha-
cyuThiBactcs okono 29 000 CpG ocTpoBKOB, KOTOPHIE B OC-
HOBHOM PacCIOJIOKECHBI B IIPOMOTOPHBIX OONACTAX M/UIM K-
30HaX BCEX IEHOB «JIOMAIIHETO XO3AHCTBa» — house keeping
genes M HEKOTOPBIX TKaHeCTIeLUUYIHBIX reHoB [22, 101].

2. JHK-METUJITPAHCDEPA3bI

OcnoBHEIME (hepMeHTaMH, 00eCTIEYHBAIOIIMMHI TIPOLIECC
METHIIMPOBAHHUS B DYKapUOTHYECKOH KIIETKE, ABJIAIOTCH Me-
tunrpancdepassl. Ha ceronssiamii gens naeHTuduIAposa-
HO Tpu MeTHnTpancdepassl: DNMT1, DNMT3A, DNMT3B.
T'en MeTnnTpancoepassi-1 (Dnmtl), KIOHMpPOBaHHHBIH Go-
nee 15 et Hazax y 1aGOpaTOpHO MBIIIH, ABASETCA BHICOKO
koHcepBaTuBHBIM [13]. B nanbueiimem opromoru rena
Dnmt] 6pUH MACHTHDHUHPOBAHE! V PA3IHYHBIX BHIOB, B
ToM uHcre n 'y genoseka (DNMT1) [107]. Ilpoayxt rena
Dnmt! nognepskuBaeT MeTHmHpoBaHHOe coctosnue JHK B
Jeminmxcs KieTkax. MeTunupys BHOBb CHHTE3HPOBAHHYIO
HHK, metuntpancdepasa-1 obecneunsaer Bocnponssese-
HHE POAHMTEILCKOTO BAPHAHTA MCTHIIMPOBAHHUS B JOYEPHHX
uensx JJHK nocne kaxporo paynna peruimkamms (puc. 2).
OrcyTcTBHE (epMeHTa IPUBOIUT K CHIKEHHIO 0BIIEr0 YpOB-
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Puc. 2. Memunuposanue de novo u coxpaneniie pooumensckux cxem
MEMUNUPOBAHUS 8 PAVHOAX PENTUKAyuY
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MEXAHU3MbBI MOQUPUKAIJHOHHOH H3MEHYHUBOCTH 29

HA METHIMPOBAHHMA B KIETKaxX M K rubenu sMOpnoHos [58].
OnHaKo SMOPHOHANBHEIE CTBONOBBIC KIETKH TAKHX MBIIIEH
AKU3HECIIOCOOHBI M COXPAHSIOT CIOCOOHOCTH K METUIIHPOBA-
HHIO de novo Gnarogaps HaIM4di0 IpYTux meTunas [56].
VIMeHHO K TAaKUM MeTHIasaM oTHocsTes ¢epmeHTs Dnmi3a
n Dnmt3b [73]. CoBMecTHOE JeHCTBUE METUIIA3 TIPHBOIUT K
METHIMPOBAHUIO JUHYKICOTHAOB CpG B HE- U IIOTyMETHITH-
posannoit JTHK in vitro [72] (puc. 2).

Myratiuu B reHe DNMT3B, npusopsinne K WHaKTHBa-
MY KaTATUTHYECKOTO JOMEHA (epPMEHTa, HASHTUGHIIIPO-
BaHbI y TAMeHToB ¢ cuuapomoM JICF — ayTrocomMHO-10MH-
HAHTHBIM 3200/IeBaHUEM, OCHOBHBIM KIIHHUYECKHM HPU3HA-
KOM KOTOPOTO ABJIAIOTCS JHLEBbIC AHOMAIHNH, AepuIUT IgA
n T KIeToK, COMyTCTBYIOIME MHPEKLUHY U CKIOHHOCTh K
3ITOKaYeCTBEHHBIM HOBOOOpa3zoBaHusM. LluToreHeTHIECKOH
0COBGEHHOCTIO CHHAPOMA SBJACTCA HECTA0MIBHOCTh UEHT-
POMEpHBIX TETEPOXPOMATHHOBBIX palioHOB XpomocoM 1, 9,
16 v pexe 2 1 10, BO3HHKAIOWAS BCTIEACTBHE UX THIIOMETH-
aMpoBaHHOTO cocTostHuA [105].

3. MEXAHU3MbI MHAKTUBALIN TEHOB
MOCPESJCTBOM METU/TMPOBAHWA

B macrosiiee BpeMs CHHTAETCH, YTO METUIMPOBAHHE
JIHK sBjisieTcs OJIHUM M3 OCHOBHEIX CIIOCOOOB PETYIALUN
JKCTIpeccud TeHOB. IIpu 3ToM mpeanosaraeTcs HalTuuue
IBYX OCHOBHBIX MEXaHU3MOB TPAHCKPHUIIMOHHOIO OI0Ka
(puc. 3) [18, 63].

TlepBblii COCTOMT B TOM, 9TO 5-METHIILMTO3UH HHIUOH-
pyer cesasbiBanue ¢ JIHK HekoTopaIX GakTOpOR TPAHCKPHII-
muu (AP-26 ¢-Myc/Myn, nAMP-3aBUCHMBINA aKTHBATOP
CREB, E2F NF-kB), MUlieHsMM U1 KOTOPBIX SBIIIIOTCS
HoclieAoBaTeNbHOCTH, cogepkamue CpG HyKIEOTHIIBI.
Cuienyer, OAHAKO, OTMETHTD, YTO Psl TPAHCKPUTIITHOHHBIX
daktopos (Spl, CTF) He 4yBCTBUTENLHBI K METHIMPOBA-
HMIO, TOCKOJILKY OHHM cBs3biBatoTest ¢ ydactkamu JJHK, ne
numetommmu CpG uHyKiIeoTHast (puc. 3.1) [96].

B peanu3aiio BToporo MeXaHH3Ma BOBIEYEHBI OCIIKH 1
GeIIKOBBIE KOMILICKCHI, KOTOpbIe CICHH(UUHO CBA3BIBAIOTCH
¢ metumupoBarEbMU CpG IMHYKIIEOTHAAMHU H HHTHOHPYIOT
npucoeaunenne Kk JJHK daktopos Tpanckpunmuy (puc. 3.2)
[40, 63]. OcHOBHas pOJb B 3TOM IIPOLIECCE IPHHAMICIKHT
MeTIILHTO3MHCBA3bIBaomeMy koMiuiekey (MLICK), cocro-
AmeMy U3 5 ocHOBHBIX OenmxoB: MBD 1-4 u MeCP2. Bce
GeJIKM 3TOTO KOMIUIEKCa, 3a HcKiodenneM MBDA4, Beimor-
HAIOT QYHKIMIO PEIPECcCOpPOB MTyTeM H3MEHEHHUS CTPYKTYPHI
xpoMaruHa. benoxk MBD4 ywactsyer B penapaiuu u 1pe-
JIOTBpAIIA€T My TAIMOHHbIC M3MEHEHHs METHIIMTO3KHE [39].

MeCP2 sBnsieTcs OCHOBHBIM pElpeccHpyrouuM Oer-
KOM KOMILIEKCA. ITOT OCJIOK CBA3BIBAETCA C OfIMHOYHBIMU
CpG munykneotnaamu. [Ipu 31oM penpeccopubii s(dexr
pacrpoCTpaHAeTCs Ha HECKOJIBKO COT I1ap HYKICOTHIOB.
BenoK COCTOHT M3 JBYX IOMEHOB: METHIIIUTO3UHCBA3LIBA-
roniero (MBD), OTBEYIONIETO 33 Y3HABAHWE 5-METHIILIU-

to3uHa, u penpeccopHoro (TRD), umeromero cpoacTBo K
THCTOHEAlEeTHIa3¢ U 00eCIEUYNBAIONIETO PEIIPECCHIO
Tpanckpuniwi [62]. U3BecTHO, uto npumepro 20% obme-
rO aUeTHIMPOBAHUA FMCTOHOB OIPEAEIAETCA B3aMMOAEH-
cTBHeM anerwias ¢ 6enkoM MeCP2. MHorue peryiasaropsi
TPAHCKPHIIHU OCYIIECTBILTFOT CBOU (PyHKIHH ITyTEM Jiea-
HEeTHIHPOBAHMA/aAUETHINPOBAHUA THCTOHOB. 110 BCeH BH-
JMMOCTH, MMEHHO JCAlETUIMPOBAHNE THCTOHOB JIEXHT B
OCHOBE HMHAaKTMBaluu rerepoxpomaruHa. [Ipm momoinun
cnenu(pUUECKHX aHTUTEN ObIIIO YCTAHOBIEHO, YTO OEOK
MeCP2 noxanu3oBaH npeumyirnecTBeHHO B (G-cerMenTax
reTepoxpoMaTrHa MeTahasHbIX XpoMocoM. JMOPHOHEL
MBILIM, TOMO3HTOTHEIE N0 Aeienun rena MeCP2, moruba-
0T 70 POJKACHHSA, YTO YKa3biBACT Ha BaXHYIO poirb OelKa
MeCP2 B sMOpHOHAIBEHOM pa3BuTuH [95].

V uenoseka myraius B reie MECP2, nokannsoBanioM
Ha X-XpOMOCOME, NIPUBOAUT K PA3BHTHIO MPOrPECCHPYIO-
IIETO HEHPOAETEHEPATHBHOTO 3a00€BaHUA — CHHJIPOMY
Perra. XapakTepHbie CUMIITOMBI 3a00J1€BaHNs IPOSBIIAIOT-
csl y JeBOYEK B Bo3pacte OT 6 1o 18 mecaner B BuaE Mpo-
rpeccupyroleidl YMCTBEHHOH OTCTalOCTH C yTPaTod pede-
BBIX CIIOCOOHOCTCH, ayTH3Ma U aTakCHU. MaJIBYuKH ¢ MyTa-
nuel 3TOro reHa HEXU3HECTOCOOHBI M, KaK MPaBHIIO,
YMHpAKOT BCKOpPE ocie pokaeHus [9].

MBD?2 sBasgeTcss BTOPbIM METHIIHTO3HHCBIA3BIBAIO-
muM OelkoM. DTOT 0eJ0K, KaK M FTHCTOHAEAIeTHIIAa3bl
HDAC]1, HDAC2 u rucroscss3biatonme 6enkn RbAp46,
RbAp48, Bxomur B coctaB komiuekca MeCP1, obnanaro-
KA HEBBLICOKOH CTIOCOOHOCTHIO K B3aUMOACHCTBHIO C Me-
tunuposanuoi JIHK. na cesspizanus ¢ JJHK depmenty
Heobxonumo Heckonbko CpG AUHYKICOTUAOB. Y UUTHIBAS
cnaboe CPOACTBO 3TOTO KOMIUIEKCa K METHJIHPOBAHHOH

1. MpsamMoe B3anmoaei-
CTBUE C TPAHCKPUNLINOH-
HbiM HakTopomM

2. Cneunuyeckne TpaHCKpn-
LMOHHbIe PENpPEecCcopsi

B3aaumoneii- Penpeccus Penpeccus
crene Tdc nocpencTBom nocpencrsom
JHK Heso3- MeCP-2 MeCP-
MOXHO!

CHaCHsCH:I CHs CH CH/C—H\ CH: CHa @ CHs CHs
o i e V0 A S A Y 1 O
2

Mpumepsbi TO:

HyBCTBUTE/IbHBIE K METUNPOBAaHMIO
AP-2, E2F, NFkB, CREB, Myc/Myn
HewyBCTBUTENbHBIE K METWIMPOBAHMIO
SP-1, CTF

Puc. 3. Bozmoocrble MeXaHUzMbl PERPECCUtY MPAHCKPUNYUY NO-
CPEOCTNBOM USMEHEHUS MEMUTUPOBAHYS Yumo3una (yum. no Singal,
Ginder, 1999)
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JHK, nmpeamonaraeTcs, 9T0 OH BEITOIHSET BCIIOMOTATEIb-
Hble QYHKINH B NIpolecce TeHHOM penpeccun [67].

B macrosee BpeMs yCTaHOBJICHO, YTO JUIA PEIIPECCHH
TPAaHCKPHIIINY HeoOX0nuMBI Kak MetinupoBaHue JJHK, tak
H JcateTUIHPOBaHUE THCTOHOB. OCTAETCs, OQHAKO, HEsC-
HBIM, 9YTO SBIIAETCA IEPBUYHBIM: ONPENeNseT I METHIIHPO-
Banue JJHK v3MeHeHnsa B KOMITAKTH3AlMKM XPOMATHHA, TGO
HU3MEHEHHsI B YIIAKOBKE XPOMATHHA MapKUPYIOT YYaCTKH
JHK, rae Z0DKHO NMPOHCXOMUTh METHIHPOBAHUE de novo
(puc. 4). Hetr coMHEHUS B TOM, YTO CIIEIU(DHYECKHE MOCIIE-
posarenbHOCTH JIHK MOTYT B3aMMOAEHCTBOBATH C METHII-
TpaHchepasaMu, 00eclieYMBAIOLIMME METUIIMPOBAHUE de
novo. CiencteueM 3Toro spisercs cesseiBanue ¢ JJHK me-
TUNLUTO3MHCBS3BIBAIONINX OSITKOB M TUCTOHALETHIIA3HOTO
KOMILIEKCE, YTO MPUBOANT K CTAOMIM3AIMK XPOMATHHA M
HEBO3MOXHOCTH npucoeauHenus Kk JJHK tpanckpunuuos-
HOTO KOMIUTEKca (puc. 4a). C Apyroi CTOPOHEI, cama CTPYK-
Typa XpOMAaTHHA MOXET OMPEACIIATh MOCICHOBATEILHOCTH
JHK, xoTopble JOIDKHBI MOIBEPraThCs METHIMPOBAHHIO de
novo (pHc. 40). BonbBLUIMHCTBO aBTOPOB CUMTAET, YTO BHAYA-
Jie OCYLIECTBIISIETCS METHIIPOBAHUE ONPEACICHHBIX [TOCIIE-
nosarenbHocTel JIHK, a 3aTeM n3MeHsAeTcs CTpyKTypa Xpo-
MaTHHA, B COCTaB KOTOPOTO OHH BXOIAT [66, 81]. Briomue Be-
POATHO, 4TO 00€ MPOrpaMMbl JOMONHAIOT APYT Apyra,
obecrednBas B rporecce KIeTodHo i aud)hepeHIIIPOBKH KaK
JIHTENLHOE (IEPMAHEHTHOE) BEIKITFOYEHHE KPYITHBIX HHPOP-
MallMOHHBIX OJIOKOB aKTHBHOTO XpOMaTHHA (KOHPOPMALHOH-

a)

Mertunasa
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Hue de novo

5-merunyntosnH
Metunupo-

saHHas [HK

lMpncoenunnHe-
Hue MLICK

LHeauetnnasHbiii KOMnNekc

lpucoeanHeHne
JAeauetunasHoro
KoMniekca

JeavetnnupoBaHHbii
KOHOEHCUPOBAHHbLIV
XPOMAaTUH

HBIC M3MEHEHHA), TaK ¥ Oosee J1abWibHOE (TPAH3UTOPHOE)
BBIKJIIOYEHHE OTACNBHBIX I'€HOB (METHIMPOBAHUE).

4. QYHKLUNOHAJIbHOE 3HAYEHUE
METUIINPOBAHWA

Metuimpoanue JHK, Biusis Ha QyHKIMOHAIBHYIO aK-
THBHOCTH TCHOB M Ha KOH(OPMALIMIO XpOMATHHA, BOBICYEHO
BO MHOECTBO MPOLIECCOB, MPOUCXOMAIIHUX B KieTke. Tak, mo-
Ka3aHa BaXHasd POib METHIHPOBAHUs B PETYIALMHI SKCIIpeC-
CHHM TKaHECNICUU(HUYHBIX T€HOB, B KICTOMHOH mudbepeHim-
poske, pemnukanpy JJHK, B nponeccax penapammu JIHK u
NIOZIZIEPKaHMS TeHOMHOI cTabmwibHOCTH [8]. TIpemmonaraer-
Csl, UTO METHIIMPOBAHHE HIPAET BAXKHYIO POJIb B 3ALIUTE T'€HO-
Ma OT MOOMIBHBIX FeHETHUYECKHX 3eMeHToB [14, 701, a Tak-
XK€ B MHAKTMBALMM «UY>KCPOJHBIX» T'€HOB, JIOCTABICHHBIX B
KIIETKH B LIENIAX KOPPEKLMH HACIIEACTBEHHbIX AchekTor. Me-
TUIIAPOBAHKE B PAfiOHAX ¢ MAJIOH IUIOTHOCTHEO TEHOB, B YaCT-
HOCTH, B y4acTKax ITPULIEHTPOMEPHOTIO I'€TePOXPOMATHHAE, [10
BCEl BUIUMOCTH, BXKHO JUTS CTAOWIIU3AIUK CTPYKTYPHI, TI0-
JepaHus KoH(OpMaIK U LEJIOCTHOCTH XpoMocoM [26]. B
TO K€ BpeMs METWIMPOBaHKE 1IUTO3MHA B coctaBe CpG au-
HYKJICOTHIOB B IIPOMOTOPHBIX Y4acTKax T'€HOB B GOJBIIMH-
CTBE CIOy4aeB IOIABIsET IKcIpeccuto. Haubonee mompobuo
MEXAHHM3MBI DETIPECCHU T'€HOB, 00YCIIOBIEHHbIE METHIIHPORA-
HHMEM, U3YYEHBl B OTHOILIIEHHH Takoro ()eHOMEHA, KaK TeHOM-
HBIM HMIIPHHTHHT — OZHOTO U3 BAPHAHTOB AITUTEHETHUECKOM

6)

TucToHOBbINA KOP

R

4/+

JeauertunasHoiii kKoMnnexkc

lTpucoeanHeHne
AeaLeTnnasHoro
Komrisiekca

Mefmﬁaaa A
b d 1

Metunuposarve
de novo

5-MeTununTO3uH l

MerunuposaHHas
JAHK

|

lpucoenuHerne MLCK
v CTabNIN3NPYIOLLIETrO
XpoMartvH KOMIAeKca

Puc. 4. Bsaumocessb mexncdy memunuposanuem yumosuna ¢ monexyie JHK u ayemunuposeanuem sucmonos:
a — METHJIMPOBAHHBIC YIaCTKH HHK OIIPEEIAOT JJOKAJIU3aIMIO CaifTOB CBA3LIBAHUSA JACALUCTHIA3HOIO KOMITJICK-
ca, 6— TNPHUCOCANHCHUE ACALCTUIIA3HOTO KOMILJIEKCA ACTCPMHHHPYCT y4acTKH, B KOTOPBIX ZOJDKHO MPOHCXO0-
aute MeTHanposanne JHK (Newell-Price et al., 2000)
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HACJIEACTBEHHOCTH, IIPX KOTOPOM CTIEUM(UUECKUil XapaKTep
augdepeHLranbHON aKTHBHOCTH MEHOB OIPE/IE/AETCS NI0JI0M
OpraHM3Ma, OT KOTOPOTO 3TH FeHbl yHacefoBaus! [1, 2].

5. METWIMPOBAHUE [JHK V1 TEHOMHbIN
UMIMOPUHTIAHT

V MIEKONUTAIOIIIX, HACEKOMBIX 1 LIBETKOBbIX PACTEHHH
OTLOBCKHE U MAaTEPHHCKUE T€Hbl MOT'YT OOHAPYKHBATh AU~
(epeHUMaIBHYI0 aKTHBHOCTh Y)KE Ha PAHHMX CTaJUAX OH-
toreHesa. [Ipu 3TOM HabMIOAAETCA BUAMMOE HCKAXKEHHE
MEHIEIEBCKUX NPABHII HACJIEl0BaHNs OTAC/bHBIX LIPH3HA-
kOB. B yuacTkax reHoMa, NOJBEPIKEHHbIX MMITPHHTHHIY, DKC-
IIpeccUpyeTCs TOJIBLKO OHA ajlieNlb — OTLOBCKAS MIIM Ma-
TepuHCKas. HBIMH CJ10BaMHU, SKCTIPECCHS HMIIPHHTHPOBAH-
HOTO reHa B OPraHM3Me-MOTOMKE OllpejelNeTcs €ro
POMTENLCKUM TPOHCXOKIEHUEM, TO €CTh 3aBUCHUT OT TOIO,
TepelaeTCs JIM OH FEHOMOM CIIepMUs WiH siduexierku. [au-
HBIE TI0 TeHOMHOMY MMIIPMHTHHIY y ueloBeKa ObLIH CyM-
MupoBanbl Ha koudepenunn National Institute of Child
Health (USA) [102]. Onn noupo6Ho pacCMOTpEHbI B pAie
OTEYECTBEHHBIX 0030p0B U cOopHuKOB [4, 6, 7].

I[Mpupona >TOro ABAECHHA B HACTOSUMA MOMEHT OCTACTCA
HesicHoit. OJIHAKO J0KA3aHO, YTO B MEXAHU3ME UMIIPHHTHHIA
OCHOBHasi POJib PHHAIOKUT MoaubUKaLUK OENIKOB XpoMa-
tnHa ¥ JJHK onpefeneHHbIX I'€HOB, B 4aCTHOCTH, IIpOLEC-
caM alleTMIMPOBaHUA HCTOHOB M MeTunuposanus JIHK.
MexaHu3M UMITPUHTHHIA B POIMTENBCKIX NOTOBBIX KIIETKAX,
ero coxpaHeHue B KJIeTKax dMOpHOHa U ponb B aubdepen-
UabHOM aKTHBHOCTH TEHOB JJOJITOE BPEMs OCTABAJIMCH He-
scHbIMH. B mocnenHue rojibl B U3yHEHHH IEHOMHOIO MMII-
PMHTHMHIA JOCTUTHYT PSJL CEPhE3HBIX YCIIEXOB: 1) onpenene-
HbI CiS-II0C/IEA0BATENBHOCTH, UIPAIOLIME BAXKHYIO POJIb B
KOHTpOJIE UMIPHHTUHIA; 2) YCTAHOB/IEHO BPEMS NOABICHNUA
M 2IMMHMHALNY UMIIPUHTOB B [IONOBBIX KJIETKaX; 3) onucaHa
JMHAMHMKA METHIMPOBAHUS MMIIPHHTHPOBAHHBIX [€HOB B
1pe- M NOCTHATANLHOM IIEPHOJIaX OHTOreHesa; 4) oGHapyxe-
Ha KJACTEpHas JIOKANHU3alusi UMIIPUHTHPOBAHHBIX [€HOB B
reHoMe; 5) MoKazaHa aCUHXPOHHOCTb WX PEIUTHKALIMU.

Baxkueline coObITHS, CBA3aHHbIE C TEHOMHBIM UMIIPHH-
THHIOM, NPOMCXOMAT ellie B rameToredese. [Ipu oToM kak B
MY>KCKHX, TaK Y B KEHCKHX FaMeTax BHauaJlle IPOUCXOIUT CTH-
panue (yaaieHHe) HpeICyLeCTBYOIIMX UMIIPHHTOB, yHace-
JIOBAHHBIX OT POJAMTENEH, a 3aTeM B MX [EHOMAX YCTaHABIHBa-
1OTCS HOBBIE MMIIPHHTEHI B COOTBETCTBHH C TIOJIOM OCOOU.

Jlns pasBuMBAtOLUMXCS TONOBBIX KIETOK XapakTepHa Mo-
CJleI0BaTeIbHAsA CMEHa ABYX CoObITUIlL: MobansHOe IeMETH-
nuposanue [JHK un ee pemersuposanue. K 12-13 ausm om-
GpuonansHOro passuTus Mbiuk JJHK nepBUUHBIX NOJNOBBIX
KJIETOK HAXOMMTCS B HEMETWIMPOBAHHOM COCTOSIHUM HE3aBH-
cumo ot nona 3apoapiia. K 15-16 auaM pasBuTis Npoucxo-
JIUT PEMETUIIMPOBAaHME GONBIIMHCTBA HYK/IEOTHAHBIX NOCIIC-
noBarenbHOCTel renos (32 ucktodenuem CpG OCTPOBKOB).
[Tpu 5TOM pazIHyMa B XapaKTEPE METHIIMPOBAHNA OTLOBCKHX

¥ MaTePMHCKHAX XPOMOCOM COXPAHAKOTCH TOJBKO B HYKJIEO-
TMHBIX TIOCNE/I0BATENILHOCTAX HEKOTOPbIX reHoB [47, 86].

Cnenyer orMeruTs, 4To obliee AeMeTHWIMPOBAHNE, Xa-
paKTepHOe juisi paHHUX CTazliii pa3BUTHA HOJOBBIX KIETOK,
KacaeTcsa TAKXkKe W BCEX MMIIPUHTHPOBAHHBIX IeHoB [20].
Tak, Ha 12,5 JeHb pa3BUTHA TEHBI, A KOTOPbIX XapakTe-
pen >bdext umnpunrunra (Igf2r, p57Kip2, Pegl, Peg3,
Snrpn, U2afrs1), B IepBUYHbBIX N10JI0BBIX KIIETKAX HAXOLAT-
¢s1 B HeMeTHIupoBanoM cocrostuu [20, 93]. [pu cnusinnu
TIEPBUYHBIX [I0JIOBBIX KJIETOK € IUM(OLUTAMU IPOLECC JIe-
METHJIMPOBAHMS PACTIPOCTPAHAETCA KaK Ha MMIIPUHTHPO-
BaHHbIE, TAK 1 HAa HEUMIPHHTUPOBAHHEIE I'eHbl U hepeH-
UMpOBaHHbIX KieTok [92]. EauHCTBEHHAs MOCTEH0BaTENb-
HOCTb, KOTOpas, NMO-BUAHMOMY, MOXeT M30erarh oowero
JEMETHIMPOBAHHS B PAHHEM Pa3BUTHH I10JIOBBIX KJIETOK, —
3T0 5' paitoH rena Xist, OTBETCTBEHHBIA 33 MHAKTHBALUIO
071HO#t M3 X-XpOMOCOM Yy 3apojbIllei KEHCKOro Ioja, He-
00X0MMOit U1 KOMITEHCALMHU 10361 reHoB [80].

B npouecce oorenesa Metiwnposarue revomuoit JIHK de
HOVO IPOUCXOMMT HA CTAIHH POCTA OOLMTOB BCKOPE IOCIIE PO~
JeHus. IT0 ObLIO MOKA3aHO VIS HEKOTOPBIX MOBTOPSIOIMXCA
nocneoparebHocTel 1 st reda [gf2r [20], a Taxoke TpaHcre-
HOB — uyxepoasoil JJHK, BritouenHoi B reHom ooumra [21].

Bpems ycTaHOB/IEHMS MMIPUHTUHTA FEHOB B MY)XXCKHMX
TNOJIOBBIX KJIETKAX TOYHO He BbIACHEHO. ITo Bcell BUMMMOCTH,
meTwmpoBanue reos H19 u Igf2 ycraHasnuaercs BCKOpE
T0CTIE POKIICHHS, O HEM KOCBEHHO CBUIETENILCTBYET BHICOKHiH
ypOBeHb MeTHATpaHC(epasbl Dnmtl B siapax CrIepMAaTOTOHMIA.

[Mocre orUIoNOTBOPEHHS M BILIOTh IO CTaauM 61acToLuc-
ThI [IPOUCXO/UT I106ATNBHOE IEMETHANPOBAHHE ICHOMA 3apo-
JIBILLA, TO €CTh MMITPHHTBI MY>KCKHX U )KEHCKHX M€HOMOB CTH-
parotcs. Y MM OJHOKOMHMIHBIE IEHbI JIEMETHIHPYIOTCA B
TeueHHe NEePBBIX ASIEHUH APOOIeHHs M OCTAOTCS FUIIOMETH-
JNIMPOBAHHBIMK [0 CTAIUU MO3AHEH ractpyibl. MMnpuHTHpO-
BaHHbIE CaliThl MYXCKOTO IeHOMa JeMeTIIHpYIoTCs K 8-Kiie-
TOYHOM cTaaun. ['aMeTHYeCKUi UMIIPUHTHHI TIOJIHOCTBEO CTH-
paeTcs yxe Ha cTapud Mopyisl (816 6nactomepos) [61].
ToTabHOE AEMETHIMPOBAHHE HA HAYAJIbHBIX CTAaAMAX Apod-
JeHMs, TI0-BIIMMOMY, OTpaxkaeT npouecc AeandgdepeHumpos-
KH FeHOMOB MYXXCKOTO M XXEHCKOIO [IPOHYKIIEyCOB ¥ IPHOOpe-
TeHue OnacroMepaMy Apobsiierocs 3apoapliia IUIFOPUOLIO-
TEHTHOro COCTOsHMWsA. [Ipoucxoasilias Ha CTaaiul MOpYJIb
KOMIIAKTH3aLKs 3apOBILLA BEET K [IepBHYHON AudhepeHum-
POBKE Ha BHYTPEHHIOK KJIETOUHYH Maccy U TPO(IKroaepMy
U CONPOBOKAAETCA OBICTPOI YTPaTOi TOTHIIOTEHTHOCTH KIIC-
Tok Tpodobnacta. JansHeiimas AuddepeHIMpOBKa KIETOK
BHYTPEHHEN KJIETOYHOH Macchl ¢ 0Opa3oBaHUEM TpeX 3apo-
JbILLIEBBIX JIMCTKOB CONPOBOX/IAETCA YCTAHOBICHUEM OIIpENE-
JIEHHOT'O U KaXK/10T0 U3 HUX XapaKTepa MeTuiuposanus. Ta-
KuM 00pa3oM, IyTeM H3MEHEHHMsA METHIMPOBAHUA MNPOUCXO-
JUT aKTHBALKs ONHUX M UHAKTHBALUS APYTHX KOMILIEKCOB
reHOB, B pe3y/IsTate 4ero GopMHpyeTCst HMIIPUHT, HeoOXoau-
MBlii U151 0BecreyeHuss HOPMaAJILHOTO Pa3BUTHA LEJIOr0 3apo-
JIbILIA U €T0 OT/ENBHBIX 3a4aTkoB [34, 61, 83].
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Crajus 611aCTOLUCTBL XapaKTePU3YeTCsl HAaUYaJIOM TOTAIb-
Horo Mertuauposanus JJHK de novo. IlpeanonoxurensHo,
METIIMPOBAHKE ITPOUCXOIUT B IIepHof ¢ 5,5 no 6,5 aeHs pas-
BUTHS, TO €CTh BCKOpe nocine uMiviantanuu. K 6,5 auio Bee
OIHOKONMIHBIE IeHbl, He cofepxaude CpG ocTpoBKY, yixe
MeTwinpoBansl. B 1o e Bpems reusl, conepxkaume CpG oct-
POBKH, TOMEOOOKCHbIE I'€Hbl U aKTUBHLIC aJUIelId HMIIPUHTH-
POBaHHBIX TEHOB Ha 3TOH CTafuy H30€raloT METHUIIMPOBAHMS
de novo. JlehMHUTHBHBIN XapaKTep METHIMPOBAHUS [/ 3TUX
TEHOB YCTaHaBIIMBAETCA Ha 6071ee MO3AHIX CTaMAX PA3BUTHSI.

[NepBuyHbIe NIOTOBBIE KAETKH, TO €CTh KJIETKU OyAyLIUX
JAeGMHUTUBHBIX TaMeT, U30eraloT METUIMPOBAHUS de novo
BIUIOTh J0 MOMEHTa 3acelleHus roHaj (y Mblmeit — 11,5
JEHb Pa3BUTUsA). METUIMPOBAHNE B 3TUX KIIETKaxX NpOUC-
XOIUT TOJbKO Mocne 14-ro qus passutus [83].

Annenb-cneuuduyeckuil naTTepH METHIIMPOBAHMKA, YCTa-
HOBJIEHHbII elle B dMOPHOHANBHBIN HEPHOA, COXPAHAETCA B
COMAaTH4ECKHX KJIETKaX B3POCI]bIX MHAMBUIOB. Tak, B Kyib-
THBUpYEMbIX GrOpobrnacrax QpyHKIHOHUPYET TOJIBKO OTLIOB-
cKas ajulesb reHa 1gf2, Torna Kak MaTepHHCKas ayulens JKc-
NIPECCHPYETCS, €CJIM TONIBKO B KYJIETYPY KIETOK JA00aBISIOT
MHTUOMTOp MeTUATpaHChepazsl — S-a3afeOKCHIMTHAMH [29].

M3MeHeHus SUUTeHOTHIIA, IPUBOASALINE K OCIabIeHUIO
WJIM HAPYUIEHUEO YCTaHOBHBILETOCS UMIIPHHTHHTA, CII0CO0-
CTBYIOT Pa3BUTHIO NATOJOIMYECKMX COCTOSHUHN KIIETKH, B
YaCTHOCTH, €€ 37J0KaYeCTBEHHOMY nepepoxaenuio. B stoit
CBA3M 0COOBIN MHTEpeC MpeAcTaBIseT U3YYEeHHE MOJIEKY-
JAPHBEIX MEXaHM3MOB YCTAHOBJICHUS M NOJAEPXKAHUS all-
Jeb-ClenUPUYHOIO METHIMPOBAHUA.

B nHacTosiliee BpeMs [IpeIIoaaraeTcs CyuecTBOBaHUE, [0
KpaliHell Mepe, IByX BO3MOXHBIX MEXaHU3MOB Y3HABAHHSA
MECT I'€HOMHOI'0 UMIIPHHTHra. COINIacHO OIHOMY W3 HMHX,
npsAMblE TaHAEMHBIE MOBTOPLI, HaxoaduHecs B CG obora-
HICHHBIX MOCIIEN0BATENBLHOCTIX M aCCOLMMPOBAHHBIE C paii-
oHamu b depeHIHaTLHOIO METWIHPOBAHHUS, MOTYT ABJIATh-
s MOJICKYJIAPHBIMH MapKepaMH HMIIPHHTUPOBAHHbLIX F€HOB.
JeicTBUTENBHO, [IPH U3YyYEeHUH MIEPBUYHOM CTPYKTYPBI MM-
HNPHHTUPOBAHHBIX T€HOB ObLIO YCTAHOBIIEHO, YTO OOJBIINH-
CTBO M3 HUX COAEPHAT B CBOUX PETYJATOPHBIX 0051acTAX Mpsi-
Mble TaHJEMHBIE MOBTOPbl. CpaBHHTENbHbIH aHAIH3 TAKUX
HOBTOPOB HE IIO3BOJIMJI BBIABUTH CYLIECTBEHHON I'OMOJIOTUH
ux nocuegoparensHocrei. OHAKO BHICOKOE COMAEp)KaHUE
I'yaHHHA, CXOIHAas NPOTHKEHHOCTh U XapaKTepHas JIOKasu-
3allMH 110 OTHOLIEHHIO K KOAHPYIOLEH 4acTH reHa MO3BOIH-
JIM TIPEATIONI0KHTD, YTO 3TH I0CIIE0BaTeIbHOCTH MOTYT UC-
NOJIHATE POb MOJIEKYJIAPHBIX MapKepOB MMIPHHTHPOBaH-
HBIX TeHoB. Ilo Bcell BUAMMOCTH, Takue MOBTOPHI MOTYT
(hOpPMHPOBATEL AJIETEPHATUBHBIE BTOPHYHEBIE LIMHIICYHbBIE
ctpykTypbl JHK mmi criennduyHble XpoOMaTHHOBBIE J0Me-
HBI, KOTOPbIE, B CBOIO OYepe/lb, MOI'YT MapKHPOBATh y4acT-
KH, B KOTOPBIX Oy/leT IPOUCXOAUTh METUIIMPOBaHUE de novo
B raMeTax MY B KJleTKax 3apoppima [23].

ComlacHO BTOPOMY MeXaHU3MY, BaXKHas pOJib B IKCIpeC-
CHH MMIIPUHTHPOBAHHBIX FEHOB IPHHAIEKUT TPAHCKPUIITAM

HMMIIPHHTUPOBAHHBIX ajulesniel. PaccMOTpUM 3TOT MeXaHH3M
Ha IIPHMEPE OHOIO U3 TPEeX I'€HOB, WA KOTOPBIX JOKA3aHO
CYLIECTBOBAHNE aHTUCMBICIOBBIX TPAHCKpUOTOB. Tak, ais
MaTepHHCKOi ajuteny reHa Igf2r y Mplun noxasas cuHTes aH-
THUCMBICJIOBOTO TPAHCKPHIITA, QYHKIMS KOTOPOIO 3aKI04a-
€TCs1 B [10/IaBJICHHH B CiS-[IOJIOXKEHUH IKCIPECCHH OTIIOBCKOI
ajutesu Igf2r, 9To NpUBOAMT K MOHOAILIENLHOMN 3KCIPECCHH
reqa [104]. Myranuu, HapymalwlmMe CHHTE3 TAKOIO aHTH-
CMBICJIOBOTO TPAHCKPHIITA, IIPUBOAT K JKCIIPECCUU OTLOB-
ckoro rena Igf2r [57]. Ilpeqnonaraercs, 4T0 aHTUCMBICIOBOH
PHK-TpaHCKpUNIT MOXKET [OAABJIATH IKCIIPECCHIO OTLIOBCKOM
ajuteny 1gf2r B cis-nosnoxeHuy# HECKOIBKMME CIIOCOGAMH:
MyTEM NMPAMOTO NIPUCOSAMHEHUA K OTLIOBCKOMH ajuieny (Takoi
MEXaHU3M COKYThIBAHUS» JIOKa3aH IIPU HHAKTHBALUH X-XPO-
Mocomsl) (1), GrokuposanueM npomoropa Igf2r npu tpaHc-
KPHILXY B 0OPaTHOM HAIIpaBCHUY (2) UIU B PE3YIIBTATE KOH-
KYPEHTHOI'O CBSI3bIBAHMA TPAHCKPUIIMOHHBIX GakTopoB (3).

6. MHAKTUBALINA X-XPOMOCOMDb|

SIpxUM IIPUMEPOM PETYNIALNM aKTUBHOCTH T'E€HOB, KIIFO-
YEBLIM 3BEHOM KOTOPOTIO ABIAETCS HETPAHCIIMPYEMBIH TpaH-
CKPHIT, MOXET CIIyKMTb HHAKTHBAlMA X-XPOMOCOMBI B €O-
MaTH4EeCKHUX KIIETKAX caMOK Miekonutaroumux. IIponecc
HMHAKTHBAlUM HAYMHAETCA Ha ONpPEEICHHOM y4acTKe, OoTy-
YMBIIMM Ha3BaHUE «LEHTPa HHAKTHBALUH X-XPOMOCOMbI»,
B KOTOpOM KapTupoBaH red Xist (X-HHaKTUBUPYOILIHIA crie-
UHUUIESCKUI TPAHCKPUNT), KORUPYIOLWMI TPAHCKPUNT pas-
mepoM 15-17 T.n.o. I'en Xist umeer tpu npomotopa: P1, P2 u
PO. Ecin TpaHckpunuus ocyliecTBisiercs ¢ npomMoropos Pl
u P2, 10 obpasyercst cTabUNBHBINH TPAHCKPUIT pazmepoM 15
TBIC. 11.0., €CJIM ke ¢ npoMoTopa PO — Bo3HMKaeT HecTaOuIIb-
HbI poAyKT. IlepexsitoueHne TPaHCKPHIILMHK € IIPOMOTOPa
PO Ha P1/P2 xoppenupyer ¢ HayanoMm Mpouecca HHAKTHBa-
M X-xpomocoMsl. Hakornenne cnennguueckux crabuiib-
Heix PHK-TpanckpunToB no jamuHe X-XpoMOCOMbI BelET K
obpa3zoBanuio Tak HazwiBaemoil «PHKoBoii uryGu1», KoTopas
MOCTENEHHO TIOKPHIBAET X-XPOMOCOMY U JIETEPMUHHUPYET €€
UHaKTHBalMio. B ¢yHKiMOHANbHO akTHBHOH X-Xxpomocome
reH Xist MHAKTUBHPOBaH, YTO JA€TEPMHUHHPOBAHO METHIMPO-
BaHHeM CpG AMHYKJIEOTHJOB B HOCIEHOBATEILHOCTH 5'-
GCGCCGCGG-3' (ot 44 mo —36), pacCHOIOKEHHON B €ro
NPOMOTOpHOM obnactu [34]. Hanuuue unu oTCyTCTBHE Me-
THUJIMPOBAHUA 3TOI0 y4acTKa OIpeAeNseT aKTHBHOCTh I'eHa
Xist Ha JOMMILTaHTAlMOHHON cTaanu pasBuTuA. [TokasaHo,
41O nocyie 0OpaboTKH KyJIETUBUPYEMBIX KIETOK 5-a3alUTH-
JMHOM, HapyWIAKIIHM [pPOLECC METUIHPOBAHHS, IIPOHCXO-
IUT YaCTUYHAA PEAKTHBALMA T€HOB X-XpPOMOCOMbI, YTO CBH-
JETeNbCTBYET O 3HAUMMOI PO METHIIMPOBAHMS B CO3JaHUH
M NOJJEPKaHHH MHAKTHBUPOBAHHOIO COCTOAHHUA X-XpOMO-
combi [61]. Y aMOGPHOHOB MBIIIY B JOMMIUIAHTAL{MOHHBIH T1e-
puoa (3,5-4 neHb pa3BuTHs) B TPOPIKTOAEPME U B MEPBUY-
HOH 3HAOAEpME HaOMoNaeTcst UMIIPHHTUPOBAHHAS KCIIPEC-
cus reda Xist, Ipu4eM HHAKTHBUPYETCS NPEUMYIIIECTBEHHO
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OTILIOBCKAA aJineis. [ KIETOK caMOro 3apobiilia Xapakrep-
Ha CITy4aiiHasg MHaKTUBaLus X-XpOMOCOMBI KaK OTIIOBCKOM,
TaK ¥ MarepHHCKOM.

7. BOJIE3HW, OBYC/IOB/IEHHBIE HAPYLUEHUAMU
METUTTMPOBAHNA

Beiie (cM. pazaen 2) yxe yIoMHHANOCh O IBYX CpaBHU-
TENBHO YacThIX MOHOTEHHbIX 3a6aeBanusix (cuaapoM [CF u
cunzipoM Perra), KOTOpBIE 00YCIIOBIEHBl MyTALHAMH B T¢-
Hax MeTHIITpaHchepas. Ha ceroqusmnmii 1eHb HMEIOTCS CBe-
neHns o 6onee 30 3aboneBaHMil, B OCHOBE KOTOPBIX JIC)KAT
Hapyuedus merumupoBanus JJHK, npusoxsnine k aHoManH-
M TIPOLIECCA UMIPUHTHHIA U, KaK CIIEACTBHUE, K «OONe3HIM
uMnpuHTHETa» [3, 5, 8]. B ocHoBy knaccupukammy 6oses-
HeH UMMPUHTAHTE MOXKET OBITh TIONOXKEH YPOBEHb OpraHH-
3allMM FEHETUYECKOTO Marepuasia (reHOM, XpOMOCOMBEI,
reHbl), Ha KOTOPOM MPOSBIETCS 3PHEKT FEHOMHOTO MMIIPHH-
tunra [6]. HapylieHus Ha ypoBHE LEIOT0 FeHOMa IPUBOIAT
K Pa3BUTHIO XOPHOHIIUTEIHOMBI — 3/IOKaYECTBEHHOH OITy-
XOJIH, BO3HHKAIOIIEH IIpU GEPEMEHHOCTH U3 KIETOK TPodo-
ON1acT4, HECYILUX TONBKO OTIOBCKHHA T€HOM, T. €. SIBJLIIONINX-
¢ POAYKTOM JMCIIEPMHOIO OIUIOAOTBOPEHHS (aHAPOTeHe-
3a). Ha XpOMOCOMHOM YPOBHE — 3TO Cjiy4Yad MaTONOTHH
pasBuTHsA 10 (TUTALCHTAPHAS HEAOCTATOYHOCTD) U TIOCTIE POXK-
JeHHs (XpOMOCOMHbIE 60Ie3HH), 00YCIOBNEHHEIE MOIHOM
WM YaCTHYHOH OJHOPOTHUTEILCKOH AHCOMHEH XPOMOCOM
WIM UX CETMEHTOB, COMIEPKAINMX UMITPUHTHPOBAHHBIC TCHBI.
VIMIOpYHTUPOBAHHbIE I'€HbI OOHAPYKCHBI HA MHOTHX XPOMO-
coMmax uenoeka — 1, 5, 6, 11, 14, 15, 19, 20, X. /Ipa 601b-
IMX KJIACTEPa MMIPUHTHPOBAHHBIX T€HOB OOHApPYXECHbI Ha
xpomocomax 1 u 15, [Tatonorudeckuii dhGeKT AMIPHHTHH-

ra, CBA3aHHBII ¢ OMHOPOIUTENBCKON TUCOMUEHN, OTMCaH s
xpomocom 1,2,4-11,13-16, 19, 20, 22, X. Ha reHHOM ypOB-
He Haubonee SPKUMH MPUMEPaMHU ABIAIOTCA CHHApoM [Ipa-
nepa-BwWiml 1 CHUHIPOM AHrelbMaHa, 00yCIIOBIEHHEIC My-
TaIMsAMH, MO0 HapyleHUAMHY QYHKIMIL B Kl1acTepe UMITPHH-~
THPOBAHHBIX [CHOB B IPOKCUMAILHOM YACTH JNTHHHOTO IIIeya
xpomocombl 15. TIpeAHonoXHTeIBHO ¢ GEHOMCHOM ICHOM-
HOI'0 MMIIPHHTHHTA CBSA3BIBAIOT OCOOEHHOCTH HAC/ICOBAHNS
TAKUX CPABHUTEIBHO YacThIX 3a00JIEBAHMH, KAK MAaHHAKaIb-
HO JISTPECCUBHBIA NCUX03, Xopes [eHTHHITOHa, WH30¢pe-
HUs, ayTH3M, MHOTOHHYECKask THCTPOQHS.

8. POJIb METUTMPOBAHUA B OHKOIMEHE3E

Pony MeTrIIMpoBaHysl (MMIIPHHTHHTA) B IIPOLIECCAX KaH-
IeporeHe3a NOCBslIeHa obmMpHas nuteparypa [31, 33, 49;
54, 71, 76, 78, 100]. CoxpaHeHHe cTaTyca MCTHINPOBAHUS
JIHK, xapakrepHOro Uil KaXJOr0 THIIA KJICTOK, BAXKHO UIA
oBecrede s UX HOPMaJbHOM JKU3HEACITEBHOCTH H QyHK-
MK, BMecTe ¢ TeM B HACTOsIIEE BPEMsS HAKAIIMBACTCS BCE
Gombiue (akKToB, MOKA3BIBAIOLIKNX, YTO HAPYUICHHE XapaKTe-
Pa METWIHPOBAHUS MOXKET UIPaTh CYIIECTBEHHYIO pOib B
mponeccax TpaHcOpMalli HOPMANBHBIX KIIETOK B OILyXO-
nesble. I3MeHEHUS cTaTyCca METHIUPOBAHUS LIMTO3HHA IIH-
POKO PacHIpPOCTPAHEHBI NPH CIIOPATUYECKHX PAKOBBIX 3260~
JICBaHMAX YEJIOBEKA, XAPaKTEPU3YIOIINXCS THIIOMETUTHPOBA-
HHEM Ha ypOBHE TeHOMa M JIOKaJbhHBIM abeppaHTHBIM
runepmetuauposanrem CpG octpoBkos [99]. IIpu aTom 06a
3TH AIPOLECCa, OHOBPEMEHHO IPOHCXO/IANINE B PasHLIX paii-
OHAX FeHOMa, MOTYT IPeIIIeCTBOBATh 03JI0KAYECTBICHHIO.
Baxxsas poJib B OHKOTeHe3e IIPHHAIEKHT CIIOHTAHHOMY JIe-
3aMHHMPOBAHUIO S-METHILMTO3HHA B ONpPEENEHHBIX paiio-
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Hax FEHOB, KOTOPBIA NPUBOAUT K TOYKOBBIM MyTaLMsiM — 3a-
meHaM C Ha T (puc. 5.1). 24% myTauuii B rene onyxoseBoro
cynpeccopa 6enka p53 coctaistor 3amensl C Ha T B AuHyK-
neorunax CpG, 4To SBNAETCA OAHON W3 NPUYMH, JETEPMH-
HHUPYIOLHX 00pa3oBaHue conmaHbIx onyxoneii [33, 36]. Us-
BECTHO, YTO B reHe p33 comepxkurcs okono 290 CpG au-
HyK1€0THAOB. Ilpu 3TOM ToukoBhIe 3ameHnl B 23 CpG
JMHYKIICOTHIAX, PACIIONIOKEHHBIX B PailoHe, KOAUPYIOLIEM
JHK-cBasbiBatommit 1oMeH, COCTaBAOT TPETh OT 06LLETO
4HCTa MyTallMii B 310M rene [55]. YeraHoBnena onpeneneH-
Had 3aBUCUMOCTb MEXKY PaCIIOIOKEHHEM «TOPAYHUX TOUEK»
MYTaLWid U JoKau3aunel onyxonu. Tak, MyTalHOHHBIE H3-
MEHEHHUA B KOJOHAX 175, 248, 273 reHa pS53 xapaxTepHbl
TOJILKO [U1sl OIlyXOJIell MOJIOYHOM JKelle3bl, AMYHHKA U IS
nefikemun [43], a B kojtoHe 157 OHM BCTpevaroTCs JIMlI B
KJIETKAX OIlyXONEH JIETKOro KypsILHX [IalueHToB {75].

CyluecTByet TpH runotessl, 0GbACHSIOLIME POJlb B MH/IYK-
UMM 3/10KaYeCTBEHHBIX 00pa3oBaHMii, — aKTHBALHMA [POTO-
OHKOTeHOB (1), XxpoMOocOMHast HecTaGUILHOCTD (2) 1 aKTHBa-
Lnsl JIATEHTHBIX peTpoTpaHcnasoHoB (3) [33]. IIpu arom ypo-
BEHb 3JI0KaUeCTBEHHOCTH B OIIPEICICHHON Mepe KOpPPENUpyeT
€O cTeneHplo MeTHIMpoBanus redomuoit JTHK [77, 91].

1. I'unomeTrnupoBasue NPUBOAKT K H3MEHEHUIO TPAHC-
KPUIUHAOHHOM aKTUBHOCTH MHOPHMX OHKOTEHOB, TAKMX KaK
NpOTOOHKOTeH K-ras B OITyXoJsiX JIErKOro M TOACTOH KH1L-
xu [30], omyxonesrii cynpeccop 14-3-3{sigma} [15],
p21CIPI/WAF1/SDI1 [84] (puc. 5.2). B3anmocessb Mexay
TUIIOMETHIIMPOBAHUEM H W3MEHEHHEM FeHHOH JKCIpeccHu
NOKa3aHa U1 aHTHANONTOTHYECKOTO reHa bel-2 mpu xpo-
HU4eCKOH JuMbounTapHoii nelixemun B-knetox [38].

2. CnencTBueM rUnOMETHIMPOBAHMS, [10-BHAUMOMY,
MOXeT ObITb U HeCTabUIILHOCTL XpoMocoM. Tak, B HOpMaIb-
HbIX COMaTU4ECKUX KIIETKaX MPHLIEHTPOMEPHbIE PaiiOHbI re-
TEPOXPOMATHHA Ha XpoMocoMax | u 16 runepmeruiinpoa-
HbI, B TO BPeMsi KaK B KJIETKaX aJeHOKapUMHOMBI MOJIOYHO#
XKEJIE3Bl M OIMYXOJIH UTENUS TUYHIKOB ITH pPaHOHBI XPo-
MOCOM THIIOMETHIIMPOBAHbI H 06Hapy)KHBal0T INIOBBILICH-
HYIO JIOMKOCTB [64, 77].

3. B HEKOTOPBIX CIIyyasiX JOKaJIbHOE FHIIOMETHINPO-
saHue JIHK nmpusomuT x TpaHCKpUIIIMOHHOM aKTHBALUH
peTpOTpaHcno3oHoB [32, 90]. Jus reHoMa yenoBeKa Hau-
Gosiee xapaxTepHsl perporpancnosonsl LINE's. Ux Ha-
CUUTHIBAETCA OK0jI0 100 ThIC., MpUYeM aKTHBHLI H3 HHX
ToabKO 3060 [87]. B kj1eTKax ornyxoneil IPOUCXOAUT aK-
TUBalus npomoTopor LINE's B pe3ynbrare nux aeMeTH1u-
POBAHHUA U, KaK CJIEJICTBUE, AKTUBALUSA TPaHCKPUIILUH [32,
90] ¢ nocnenyronm nepememenuem LINE's B konupyio-
Y0 4aCTh I'€HOB, PETYIHPYIOWIMX NpOLEcchl nponude-
pauuu 1M penapauuu [60].

Baxnyto poinb B onyxoseBoii tpaHcpopManuu HOpMaiis-
HBIX KJIETOK MOXET UIPATh ¥ IIPOLECC THIIEPMETHIMPOBAHHS,
0COGEHHO €CllH OH 3aTParuBaeT NPOMOTOPHBIE OGIACTH re-
HOB OHKOCYnpeccopos (puc. 5.3). ['eH pernHoGnacToMul pRb
b1 IEPBBIM M3 MHOXECTBA TEHOB, /1 KOTOPBIX OblNa JoKa-

3aHa B3aMMOCBA3b MEXIY TMIIEPMETHIMPOBAHUEM HX IIPO-
MOTOPOB H HHAKTUBaLMelH TpaHcKpHnuuu [37]. Takoi xe Me-
XaHW3M PETYIALMH XapaKTEPEH 1 Al F€HOB, KOHTPOJIUPYIO-
wux KierouHsit nukn (RB [88], pl4ARF [108], CDKN2A
[45], CDKN2B [68], p27/KIP1 [103}), aucddepenumponky
(MYOD [46], WT1 [59], PAX6 [85]), anonto3 (DAP kinase
[50], CASP8 [98]), penapauuto JHK (hMLH1 [25, 106]),
YCTOHUMBOCTb K HAPKOTHYECKHM BEILECTBAM M JETOKCHKA-
unro (GSTPI [27], MDR1 [48]), metacrasupopanue (E-cad-
herin [35, 65]) u T. n. Hepenko runepmerunuposanue npo-
MOTOPHOH OONAaCTH FE€HOB KOPPENUPYET € yBENHUEHHEM
ypoBHs aktuBHOCTH JIHK-MeTuntpancdepas, uro sener x
CTaOMIBHOMY BBIKIIIOUEHHIO (DYHKLMI OHKOCYNPECCopoB, a
TaKKe M'eHOB, KOHTPOIMPYIOLINX KIETOUHYIO Mpoiideparinio
WM anonros [51].

H3yuenne craryca MeTHIMpOBaHHS B PAfe Clyyaes pac-
CMaTPUBAETCA KaK BCIIOMOraTeNbHbIi METO B AHaTHOCTHKE
U JIeYeHNH paKoBbix 3aboneBanuii yenosexa. Hanpumep, ru-
IEPMETHINPOBAHUE TJIABHOTO IPOMOTOPA OHKOCYMpEccopa
BRCA1 06HapyxeHO MCKIIOUMTENBLHO B KIIETKAX OMYXOJIH
MOJIOYHOH JKeNe3bl U SUYHUKA, HO HE B IEPOMOTOPE COOTBET-
CTBYIOLIEr0 I¢HA IPH PaKe NpsAMOH KHILKH MM JeHKEMHH
[16]. O6wmpras nHGopMaLus Ha 3Ty TeMy HAKOILIEHA B OT-
HoLlleHuH reHos pl5, pl6, VHL [41, 42].

Cerons He BBI3BIBAET COMHEHUS, YTO H3MECHEHHE CTa-
TyCa METUIIMPOBAHUA MOXET MPE/IIECTBOBATL HAaYaly ONy-
XOJ1eBOH TpaHc(hopMallMi HOPMANBHBIX KIETOK APH MHO-
TUX PaKoBbIX 3aboneBanusix. Cuutaercs, uTo gedexThl Me-
THIAHPOBaHuA, 00ycIoBIeHHbIE AefCTBMEM Pa3IHUHBIX
9HJIOTCHHBIX U 3K30I€HHBIX (AKTOPOB B COYETAHHH C IIPE-
CYLIECTBYIOIMMH MYTaLUAMH OHKOT€HOB H OHKOCYIIPECCO-
POB, CO3JAIOT COITIACHO M3BECTHOMN «JABYXYAapHOW IMIIOTE-
3e» Knyncenna [53] Heobxoanmblit Tonuok k 6aacTTpanc-
(opmanuu u 3n0KauecTBEHHOMY pocTy [4]. VeranosieHne
3T0ro QGakTa MociyX1Io TOT4KOM Ui Pa3paboTKH MHOTO-
YUCJICHHBIX TEHETHHYECKUX TECTOB B LIEJAX PaHHEN JuarHo-
CTHKH U BbIACHEHMUA NIPOrHo3a OHKOJIOIM4Y€CKHX 3abonena-
Huit [8]. Hanpumep, MeTnnnposaHue npomoTopa OHKOCY-
NpecCOPHOro resa plé paccmarpuBaeTcs kak GHoMapkep
PaHHUX CTazuit paka serkoro [12, 69, 74]. YcraHoBneuue
craryca meTunupoanusa resop WIT1, DAP, MGMT wuc-
TIONb3YeTCs A MPEACKA3aHUs BO3MOXHOIO OTBETA KJIETOK
OIlyXO/I1 HA XHMUOTEPAIKIO HIIH AT IPOrHO3UPOBaHUs Te-
ueHus 3abonesanus [28, 52].

SAKJTHOHEHUNE

B Hacrosiiee Bpemsa HakoIIeHO MHOTO (aKTOB, CBHE-
TENLCTBYIOLINX O BaXHOH PONM METHIUPOBAHUA B TaKMX
CJIO’KHBIX TIPOLIECCAX, KaK QYHKIMOHAIbHAS AKTHBHOCTD Ie-
HOB, T€HOMHbIA UMIPHUHTHHI, HHAKTUBALUA X-XpOMOCOMBI,
KieTouHas nponudepanus, penapauus JHK u onxorenes.
Y0euTenbHO I0Ka3aHA POl METHIMPOBAHMS B €TEPMHUHA-
UMY MOHOQJUIENBHON IKCIIPECCHH UMIIPHHTHPOBAHHBIX Te-
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HOB. B skcriepuMeHTax Ha MblllIax NMoAPOOHO H3yueHa AHHA-
MHKa JeMETWIHPOBAaHUS — PEMETIWIHPOBAHNA [€HOMA B I10-
JIOBBIX KJIETKAX M Ha PaHHUX CTaJMsiX Pa3BUTUA 3apOIBILEH;
HPeUI0KEeHb] TUIIOTE3b], OObACHSIOILHE COXPAHEHHE MMITPUH-
TOB B OHTOT€HE3€ U BAXXHYIO POJIb FTEHOMHOI'O UMIIPHHTHHIA B
npoueccax auddepeHLHpOBKH 3MOPHOHAIBHBIX 3a4aTKOB M
opranos. He BbI3bIBaeT cOMHEHUs 00ib110# BKia] AeheKToB
HpoLecca METHIIMPOBAHUA B BOSHHKHOBEHME MHOIHX XpOMO-
COMHBIX Y I'eHHbIX 0ose3Hel uenoBeka, 0cobeHHo OonesHeit
€ HeOOBLIYHBIM, HEMEHENIEBCKUM THIIOM HACIEXOBAaHUS.

B uccnenoBanusx 1ocneaHux naer ocodbeHHo OonbuIoe
3HAuUEHHE NPUAAETCS U3YUEHHUIO [IPOLECCa METHIIMPOBAHNA B
HPOUCXOKAEHUM OHKONIOTHYeCKUX 3a0oeBaHui|, UX paHHEH
JIMarHOCTUKH M JledeHUs. AKTHBALUA [IPOTOOHKOTE€HOB B CO-
YeTaHHU C MHAKTHBALIMEH OHKOCYIIPECCOPOB, abeppaliiu Xpo-
MOCOM M Ae(hEKTbl MX CErperauyy, CBA3aHHbIE ¢ OHOKaMu
metunupoanus JJHK de novo, B HacToslliee Bpems paccmat-
PHUBAIOTCA KaK NpeqpakoBble COCTOSHUA, CIEACTBHEM KOTO-
PbIX MOXET ObITh 310KaU€CTBEHHOE HEPEPOXKAEHHE H IIPO-
rpeccus OIyXoiau. AHaJIM3 H3MEHEHHUI XapaKTepa MEeTHIINPO-
Banus JIHK umeeT BaKHOE NPOrHOCTHYECKOE 3HAUEHHE UL
paHHEi AMarHOCTUKY Y JiedeHus paka. HamnpasineHHoe uzme-
Henue MetminupoBanus JJHK B omyxoneBbixX KIETKax MOIJIO
Obl IBUTHCSL OJIHUM U3 CI10COO0B KOPPEKLMH HX JHCHYHKIMY.
Jlis peanu3alny 3TOrO HANpaBJIEHUA HEOOXOAUMO JajbHel-
liee u3ydeHHe (HaKTOpPOB, PEryJIUPYIOIIUX CIELUGUIHOCTD
MPOLECCOB METUIIMPOBAHHSA U AEMETHIHPOBAHHUA.
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DNA metylation as one of the main mechanisms of gene activity
regulation
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#® THE SUMMARY: DNA methylation is one of the main mechanisms
of epigenetic inheritance in eukaryotes. In this review we looked through
the ways of S-methylcytosin origin, it's distribution in genome, the
mechanism of gene repression via hypermetilation, the role of metyla-
tion in genomic imprinting and in X-chromosome inactivation, in em-
bryogenesis of mammals, in the processes of oncogenesis and in etiolo-
gy of some common human inherited diseases.
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