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Bo3sneiicTBue r'urmoKcuu BbI3bIBACT U3BMEHEHMSI TPAHCKPUIILIMU T€HOB, CITOCOOCTBYIOIIMX afarTalluy Kiie-
TOK K HemocTaTKy Kuciaopoaa. OCHOBHBIM MEXaHU3MOM, PETYJIUPYIOIINM KJIETOUHBIM OTBET Ha TMITOK-
CHUIO0, SIBJISIETCS aKTUBALIMSI TPYMIBI TPAHCKPUITIIMOHHBIX MHIYLMPYEMBIX TUIIOKCHEN (haKTOpOB ceMeii-
crBa HIF, BKioyamommnx HECKOJbKO M30(hOPM M KOHTPOJUPYIOIIUX 3KCIPECCHI0 0oJiee ThICSIYM T€HOB.
AxtuBHocTh HIF perynupyercs Ha pasHbIX YPOBHSIX, B TOM YHCJIe C TTOMOIIBIO MOJIEKYJ MaJIbIX HEKO-
nupytomnx PHK, naszsiBaemMbix MukpoPHK (MxPHK). ITpu atom MkPHK ocyiiecTBasior perynsimuio
KJIETOYHOTO OTBETa Ha TMIOKCHUIO MyTeM BiusiHUA Ha aktuBauuio HIF, ero nerpagauutio u Ha TpaHcisi-
110 3aBUCUMBIX OT Hero 6enkoB. B To xe Bpemst HIF takke okassiBaeT BiussHue Ha 6uoreHe3 MkPHK.
JlaHHbIe TI0 B3aMMOCBs3U Toi uian uHoil nzodopmbl HIF ¢ MkPHK mpoTtuBopeduBhl, TOCKOJIBKY MCCIIe-
JIOBAHUsI BBITMIOJHSIIOTCS C UCTOIb30BAaHUEM Pa3HbIX KJIETOUHBIX JTUHUI, Pa3HbIX BUAOB 9KCTIEPUMEHTATb-
HBIX KMBOTHBIX M KJIMHUYECKOTO MaTepuaja, a TakKe NPy pa3HOU KOHIIEHTPAIlMM KUCJIOpoaa U pa3Hoit
JUTUTEIbHOCTH TMITOKCUYecKoro BosneiicTusi. Kpome Toro, Ha sxkcrpeccruto HIF MoxeT BIUSITh MCXOMHAS
YCTOMYMBOCTH OPraHM3MOB K HEIOCTaTKy KMCJIOPOJa, YTO HE YUYUTHIBAETCS MPU MPOBEAESHUU HUCCAENO-
BaHUil. B HacrosiieM 00630pe MpoaHaaIu3MpPOBaHbl TaHHbIE O BIUSIHUU TMIIOKCUU Ha OuoreHe3 u GyHK-
nuonupoBanue MKPHK, a taxxke meiictBue camnx MKkPHK na MPHK renoB, yuacTBylomux B amanrauuu
K HemocTaTKy Kuciopona. [lonumanue mexanusmoB BzauMocBsidu HIF, runokcun u MkPHK Heob6xonuMo
IIJI pa3paboTKX HOBBIX MOIXOMOB K TTEPCOHATM3MPOBAHHOMN Tepanuu 3a00JIeBaHNi, COTTPOBOXIAIOIINXCS
HEIOCTaTKOM KHCIIOPOa.

KJIIOUYEBBIE CJIOBA: runokcus, mukpoPHK, HIF.
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BBEJIEHHNE

Tvnokcus sIBJIsSIETCSl OMHMM 13 OCHOBHBIX (haK-
TOPOB, PETYIUPYIOIINX (PYHKIIMOHAIBHOE COCTOSI-
HUE opraHu3Ma B (PU3MOJOTMYECKUX YCIOBUSIX,
MpU CTPECCOPHBIX BO3MEHCTBUSX, adalTalud U
pa3IMuYHBIX 3a001eBaHUsAX. [J1aBHYIO pOJIb B peak-
MY Ha Ae(PUIIUT KUCIOPOAa UTPAIOT TPAHCKPUII-
LIMOHHBbIE MHAYLUMpPYEeMble TUIIOKCHE (PaKTOpPHI
cemeiicteBa HIF (Hypoxia-Inducible Factor).

DKcrnpeccHsl KUCI0POa3aBUCUMONM CyObeTMHUIIBI
HIF-a perynupyeTcs riaBHBIM 00pa3oM IocCpe-
CTBOM THUAPOKCUIMPOBAHUSA, OTCYTCTBUE KOTO-
pOro B YCIOBMSIX TUIOKCUW TPUBOIUT K OOpa-
30BaHMI0O KoMILUiekca ¢ cyobenuHuueit HIF-f3
B sape [1]. DTo BemeT K aKTMBALUU 3KCIIPECCUU
TeHOB, PETrYJIMPYIOIIMX aHTUOTeHe3, MeTabo-
JIN3M TJIIOKO3bI U Xene3a — (pakTopa pocTa SHIO-
tenust cocynoB (VEGF), sputponoatuna (EPO),
nepeHocunka rmoko3sl GLUTI w gp. [2—4].

Ipungarsie cokpamenus: MKPHK — MukpoPHK; JITIC — munontonucaxapum; AGO — 6enku cemeiictBa Argonaute; CTAD —
C-xoH1IeBoil n1oMeH TpaHcakTtuBauuu; FIH — dakrtop, nunruoupyromuit HIF; HIF — unayuupyemsbiii runokcueit dhaxrop;
HREs — orBeuawmue Ha runokcuio aaemeHTol; HUVEC — snpoTenuanbHble KJIETKU IMyNOYHON BeHbI yenoBeka; mTOR —
MMIIIEHb panmamMuiiMHa y Maekonurawonmx; NF-kB — saaepHslii hakTop «kammna 6u»; NTAD — N-KoH1IeBOIt TOMEH TpaHCAaKTH-
Bauu; ODDD — nomen kuciopoa-3aBucuMoit nerpaganuu; PHDs — nponunrunpoxkcunassl; pYHL — Genok-oHkocymnpeccop
don Immmeng—JInngay; VEGF — ¢akrop pocra sHmorenus cocynos; RISC — RNA-Induced Silencing Complex.

* Anpecar sl KOppEeCIOHASHIIVH.
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ITunokcust u aktuBamus HIF B3amMocBsizaHbI C
YBEJIMYEHUEM aKTUBHOCTHU SIAEpHOTO akTopa
«kamnma 6u» (NF-xB), perynupyloiiero Bocna-
nuTtenbHble Tpouecchl [5]. ITokazaHo, 4To cyle-
CTBYIOT WHAMBUOyaJbHbIC pa3indus B peakiuu
Ha TUIIOKCUYECKOE BO3ACICTBUE, BO MHOIOM
0o0ycJioBJIeHHbIe pasHbiM ypoBHeM HIF [6—8].
OpraHu3Mbl ¢ pa3HOil YCTOMUMBOCTBIO K TUITOKCUU
OTIMYAIOTCS T10 TSDKECTU TeUYeHHsI Psiia BOCTIAIUTEb-
HBIX 3a00JIeBaHUA, B YaCTHOCTH, CUCTEMHOTO BOCIIa-
JINTEJILHOTO OTBETA U SI3B€HHOro KojuTta [9—12].

B perynauun ¢ynkuuonuponanuss HIF u
OTBETa Ha TUIIOKCUYECKOE BO3ICHCTBHE TMPU-
Humatot yyactue MukpoPHK (MkPHK) — manbie
Hekoaupytomue Moyiekyabsl PHK, cocrosinue u3
18—25 nHykieoTuaoB (Haubosiee 4acTO BCTpeya-
I0TCs 22), y4acTBYIOIIME B PEryasiiiuy 3KCcIpec-
CUM TCHOB NYyTeM OCTAHOBKU TPAHCISAIUU WU
paspymeHuss MPHK. MkPHK oGHapyxeHbI y pa-
CTEHUI, KUBOTHBIX U J1ake HEKOTOPBHIX BUPYCOB,
a MX ITI0CJeNOBATEIbHOCTU JIOKAJIM3YIOTCS JIMOO
BHYTPU MHTPOHOB, JIMOO B 9K30HAX HEKOAUPYIO-
mux PHK [13]. OnHOBpeMEeHHO OHM CIIOCOOHBI
peryaupoBaTth Oonbinoe KoaundectBo MPHK-mu-
LIeHeil U, TaKUM 00pa3oM, BIMSITh HA aKTUBALIMIO
cpa3y HECKOJIbKUX CUTHAJbHBIX IyTeil, KOHTPO-
JIMPYIOIIMX CUHTe3 OenkoB. OnpeaeaeHUI0 poiau
KOHKpeTHbIX MKPHK B perynsauun KiaeTouyHoro

CUJINHA u ap.

paboT MmocaenHUX JIeT, OMHAKO B HUX HE YUYMUTHI-
BaeTCs MHIUBUAYaJbHAsl MCXOMAHASl YCTOMUUBOCTD
opranmsMma K ruriokcuu. B Hacrtosgiem o63ope
cucTeMaTU3MpOBaHbl daHHBIe o poiu MKPHK
B peakiliM OpraHu3Ma Ha HEIOCTaTOK KHCJIO-
pora, a TakXe O BIMSHUM I'MIOKCUM Ha OMOreHes
n ¢yukunonupoBanne MKPHK. Kpome Toro,
obcyxnaercsa poib MKPHK B BocmamuTeabHbIX
3a00JieBaHUX, TaKUX KaK CHUCTEMHBI BOCHaIU-
TEJbHBI OTBET U SI3BEHHBIN KOJUT, C YIYETOM MH-
JVBUIYAJIbHOU YCTOMYUBOCTU K TUIIOKCHUU.

HIF

Crpykrypa monekyn HIF. B HacTosiee Bpems
y MJIEKOIUTAIOIINX OXapaKTepu30BaHbl 3 M30-
¢opmel HIF-a — HIF-1la, HIF-2a, HIF-3a un
oenox HIF-1B. Jng peryasuuu TpaHCKPUILIAU
3aBucuMbiX oT HIF renoB a- u [-cyobennHu-
el obpasyior rerepoaumep [14]. OcobeHHO-
cteio 6enkoB HIF-a u HIF-3 aBagercsa nanuune
N-xonuesoro JIHK-cBs3pIBaroliero qoMmeHa, co-
JIepXallero MOTHUB  «CIMpPab-TIeTIS-CIIUPaIb»
nepen PAS-nomenom (Per-Arnt-Sim) [15]. TTomu-
Mo storo, HIF-a umeer noMeH KUCIOpOA-3aBU-
cumoii gmerpamanum (Oxygen Dependent Degra-
dation Domain, ODDD), N-koHLeBOIl a0MeH

OTBETa Ha TUIIOKCHUIO TMOCBSIIEHO MHOXecTBO TpaHcaktuBaumu (N-Terminal Transactivation
i HIF-1a [[ bHLH] [ PAS ] [ oDDD [ NTAD ] J [ CTAD J 826 AO
HIF-2a [[ bHLH] [ PAS ] [ oDDD [ NTAD J [ CTAD ] 870 AQ
HIF-3a [[ bHLH] [ PAS J [ oDDD [ NTAD ] J [sz] 669 AO
HIF-1B [LbHLHJ [ PAS J [ mo | 769 AO

Puc. 1. a — lomenHas ctpykrypa uzocdopm HIF-1a, HIF-2a, HIF-3a u 6enka HIF-13. 6 — dumepusanus cyobenuann HIF-a
u HIF-B u B3aumoneiictBue ux JAHK-cBssbiBaomnmx romeHoB ¢ HREs. B atux nomenax kaxnas usz cyobenuuuu, HIF nme-
eT 2 cnupayiv U nemio Mexny Humu. OnHa uz cniupaneit cogepxut JJHK-cBsg3biBatomyto obaacts, a qpyrasg Heodoxonuma st
OCYILIECTBJIEHUs TeTepoaumepusauu. AO — aMMHOKMUCIOTHBIe octaTki; bHLH — MoTUB «crniupanb-netis-crnupaib»; PAS —
noMeH Per-Arnt-Sim; ODDD — nomen kucinopon-3aBucumoit aerpagauuu; NTAD — N-KOHILIEBOI JOMEH TpaHCaKTHUBALIMU;
CTAD — C-xoH1ieBoii noMeH TpaHcakTuBauuu; TAD — mnoMeH TpaHcakTuBauuu; LZIP — nomeH Tura «ieiilimHOBast MOJHUS»;

HREs — anemenTsl JIHK, oTBeuaroiiye Ha rurnmokcuio

BUOXUMMUSA Tom 88 BeIT. 6 2023
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Puc. 2. KucnoponzaBucumast perynsiiuys crabmmm3annu u tpancaktuBai HIF-1a. B ycnosusix Hopmokeun PHDs ocymiect-
Bistior ruapokcrposanne HIF-1a nmo nmponuny B nonoxenusx 402 u 564, a FIH — o acnaparuny B monoxenuu 803. B ycio-
BUSIX TUTMIOKCUU TIPOUCXOIUT (hochopuiuipoBaHue U TpaHCIOKAIMS B AP0 HErMAPOKCUIMpPOBaHHOU cyobenuHuibl HIF-1ao.
PHD — nponunrunpokcunasa; FIH — dakrop, marubupyromuit HIF; pVHL — 6enok-onkocynpeccop dhon [unmens-JInHnay;
Ub — youksutuH; MAPK — mutoren-aktuupyemas nporeuHkuHaza; CBP/p300 — CREB (cAMP-Response Element-Binding

protein)-Binding Protein/E1A Binding Protein p300; HREs — anemenTsr JIHK, oTBedarorye Ha TUTIOKCHIO

Domain, NTAD) u C-xoHLeBO#l 1OMeH TpaHC-
aktTuBauuu (C-Terminal Transactivation Do-
main, CTAD) [14]. Kaxnplii U3 3TUX JOMEHOB
HeoOxoouM ajis numepudauuu cyobennnun HIF
M CBS3bIBAHUS C OTBEYAIOIIMMM Ha TUIIOKCHUIO
snemeHtamu JTHK (Hypoxia Response Elements,
HREs), akTuBaluu u B3aMMOAEUCTBUS C KOAKTU-
BaTopaMu TpaHckpunuuu [16—18] (puc. 1).

Perynsmmsa akrusHoct HIF. ITpu Hopmokcun
cyorenununa HIF-o nonmBepraercsi ruapokcu-
JIMpOBaHUIO TI0 ocTaTkaM mnpojuHa B ODDD c¢
yuyactueMm npoauiaruapokcunas (PHDs) (puc. 2).
B xauectBe cybOcTpata M KocyOcTpaTa peakluu
WCIIOJIb3YIOTCSl KUCJIOPOA U 2-OKCONIyTapar, a B
KayecTBe KO(aKTOPOB — acKopOaT MU MOHBI Ke-
Je3a [19]. lanee ruapoKcUIMpoBaHHasI CyObenu-
Huna HIF-o monsepraercs 26S-nmpoTeacoMHOI
Jerpagaliiyu TIpM yd4acTUU OejlKa-OHKOCYIIpec-
copa ¢oH Tunmneng—JAunmay (pVHL) [20]. Takxe
TUAPOKCUIMPOBAHUE MOXET OCYIIECTBISITHCS IO
octatkaM acrnaparudHa B CTAD c yuyactueMm apy-
roit ruapokcunassl — ¢akropa FIH (Factor In-
hibiting HIF), unrubupyimomero HIF. B stom
ciyyae Hapyuaetrcss B3aumopeiictsue HIF-a ¢
koaktuBatopoM CBP/p300 (CREB (cAMP-Re-
sponse Element-Binding protein)-Binding Pro-
tein/E1A Binding Protein p300) [14].

BUOXUMUSY tom 88 BBITL. 6 2023

B ycnoBusix HegocTaTka KMCI0pOaa, KOTOPbIi
apasietcss cyoctpatom ansgs PHDs u FIH, run-
POKCUJINPOBAaHUS He TMpoucxonut. B pesyibrate
cyobenununa HIF-a crabunusupyerca 3a cuer
dochopunupoBaHus TIpU y4YaCTUU MPOTEUH-
kuHa3bl p38 Mitogen-Activated Protein Kinases
(p38-MAPK), TpaHciouupyercsa B SIApO U reTe-
poaumepusyetcs ¢ HIF-1[3. O6pasyrommuiicss KoM-
IJIEKC, B CBOIO O4Yepelb, aKTUBUPYET FeHbI-MUIIIC-
Hu nyteM cBsi3biBaHus ¢ HREs [19, 21, 22].

B psine pabor mokazaHo, UTO MpU BOCHAJIM-
TEJIbHBIX U OITyXOJIEBBIX IPOIIECCAX IMOBBIIIAETCS
akcrpeccusi MPHK wu crabunusupyercs Oenok
HIF-a. BocnanutenabHble IpOLECCHl PEryaupy-
10TCs stiepHbIM (paktopom NF-xB [5, 23—26] Ha
TPAHCKPUMNILIMOHHOM U TPaHCISIIIUOHHOM YPOB-
HSIX, B TO BpeMsI KaK KaTabOoJIM4eCcKMe MpOIEeCChl,
B T.4. ayrodarusi, 3aBUCAT OT aKTUBHOCTHU IIPO-
temHkuHa3zpl MTOR (mammalian Target Of Ra-
pamycin) [27—29], ABJsIOIIEHCS MUIIIEHBIO paria-
MMIIMHA Y MJICKOTTUTAIOLIMX.

Ha wmpimax ¢ gepunuroMm B-kuHasbl IkB
(IKKf) mokazaHo, 4To MpU TUIIOKCUYECKOM BO3-
neiicteumn (8 = 0,1% O,) B TeyeHue 24 4 mpowuc-
xoaut aktuBauusi NF-xB, uro mpuBogut K yBe-
nuuyenuto akcrnpeccun MPHK HIF-1a 6naromaps
Hanuuuio caiita cBs3biBaHuss NF-kB B nmpomoTope
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9Toro reHa [5]. OTu nOBa TPaHCKPUILIMOHHBIX
(hakTOpa B3aMOCBSI3aHbl, MOCKOJIBKY 3KCIIPECCUS
NF-kB aktuBupyeTcsl Ipu HU3KOI KOHLIEHTpALMU
kucnopona, nomodbHo HIF-la. Ilpu HOpMoKcumn
¢ noMoiblo PHD1 mpoucxoauT ruapoKCuaupo-
BaHue cyobenuHuilbl IKKB, yto mpuBogut K ee
yOMKBUTUHUpOBaHUIO mipu ydactuum pVHL [30].
IIpu 1IUTENbHON TUIMOKCUM MPOMCXOAUT MHAKTU-
Bauust PHD1, uto npuBOaUT K YBEIMYEHUIO aKTUB-
Hoctu IKKQ, merpapaiimu uHrubutopa a-cyob-
enuHuubl NF-kB (IkBa) 1 moBwieHuo saKcnpec-
cun NF-xB [31]. ITocne cunre3a 6enka NF-xB on
TpaHCJIOLUPYETCs B SIAPO, The, B3aUMOACHCTBYS C
caiiToM cBsi3biBaHus B reHe HIFIA, yBenuuuBaeT
ero skcnpeccuto [5]. B mocaenyroiieM mpouCcXoauT
TPAHCKPUILMSI T€HOB, WHIYIIMPOBAHHBIX THUIIOK-
cHueif, a Takke HEKOTOPBIX T'€HOB, KOAUPYIOIIUX
MpoBOCHaIUTebHbIC OeKU. JIMMUTHPYIOIINM (haK-
TopoM Tipu akTuBauuu myteit NF-xB u HIF sBns-
etcs kKoaktuBarop CBP/p300, 3a KOTOpbIii KOHKY-
pUpPYIOT 00a TpaHCKPUIILIMOHHBIX (pakTopa [32].

Hpyroit myTh, BIMSIOLIMI Ha CUHTe3 Oeika
HIF-a, onmocpenoBaH cepuH/TpeOHUHOBON TPO-
teuHkrHa3zoil MITOR. OHa uMeeT GobIIOE KOJIK-
YeCTBO MMIIIEHEN U, COOTBETCTBEHHO, (PYHKIIUIA,
Cpeay KOTOPBIX yyacTue B MeTabOJM3Me III0KO-
3bl, OCOOEHHO B YCJOBUSIX TMIIOKCUU M CBSI3aH-
HBIX C HEW MAaTOJOTUYECKUX COCTOSHUMN, TaKMX
kak kaHneporeHe3. mI'OR aktuBupyer HIF-1q,
YTO CTUMYJIUPYET IKCHPECCUI0 TITUKOIUTUYECKUX
¢epMEeHTOB U CITOCOOCTBYET MEPEKITIOUEHUIO Me-
TaboIM3Ma YIJIEBOJOB C OKUCIUTENBLHOTO (pocdo-
punupoBaHusg Ha rukonau3 [33]. benrok mTOR
OCYIIECTBJISIET aKTUBaALMIO TpaHcKpunium MPHK
3aBUCUMBIX T€HOB 3a cyeT (ochopuanupoBaHUs
ByKapuoTuyeckoro akropa nHuuauum 4E-cBs-
3piBatomiero Oenka 1 (4E-BP1) u pubGocomanb-
Holt S6-kuHa3wl (S6K) [34]. Ha sHmoTennaabHbIX
KJeTKax mnymnmo4yHoil BeHbl uenoBeka (HUVECQC)
U JUHUU OMyXxoyieBuIX KieTok Hel.a Obl1o moka-
3aHo, yTo ypoBHU 3kcnpeccun HIF-1a nu HIF-2a
YBEJIUYMBAIOTCS IIyTeM aKTMBAllUU CUTHAJbHOTO
nmyta mT'OR [35], 4To mOKa3bIBAET €ro peryasiTop-
Hyto poab 119 HIF-1a n HIF-2a.

IToMuMO KaHOHMYECKOIO KMCJIOPOI3aBUCHU-
MOTO IIyTU Peryasliuu, CYIIECTBYIOT HOIOJHU-
TeJbHbIE MEXaHU3Mbl, KOHTPOJUpPYIOIINE peak-
LIMI0 Ha TUIOKCUYECKOe BO3NEiiCTBUE, OHUM W3
koTopeix saBnsgerca PHK-untepdepenuuss mnpu
yuactun MKPHK [36]. deiictBue MkPHK mo3Bo-
JISIeT KJIETKaM OBICTPO pearupoBaTh Ha U3MEHEHNE
yCJIOBUI1 cpenbl Oarogapst HeOOJIbIIIOMY pa3Mepy,
BBICOKO# CKOPOCTM CHHTE3a U OBICTPOMY «BKJIIO-
YEHUIO» U «BBIKJIIOUEHUIO0» TpaHcasauuu MPHK-
muineHei [37]. [ToHnmMaHue peryasTOpHBIX MeXa-
HU3MOB, YUaCTBYIOIIIMX B afanTalii opraH1u3ma K
neUIUTY KUCI0poaa, UMeeT BaXXHOe 3HAUYeHUE,

CUJINHA u ap.

MOCKOJIbKY TUIIOKCHUSI UIpaeT KIIIOYEBYIO PEryJisi-
TOPHYIO pOJIb B MEXaHM3MaX BOCHAJIMTEIbHBIX, Cep-
JIEYHO-COCYIUCTBIX U OITyXOJIeBbIX 3a00JIeBaHUIA.

N3odopmer  HIF-a. Dxkcnpeccus usodopm
HIF 3aBucUT OT BUIOB TKaHEW M KJIETOK M Iie-
puoga oHtoreHesa. Tak, HIF-la yyacTByer B
SMOPHUOHAJIIBHOM pPa3BUTUU MJIEKOIUTAIONIUX B
KauyecTBe peryasitTopa Meradoyimu3Ma, IIO3TOMY B
9TOT IIePUOA OHTOI€HE3a OH JIOKAJIM30BaH BO BCEX
kietkax u TkaHgx [38]. HIF-2a umeer Oonee ce-
JIEKTUBHOE pacIipeleieHue M 3KCIIPecCUpyeTcs
MIPEUMYIIECTBEHHO B 2HIOTEIMAIbHBIX KJIETKaX,
KJIeTKax IuM, nHeBMmouuTax tuna II, xkapano-
MuonuTax u pudbpoodiacrax [39].

AxktuBanus uszodopMm HIF 3aBucur ot mmm-
TEJIbHOCTU TMITOKCHYECKOTo Bo3aeiicTBusi. Ha pas-
JIMYHBIX KJIETOUHBIX JIMHUSX 4YeJoBeKa II0Ka-
3aHo, utro HIF-1la peryaupyeT oTBeT Ha OCTpBIit
HEIOCTaTOK KHciaopoda (MHKyOausl KJIETOK Me-
Hee 2 4 nipu KoHueHTpauuu O,, paBHoit 0,5%), a
HIF-2a — Ha mauTenbHBbIA (MHKyOaAlUsl KJIETOK
6osee 14 4 mpu koHueHTpauuu O,, paBHoii 0,5%).
Perynsuus nepexkmouenust HIF-1a u HIF-2a pu
peayM3aluy OTBeTa Ha HEAOCTAaTOK KMCI0pOoaa BO
MHOIOM 3aBUCHUT OT aKTUBHOCTM THAPOKCHUJIA3.
IToxazano, ytro PHD2 umeeTt 6obliiee CpoacTBoO K
HIF-1a, a PHD3 — x HIF-2a [40], npu 3TOoM cam
HIF-2a ruagpoxkcunupyercs kak PHDs, tak u FIH
MeHee 3(D(PEeKTUBHO, YTO MPUBOIUT K CTAOMIU-
3allMM JaHHOU M30(OPMBI B YCIOBUSIX BBICOKOTO
colepxaHus kuciaopona [41].

IIpu uccienoBaHMM TEPBUYHONM aMUHOKHUC-
JIOTHOM TOCen0oBaTeIbHOCTU MEXIY U3odopMaMu
HIF-1a nu HIF-2a 6bu1a o6HapykeHa TOMOJIOTus,
kotopasi coctaBuiia 48% [42]. Omnako HIF-2a
pacripenesieH B siipe B 30Hax aktTuBHoctu PHK-
MoJMMepasbl, YTO OOECIEeUYMBAET JYYIIUN TOCTYIT
K TIPOMOTOpaM TI€HOB-MUILIEHEH, B OTIMYME OT
HIF-1a, xoTopblii paBHOMEpPHO paclpeneiieH B
aape [43]. bonee Toro, nzopopma HIF-2a nmeer
06abIIMe pa3Mephbl U psif CrieuMPUIecKuX MUIIe-
Helt IS peryasiliui TPaHCKPUIILIMK U TPaHCISIIUU
9TO MoJieKyIbl [42].

HIF-3a aBasgercs HaumeHee U3y4YeHHOM U30-
(opmoli U MMeeT HECKOJbKO pa3HbIX BapHUaHTOB,
oOpasyloluxcsi B Tpollecce ajJbTepHATUBHOIO
cruiaiicunra. I'en HIF3A4 yenoBeka umeet 19 npen-
CKa3aHHBIX BapUaHTOB, OIHAKO YCTAaHOBJEHO,
YTO OEJOK-KOAUPYIOIIMMU SIBJISIIOTCS JUIIb § —
HIF-3al, HIF-3a02, HIF-3a3, HIF-304, HIF-3a5,
HIF-3a7, HIF-3a8 u HIF-3a9 [44]. BoisaBiaeHbl
3HAUYUTEIbHbIE PA3IMYKs B YPOBHSX IKCIIPECCUU
U TKaHecrieuuuyHoctu BapuantoB HIF-3a [45].
BapuanTtsr TpanckpuntoB HIF-3a o6HapyXeHBI B
pa3JIMYHBIX OpraHe/ulaX KJIeTOK U B TKaHSIX Cepi-
112, TOJIOBHOTO MO3ra, TUIALEHTHI, JIETKUX, Teve-
HU, MOYEK, IOMXKEIYIOUYHOI XeJie3bl, CKEJEeTHBIX
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Taomuna 1. Oco6eHHOCTH CTPYKTYPBI, JIOKAJIM3ALUK, PETYJIsinu, GyHKIMI 1 akcripeccuu nzodopm HIF-a

HIF-1a

HIF-2a

HIF-3a

Ctpykrypa

826 a.o.;

nmerorcst JIHK-cBsi3biBatonmii
noMeH, noMeHsl PAS, ODDD
(comepxuT 2 ocTaTKa MPOJIMHA),
NTAD, CTAD (comepxut

1 ocrarok acnaparuHa) [14, 15]

870 a.o.;

umerorcs JIHK-cBs3biBatomia
nomeH, tomeHbl PAS, ODDD
(comep:XuT 2 OcTaTKa MPOJIMHA),
NTAD, CTAD (conepxurt 1 octaTtok
acniaparusa) [ 14, 15]

669 a.o.;

umerorcs JIHK-cBs3biBatonmia
nomeH, tomeHBl PAS, ODDD
(conmepxut 1 ocTaTok MpojnHa),
NTAD, LZIP [46, 47];
BBISIBJICHO 8 O€J10K-KOAUPYIOIINX
cIuTaiic-BapruaHTOB [44]

Jlokanuzauus

SKCIPECCUPYETCS BO BCEX KIETKAX
U TKaHsX [38]; paBHOMEpHO
pacripeeneH B siape KJeTku [43]

9KCMPECCUPYeTCs MPEeUMYIECTBEHHO
B OHIOTEIMAJIbHBIX KJIeTKaX, KJIETKax
miu, mHeBMouurax turna I, kap-
nuroMuonuTax u pudpoodaacrax [39];
B SIIp€ KJIETKHU JIOKAJIM3YyeTCs B 30HAX
aktuBHocTH PHK-mmonmumepassr [43]

SKCIPECCUPYETCS B Pa3TUUHbIX
opraHeJijiax KJETOK U B TKaHSIX
cepala, TOJIOBHOTO MO3ra, Tia-
LICHTBI, JIETKUX, [TIEYEHHU, TIOYEK,
MOJIXKETYIOYHON Xee3bl,
CKeJIETHBIX MBIIIIL 1 Xpsieii [46]

Perynsinus

B YCJIOBUSIX HOPMOKCHUH OCYIIE-
CTBJISIETCS TUIPOKCUIIMPOBAHNE

1o 2 octaTkam npojuHa B ODDD
u 1o 1 ocTaTtky acnaparuHa —

B CTAD, uto nnpuBonur K 26S-1po-
TeacomMHoOi1 nerpanaunu |19, 20];

B YCJIOBUSIX TUTIOKCUU OCYILIECT-
BigeTcs hochopuinpoBaHue,
TpaHCIOKaIUsI B PO, TeTEPO-
IMepu3auus ¢ cyobequHULIeH
HIF-18, pacnosnaBanue HREs

U aKTUBALMS TPAHCKPUTIITUN
3aBUCUMBIX T'eHOB [19, 21, 22]

B YCJIOBUSIX HOPMOKCHHM OCYILIEe-
CTBJISIETCS TUIPOKCIIIMPOBAHNE

o 2 octatkaM npoysimHa B ODDD

M 1o 1 ocTaTKy acnaparmHa —

B CTAD, uTO nIpuBOIUT K 26S-T1pO-
TeacoMHOIt nerpanamuu [19, 20];

B YCJIOBUSIX TUTTOKCUM OCYILIECTBIISI-
ercs pochopunupoBaHue, TpaHCIO-
Kauus B AP0, TeTepOANMEPU3ALIMS
¢ cyobenuuuueit HIF-1(3,
pacrnio3HaBanue HREs u aktuBanus
TPAHCKPUTILINY 3aBUCUMBIX

reHos [19, 21, 22]

B YCJIOBUSIX HOPMOKCHU OCYIIIe-
CTBJISIETCS TUIPOKCIIIMPOBAHNE
no 1 ocratky npoiauHa B ODDD,
Yero HeloCTaTOYHO JUIst
26S-I1poTeacoMHOI1 Jerpanarnu,
MO3TOMY O€JI0K MEIJIEHHO
HakaruBaeTcs B KiieTke [47];

B YCJIOBUSIX TUTIOKCUM TIPOMIOJIKAET
HaKarjanMBaTbCs U peaausyeT CBO
3 dexT npu JIUTeIbHOM
TUTTOKCUYECKOM Bo3eiicTBum [53]

DyHkImm

aKTHUBALMS TPAHCKPUITLIUU
reHoB VEGFA v mepeHOCUMKa
I0KO3bI 1 [48], reHOB, KOaupylo-
MX GepMEHTHI NIMKOIN3a, HEKO-
TOPBIX IIPOAHTUOT€HHBIX TEHOB,
reHoB, perynupyoiux pH [49];
WUTpaeT poJib B Tiepeaade CUTHAIOB
OT pelenTopa UHCYJINHA, IIepeaade
curHasioB MAPK u Mmetabonusme
nHo3uTtoJdocdara [55]

aKTUBALIMS TPAHCKPUITIUKA
reHoB VEGFA v mepeHOCUNKa
n10KO3bI 1 [48], reHOB, KOAUPYIOLINUX
MaTPUKCHBIE METAJUIONPOTEUHA3HI,
reHa sputponoatuHa [50]

HeraTUBHBIN PEryasTOp U30hopM
HIF-1a n HIF-2a (HapymraeT
TPAHCJIOKALUIO B SIAPO U MOCIEAYIO-
Y10 aKTUBALIMIO TPAHCKPUIILIUA
3aBUCHUMBIX TeHOB) [52];

YCUJIMBAET 9KCIPECCUIO TEHOB,
Y4acTBYIOLIMX B MeTa0OJIM3Me
TTIOKO3BI 1 aMUHOKUCIIOT, aIloTTo3e,
MpOTeoIu3e, nepenaye CUrHajaIoB
OHKOCYIIpeccopHoro 6eska pS53

u peuentopoB PPAR;

YCUJIMBAET SKCIPECCUIO TEHOB

B cUTHaJIbHBIX My Tsix Jak-STAT

u peuentopoB NLR [55]

BKCHDCCCI/IH OTHOCHUTEJIbHO BPEMCHU TMITOKCUYECCKOTO BO3IEHCTBUS

SKCIPECCUST YBEIUUNBACTCS

MPpY KPaTKOBPEMEHHO TMIOKCUU
(MeHee 2 ) WU B TIePBbIe Yachl
ITUTETbHOTO TUTIOKCUYECKOTO
BosneiicTBus [40, 41]

SKCTPECCHsl yBETUUNBACTCS
MPU JJTUTETBHOM TUITOKCUYECKOM
Bosneiictuu (6omee 14 u) [40, 41]

BKCIIPECCHS YBEIMYNBAETCS
MPY TTUTETbHOM TMITOKCHYECKOM
BO3ICIICTBUM U BIIMSICT

Ha niepexioueHne nzogpopm HIF-1a
u HIF-2a [52]
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MBI U xpsieit. Takke mokazaHo, 4TO y Yesio-
BeKa B aHTEHATAJIbHOM MEPUOJE AKTUBHO 3KC-
npeccupyetrcsas BapuanT HIF-304, B To Bpems
KakK B ITOCTHaTaJIbHOM II€PUOAE IKCIIPECCHUs BCEX
BapuanTtoB HIF-3a Oblia Bbllie, a TmpeoOiaman
Bapuant HIF-3a7 [46]. Bapuanter HIF-3a nme-
IOT HEKOTOpbI€ CTPYKTYPHBIE OCOOEHHOCTU IIO
cpaBHeHuo ¢ HIF-1a u HIF-2a. B otinune ot
HIF-1a u HIF-2a, nzogpopma HIF-3a 8 ODDD
MMeeT TOJbKO 1 0cTaToK MpoJiMHa, KOTOPBIA Mo~
BepraeTcs TUIPOKCUJIMPOBAHUIO, OMHAKO 3TO-
ro HEIOCTAaTOYHO IJisd pekpyTtupoBaHusi pVHL.
[ToaTOMYy B yCJIOBUSIX HODMOKCHUM HE TIPOMCXOIUT
nporeacomHoii aerpamauuu HIF-3a [47]. Takxke
BapuaHThl HIF-3a uMmelor gomMeH Tuma <«ieruum-
HoBasi MonHus» (LZIP), yyacTByomuii B peanu-
3allMM OeJIOK-0eJIKOBBIX B3aUMOAECHCTBUM, OTIU-
YapIIUXCI OT TeX, KOTOpPbI€ OCYILECTBISIOTCS
HIF-1a n HIF-2a [46]. Elie onHUM OTJIMYMEM OT
HIF-1a u HIF-2a gBasieTcst TO, 4YTO TUAPOKCUIIU -
poBaHue, onocpenoBanHoe FIH, BeposiTHee Bce-
ro, He urpaet posu B peryasuuun HIF-3a, Tak kak
B HeM otcyTcTByeT CTAD, comepxaiuuii acrapa-
ruH B uzopopmax HIF-1a u HIF-2a [45].
HMz3odopmer HIF xapakrepusyiorcss ¢yHK-
LIMOHAJIbHBIMU pa3uuusMu. B yCloBUSIX TMITOK-
cun HIF-la u HIF-20 cBs3bIBaroTCS ¢ OMHUM
u tem xe HIF-13. I1pu stom HIF-1a u HIF-2a
UMEIOT KaK YHMKaJbHbIE, TaK U CXOXME T'€HbI-
MulieHu |14, 15]. O6mue MUIIeH! MpencTaBIeHbI
reHamMu VEGFA n nepeHocuuka rioko3bl 1 [48].
HIF-lo Takxke MHAyUMpYeT DKCIIPECCUIO TEHOB,
KOIMPYIOIIUX (hepMEHThI IIMKOJIM3a, HEKOTOPHIX
MPOAHTMOIeHHBIX T€HOB M TE€HOB, pPeryaupylo-
mux pH [49]. HIF-2a ctuMmynupyeTt sKCIpeccuio
I€HOB, KOIMPYIOIIUX MaTPUKCHbIE METaJlIoIpO-
TeuHa3bl, U reHa sputrponodtuHa [50]. IToka-
3aHo, uto HIF-1a perynupyeTr HauaidbHbBIE 3TaIbl
aHIMOreHe3a, a 3aKJIOUMTEIbHbIE CTaluUd PEeMO-
JNeIUpOBaHUS U CTaOUIM3aLMU COCYIUCTOR CeTU
koHtponupyer HIF-2a [51]. HIF-3a, B cBolo
ouepenb, MOXET UTpaTh pa3Hble 1 JaxKe IPOTUBO-
MOJIOXKHBIE POJIM B PEryJIsSLMU SKCIIPECCUU 3aBU-
CUMBIX T€HOB OJyiarogapsi pa3HooOpa3uio BapuaH-
ToB. B pabdote Heikkila et al. [52] OblIM MONTy4YeHBI
naHHele o B3auMopeiictsuum HIF-3a ¢ HIF-1a
n HIF-2a. ITokazaHo, 4TO B3aMMOACICTBUE JIIO-
6oro u3 tpanckpunrtoB HIF-3a u HIF-1a npu-
BOJIUT K HapyIIEHUIO TpaHCIOKAIlUU O00EUX 3TUX
130(opM B SIAPO U MOCAEAYIOIEMY MHTMOUpPOBa-
HUIO TPaHCKPUIILMU 3aBUCUMBIX I'eHOB. TOT ke
apdexr onucan mna B3aumopeiictsuss HIF-3a
u HIF-2a, onHako, mo pe3yibraraM KOMMMYHO-
MPeUIUTaluN, B3aUMOIEHCTBUE ¢ M30(PopMOit
HIF-1a 66110 HamMmHOTO cuibHee. Takum od6pasom,
HIF-3a BeICcTynaeT B poJii HETaTUBHOTO pPEryJs-
topa mist nuzopopm HIF-1a u HIF-2a [52]. Coot-

CUJINHA u ap.

BeTcTBeHHO, akTtuBauus HIF-3a mnpencraBisier
co00if MeTIo OTpULIATETLHON 00paTHOI CBSI3U,
YTO TIO3BOJISIET B YCJOBHUSIX HEAOCTaTKa KHCIJIO-
poia peryaupoBath (YHKIMOHAIBbHOE COCTOSI-
HHUE KJIETOK M opraHusma B 1iesoMm [45]. [ToaTomy
BapuanTel HIF-3a, meiicTBylomue Kak HeraTUB-
Hele peryasgTopsel ndodpopm HIF-la n HIF-2aq,
JIOJIKHBI OBITH CBOEBPEMEHHO aKTUBHUPOBAHBI 115
ajanTallMy KJIEeTOK K YCJIOBHUSM CpeIbl, YTO pea-
nm3yeTtcd 3a cuet geicrBusg MKPHK [53].

Onnako HekoTophbie BapuaHTel HIF-3a nmeror
GYHKIINY, YaCTUYHO TIepeKphIBatommecs ¢ (pyHK-
nusamu HIF-1a, 4To MOXeT CBUAETENbCTBOBATDH O
toM, yTo HIF-30. — 3TO He TONBKO HEraTUBHBIA
perynstop [54]. Tlokaszano, uro kak HIF-3a, Tak
n HIF-1la MoryT noBbilIaTh 3KCIIPECCUI0 T€HOB,
YYaCTBYIOIIUX B MeTabOJM3ME INIIOKO3bl M1 aMUHO-
KUCJIOT, aIlolTo3e, IPOTEeOoJIM3e, Iepenadye CUr-
HaJIOB OHKOCYIIPECCOPHOTO Oenka pS3 u peler-
topoB PPAR (Peroxisome Proliferator-Activated
Receptor). HIF-3a, no ne HIF-1a, yBeaununBaer
9KCIIPECCUI0 TEHOB CUTHANBHBIX TmyTeit Jak-STAT
(Janus kinase-Signal Transducer and Activator of
Transcription) n peuentopoB NLR (Nucleotide
oligomerization domain (NOD)-Like Receptors).
B otmnmune or HIF-3a, HIF-1a cnocobeH akTu-
BUpoBaTh TeH VEGFA, mepemadyy CHUTHaJIOB OT
peuernropa uHcyanHa, curHaiel MAPK n Mera-
6omu3M wmHo3uToddocdara [55]. Heobxommmo
MPOBENECHUE NAJIBHEUIIINX UCCIEI0BAHUM, TTOCBS-
IIEHHBIX PEryIITOPHON pPOJM pPa3IUYHBIX H30-
¢opm HIF B aganTanmny K yCcnoBUSIM HeIOCTaTKa
Kuciaopona u 3(p¢heKToB, K KOTOPHIM IIPUBOIUT UX
B3aMMOJECICTBHUE.

B pa6ote Jaskiewicz et al. [56] moka3aHo, 4yTO
B SHIOTEIMATbHBIX KJIETKAaX YeJOoBeKa B OTBET
Ha JIMTENbHYI0 runokcuio (48 4 mpu 0,9% O,)
nosbiaercs coaepxanue HIF-3a2, yto compo-
BOXIAeTCs HakKoruieHueM Kacrasbi-3/7. OmHako
MOJIEKYJISIDHbIE MEXaHW3Mbl WHAYKIMU THUIIOK-
cuueckoir ruoenu kietok HIF-3a He usBect-
HbI [56]. O6061IeHHas uHGopMalKs 06 0cCoOeH-
HocTsax pasHbix udodopm HIF-a mpencraBnena
B TabJI. 1.

CrnenyeTr OTMETUTb, UTO MEPEKIIIOYEHUE aK-
tuBHOCTU nU30dopm HIF conpoBoxknaercss nuame-
HeHueM ypoBHeli MKPHK, B T.u. miR-210, yto
oynet moapoOHee oOcyXaaTbcs HuxkKe [57].

MKPHK — BUOTEHE3,
MEXAHU3M JEUCTBUA, BIUAHUE HIF

Bbuorene3 u mexannsm aeiicrusa MKPHK. Tlep-
BoHauabHO MKPHK TpaHcKkpnbupyoTcst Kak 0ObId-
neie MPHK 1 o6pasytot npu-mxPHK, conepskartiryio
B CBOEM COCTaBe Kak MUHUMYM | mmuiabky [58].
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Puc. 3. buorenes MmxkPHK. a — ®opmupoBanue npu- u npe-MkPHK ¢ ygactuem snmonykieas Drosha u DGCRS u akcropt
u3 siapa; 6 — paspedaHme 6enkoMm Dicer m obpasoBanue 3penoit MKPHK; ¢ — oobenunenne MkPHK ¢ kommuiekcom AGO
M OTLIEIUIEHUE TMacCaxkUpCcKoil 1enu; ¢ — pacnosdHaBanue MPHK-mumenn komriekcom RISC; 0 — addekT, okasbiBaeMblii
MKPHK na MPHK-Mumiens. DGCRS — 6esok reHa 8 kputuyeckoit obnactu cunapoma du xopmxu; AGO — Genku cemeii-

ctBa Argonaute; RISC — RNA-Induced Silencing Complex

Jlanee MUKPOIPOLIECCOPHBIN KOMILIEKC, IJIABHYIO
poib B paboOTe KOTOPOIO UIpalOT IHIAOHYKJIeasa
Drosha u 6eok, cBsI3bIBalOIIMI ABYXIEOYEYHbBII
¢parmenT PHK, Ha3zsiBaembliit Pasha unu DGCRS
(6enok reHa 8 KpUTUUYECKOM 00JacCTU CUHApOMA
Hu Ixxopmxu) [59], oTuiemuisieT omHOLIEIoYey-
HbIe <«XBOCTbI», a mojydyeHHass Tnpe-MKPHK
TPaHCIOLMpPYETCsS B IIMTOILIa3My IIpU Y4acTUU
6enka Exportin-5 [60] (puc. 3, a). B nuromrasme
PHKaza IIl Dicer pacuierisier npeaiiecTBeH-
Huk MKPHK Bosne metnu ¢ obpaszoBaHueMm 3pe-
noit manoit apyxuenodeyHoit PHK (puc. 3, 0).
Hynnekc MKPHK cBs3biBaeTca ¢ Oenkamu ce-
MelictBa Argonaute (AGO), u ¢ ogHOIi U3 Lenei
obopasyetrcss kommiekc RISC (RNA-Induced
Silencing Complex), a BTOpas lienb Aerpaiu-
pyer [61] (puc. 3, 6). Y MJIEKOIUTAIOIINX KaX-
Iblit U3 yerwhipex OenkoB moacemeiictBa AGO
(AGOI1—4) MoxXeT perpeccupoBaTh TPAHCISLIUIO
csoux MPHK-mumieneit, Ho Toibko AGO2 cno-
cobeH paciierisiTh ux. Boleaiias B coctaB KOM-
miekca MKPHK urpaer poab MaTpuubl a1s pac-
no3HaBaHusi MPHK-mumenu (puc. 3, e). Ilpu
MOJTHOM KoMIuieMeHTapHocTH Mojiekyn AGO pac-
wersitor MPHK-Muiiens, npuBoas x ee nerpa-
Jaluu, MPU HEMNOJHON — <«BBIKJIIOYEHHME» TeHa
peanu3yeTrcss 3a CYET BpPEMEHHOM OCTaHOBKHU
TpaHcnsanuu [62] (puc. 3, 9).
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Hns ynobcTBa paboThl ¢ OOJBIIMM KOJIMYEe-
ctBoM MKPHK ©Oblta co3maHa emmHasi cucrtema
HOMEHKJIATyphl 3THUX MOJEKYyJd — 0a3a JaHHBIX
miRbase [63, 64]. B cooTBeTCTBMM ¢ HOMEHKJIATY-
poii, kaxmoit miR (microRNA) mpucBauBaercs
HOMEp B MOpsIIKe OOHApYyKeHUsI, KOTOPbIA IpUcoe-
JIHsIETCs K npedukcy «miR» (Hampumep, miR-210).
Ilepen mpedukcoM 4acTo UCIONB3YIOT ellle 3 OyK-
Bbl, KOTOpbIe OOO3HAYIOT BUIOBYIO MPUHAIIEK-
HocTh (Hanpumep, hsa-miR-210 qis Homo sapiens).
CrerneHb CcO3peBaHUS MOJEKYIbl 0003HAYaloT
«Mmir», eCIu peuyb UAET O TeHe WJIN MPeAIIeCTBEeH-
Huke MKPHK (nmpu-mMmxPHK wnau nmpe-mxPHK),
nmn «miR» — ng o6o3HaueHus 3penoit MKPHK.
ITocnenoBaTeIbHOCTU C OMHOM MJIM IBYMsI 3aMe-
HaMU OCHOBaHUII WMMEIOT CcHelUaIbHBI Cyd-
¢uKc, caenymouii cpasy Imocjiae HoMepa (Harpu-
Mmep, miR-20a). Hexotopwie mpenmecTBEeHHUKU
MKPHK moryTt maBarb Havajo ABYM 3pebIM MO-
JIeKysnaM, 1o OJHOI M3 Kaxmoro mjeda. B Takom
cinydae K HaszBaHuio MKPHK moxker nob6aBnsthes
eme onuH cypdukc — -3p mwim -5p (Hampumep,
miR-30a-3p).

OHpoHykJsea3bl Drosha m Dicer moryt mo-
pa3HOMY pas3pe3aTb OOHM M Te Xe Mpu- U IIpe-
MKPHK, uyto mpuBonut k oo6paszosanuio MKPHK,
KOTOpPbIE UMEIOT HEKOTOPbIE€ pa3jinyus B HYKJI€O-
TUIHOM MOCAeA0BaTeIbHOCTH U HAa3bIBAIOTCSI M30-
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Mmupamu [65]. Takue pa3nuyust MOTYyT IPUBOIUTH
K M3MEHEHUIO MUIIEHE, YTO paclIMpsieT BO3-
MOXXHOCTM PETYJSILIMU W CO3JaeT HOIOJHUTEb-
HbI€ MPOOJIEMbI B UBYYEHUM STUX MaJIbIX HEKOIU-
pytomux MKPHK.

Ha nmaHHBIE MOMEHT IJIaBHOW TPYIHOCTHIO
B ucciaenoBaHUAX (GyHKUMoHUpoBaHUsS MKPHK
SBJSIETCST MASHTU(MUKAIUSI MMIIEHEH, TaK Kak
Kaxnasi M3 IIOCJIEeIHUX MOXET peryaupoBaThCs
Heckonbkumu MKPHK [13]. JIng HaubOonee Tou-
HOTO OIlpefeeHnsT HEeOOXOAMMO MCIIOJb30BaTh
KOMIUIEKCHBIM MOAX0N — M3yYyeHUe TeHOB U Oell-
KOB-MHUILIEHEN, TPOBEIeHNE MOJTHOIK30MHOTO CeK-
BEHUPOBAHUS U UCIOJIb30BAHUE METOAOB OMOMH-
¢dopmaTuku.

Pa3zpaboTraHO HECKOJIBKO MOIXOMOB UISI MIEH-
udpuxkauun MPHK-mumeneit. OgHuM 13 mMeTo-
OB, MpUMeHsIeMbIX s u3ydyeHusi MmkPHK, gB-
JISIETCS. UMMYHOTIpEIIUITUTALIMsI, B OCHOBE KOTO-
poii JIeXUT B3auMoIeicTBUE OEIKOB, accolv-
npoBaHHBIX ¢ KomruiekcoM RISC, comepxaium
HarnpasJsionyo uenb 1 MPHK-Muiens, u crieriy-
(UYHBIX K HUM aHTUTEN [66]. UMMyHOIIpeunm-
tupoBaHHble MKPHK 1 MPHK 3arem Heobxomumo
aHaJM3MpPOBaTh C MOMOIIbIO BBICOKOTIPOU3BOIAM-
TEJIbHOI'O CEKBEHMPOBAHMS IJISI UIEHTU(DUKALIUU
MoTeHLanbHbIX MulneHeit MKPHK.

Hpyroii MeTon uccClIeqoBaHUsS OCHOBaH Ha
texHonoruu SILAC (Stable Isotope Labelling with
Amino acids in Cell culture). KieTtku KynbTuBU-
PYIOT B NUTATEJBbHOM Cpelne, comepxXkalleil Hesa-
MEHUMbIE aAMUHOKHUCJIOTBI, MEUEHHBIE TsIXKeJIbl-
MM M30TOIIaMM, HUCCIEAYIOT C IIOMOIIbIO Macc-
CIEKTPOMETPUUECKOTO aHajau3a U OIPenessioT
colepXaHue MEYEHBIX aMMHOKUCJIOT 3a CYET CO-
OTHOIIIEHUSI MHTEHCUBHOCTEN MEeNTUIHbBIX TUKOB.
IIpn usyuyenun B Kyabrype kietok Hela Obin
MosiydyeH OeNIKOBBIM Mpo(ujib B OTBET Ha HOK-
JayH unm cBepxakcrnpeccuio MKPHK B pamkax
Bcero nporeoma [67]. JlaHHBII METOI TTO3BOJISIET
MPOBOAUTL OLIEHKY BO3HUKAIOIIMX Bapualuit
BCKOpE I0C/Ie MHAYKIIMY U3MEHEHUI B KCIIpec-
cun MKkPHK.

OnHMM U3 HENaBHO OIMCAaHHBIX METOMOB
nneHTudukauuu MKPHK-Muimmeneit cram ckpu-
HUHT MyTareHesa 3'-HeTpaHCIMpyeMoii oOjacTu
Ha ocHoBe TexHomoruu CRISPR-Cas9, koTophblit
ormcanu Froehlich et al [68]. JlaHHbBII TTOAXOL TTO-
3BOJISIET TIPOBOAUTH OMHOBPEMEHHBIN aHAIU3 He-
CKOJIbBKMX PEryasaTOPHBIX MOCAeA0BaTeIbHOCTEN,
olleHUBasg (PYHKIIMOHAJIbHOCTh CATOB CBSI3bIBA-
Husg MKPHK na MPHK-Mmuienn [68].

TeM He MeHee, UCXOMsT U3 BaxKHOI peryasaTop-
Hoit poau MkPHK a5t 60/1b110TO KOJIMYECTBA Te-
HOB, BOTIPOC U3YYeHMS X OMoreHe3a M (yHKLIMI
OCTaeTCsl OMHUM M3 aKTyaJIbHBIX IJISI MOJIEKYJISIp-
HOIi OMOJIOTMM B HACTOSIIIEE BpEMSI.

CUJINHA u ap.

Biausnue HIF na mxPHK. Iloka3aHo, yTo Ha
ounorenes MKPHK oxaspiBaer Bnustnue HIF-1a,
9KCIIPEeCCUs KOTOPOTO YBEIMYMBAETCS B YCJIOBHU-
gX HegocTtaTka Kucjiopomga [69]. AkTuBaums
OTBETa Ha TUIIOKCUIO MPUBOAUT K CHIKEHUIO
cunte3a OenkoB DGCRS, Exportin 5, Dicer,
AGO1 u AGO2 [70]. OgHako O6ojee TO3THUE
HCCIENOBAaHUSI CBMUIETEILCTBYIOT O TOM, UTO
HIF-1la aktuBupyeT TpoNuiI-4-TUAPOKCUIIA3Y
komnareHa tumna | (cP4HI), xotopas ycunuBaet
MPOJUITUAPOKCUIMPOBAHUE 1 3HIOHYKIIEa3HYIO
akTuBHOCTHL AGO?2 [71]. A Apyroro yjaeHa moji-
ceMeiictBa 0enkoB AGO, AGO4, Takxe oIu-
caHa TOJOXUTEIbHAsI PEryasiuusi 3YKapuoTH-
yecKuM (akTopoM HMHHUIIMALMU TpaHCISLIUU
2C4 (EIF2C4), skcmpeccHio KOTOPOTO YCHIM-
BaeT HIF-1a. Bce at™i coOBITHS TIpUBOISIT K WH-
nykium skcrpeccun tTakux MKPHK kak miR-107,
miR-155, miR-210 u ap. [53].

TakxuM o0pa3oMm, JaHHbIE UCCAeIOBaAHUI
pa3HbIX neT o BausHuM aktuBanum HIF-1a Ha
MKPHK mnporuBopeuuBsl. C OmHOII CTOpPOHHI,
aKTUBallMs OTBETAa Ha HEIOCTaTOK KHCIOpOaa
uHruobupyer oenku ouoreHeza MKPHK, Ho, mo
JIPYTUM TaHHBIM, HA00OPOT, ITOBBIIIAET UX aKTUB-
HOCTb. M3BECTHO, YTO KJIETKM pa3jUYHBIX TKa-
HEA OpraHmi3Ma HMMEIOT pPa3HYK YCTOMYMBOCTH
K tunokcun [72]. Bo3amMoxHO, BO3HUKIIEEe MpO-
THMBOpPEYME MOXHO CBSI3aTh C TeM, YTO B OMNMCaH-
HBIX BBIIIEe paboTax He ObLIa MpOBedeHa OlleHKa
WCXOOHOM YCTOMYMBOCTU K HEIOCTAaTKYy KHMCJIO-
pona, XOTsI M3BECTHO, YTO aKTMBHOCTh OEIIKOB,
yJ9acTBYIOMMX B agantaunn K runmokcun (HIF-1a,
VEGF n np.), paznngaercst y BBICOKO- U HU3KO-
YCTOMUYMBBIX OpraHU3MOB. JlaHHas TUIIOTE3a MO-
XKET cTaTb OCHOBOI sl OyaylUX MCCeI0BaHU
B3aumocBsa3u HIF u mxkPHK. Kpome Toro, nan-
HOE IMpPOTUBOpEUYre MOXET ObITb OOYCIIOBJIEHO
OCOOEHHOCTSIMU KJIETOUHOI JIMHUU, HAa KOTOPOit
IIPOBOIATCS 3KCIIEPUMEHTBI, M KOHIIEHTpaIuei
KHCJIOPOIa, MCIIOIb3yeMOM ISl TUIIOKCUIECKOTO
BO3IEUCTBUS.

IToMuMO BAMSIHUS HA CUHTE3 OEJIKOB OHOTre-
He3a MKPHK, nzodpopmer HIF-a crmtocoOHBI oka-
3bIBaTh JeCcTBUE Ha 3KcIpeccuio camux MKPHK.
Ha cerongnsgmnuii neHp kmwodeBoii MKPHK ru-
IOKCUYEeCcKoro orBeTa cuuTtaercss miR-210, Tak
KaK ¢ YpOBEHb DKCIIPECCUU M3MEHSIETCS B 3aBU-
CHMMOCTH OT COACPXKAHUS KMCIOpoAa B OKpYyXKalo-
meit cpene. Ona nmeer aneMeHTel HRESs, pacmo-
JnoxeHHble Ha 400 I1.H. BBIIIE CBOETO OCHOBHOTO
npomoTopa. HRES BEICOKOKOHCEpBAaTUBHHI Y pa3-
HBIX BUIOB, YTO ITO3BOJISIET IIPEOIIOJIOXUTH, UTO
peryisiuuss HIF-lo urpaer Kiawo4eByr poJib B
KU3HEAEITeIbHOCTN opranm3moB [73]. B skc-
IIepUMEHTe, IPOBEACHHOM Ha 3HIOTEJHaIbHBIX
KJIeTKaX MYIIOYHOM BEHBI YeJI0BeKa, IOABEprai-
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IUXcs AecTBUio 1%-HOro KUciopoaa B TeUeHUe
Pa3HBIX BPEMEHHBIX MPOMEXYTKOB, OBLIO TTOKa3a-
HO, 4TO ypoBeHb MiR-210 yepe3 4 u ObL1 B 35 pa3
BBIIlIE, YeM B KOHTPOJIbHOI TIpyIIie, a aKTuBa-
uusg miR-210 Ob11a 06paTHO MpoMopLUMOHATIbHA
napuuaibHoMy naBiieHUo O,. 1151 oLleHKH poJiu
HIF B panHoii pabotre OJloKMpoBaiu u30QPOp-
Mmbl HIF-1a u HIF-2a, ogHako MHrudbupoBaHue
cuHTe3a Toiabko HIF-lo mpuBomuio K cHuxe-
HUuo uHAYKIMU miR-210 [74]. CrnemoBaTenbHoO,
miR-210 gBnsgercs creunuyeckoil MUILIEHbIO
g HIF-1a.

B HenaBHO MpOBEIEHHOM MCCICAOBAHUM T10-
KazaHo, 4yro BozaeiictBue runokcuu (0,9% O,)
Ha HUVEC B teyeHue 20 4 mNpUBOIUT K TTOCTe-
MEeHHOMY HAKOIUIEHUI0O U TIOCeNyIoleMy Me-
JIeHHOMY CcHMXeHuto skcrpeccuun MKPHK, urto
SIBJIICTCSL PE3YJbTaTOM aKTUBALMU aJallTUBHOTO
OTBETa Ha HeIoCTaToOK Kucjaopona. HaGmonanoch
YeTKOe JeJIeHHE perepTyapa 3KCIPECCUPYEeMBbIX
MKPHK mipu octpoii (2 4) u mmrenbHoit (16 4)
TUITIOKCUHU, UYTO COOTBETCTBYET IepuoJaM Hau-
oonbireit aktuBHoctu HIF-1la u HIF-2a coot-
BeTCTBeHHO. [ Oojiee AeTaabHOTO U3YYEHUS
ObLIa BIOpaHa BpeMEHHAs TOYKa 8 4, MOCKOJbKY
9TO OBLT IEepPeXOAHbIi MOMEHT BPEMEHM MEXAY
KpPaTKOBPEMEHHOW W JUIMTEIBLHOW TUIOKCUEH
U BpeMeHeM, Korma obe u30¢hopMbl ObLIM aK-
TuBHBIL. [lociae mpoBeneHUS CEKBEHUPOBAHMS
1 OuomH(poOpMaTUUYECKON 00paboTKM JaHHBIX
Ob10 uaeHTUUUIMpoBaHO S5 obmux MKPHK-
muieHeir — miR-210, miR-520d-3p, miR-98-3p,
miR-4745-5p u miR-139-5p [57]. Bonaee Toro,
st kmoueBoii MKPHK runoxkcuyeckoro orsera,
miR-210, osuto HaiineHo 12 u 18 HREs, cnenm-
¢uunbix Kk HIF-1a u HIF-2a, yto onpoBepraet
onucaHHoe paHee cejaekTuBHoe aeictsue HIF-1a
Ha oty MKPHK [74].

HIF-3aBucuMoe TOBBILIEHHE SKCIPECCUU
miR-210 BBIABIIEHO B OMyXOJSIX MOJIOUHOM Ke-
JIe3bl, JIETKMX, TOJICTON KWIIKH, TTOIXKETyI0U-
Holi Xxene3nl [75]. ¥YpoBeHb akcnpeccun miR-210
KOPPEIUPYET CO CTAAUEN OIyXOJE€BOM Iporpec-
CHUM, TIOBTOMY B IIEPCIIEKTMBE €ro0 MOXHO MC-
MOJIb30BaTh B KAY€CTBE MPOTHOCTUYECKOIro OUO-
Mapkepa [76].

Hpyroit BaxxHoit MkPHK, skcnpeccust koto-
poit perynupyetrcsas HIF-la, saBasercas miR-122,
npomoTop Kotopoii umeeT 2 HREs. B uccinenona-
HUM, IPOBEeIeHHOM Ha KJieTkax neuyeHu HepG2,
ObUIO TI0Ka3zaHo, yTo miR-122 gBagercsa celiek-
tuBHOI MumeHblo 119 HIF-1a, koTopslit B3au-
moneiictByeT ¢ oboumu HREs. JInga HIF-2a Ta-
Kol a¢dexT nmokazaH He Ob1 [77]. bonee Toro,
miR-122 Tak Xe BiuseT Ha aganTaluio MeTabo-
JIU3Ma KJIETKU K YCJIOBUSIM TUIIOKCUM, YTO OymeT
o0cyXnaTbes najee.

3 BUOXUMMUS tom 88 BBITI. 6 2023

921

YYACTHUE mxPHK B PEI'VJIIALIUN
KJIETOYHOI'O OTBETA HA THIIOKCHIO

AnanTaius K TMIIOKCUM, KaK OIWH M3 Bax-
HEUIINX MEeXaHU3MOB, HEOOXOMMMBIX IJISI BbIKU-
BaHMSI OpraHM3Ma, OKa3bIBaeT BJUSHHUE Ha Kie-
TOYHBIE TIPOIIECCHI U 3aBUCUT OT pa3IdyHbIX (haK-
TopoB [74]. Ha ceromHsIIHUII OeHb OIMCAHO
6onee 100 mxPHK, yyacTByommx B peryiasuuu
HIF-onmocpenoBaHHOTO OTBETa HA TUMTOKCHIO |78,
79]. K coxaneHuto, He IJ1s BCeX UASHTU(DUILIUPO-
BaHHbBIX MOJIEKYJl TIPOBEAEHO ITOCTAaTOYHO HCClIe-
JIOBaHU, YTOOBI MTOATBEPAUTD UX yUacTHE B aaar-
TauMM K HEAOCTaTKy kuciaopona. lamee Oymyt
paccMOTpeHBl HamboJjiee MoaApPOOHO M3yYeHHBIE B
Hactosimiee Bpemst MKPHK, perynupytomme oTser
Ha TUIIOKCUIO.

MxPHK, yuyacTByloiuiyde B peryasiuuy Kiie-
TOYHOTO OTBETAa Ha TMIIOKCHUIO, MOXHO Pa3deluTh
Ha 3 rpynnbl. Bo-miepBbIX, 3TO MOJEKYJIbI, KOTO-
pble okasbiBaloT BozuaelictBue Ha MPHK reHoB,
koaupyromux HIF, u, takum oGpa3om, mogas-
10T cuHTe3 ero uzogopm [80, 81]. Bo-BTophIX,
aTo rpynna MKPHK, koropas Biusier Ha gerpa-
nmauuio a-cyorenuani HIF mpu HopMmokcun [82].
N B-tperbux, — MKkPHK, Bnusitonue Ha 3Kkcrpec-
cHio OeJIKOB, YYaCTBYIOIIMX B peaau3alluyd MeTa-
0OIMYeCKUX IyTeil MpU OTBETE€ Ha TUIIOKCHUIO —
INIMKOJIN3, OKMCIUTeIbHOe (ochopunnpoBaHue
u ap. [74, 83, 84] (puc. 4).

K rpynne MxPHK, mHrnbupymommx cuHTe3
TPpaHCKPUNIIMOHHBIX (pakTOopoB cemeiictBa HIF,
otHocsarcst miR-20a, miR-150, miR-155, miR-519c,
miR-153, miR-30c-2-3p, miR-30a-3p, miR-145,
miR-429 1 miR-107. OOmuii MexaHu3M UX Aeii-
CTBUSI — KOMIUIEMEHTapHOE B3aMMOIEHCTBUE C
COOTBETCTBYIOIIUM CAalTOM CBSI3bIBaHUsI, IIPUBO-
JsIIIee K BpEeMEHHOM perpeccuy TPaHCISILUT WU
nmerpagann MPHK onnoit u3 nzopopm HIF.

HIF-1a, kak rinaBHbIi peryisitop oTBeTa opra-
HU3Ma Ha HEIOCTAaTOK KHUCIOPOIa, SIBISIETCS MU-
meHbio g MKPHK. [Tokazano, yto miR-20a [85],
miR-155 [86], miR-150 [87] u miR-519c¢ [81] ume-
IOT CaiiTHI CBA3LIBAHUS B 3'-HETpaHCINPYyeMOii 00-
nactu HIF-1a u urpatoT posib HeraTUBHBIX pery-
JISTOPOB CMHTE3a JaHHOU CyObeTNHUIIBI.

Ha nuHumM sHOoTeananbHBIX KJIETOK MUKPO-
cocynoB cetuyaTtkm yemoBeka (hRMECs) moxka-
3aHO, YTO B YCJIOBHUSIX 12-4acoBOoii TMIOKCHUU
(5% CO, 1 95% N,), KoTopasi SIBISIETCSI CTPECCO-
BbIM (haKTOpPOM JJIs1 KJIETOK, B dHAOILJIa3MaTHye-
CKOM PETUKYJIyM€ MPOUCXOAUT HAKOILJIEeHUE Oe-
KOB C HEIpaBUJIbHON KOHMOpMalMell B CBI3U C
HEOCTAaTKOM 3HEPIreTUYECKUX PECYPCOB U U3Me-
HEHUEM OKMCIUTEIbHO-BOCCTAHOBUTEIBHOIO I10-
TeHuMana kKiaeTku [88] (puc. 5). DTo NpUBOIUT K
aKTHBalLIMY TPaHCMEMOpPaHHBIX CEHCOPOB, KOTOpast
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Puc. 4. Mumenu Hekotopbix MKPHK B perysiiimm KiieTouHOro oTBeTa Ha Tunmokcuio: miR-210 yyacTByeT B pery/siiuu TpaH-
ckpunuuu reHop-muineHeir HIF u 3aBucur ot HIF-1a; miR-424 Bnuser Ha Genku, ocyuiecTisiomue nerpanamuio HIF
B ycioBusix HopMokcun; miR-20a, miR-150, miR-155, miR-153 1 miR-519¢c oxapakTepn3oBaHbI KaK peTyISITOPBI TPAHCISIIUN
HIF-1a; miR-30c-2-3p, miR-30a-3p u miR-145 — HIF-2a; miR-429 — HIF-3a; miR-107 — HIF-183. HIFs — reusl HIFIA,
EPASI, HIF3A4; HIFs — 6enku HIF-1a, HIF-2a, HIF-3a; HREs — snementsl IHK, orBeuatonive Ha runokcuio; AGO —

Oenku ceMeiicTBa Argonaute

orpeaeisieT NaJlbHEUIIYyl0 Cyab0y KIETKU IIpU
JIJIUTEIbHOM HeAocTaTKe Kuciaopoma. OmauH u3
Hux, IRE1 (Inositol-Requiring Enzyme 1), aktu-
BupyeT 0e10ok XBP1 (X-Box Binding Protein 1),
KOTOpBII SIBISETCS BaXKHBIM (PaKTOPOM TpaH-
ckpuniiuu. Liang et al. [89] mokazanu, utro XBP1
UHIOyLUpyeT 3Kkcrnpeccuio miR-153 nmyTeM cBS3bI-
BaHus ¢ nipoMoTopoM PTPRN (Protein Tyrosine
Phosphatase Receptor Type N) 3a cuet Toro, 4to
npomoTop miR-153 pacnosioxeH B 3TOM ke TeHe.
Hanee ata MKPHK cBs13b1BacTCst ¢ 3'-HeTpaHcaupye-
moit oonactbio MPHK HIFIA, nonaBisist ero CUH-
Te3 u uHrnoupys VEGF-3aBucumblit aHruoreHes.

WnentuduumpoBaHo Heckoiabko miR, pery-
qupytomux HIF-20, B OCHOBHOM B JIMHUSIX OMy-
XOJIEBBIX KJIEeTOK. OQHAKO 3aBUCUMOCTh UX pery-
JSUMU  OT TUIOKCHMU M3ydyeHa HEJO0CTAaTOYHO.
IToxazaHo, yto miR-30c-2-3p u miR-30a-3p, cBs-
3bIBasiCh ¢ 3'-HeTpaHcaupyemoii oodaacteio MPHK
reHa EPASI, xomnupyomero HIF-2a, nomaBnsior
€ro CMHTe3 0€3 U3MEHEHUS YPOBHS WJIM aKTUBHO-
ctu HIF-1a [90]. Zhang et al. [91] moka3anu, 4To
3'-nerpaHciaupyemas odiaactb MPHK EPASI tak-
Ke CONEpKUT CalT cBsI3biBaHUS MiR-145, moBbI-
LIEHUE DKCIIPECCUN KOTOPOU B YCIOBUSX HOPMO-
Keuu cHukaeT ypoBHu Kak MPHK, Tak u camoro
oenka HIF-2a.

HMz3odopma HIF-3a takke peryaupyercss ¢
nomoibio MKPHK. Bartoszewska et al. [92] nipo-
JNeMOHCTpHpoBaiv, YTo miR-429 akTuBUpyeTcs B

YCIOBUSX TUIIOKCUM mociie cBga3biBaHus HIF-1a
¢ HREs, Tpancnouupyercsa U3 siapa B LIUTOIIA3-
My, Tae, cBa3biBasicb ¢ MPHK HIFIA, BBI3bIBaeT
ee Jerpafaluio, co3naBas MeTII0 OTPUIIATEIbHOM
obpaTHoii cBs3u. [To3xke 5Ta XKe TpyIa uccieno-
BaTesell mM3ydasia BivssHue miR-429 na HIF-3a
1 OOHApYXWIa, YTO PETYJSLUs SKCIIPECCUU Ieii-
CTBUTEJILHO CYILIECTBYET, U OHA OCYIIECTBIISIETCS
yepe3 3'-HeTpaHCIUpPyeMyl0 00JacTb BapuMaHTOB
HIF-302 u HIF-3a3. bnaromaps stomMy Mexa-
HU3MY IPOUCXOIUT MEPEKIIOYCHUE IKCIIPECCUU
¢ HIF-1a na HIF-3a npu mnutenbHO THMMOK-
cun (48 u pu koHueHTpauuu O,, paBHOil 1%).
Oxkcnpeccuss HIF-1a 6mokupyercds miR-429, yto
MPUBOAUT K MOCICAYIONIEMY CHUKEHUIO KOJIUYe-
ctBa camoii MKPHK 1 Hakoruienuto HIF-3a, uyto
MO3BOJIIET OPraHU3MY BBIKMTb B YCJIOBMSIX IJIM-
TeJIbHOTO HeAocTaTKa Kucjopona [54].

HIF-183, xak u pa3auyHble U30(POpMbI O-CyOD-
eIUHUIBI, MOXeT peryaupoBatbcd MKPHK.
Yamakuchi et al. [80] uccnenoBanm 3KCHpeccuio
MKPHK y 00J1bHBIX paKOM TOJICTOM KUILKU C UC-
MOJIb30BaHUEM MUKPOYUIIOB U MOC/Ienyolieit 61o-
nHOopMaTUUYeCcKOii 00pabOTKON U OOHAPYKUIH,
y1o MiR-107 MoXeT ObITb MUILIEHBIO I P53 u
peryaaropom HIF-13. benok p53 B opraHusme
cympeccupyeT 0o0pa3oBaHMUE OIYXOJEBBIX KJIETOK
3a CYeT MHIMOMpOBaHUSA MX Mpoaudepanuu u
cTuMyasauuu amnonrto3a. OmHako MyTauuu B pS53
SIBJISIOTCS 4acTOM MNPUYMHON HApyIIeHUST 3TUX
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Puc. 5. MexaHu3M JIeiCTBUSI TUIIOKCUHU, KaK CTPECCOBOro ¢pakTopa, Ha aKcrpeccuio miR-153 ¢ nocnenyommumM nHrubupona-
HueM aktuBauuu TpaHckpunuuu VEGE. OI1P — sHpomnazmaruueckuit petukyiayM; IRE1 — Inositol-Requiring Enzyme 1;
XBP1 — X-Box Binding Protein 1; PTPRN — Protein Tyrosine Phosphatase Receptor Type N; VEGF — ¢akrop pocra sH10-
tenust cocynoB; HREs — anements JIHK, oTBevaloiiie Ha rurnokcuio

MEXaHU3MOB, 4YTO MHAYLUUPYET DPa3BUTUE OITyXO-
neii [93]. [TokazaHo, yTo 3'-HeTpaHcaupyemast 00-
nactb reHa ARNT, xonupytouiero 6enok HIF-1[3,
COMEPXKUT cainT cBa3biBaHMs miR-107, a oka3biBae-
Moe€ JelicTBUEe BeleT K cHIxXeHUuto cuHTe3a VEGF
1, TaKUM 00pa3oM, HapylllaeT afanTaiuio K Helo-
CTaTKy Kucliopoja. Drta padora ObLia OJHUM U3
MEePBBIX CBUIETENBLCTB TOTO, UTO PETY/IALIMS OTBETA
Ha TUIOKCUIO 3aBUCUT He Tonbko oT HIF-la, HO
u ot HIF-1 [80]. ITo3xe 3T0 ObLIO TTOATBEPXKIL-
Ho Deng et al. [94] B xome M3ydyeHUs peryasuuu
PEMOJICTIMPOBAHUS COCYIOB MPU JICTOUHOI TUTIep-
teH3un miR-103/107 mocpencTBoM BO3IEHCTBUS
Ha HIF-14.

Hpyrue MkPHK, B uyactHocTM miR-424 u
miR-122, peanusyoT cBou 3¢h@deKThl, BAMIS Ha
CUHTe3 0eJIKOB, yyacTBylolux B nerpagauuu HIF
MPpY HOPMOKCHH.

Kak ymomuHamoch Bblllle, O-CyObeAMHMIIA
HIF B ycrnoBusiXx HOpMOKCHUHM MOIBEpPraeTcsl mpo-
TeacoMHOI nerpamauuu [45]. B xommiaekc youk-
ButuHaurassel E3, momumo pVHL, Bxonut kapkac-
Helii 6enok CUL2 (Cullin-2), 610KMpOBKa CUHTE-
3a KOTOPOTO MPUBOIMUT K JASCTAOMIM3ALIUU KOM-
iekca u octaHoBkKe paspymeHusi HIF-a [935].
ITpu msyyenun npocduna MKkPHK B sHpoTenu-
aJIbHBIX KJIETKAaX 4YeJIOBeKa B YCIOBUSAX TMITIOKCUU
HaOMI0IAI0Ch YBeIWUYeHUe dKcrmpeccun miR-424,
MPUBOJISAIIEE K TMOBBIIIEHUIO COAepKaHUS OEIKOB
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HIF-1a n HIF-2o. dng uneHTUUKALIUY MUILIE-
Hu sT1oii MKPHK wucnonb3oBaiuch aaropuTmsbl,
COIJTaCHO KOTOPBIM OBbLIM IIOJYYE€HBI JAaHHBIE O
ToM, uTo miR-424, neifictBys Ha 3'-HeTpaHCIU-
pyeMyto ob6nacte CULZ2, nectabMau3upyeT KOM-
mieke E3, yTo BemeT K HapylleHMIO Aerpamaluu
HIF-a, n, xak cienctBue, aganTalMd KJIETOK K
runoxkcuu [82].

Kak ynmomMuHasioch BbIllle, [IOMUMO TOTO, YTO
miR-122 cama perynupyercas HIF-la, ona cro-
coOHa Moaep:KuBaTh BbDKMBAeMOCTb OpraHu3Ma
npu runokcuun. Mumensio 3toit MKPHK saBnsiercs
3'-nerpancaupyemas odnactb MPHK rena EGLN2,
konupytomero PHDI, xoropas ocyiiecTBisieT
TUApOKCUINpoBaHue o-cyobenuiisl HIF B ycio-
BUSIX HOpMOKCUU. COOTBETCTBEHHO, IIPU B3aUMO-
nmeiictBum miR-122 ¢ MPHK EGLN2 npoucxonut
HapyllleHue CUHTe3a (PepMeHTa, YTO IPUBOIUT K
cradounu3auunu HIF-1o u mocaenyromeii peanusa-
1IMY 3aBUCUMBIX OT Hero 3¢ ¢exToB [77].

Tpetbsa rpynma MkPHK Bkmatouaer miR-210,
KOTOpasi OCYyILIECTB/IsIET MHTMOUPOBAaHUE CUHTE3a
OEJIKOB, yJ4acTBYIOIIUX B METa0OJIMYECKOI amarn-
TalMM K TUIIOKCHU, KOTOpash 3aKJlo4aeTcs B Iie-
PEKITIOUEHNU C OKMCIUTEBHOTO (hochOpUInpo-
BaHMSI Ha TNIMKOJUTUYECKUMA MYTh.

Hmg miR-210, peryaupytoleit TUMoOKcuYe-
CKUI1 OoTBeT, uaeHTU(pUIMpoBaHO Ooyee 10 Mu-
IIeHEeH, yJacTBYIOIIUX B aHTHoreHese [74], aud-

3*
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dbepenumrpoBke ocreobiactoB [96], M3MeHEHUU
MoTpedyieHNsT Kucjopoaa MUTOXoHApusMu |[83].
3'-HeTpaHcaupyeMble 00JacTM  TPaHCKPHIITOB
OEJIKOB, YYacTBYIOIIMX B COOpPKE XKeJe30CEPHBIX
knactepoB ISCU1 u ISCU2 (Iron-Sulfur Cluster
assembly proteins), ObUIM ONMUCAaHbl KaK MUIIEHU
ans peiictBuss miR-210. OcHoBHasg pojib 3TUX
0eKoB — obeclieueHre TpaHCIopTa 3JIEKTPOHOB
U OKUCIMTEIbHO-BOCCTAHOBUTEIBHBIX pPeaKIInii
B MeTaboau3Me pas3audHbix Mosekya [97]. Hapy-
HeHue 3TuX GYHKUMN B pe3yjbTaTe MOJaBICHUS
miR-201 cuute3a ISCU1 u ISCU2 npuBogut
K OJIOKMUPOBKE MUTOXOHAPUATBHOTO JBIXaHUS U
nepexkaoyeHno Ha mukKoan3 («a¢dext Bapoyp-
ra») [83], yTo HeoOXonMMO IJIs1 ajanTaluu opra-
HM3Ma K YCJIOBUSM HeIoCTaTKa KMCIopoa.
bnaronapst 6oab11omMy pazHoodpasuio MKPHK,
a TeM 0oJiee MX MOTEHIMAIbHBIX MUIIECHEN, TIPO-
OseMa MX y4acTUs B MOJICKYJISIPHBIX MeXaHU3-
Max T'MIIOKCMU U €€ KOHTPOJISI BakHa B U3yYEeHUU
ajanTallMy K YCJIOBUSIM Cpelbl, KaHlleporeHesa,
BOCHAJUTEIbHBIX ITPOLIECCOB U CTAPCHMSI.

Takum o6pa3oM, Ha OCHOBaHWY aHaIM3a JUTE-
paTypHBIX JAaHHBIX MOXHO CHIEIaTh 3aKJIIOYEHUE,
yto MHorue MKPHK B3aummoneiicTByior ¢ TpaH-
CKPUIIIIMOHHBIMU (pakTopamu cemeiictBa HIF u
PEeryJupyloT afanTalyio KJIETOK M OpraHu3Ma B
LIEJIOM K YCJIOBUSIM TUTIOKCUU (Ta0JI. 2).

POJIb UCXOIHOM YCTOMYNUBOCTU
K TUIIOKCUU U mkPHK
ITPU BOCITAJIUTEJIbHBIX 3ABOJIEBAHUSX

Oco0eHHOCTH TeyeHHsI BOCHAJIUTEIbHBIX 3200-
JIeBaHWii B 3aBUCUMOCTH OT MCXOIHO yCTOMYUBO-
cTd K rumokcuu. [lokaszaHo, 4To Kak y jabopa-
TOPHBIX XXUBOTHBIX, TaK U Yy JIOAEH CYIIECTBYIOT
pa3yinyus B yCTOMUYMBOCTU K TMIIOKCHUH, KOTOpasi
3aBUCUT OT TII0oja, BoO3pacTa, HaJIW4uMsl COMYT-
CTBYIOIIMX 3a0ojieBaHUIT, a TakKXke CYTOUHBIX,
CE30HHBIX U MH@paIuaHHBIX OMOPUTMOB [6, 7].
YCTOMYMBOCTh K TUIIOKCUM BO MHOTOM OIpene-
nsieTca noauMopdusmom reHoB HIFIA, VEGF u
cyrnepokcuaaucMyTasel  SOD2, perynupyronmx
aJanTUBHBIA OTBeT Ha runokcuto. Hauboibiiee
3HAUEHME MMEET aKTHUBallUsl MHAYLMPYEMOTO T'H-
nokcueit pakropa HIF-1a. [To naHHBIM nuTepa-
TYpPBI, BBISIBJIEHO HaJlMyuMe oOpaTHOI 3aBUCUMO-
CcTU MeXnay 0a30BbIM coaepkaHuem oenka HIF-1a
B HEOKOPTEKCE U YCTOMUYMBOCTHIO OECITIOPOIHBIX
CaMIIOB KPBIC K TMIIOKCUU: Y HU3KOYCTONYMBBIX
oco0eii B HOPMOKCHYECKMX YCJIOBMSX COIdepKa-
Hue 6enka HIF-1a Obito B 1,7 pa3a BeIlle, 4eM
Yy BBICOKOYCTOHUMBEIX [8]. 2KUBOTHBIE ¢ HU3KOI
YCTOMUYMBOCTBIO K HENOCTAaTKy KHUCJIOponaa, B OT-
JINYME OT BHICOKOYCTOMUMBBIX, XapaKTepU3YIOTCs

Taomuna 2. B3zaumoneiictBue Hekotopbix MKPHK u TpaH-

CKPUIILIMOHHBIX (hakTOpoB cemeiictBa HIF

KiroueBoie MKPHK, KiroueBbie MKPHK,
HIFs Ha KOTOpbIe WHTUOUpYIOIIe
pausier HIF cunte3 HIF
miR-210 miR-20a
miR-122 miR-150
miR-520d-3p miR-155
HIF-la miR-98-3p miR-153
miR-4745-5p miR-519¢
miR-139-5p miR-429
miR-210
miR-520d-3p miR-30c-2-3p
HIF-2a miR-98-3p miR-30a-3p
miR-4745-5p miR-145
miR-139-5p
HIF-3a HE YCTaHOBJIEHbI miR-429
HIF-18 HE YCTaHOBJIEHBI miR-107

Oosiee TSKENBIM TEUEHMEM KakK JIOKAJIbHBIX, TakK
U CHUCTEMHBIX BOCITJIMTEIbHBIX MpPOLIECCOB [9—
12]. B yacTHOCTH, TPU MOIEIMPOBAHUU OCTPOTO
SI3BEHHOTO KOJIUTAa C MCIIOJb30BAaHMEM IEKCTpaH-
cynbdara Hatpust (JACH) y HMU3KOYCTONUYMBBIX
K THUIOKCUM TOJOBO3PEIbIX CaMIIOB MBbIIIEH
C57Bl1/6, 110 cpaBHEHMIO C BHICOKOYCTOMYMBBIMHU,
Ha0JonanrMch 00Jiee BbIPAXXEHHbIE KIMHUYECKUE
MposiBIeHUs (auapes M KpoBb B KaJie), CTaTu-
CTMYECKM 3HAUMMOE CHIKE€HUE BCeX ITOMY/ISLMi
JTUM@OINTOB B TIepudeprdIecKoit KpOBH, a TaKKe
ObL1a BBIIIE PACIPOCTPAHEHHOCTh SI3B B CIIM3U-
cToit obonouke Toictoit kumku [12]. ITpm mome-
JIMPOBAaHUM XPOHMYECKOTO SI3BEHHOIO KOJMTa C
WUCIIOJIb30BAHUEM TOM XK€ HKCHEPUMEHTAIBHOMN
MOENIM Y HU3KOYCTOMUYMBBIX K TMIIOKCUU MBIIIIEi
Takke HaOJoganuch 00Jiee BhIpak€HHbIE KJIMHM-
yecKue MposiBIieHNs 3aboyieBaHMs Ha (oHe Oosee
BBICOKOTO YPOBHSI CMEPTHOCTH XKUBOTHBIX, a TAKXKe
CHIDKEHMSI BCeX monmy/siiuii T-1umM@oLmnToB 1 yBe-
ImyeHus yncna B-xierok B kposu [11]. DTu nccne-
JIOBaHUSI CBUACTEIbCTBYIOT O B3aMMOCBSI3M MCXOI-
HOW YCTOMYMBOCTU K TUTIOKCUU U TSXKECTU TEUEHUS
BOCIIAJIUTEIbHBIX ITPOLIECCOB B TOJICTOM KUIIIKE.
Kpome Toro, Ha moI0BO3pebIX caMIlaXx KPhIC
Bucrap Takxke 1moka3zaHa B3aMMOCBSI3b TSKECTH
TEUECHUSI CUCTEMHOIO BOCIAJIMTEJIbHOIO OTBETa,
WHIYIAPOBAHHOIO BBEICHUEM JIUIIOIOIKNCaXap-
ma (JITIC), n ycTOMRYMBOCTH KMBOTHBIX K TUITOK-
cur. Hu3koycToiunBbie K HEAOCTATKY KHACIOPOaa
KMWBOTHBIE B 0TBeT Ha BBeneHue JITTC xapakrepn-
3yI0TCsI 00Jiee BHICOKMMU YPOBHSIMM 3KCIIPECCUU
Nf-kb n Hif-1a B neueHu, 0OJIbIINM KOJIMIECTBOM
HEHUTPO(DUIOB B MEXaIbBEOISIPHBIX IEPETrOpOI-
Kax JIeTKMX U TMOBBIIIIEHHBIM comepxkanuem I1L-1[3
n C-peakTUBHOTO OeKa B CHIBOPOTKE KPOBU [9].
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B orBetr Ha BBenenue JIIIC mist HU3KOYCTOWUYM-
BbIX K TMIIOKCUM XXUBOTHBIX XapaKTE€PHO CMe-
1eHue OajaHCa UMMYHHBIX peaklMii B CTOPOHY
rYMOpaJbHBIX, B TO BPEMSI KaK JJIsI BBICOKOYCTOM -
YUBBIX — B CTOPOHY KJIeTOUHBIX [10].

TouHble MeXaHU3MBI, OMpenesIoNIe pas-
JIMYUST B TSIKECTU TEUYEHMUST BOCHAJUTEIbHBIX
3a0o0yieBaHUI Y JKUBOTHBIX C PAa3HOM yCTOMYMBO-
CThIO K TMIIOKCUM, B HACTOSIIEe BpEMsl He ycTa-
HOBJIeHbl. OUYeBUIHO, UYTO (DYHKIIMOHUPOBAHUE
oenka HIF-1a urpaet onHy 13 IaBHBIX posieil B
9TuX mnpolieccax. [Ipu 3ToM peryisuusi CUHTe3a
HIF-1o y BBICOKOYCTOMYMBBIX W HU3KOYCTOM-
YUBBIX K TMIOKCUHU XMBOTHBIX MOXET OCYIIECT-
BJISITbCSI MO-pa3HOMY. BeposTHO, B 3TOM Mpu-
Humaror ydyactue MKPHK, koTopbie BIusitoT Kak
Ha OTBET Ha TMIOKCUYECKOE BO3IEUCTBUE, TaK U
Ha TeYeHMWE BOCHAJIUTENbHBIX IIpolieccoB. Pojb
MKPHK kxak B CHCTEMHBIX, TaK U B JIOKaJbHBIX
BOCIAJIUTEIbHBIX MpPOlIECCaX aKTUBHO U3y4YaeTcs
B HacTosee BpeMs. [Ipu moucke 6momapkepoB
BOCIaJIEHUsI M3y4aloT IPEUMYIIECTBEHHO IUp-
kynupytomue MKPHK, B To BpeMs kak mcciieno-
BaHUs TKaHeBbIX MKPHK y skcnepuMeHTanbHBIX
JKMBOTHBIX TIO3BOJISIIOT YCTAHOBUTb MEXaHU3MbI
BOCIaJIUTENbHBIX peakuuit. I[Ipu aToM mokasaHo,
yTo marTepHbl 3Kcrnpeccun MKPHK B TkaHgx Bo
MHOTOM TiepekpbiBaoTcss ¢ MKPHK, uupkynu-
pylomiumMu B KpoBu. Cpenu oOCykaaeMbIX HaMU
panee MKPHK, koTopble ydacTBYIOT B peryis-
LIMM OTBETAa Ha TUIIOKCUIO IPU BOCIAIUTEIbHBIX
npolieccax, MoBbIlIeHUe 3Kcnpeccun miR-210 u
miR-155 oOGHapyKeHO KaK B TKaHSX, TaK U B KPO-
B1, a miR-107 1 miR-150 — TonbKO B KpOBMU.

Hupkymapyomme MKkPHK, perymmpyiomme ort-
BEeT HA THNOKCHI0 MPH BOCHAJUTENbHBIX MPOIeccax.
CornacHo uccnenoBanusMm Virga et al. [98] u Del
Mauro et al. [99], noBeIIIeHUE YPOBHS 3KCIIPECCUU
miR-210 B MOHOIIMTaX KPOBM YeJIOBEKa IOJIOXKHU-
TEJIbHO KOPPEIUPYET C BO3MOXHOCTHIO Pa3BUTUS
cercuca, a yBeJIMYEHME KOHIIEHTpAllMU 3TOI Ke
MKPHK B chIBOpoTKe KPOBU — CO CMEPTHOCTHIO.
OnHako Mo3Xe MPOBEIEHO APYroe MpOCIEeKTUB-
HOe KOropTHoe uccienoBaHue miR-210 xak Bo3-
MoxHoro ouomapkepa cerncuca [100]. Ha ocHo-
BaHUY KJIMHWYECKMX NAaHHBIX MAllMEHTOB IEIWIN
Ha IPYIIIbLl B COOTBETCTBUU C OTHUM U3 MOATUIIOB
cencuca (anb(da, 6eTa, raMMa U JIelibTa), KOTOPhIe
pa3andyalTCcs MO0 HCXOAY M OTBETY Ha JIeYeHUE.
B xone 3Toro ucciaemoBaHMs IMOKa3aHO, YTO YpoO-
BeHb LUpKyIupyoieir miR-210 Owb1 yBenuueH
B 3,6 pa3za He3aBUCUMO OT Ioatumna cerncuca. Onu-
HAKO I10CJIe MOMpaBOK Ha MCKaxaroliue (haKTopbl
(Mcronb30BaHNE HEKOTOPHIX JIEKAPCTBEHHBIX Ipe-
rapaToB WX UCKYCCTBEHHOM BEHTWISILIUU JIETKUX)
HaunOoJiee BhIpaXKeHHOE YBeJIMYeHHe HabJ1101aI0Ch
TOJBKO TIpU Aenbra-opme. Takum oGpasom, IO
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MOCJIEAHUM JTaHHBIM, aKTUBALIMSI OIHON M3 CBSI-
3aHHBIX ¢ runokcueit MKPHK — miR-210 — comnpo-
BOXIAeT pa3BUTHUE CelCcHcCa, OIMHAKO XapaKTepHa
TOJIBKO JIJISI OMHOTO €ro MOATHIIA.

ITomumo uccnenoanuii MKkPHK B kauectse
OMoMapKepoB pa3BUTUs CEICHca, IT0Ka3aHO, UTO
y MallMEHTOB C SI3BEHHBIM KOJUTOM M 0OJIe3HBIO
Kpona B mepudepuyeckoii KpoBM YPOBHM 3KC-
npeccun HekoTopbiX MKPHK moBbeimensr [101].
B yactHOocTM, MiR-155 mMmena Oosiee BBICOKMIA
YPOBEHb 3KCIIPECCUU MpPU SI3BEHHOM KOJIUTE, a
miR-107 — mpu 6one3nn Kpona [102]. Kpome
TOTO, T10 pe3y/IbTaTaM dKCIePUMEHTaIbHOIO UCCIe-
noBaHuss MKPHK ¢ ncnonb3oBaHueM Tpex Moje-
JIEW SI3BEHHOTO KOJIUTA Y MBIIIEH, MOKA3aHO I10-
BhIIIeHUE KoHIeHTpanuu miR-150 B cwiBopoT-
ke kpoBu [103]. B xome maHHOII pabOTHI MC-
IOJIb30BAJIM MOJEJb OCTPOTO KOJMUTa, MHIYIIU-
posanHoro JICH [104], TLR5-ne(UUIUTHBIX MBI-
meit (TLR57) [105] u 1L-10-1e(bMIUTHBIX MBbI-
meit (IL10~/7) [106]. ABTOpbBI MPUIIUIK K BLIBOLY,
YTO TIOBBILIEHWE KOHIIEHTPALMM CBSI3aHHON C
runokcueir miR-150 sBiasieTcsi ofHUM U3 CIelu-
¢uyeckux 6MoMapKepoB BOCHAJUTEIbHBIX 3a00-
JIeBaHMI KUILIEYHWKA, BbI3BAHHBIX Pa3IMYHBIMU
3TUOJOTMYECKUMU (DaKTOpaMU.

Takum 00pa3oM, KOHLEHTPALIMUA B CBIBOPOT-
Ke KpoBu HeKoTopblx MKPHK, cBsi3aHHBIX C OTBe-
TOM Ha TUITOKCUIO, MOTYT OBITh MCITOJIb30BaHbI B
XOJI€¢ HEMHBa3UBHOIO MCCJIENOBaHMS TAllUEHTOB B
KayecTBEe MapKepoB IJis IMPOTHO3UPOBAHUS BO3-
MOXHOCTU BO3HUKHOBEHUS M TSIXKECTU TEUEHUS
KakK JIOKaJbHBIX, TAK U CUCTEMHBIX BOCHAIUTEIb-
HBIX TIPOIIECCOB.

Tkanessie MKPHK, perympyomme orBer Ha
THNOKCHIO TIPU BOCTIAJMTEIbHBIX Mponeccax. Ha akc-
nepuMeHTanbHbIX Mopaensix JITIC-unayuupoBaH-
HOTO 3HJIOTOKCUH-CENTUYECKOTO 110Ka, MOJIUMU-
KpOOHOIo cericuca, BOCHPOU3BEAECHHOIO METO-
JIOM MEPEBA3KU U NaJbHEHIIEN MyHKIUU CIETION
KMILIKHW, U TTapa3uTapHoit UH(pEeKUUU, BHI3BAHHOMN
Trypanosoma brucei y Mblllleil, TTOKa3aHO, YTO B
OTBET Ha BO3JECTBME MATOreHOB HabJromanach
akTuBauus miR-210 B MoHoLIMTax 1 Makpodarax,
KOTOpasi COMPOBOXIaaach yBEINUEHUEM KOHIIEH-
tpauuu HIF-1a B cBIBOpOTKEe KpOBU. AKTUBALIUS
miR-210 npuBOAUT K MOAABIEHUIO MUTOXOHAPU-
aJIbHOTO JbIXaHUS 32 CYET OCTAHOBKHU TpPaHCISI-
mun OenkoB ISCU, MPHK xoropeix sBisiercs
muieHbio ajg 3toil MKPHK. B pesynbrate aTnx
MeTa0O0JIMYeCKMX M3MEHEHUIl HaOiropanach I10-
Jisipu3anus MakpodaroB Mo NpoBOCHaIUTEIbHO-
My M1-dpenoruny. [lpu nocnenyiomieil nenenuu
miR-210 u BocmpousBeneHUN BCEX OIMMCAHHBIX
BhIlIe MH(MEKIIMOHHBLIX MofAeaeii HabIoaaaoch
OoJiee JIeTKOe TeUeHUe BOCHAIEHUsI CO CHIDKEHUEM
YPOBHEM TPOBOCIAIIMTENbHBIX LUTOKUHOB IL-6
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1 TNF-o 1 noBbllieHHEM MPOTUBOBOCHATUTEb-
Horo — IL-10 [98]. ABTOpHI mpeamnoaaraloT, 4To
geneuns miR-210 mpuBoAUT K HEIOJHON MOJsI-
puzauuu MakpodaroB mno MIl-deHoTUIy, 4TO
00BSCHSET OoJiee JIerkoe TeUeHUe BOCMATICHUS U
MOBBIIIEHUE BBIKMBAeMOCTU opraHusmoBn. Cie-
JoBaTebHO, TOBBIIIEHHAs 3Kcrpeccuss miR-210
KaK B CHIBOPOTKE KPOBM, TaK U B TKaHSIX CIIOCO0-
CTByeT 0oJjiee TSKEIOMY TEYEHUIO CHCTEMHOTO
BOCITAJIUTEIbHOTO OTBETA.

I[lpy wu3ydeHUM pasauuuii B BKCIPECCUU
MKPHK B TKaHSIX TOJCTOI KMIIKU U3 30H SI3BEH-
HBIX MOPaXXeHW U BHE WX IMPU SI3BEHHOM KOJIUTE
u 6one3nu KpoHa Oblia oxapakTepu3oBaHa Mpo-
CTPAHCTBEHHAs CBSI3b B MATTEPHAX 3KCIIPECCUU
MKPHK wmexny stumm 3oHamu. B Owuonrartax
TOJICTO KUIIKKU C BOCITAJICHUEM I10 CpaBHEHUIO
C HOPMaJIbHOI TKaHbIO TTOKA3aHO CTATUCTUYECKU
3HaYMMOeE TOBBIIIEHKE 3Kcnpeccu miR-155 kak
MpU SI3BEHHOM KOJIUTe, TaKk 1 npu 6one3nu Kpo-
Ha [107]. Kpome Toro, moka3zaHo, 4TO 9KCIIpeccUs
stoit MKPHK B GuonTarax cim3uctoil 000104Ku
TOJICTOM KWIIKU Y TIALIMEHTOB C aKTUBHOW CTa-
JIUeit I3BEHHOrO KOJMTa CTaTUCTUYECKU 3HAUMMO
BBILIE, YeM Y 300poBBIX dtoaeit [108].

ITpu BocnanuTeabHbIX 3a00JI€BaHUSIX KUILIEU-
HUMKa, B TOM YKCJIe I3BEHHOM KOJIMTEe, BO3pacTaeT
yacToTa pa3BUTUS paka TOJCTON Kuliku. [lpwm
BocnajeHUu npoucxonuT aktuBauus NF-xB, ko-
TOPBII MMEET CaMThl CBI3BIBAHUS B HEKOTOPBIX
MKPHK. Ilpu mcciengoBaHuu crmekTpa 3KCIpec-
cun MKPHK B kjerkax paka TOJCTOM KWUIIKH
Ha0JII0[1aJI0Ch TIOBBIIICHUE YPOBHEI 3KCIIpeCcCUu
miR-210, miR-155 n miR-21, yTto 00OBsICHIETCS
HannuueM caiiToB cBs3biBaHUusI NF-kB B ux mpo-
MoOTOpHbIX obyacTsax [109]. B TeueHue necsaTu-
JIETUI CTaHAAPTHBIM XMMMOTEPANeBTUYECKIM TIpe-
rmapaToM TMEpPBOM JMHUM MPU KOJOPEKTAIbHOM
pake (KPP) gasngerca 5-dropypaunn (5-DY).
HecMoTpst Ha TO YTO BO3MOXHOCTH JICUSHUS 3J10-
KAYeCTBEHHBIX OITyXOJiel pacIIMpUINCh 3a CUeT
nosiieHus tepanuu 5-DY B codeTaHUM C Ipy-
MMM XMMUOTEPANeBTUUCCKUMHM ITIpernapaTaMu,
PE3UCTEHTHOCTh OITYXOJM OCTAeTCs CEPbe3HOMU
npoobsemoit [110]. Nijhuis et al. [111] u3yyanmu
BO3HUKHOBEHHUE PE3UCTEHTHOCTH K 5-DY Ha KJie-
touHbIX TMHUAX KPP 1 pons MkPHK B aTOM mpo-
necce. MceneqoBanue mpoBOAWIN B TeueHUeE 48 4
B ycioBusx Hopmokcun (20,9% O,) u B ycaoBUsIX
runokcuu pasHoit Tskectu (1,0% u 0,2% 0O,).
[Toka3zaHo, 4TO MpPU HEAOCTATKE KUCIOpOIa aK-
tuBupoBaiauck 6 MKPHK — miR-21, miR-210,
miR-30d, miR-320a, miR-320b u miR-320c, cpe-
I KOTOPBIX HamboJyiee BBICOKMIT YPOBEHb ObLI Y
miR-210. OgHako T©pM WHCCIENOBaHUM perep-
tyapa MKPHK B onyxonsx 6onbHbIXx KPP, pe3u-
CTEHTHBIX K JleueHHu1o S-propypanmyiom, miR-210

CUJINHA u ap.

HE BXOIMWJIA B YMCJIO 3HAYMMbBIX MOJIEKYJI, UTO HE
MOATBEPXKIaeT ee ydyacTue B (pOPMUPOBAHUU TO-
JIGPAHTHOCTU K MPOTUBOOIYXOJEBOM Tepanuu
JaHHbIM mpernapatom [111]. Takum obGpaszom, u3
MKPHK, peryaupyommux OTBeT Ha THUIIOKCHUIO,
HaunbOoJjee n3ydyeHa pojib miR-210 B pa3BuTum Kak
JIOKAJIbHBIX, TAK U CUCTEMHBIX BOCIAIUTEIbHBIX
npoiieccoB. TeM He MeHee TOYHbIE MEXaHU3MBI
yuyactuss miR-210 B perynsiuu BocIiaJeHUSI He-
JMOCTaTOYHO W3y4YeHbI, TaK KaK HCCIeIOBaHUS
MPOBOIMJIM Ha 3KCHEPUMEHTAIBHBIX MOJIEISIX
pPa3HBIX BOCHAJIUTENbHBIX 3a00JeBaHUM, IpU
5TOM HE€ YUMTBIBAJach MCXOAHAsl YCTOMYMBOCTD
OPraHM3MOB K I'MITOKCHM.

SAK/IIOYEHUE

Takum obpa3oM, OTBET OpraHM3Ma Ha TUITOK-
CHUIO OCYIIECTBJSETCS MpU Y4aCTUM TPaHCKPUII-
LIMOHHBIX (hakTopoB cemelictBa HIF. Peakuus
KJIETOK Ha KPaTKOBPEMEHHOE WJIU JUTUTEIbHOE TH-
MOKCUYECKOE BO3/IEHCTBUE pPEryaupyeTcsl pa3Hbl-
mu nszodpopmamu HIF, B nmepekiatoueHNN KOTOPBIX
yuactBytioT MKPHK. Ponp MkPHK B perynsmun
KJI€TOYHOTO OTBETa Ha TUIIOKCHUIO OOYCJIOBJEHA
nx BozaeiictBueM Ha MPHK reHoB, komupyio-
mux HIF, BmusgHuem Ha gerpagaiyio o-cyobean-
Hun, HIF u skcnpeccuio 0enkoB, peann3yloninx
MeTaboJMUeCKUil OTBET Ha TUIIOKCHUIO — IJIMKOJIM3,
OKMCIUTeNbHOE (hochopunupoBaHue U ap. B To
xke Bpemst HIF Taxske oka3biBaeT BIMSHME Ha OMO-
rene3 MKPHK. JlaHHbIE 110 M3MEHEHUIO IKCIIpec-
cuu Toil uan nHoit nszodopmel HIF 1 3aBucumMbIx
0EJKOB TPOTUBOPEUYMBLI, MOCKOJIbKY MCCIEI0Ba-
HUs TIPOBOIST Ha Pa3HbIX KJIETOYHBIX JIMHMUSIX U
BUJIaX 9KCIEPUMEHTAJIbHBIX XXUBOTHBIX, TIPU pa3-
HON KOHIIEHTpAllMM KHUCJIOpOoAa U Pa3HOM M-
TEJIbHOCTU TUIIOKCHUYECKOro BosneicTBusl. Kpome
Toro, Ha skcnpeccuto HIF Moxer BaugTh uc-
XOIHasl YCTOMUYMBOCTh U3YyYaeMbIX OPraHU3MOB
K TMIIOKCHUM, YTO HE€ YYUTBIBAETCS MpHU IpOBene-
HUU HccliefoBaHuil. B To BpeMs KaK B3aMMOCBSI3b
HIF-1a n MmxkPHK nocrarouyHo momHO oxapakTte-
pu3oBaHa, MexaHuU3Mbl B3anmopeiicteusa HIF-2a
n HIF-3a, a takke HIF-18 ¢ MxkPHK usyuyensr
HenocTtaTouHo. [loHMMaHue MexaHU3MOB B3aUMO-
cBa3u HIF, runokeun n MmkPHK HeoGxomumo st
pa3pabOTKM HOBBIX MOAXOMOB K MEPCOHAIM3UPO-
BaHHOI Tepanuu 3a0o0JieBaHUI, COIMPOBOXIAIO-
IIMXCSI HEMOCTaTKOM KUCIOPO/Ia.

Bkmaxg asropoB. M.B.C. — ananu3 maHHBIX
JINTEPaTyphl, IOATOTOBKA TEKCTa 0030pa U PUCYH-
koB, I.ILI.JI. — obcyxxnmeHne coOpaHHBIX TaHHBIX
u pegaktTupoBaHue Tekcta, O.B.M. — ¢puHanbpHOE
peIakTUpOBaHUE TEKCTa.
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®unancuposanne. Pabora BbIloONHEHA U
(pvHaHCUpoBanach B paMKax OIOIKETHONW TEMbI
122030200530-6 «KieTtouyHble M MOJEKYISIPHO-
OuooTUYEeCKME MEXaHM3Mbl BOCHAJCHUSI B pas-
BUTUM COLMAIBHO 3HAYMMBIX 3a00JeBaHUIl Ye-
JIOBEKa».

KondaukT uaTepecoB. ABTOPHI 3asIBJISIOT 00
OTCYTCTBUY KOH(IMKTA UHTEPECOB.

Co0monenue 3THdecKux HopM. Hacrosias cra-
Thsl HE COMACPKUT OMMCAHMSI KAKUX-JTU0O MCCIeno-
BaHWIi ¢ ydacTUEM JIIOJei MU XMBOTHBIX B Kaue-
CTBE OOBEKTOB.
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THE ROLE OF microRNA IN THE REGULATION
OF CELLULAR RESPONSES TO HYPOXIA

Review
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The impact of hypoxia causes changes in the transcription of genes that contribute to the adaptation of
cells to a lack of oxygen. The main mechanism regulating the cellular response to hypoxia is the activation
of a group of transcription factors of the HIF (Hypoxia-Inducible Factor) family, which include several
isoforms and control the expression of more than a thousand genes. HIF activity is regulated at various
levels, including by small non-coding RNA molecules called microRNAs (miRNAs). miRNAs regulate the
cellular response to hypoxia by influencing the activation of HIF, its degradation, and the translation of
proteins dependent on it. At the same time, HIF also affects miRNA biogenesis. Data on the relationship
of a particular HIF isoform with miRNA are contradictory, since studies are performed using different cell
lines, different types of experimental animals and clinical material, as well as at different oxygen concentra-
tions and different durations of hypoxic exposure. In addition, HIF expression may be affected by the initial
resistance of organisms to lack of oxygen, which is not taken into account in studies. This review ana-
lyzes data on the effect of hypoxia on the biogenesis and functioning of miRNAs, as well as the effect of
microRNAs on mRNAs of genes involved in adaptation to oxygen deficiency. Understanding the mech-
anisms of the relationship between HIF, hypoxia, and miRNA is necessary to develop new approaches
to personalized therapy for diseases accompanied by oxygen deficiency.
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