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Jlucepranisi pUCBAYEHA JTOCIIKEHHIO POJIl CTPECY €HIOIIa3MaTUYHOIO
PETUKYJIyMa B PETYJISAIli €eKCpecii 'eHiB, 0 KOYIOTh KIIFOYOBI TPAHCKPHUIILITIHI
dakropu poanHu Homeobox, siki KOHTPOJIOIOTH Mpolieck mpodideparii K y
HOPMI, TakK 1 3a MyXJUHHOTO pocTy. EKcrnpecito MuX TeHiB BUBYAIM Y KIITHHAX
rmoMu JHIL U87 3a yMOB mHpUrHIYEHHS (YHKIIOHAJIBHOI aKTHUBHOCTI
IRE1/ERN1,  OCHOBHOTO  CEHCOPHO-CHTHAJIBHOTO  IIPOTEiHYy  CTpecy
€HJOIJIa3MaTUYHOIO PETHKYJIyMa, a TaKOXK 3a yMOB TINOKCIi Ta AePIUUTY
TJIyTaMiHY 1 TJIFOKO3H.

AKTyanbpHICTh IIl€i TEeMHU IIOB'3aHa 3 THUM, IO OHKOJIOT1YHI XBOPOOH
MOCIAAI0Th JPYTe€ MICLE Yy CBITI 3a PIBHEM 3aXBOPIOBAHOCTI 1 CMEPTHOCTI,
IpUYOMYy Il TMOKA3HUKH TIOCTIMHO 3pOCTaloTh 3a (DaKTHUYHOI BIACYTHOCTI
e(eKTUBHUX MIX0/IIB A0 JIiKyBaHHs. ['mo6nactoma (actporuroma IV crymens)
€ HaOUIbLI 3JIOSKICHOK 1 JOCUTh MOIIMPEHOI0 MEPBUHHOIO IMYXJIMHOIO
TOJIOBHOTO MO3KY 3 arpeCUBHUM (DEHOTHIIOM, SIKa TSKKO IMIIAETHCS Teparii Ta
XapaKTEePU3y€EThCSI KOPOTKO TPUBATICTIO KUTTS NarieHTiB. Came ToOMy TMOIIYK
HOBUX TWIAXOAIB [0 PO3KPUTTS MOJIEKYJSIPHUX OCHOB [MATOTEHE3y LHX
3MOSIKICHUX MYXJUH € BKpail HEOOXIAHMM [UIsl TMOKPAIIEHHS ICHYIOYHX 1
CTBOPEHHSI HOBHX MEPCHEKTUBHUX CTPATEriid MPOTUITYXJIMHHOI Tepanii.

OCKIJIBKM ~ CTpeC EHJOIUIa3MaTUYHOTO PETUKYJIyMa Ta TIMOKCIS €
Ha/I3BUYAHO BaXIMBUMH (PAKTOPAMHU IHTEHCHBHOTO POCTY 3JIOSIKICHUX ITyXJIUH

[UIIXOM TepenporpaMmyBaHHs reHoMY y 01K aKTHBAIlil aHT10r€He3y, MOCUIIEHOTO



3a0e3neUeHHs MyXJIMHA TO)KUBHUMHU PEUYOBHHAMU, PE3UCTEHTHOCTI MyXJIMHHUX
KIIITUH 10 PI3HUX TOKCUYHUX PEUOBUH, Y TOMY YHUCIHI 1 JO TOKCHUHUX €(PEKTIB
rMOKCIi, TO IeTallbHEe BUBUEHHS PETYJISITOPHUX MEXaH13MiB, 1110 JIe)KaTh B OCHOBI
X epeKTiB Oyjae CIpUITH KpaluoMy pO3YMIHHIO MOJIEKYJSIPHUX MEXaHI3MIB
POCTY 3JOSKICHUX MyXJIMH Ta MONIYKY HOBHX MiAX0/11B 0OpPOTHOU 3 HUMHU.

OaHuM 3 HANOUIBII MOKIIMBUX MEXaHI3MIB MEpENporpaMmyBaHHsI TEHOMY
y MyXJUHHUX KIITHHaX 32 YMOB CTPECY €HJOIIa3MaTUYHOTO PETUKYIyMa €
3MIHM eKCHpecii KIIOUOBUX TPAHCKPUMNIINHUX (PAKTOPIB, MO0 KOHTPOIIOIOTH
IHTEHCUBHICTh YHUCJICHHUX METa0OJIYHUX TMPOIECIB y KIITUHAX MyXJIHH 1
opra”iaMy B LUIoMy. B 1poMy mjaHi BaXJIMBY pOJIb BIJITPAIOTh TaKOX
TpaHCKpUIMIiHHI pakTopu poauau Homeobox, mpuuomy O1IBIIICTE 3 HUX 3a15TH1
y POCTI IMMyXJIMH 1 € MIIIEHIMH JJ11 O0POTHOH 31 3JIOSKICHUM POCTOM.

BaxxnuBuMm MoMeHTOM Iii€i podotu Oyno Busichutu poiib IRE1/ERNI
(inositol-requiring enzyme 1 / endoplasmic reticulum to nucleus signaling 1)
CUTHAJBHOTO MUISIXYy CTPECY EHIOMIa3MaTHYHOTO DPETUKYJIyMa B PETyISIii
eKcrpecli TeHIB [HUX TPAHCKPUNIIHHUX (HaKTOpiB, Y TOMY 4YHCIL 1 POJb
eHJIOpHOOHYKIICa3HOI Ta MPOTEIHKIHA3HOI AaKTUBHOCTEH I[bOTO CHUTHAJIBHOTO
MPOTEIHY B peaizailii Horo BIUIMBY Ha €KCIpecito TeHiB. OKpeMHUM 3aBIaHHSIM
poOoTH OyJI0 JOCHIIMTH [0 TIMOKCIT Ta nediuTy nIyTaMiHy 1 TJIIOKO3W Ha
pIBEHb €KcIpecii KIYOBUX TPAHCKPUNIIHHUX (pakTopiB poauHu Homeobox y
KIITUHAX T[JJloMd B 3anexHocTi Big npurHideHHs IRE1, mo Mae
NPOTUITYXJIMHHUN €PeKT 1 3HUXKYE MNpomidepaTUBHUN TMOTEHINAN KIITUH
J1100J1aCTOMU.

B xomi BukoHaHHS poOOTH OyiM BUKOPUCTaHHI Taki Cy4acHI METOIHU
Oloximii Ta MoJeKyJsipHOi Oiosorii, $K KyJbTUBYBaHHS CTaOUIbHO
TpaHC(IKOBAaHMX  KJIITHH  TJi00JacTOMU 3 MPUTHIYEHOW  JIMIIE
engopuOonykiieasHor akTuBHICTIO ERN1 Ta xmituH 6€3 000X €H3MMAaTHYHUX
AKTUBHOCTEW 1IbOTO  CUTHAJIBHOTO MPOTEiHY (EHAOpPUOOHYKJIEa3HOi 1

npoTeiHkiHa3zHoi), BuAuIeHHss PHK, BU3HaueHHs! KOHIEHTpALli]l Ta CIEKTPATbHUX



XapaKTEPUCTHUK OTPUMaHUX npenaparin PHK 32 JOMOMOTIOIO
HaHOceKTpodoToMeTpa, cuHTe3 KomiuiemeHTapanx JIHK musxom 3BopoTHOT
TPAHCKPHUIIIi, a TAKOX METOJIM KIJIBKICHOT MMOJIiMepa3HO1 JaHIIOTOBOI peakiiii y
peaqbHOMY 4Yaci JJig BuU3Ha4YeHHs piBHA ekcnpecii MPHK mocmimkenux
TpaHckpumuiaux  QaktopiB 1 MmikpoPHK, caitnenciar ~ MPHK,
eNeKTpoOpPEeTUIHUN aHaJ13 HYKJICTHOBUX KHCJIOT, METOAU 0101H(GOpPMATHUKHU Ta
CTaTUCTUYHOI 0OPOOKHU pe3yIbTaTiB.

Jns 3'sicyBanHs pouti curHanbHOTo npoTeiny ERN1 ta iioro en3uMaTunaamx
aKTUBHOCTEW (€HIOpUOOHYKIIEa3HOT 1 MPOTETHKIHA3HOT) HAMU OYJIO JOCIIKEHO
EKCIIPECII0 TEHIB TaKUX TpaHCKpUNUIAHUX (akTopiB poauHu Homeobox sk
ZEB2 (Zinc finger E-box binding homeobox 2), SPAG4 (sperm associated
antigen 4), NKX3-1 (NK3 homeobox 1), MEIS1 (Meis homeobox 1), MEIS2,
MEIS3; LHX1 (LIM homeobox 1), LHX2, LHX6, TGIF1 (TGFB induced factor
homeobox 1), PAX6 (Paired box 6), PBX3 (PBX homeobox 3), PRRX1 (Paired
related homeobox 1) 1 PBXIP1/HPIP (PBX homeobox interacting protein 1 /
Hematopoietic PBX-interacting protein). JIi1s BHSICHEHHS MeXaHi3MiB
3aJIEKHOCTI PIBHS €KCHpecii TeHIB TPaHCKPUIIIMHUX (aKTOpiB POIUHU
Homeobox Bia rimyTtaminy O0yno pociimkeHo ekcrnpecito reHa SLCTAS (solute
carrier family 1 member 5), sikuii KoIye CHHTE3 MEPEHOCHHUKA TIyTaMiHy Ta
NEAKUX 1HIINUX aMIHOKHUCIIOT.

3 METOI BHMBYEHHSI MOJIEKYJSIDHUX MEXaHI3MIB 3aJIEXKHOCTI €KcIpecii
reHiB poauHu Homeobox Biag cTpecy €HAOIIA3MaTUYHOTO PETUKYJIyMa 1
30kpema ioro curHanbHoro nusixy IRE1/ERN1 y kimituHax riaiobnacromu Oyiau
MPOBEJICHI JOCHIPKEHHS Ha KIITHHAX 3 MPUTHIYCHUMH CH3HUMATHUYHUMH
akTUBHOCTSAMH (TIpoTeiHKiHA3a Ta eHmopubOoHykieaza) IRE1 Ta 3a ymoB
1HT10yBaHHS JIMIIE €HA0OPUOOHYKJII€A3H 1IbOTO CUTHAJIBHOTO MPOTEIHY.

[TpoBeneHMMM TOCHIPKEHHAMU Oyjia BHSIBICHA 3aJIeKHICTh €KcIpecil
reHiB poauHu Homeobox y xmituHax riaiomu Bifg (yHkiionyBanus IREI 1

MO>KJIMBUI BHECOK LIMX T'€HIB J0 aHTUIIPOJi(epaTuBHOrO ePEeKTy MPUTHIYCHHS



IRE1, a takox poib MpOTEIHKIHA3HOI Ta €HJAOPUOOHYKJICA3HOI aKTUBHOCTEH
[[OTO CUTHAJIBHOTO MPOTEIHY B OMOCEPEIKOBaHIN CTPECOM €HJIOTIa3MATUIHOTO
peTuKyIyMa peryJsiii ekcrapecii rediB poaunu Homeobox. Byna nocnimkena
YyTJIMBICTH eKcrpecii reHiB poauaun Homeobox 10 yMoB rimokcii Ta aedinury
TIIyTaMiHy B 3aJIe)KHOCTI BiA QyHKIioHANbHOIT akTuBHOCTI IRE1.

Otpumani pesynbratd npoaeMoHcTpyBaiu posib IRE1  curnameHoro
[UIAXY CTPEeCy E€HAOIUIa3MaTHYHOTO PETHKYJIyMa B PEryJjsiii eKcIpecii TeHiB
poauau Homeobox, siki KOHTPOIIOIOTH Mpodidepaliito MyXJIUHHUX KIITHH, a
TaKO’X 32 YMOB T1IOKCIT Ta 1ePiuTy DIyTaMiny a0 IITIOKO3H, 10 € BaXKIIUBUMHU
KOMIIOHEHTaMHM TIATPUMAaHHS MYXJMHHOTO pocCTy. byno moka3zaHo, 110
NpUrHiYeHHsA 000X eH3uMaTuuHux akTuBHocTed IRE1 curnampHOro mpoteiny
CTpPECy EHJIOIUIa3MaTUYHOTO PETHKYJyMa VY KIITHUHAX TI100JacTOMHM JiHIT
US7MG 3MiHIOBajJO pIBEHb €KCHOpecii YCIX MOCHIKEHUX TEHIB pPOJIUHU
Homeobox, asie mo-pizHOMY, SIK IO BEJIMYUHI 3MiH, TaK 1 10 HAIIPSMKY, 1110 MOXKeE
Oyt OOYMOBJIEHO OCOOJMBOCTSIMU pEryJilii iX eKCHpecli CUTHAIbHUM
nporeinoM IREI1, a Takox iX (QyHKI[IOHAJILHUM 3HA4YE€HHSIM, OCOOJIMBO 32 YMOB
perporpaMyBaHHs TEHOMY 3a y4acTi CHUTHAJIBHUX NUISAXIB, acOIHMOBaHUX 31
CTpPECOM E€HJOIIa3MaTUYHOIO peTUKyJyma. Tak, piBeHb ekcrpecii rediB PBX3,
PRRX1, PAX6, PBXIPI1, SPAG4, LHX1, LHX2 i MEISI 3pocTas, a reniB ZEB?2,
TGIFI, LHX6, MEIS2 Ta MEIS3 — ICTOTHO 3HWXKYBaBCA Yy KIITHHAX
r1i00JacTOMH 32 YMOB TMPHUTHIYEHHS O0OX €H3MMATUYHUX aKTHBHOCTEH
curHaipHoro npoteiny IRE].

Y Toil xe uyac, 3a yMOB NpPUTHIYEHHA JIMIIE €HAOPUOOHYKIIECA3HOI
aKTUBHOCTI curHaibHOTO mpoTeiny ERNI1 nmnst 611bmIOCTI HOCHIIKEHUX TEHIB
poaunu Homeobox 3MiHu B iX ekcrpecii OyJu IHIIMMH SIK 3@ BEJIMYMUHOIO, TaK 1
HanpsiMKkoM. Pa3zom 3 TuM, piBenb excnpecti rediB ZEB2, TGIF 1, LHX6 ta MEIS3
y KIITAHaX TJIOMH 3 TPUTHIYCHOI CHJAOPUOOHYKIICA3HOK AaKTHUBHICTIO
curHaigpHoro npoteiny ERN1 1 kiituHax 6€3 000X eH3MMaTUYHUX aKTUBHOCTEH

ERNI1 icroTHO He BiApI3HABCA 3a BEJIWYMHOI, 10 CBIAYWIO TMPO



OMOCEPEAKOBAHICTh BHSIBJICHUX 3MIH B €KCOpecii IMX TEeHIB came
eHJI0pUOOHYKIICa3HOI0, a He mpoTeinkiHasHowo akTuBHICTIO ERNI1. Cepen
JTOCTIDKEHUX HaMmH TeHIB poauHu Homeobox Oynu BUsIBIICHI 1 Taki, piBeHb
eKcrpecli SIKUX 3MIHIOBAaBCS JIMIIE 32 YMOB IMPUTHIYEHHS 000X €H3MMAaTUYHUX
aktuBHOCTe ERN1 1 He 3MiHIOBaBCS y KIITUHAX TI100JaCTOMU 3 MPUTHIYEHOIO
eHJIOpUOOHYKIICa3HOI0 AaKTHBHICTIO cUTHaiIbHOro mnporeiny ERNI. Humwu
BusiBUIIHCS TeHU PBX3 1 PRRX1, 110 BKa3zye Ha OMOCEPEAKOBAHICTh BUSBIICHUX
3MiH B iX eKcrpecii caMe MPOTETHKIHA3HOI0 aKTUBHICTIO CUTHAJIBHOTO MPOTETHY
ERN1. PiBeHb ekcrpecii iHIIMX Te€HIB 111€1 pOAUHU TPAHCKPUTIIAHUX (PAKTOPIB
3MIHIOBAaBCSl IO-PI3HOMY Yy KJIITHHAX TJIOMU 3 PI3HUM THUIIOM TPUTHIYEHHS
€H3MMATHUYHUX aKTUBHOCTEH curHaibHOro rnporeiny ERNI1, mo cBiguuTh npo
4yepes OMocepeIKOBaH1 HUMHU CUTHAJIbHI NIISXU.

Merogamu OioiHGOpMaTHKH OyJI0 BCTAHOBJICHO, IO 3’-TIOCIIIIOBHOCTI
MPHK ZEB2 1 PAX6 MmictsTts caiitu 3B’ s13yBaHHs MikpoPHK: miR-145-5p 1 miR-
182-5p 8 MPHK ZEB2, a miR-19a-3p 1 miR-96-5p 8 MPHK PAX6, npuuomy
BUSBJICHI 3MiHM B ekcrpecii nux MikpoPHK € mportunexxHo HampaBieHUMH 10
3MiH B ekcrpecii BianoBiiHux MPHK 1 MoxyTh OyTH NpUYE€THUMU 10 perymsili
excrpecii MPHK ZEB2 1 PAX6 Ha nmocTTpaHcasIiiiHOMy piBHI.

[TokazaHo TakoX, IO EKCIpecis OUIBIIOCTI TEHIB TPAaHCKPHUILIMHHUX
¢daktopiB poauHu Homeobox € 4YyTiIMBOIO [0 TIMOKCIi, MPUYOMY pIBEHb
eKCTpecii YaCTUHM 13 HUX 30UIbIIyeThes, oco0auBo SPAG4 1 ZEB2 reHiB, a
IHIIMX TEHIB — 3MEHIIYETbCA Yy KOHTPOJBHUX, TPAHC(PIKOBAHUX MOPOXKHIM
BEKTOPOM, KJIITUHAX TimobnactoMu. PazoMm 3 TUM, y KIITHHAX 3 MPUTHIYECHOIO
EHJOPUOOHYKIICa3HOK Ta TPOTEIHKIHA3HOI AaKTUBHOCTSMU CHUTHAJLHOTO
nporeiny ERN1 4yTnuBICTh [0 BIUIMBY TINOKCIi MEPEBAXKHO 3MIHIOETHCS, 1110
MEePEKOHIMBO CBIAUUTHh Tpo 3anexkHuii Bix ERNI KOHTponb TrimoKCHYHOI
perynsiii  piBHS eKcmpecii OUIBIMIOCTI JOCHIIPKEHUX HaMU TEHIB IHX

TpaHCKpunuidHux ¢akropiB. Lli pe3ynapTaTé € MIAIPYHTAM [JIsI PO3KPUTTS



MEXaH13MIB PE3UCTCHTHOCTI MyXJIMHHUX KJIITHH O TOKCUYHUX €(PEKTiB TIOKCii
3a YMOB CTpeCy €HI0IUIa3MaTHYHOTO PETUKYITyMa.

Byno Takoxx moka3aHo, IO €KCIpecis OiIBIIOCTI MOCHIIKEHUX T'eHIB
poarHu Homeobox 3MiHIOEThCS SIK 32 YMOB ACDIMUTY TIIyTaMiHy, Tak 1 TJIIOKO3H,
ajie To-pi3HOMY, 1 II0 MPUTHIYEHHS E€HAOPHOOHYKIIEa3HOI Ta MPOTETHKIHA3HOI
akTUBHOCTel curHaibHoro npotreiny ERN1 mepeBakno moaudikye ix edexr.
Tak, y KOHTPOJBHHMX, TpPaHC(HIKOBAHUX TIOPOKHIM BEKTOPOM, KIITHHAX
TJ1100J1aCTOMH 32 YMOB A€(PIIUTY IITyTaMiHy 3HUKY€ETHCS PIBEHb €KCIPecii TaKMX
TeHIB II€1 pOAUMHU TpaHCKpumniaux daktopis: LHX2, LHX6, MEIS2, PRRX],
PBX3 and SPAG4. Pa3om 3 tumMm, piBeHb ekcnpecii rediB LHX1, MEIS3, ZEB?2,
TGIF1, PBXIPI, PAX6 ta NKX3-1 mMABUIIYETbCA Y KOHTPOJIBHUX KIIITHHAX
rimobiacToMu 3a yMoB JedinUTy TiyTaMiHy. BcTaHoBIeHO Takoxk, IO
YYTIUBICTh JIEIKMX T'€HIB TPAaHCKPUIUIWHUX (akTopiB poauHu Homeobox mo
nedIIUTy TIyTaMmiHy 3MIHIOETBCA y KIITHUHAX TI100JIACTOMU 3 MPUTHIYEHOIO
eHJOpUOOHYKIICA3HOI0 1 TPOTETHKIHA3HOK aKTUBHOCTSMHU  CUTHAJIBHOTO
nporeiny ERN1. Tak, 4yTnuBICTh TaKWX T€HIB TPAHCKPUMIIHHUX (HAKTOPIB K
PBXIPI, NKX3-1 ta PAX6 no aedinuTy riyTamiHy MOBHICTIO BTPadya€eThCA 3a
yMmoB npurHiyeHHst ERN1, a renis ZEB2, LHX1 1 PBX3 — 3HmxyeThcs. Y TOH ke
qac, 4yTIUBICTh reHa PBXIP1 1o nedinuTty riiyTaMiHy i1CTOTHO 301IbIIY€ETHCS Y
KJIITUHAX  TOOJAcCTOMHM 3  MPUTHIYCHOK  CHJIOPUOOHYKJICa3HOW 1
MPOTETHKIHA3HOK AaKTUBHOCTSAMU curHaiabHOTO mpoTeiny ERN1. byno Takox
MIOKAa3aHo, 1110 32 YMOB Je(MIIHUTY TIIOKO3U 3HWKYETHCS PIBEHb €KCIPECii r'eHiB
TaKUX TPAHCKpUMNLIHHUX QakTopiB, sk PAX6, MEIS1 ta MEIS2 y KOHTpOJIbHHX
KIITUHAX Thiobmactomu. Pazom 3 TuM, excrpecisa reHiB PBX3 1 PBXIPI y nux
KJIITUHAX OyJia pe3uCTEHTHOO A0 Ae(IUUTy TI0KO3H. BCTaHOBIEHO TakoX, IO
npurdiueHHs ERNI1 3MiHIO€ 4yT/IMBICTH TEHIB TPAHCKPUMIIHHUX (aKTOPiB
PAX6, MEIS1, MEIS2, PBX3 ta PBXIP1 no nedinuty rirokosu. Li pesynbratu
BKa3ytoTh Ha ERN1-3anexHuil XxapakTep 4yTJIMBOCTI KIITUH IT100JaCTOMH J10

3a0e3MeUYeHHs iX TIF0KO3010 Ta IITyTAMIHOM.



HaykoBa HOBH3Ha 11i€1 poOOTH MOJIATAE B TOMY, 1110 BIIepIlie OyJIr BUSBIICHI
BHUP@XEHI 3MIHM DPIBHS €KCHpecii TeHIB TPAaHCKPHUMIIMHUX (PAKTOPIB POIUHH
Homeobox y kynbTypi Ki1iTHH Tiio6mactomu JiHii US7MG 3a yMOB IpUTHIYEHHS
IREI/ERN1, OCHOBHOIO CHUTHAJIBHOTO IUISIXYy CTPECY €HIOIIa3MaTUYHOTO
peTHKyJTyMa, 1 IO BHUSBICHI 3MIHM B eKcmpecii JOCTIKEHUX TeHiB Oynu
reHocnenupiyHUMU 1 3anexand Bix Tuny HokaayHy ERNI1. Ortpumani
pe3yNbTaTd MPOAEMOHCTPYBAIM BaXIUBY poiib eHiopubonykieasn ERNI B
perymsii excnpecii reHiB ZEB2, TGIFI, LHX6 ta MEIS3, OCKUIbKU 5K Y
KIITAHAX TJIOMHA 3 TPUTHIYCHOI EHJOPUOOHYKJICAa3HO  aKTHUBHICTIO
curHaiapHoro mpoteiny ERNI, Tak 1 y kimiTHHax 0e3 000X €H3MMaTUYHUX
aktuBHocteid ERNI1, piBeHb ekcrpecii IIMX T€HIB ICTOTHO HE Bipi3HsBca. Lle
MEPEKOHJIUBO CBIYUTH PO OMOCEPETKOBAHICTH BUSIBJICHUX 3MIH B €KCIIPECIi X
TEHIB caM€ €HJOpUOOHYKIICa3HOIO, a HE MPOTEiHKIHA3HOK akTUBHICTIO ERNI.
Brnepiie Takoxk moka3zaHo, IO came MpoTeiHkiHazHa akTuBHICTH ERNI1 €
KJIIIOYOBUM peEryisitopoMm ekcrpecii reHiB PBX3, PRRXI, PAX6 1 PBXIPI,
OCKIJIbKM TIPUTHIYCHHS JIUIE €HAOPUOOHYKIICa3HOI aKTUBHOCTI CHUTHAJIBHOTO
nporeiny ERN1 He BImBasao Ha piBeHb iXHBOT €KCIIpeEcii.

Bnepme Tako ~ MOKa3aHO, IO  €KchOpecis  OUIBIIOCTI  T'eHIB
TpaHCKpUNIiHHUX (akTopiB poauHu Homeobox € dyTnmBOIO 110 TIMOKCI,
MIPUYOMY PIBEHB EKCIIPECIi IUX I'€HIB 3MIHIOETHCS MO-PI3HOMY SIK 32 BETMUYMHOIO
e(eKTy, TaK 1 3a HAPSIMKOM 3MIH Y KOHTPOJIbHUX, TPAHC(PIKOBAHUX MOPOKHIM
BEKTOPOM, KIITHHAX Tjio0sacToMu. BCTaHOBIIGHO TaKoOX, IO TMPUTHIYEHHS
eHJOpUOOHYKII€a3HO1 Ta MPOTEIHKIHA3HOT AKTUBHOCTENW CUTHAJILHOTO MPOTEIHY
ERN1 3MiHIO€ 9y TIAMBICTh MEpPEeBaXHO1 OLIBIIOCTI TeHiB poauHn Homeobox 1o
rimokcii, a me cBimuuTh npo 3amekHuid Big ERNI1 KOHTposb TimOKCHYHOT
perynsiii piBHS eKcmpecii OUIBIIOCTI JOCHIIKEHUX HaMU TEHIB IUX
TpaHCKpuNIiiHux ¢aktopiB. Lli pe3ynpTaTé € MIATPYHTAM Uil PO3KPUTTS
MEXaHI13MiB PE3UCTEHTHOCTI MyXJIMHHUX KIITUH O TOKCUYHUX €(PEKTIB IiMnoKcii

34 YMOB CTPECY CHAOIIIa3MaTHYHOI'O PCTUKYJIIyMa.



[TpyHIIMTIOBO HOBI1 pe3yJIbTaTH OyJIM OTPUMAaHI MPU BUBYEHHI TITOKCUYHOL
perymsiii npooakorerHoro Homeobox rena SPAG4 y kiiTHHaX r1i00JacTOMH,
SIK1 TIPOJAEMOHCTPYBAIM Pi3Ke 3HMXKEHHS MOTO YyTJIMBOCTI JIO TIMOKCIi 32 YMOB
npurdideHHs ERN1 1 gki BKa3zyloTh Ha MOXJIMBY y4acTh TPAHCKPHUIIIHHOTO
¢dakropa SPAG4 y 3HMKEHHI IHTEHCUBHOCTI mpodtidepariii HuxX KIITHH 32 YMOB
HokayHy ERNI.

[Tokazano, 1o ekcrpeciss OUIBIIOCTI JOCHIUKEHUX TEHIB POJIUHU
Homeobox € uyrtnuBoio 10 nedinurty sIK TIAyTaMmiHy, TaK 1 TJIIOKO3H, 1 IIO
NPUTHIYEHHS CUTHAIBHOTO HUISIXY CTPECY EHIOIIIa3MaTHYHOTO PETUKYIIyMa
ERN1 nepeBaxxno moaudikye ixHi edpextu. L1 pezynbratn Bkazyrots Ha ERN1-
3aJIKHUN XapakTep YYTJIMBOCTI KIITHH TJ0OJacTOMU J10 3abe3nedeHHs ix
TJIFOKO3010 Ta TIIyTAMIHOM.

[IpakTryHE 3HAYEHHS] OTPUMAHUX PE3YJIbTATIB MOJATAE Y BUSABICHHI POJIL
nporeinkinazHoi aktuBHocTI ERN1 y perynsuii excrpecii reHiB, IpUrHIYeHHS
AKO1 MOKe OYTH MPUYETHUM JI0 MOCUJIEHOT IHBA3UBHOCTI KJIITHH TJIIOMU LIISIXOM
iHaykiii  ekcripecii reHiB PBX3, PRRXI, PAX6 i1 PBXIPI, a Takox B
inenTudikarnii mikpoPHK, sixi konTpontotots ekcripecito MPHK ZEB2 1 PAX6 Ha
MOCTTPAHCISALIMHOMY pIBHI 1 MOXYTh OYyTH NOTEHLIMHUMH MIMICHSIMHU IS
npurHideHHs mnposidepamii kmiTHH Tiaiodmacromu. Bussnenuit mamu ERNI1-
3JICKHUIN XapaKTep YyTIMBOCTI KJIITHH TJ110071aCTOMU 0 TIMOKCIT € MAIPYHTIM
JUISL PO3KPUTTSI MEXAHI3MIB PE3UCTEHTHOCTI MyXJIMHHUX KIITHUH O TOKCUYHUX
e(eKTIB rIOKCii 32 YMOB CTPECY €HIOIIa3MaTUYHOTO PETUKYITYMa, 1110 BaXKIIUBO

JUIS1 PO3POOKHM HOBUX MIAXOIIB 10 TE€parii 3MOSKICHUX Ty XJIMH.

KuarwouoBi caoBa: ekcnpecis renis, sapo, npurHideHHs IRE1, ctpec
engoruiazmMatuadoro perukyiayma, PHK, ACTB, IIJIP, rmioma, myXJuHHI

KJIITUHA, TeHU poauHu Homeobox, Tpanckpumiiis, TiMoKcis, 1eiuT rryTaMiny.
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The dissertation is devoted to the study of the role of endoplasmic reticulum
stress in regulating the expression of genes encoding key transcription factors of
the Homeobox family, which control proliferation processes in normal and tumor
growth. The expression of these genes was studied in glioma cells of the U87 line
under the conditions of suppression of the functional activity of IRE1/ERNI1, the
main sensory and signaling protein of endoplasmic reticulum stress, as well as
under conditions of hypoxia and glutamine and glucose deficiency.

The relevance of this topic is because oncological pathologies rank second
in the world in terms of morbidity and mortality, and these indicators are
constantly increasing, and there is practically no effective treatment.
Glioblastoma (grade IV astrocytoma) is the most malignant and fairly common
primary brain tumor with aggressive behavior that is difficult to treat and
characterized by a short life expectancy of patients. That is why the search for
new approaches to reveal the molecular basis of the pathogenesis of these
malignant tumors is necessary for improving existing and creating new promising
strategies of anticancer therapy.

Since endoplasmic reticulum stress and hypoxia are essential factors in the
intensive growth of malignant tumors by reprogramming the genome for
angiogenesis, enhanced tumor supply with nutrients, resistance of tumor cells to
various toxic substances, including the toxic effects of hypoxia, a detailed study

of the regulatory mechanisms that underlying these processes will contribute to a



better understanding of the molecular mechanisms of the growth of malignant
tumors and the search for new approaches to combating them.

One of the most possible mechanisms of genome reprogramming in tumor
cells under endoplasmic reticulum stress conditions is changes in the expression
of key transcription factors that control the intensity of numerous metabolic
processes in tumor cells and the body as a whole. In this regard, transcription
factors of the Homeobox family also play an important role, and most of them are
involved in the growth of tumors and are targets for fighting malignant growth.

An important point of this work was to clarify the role of IREI/ERNI
(inositol-requiring enzyme 1 / endoplasmic reticulum to nucleus signaling 1)
signaling pathway of endoplasmic reticulum stress in the regulation of gene
expression of these transcription factors, including the role of endoribonuclease
and protein kinase activities of this signaling protein in implementation of its
influence on gene expression. A separate task of the work was to investigate the
effect of hypoxia and glutamine and glucose deficiency on the expression level
of key transcription factors of the Homeobox family in glioma cells depending
on the inhibition of IRE1, which has an anti-tumor effect and reduces the
proliferation of glioblastoma cells.

In the course of the work, such modern methods of biochemistry and
molecular biology were used in the cultivation of stably transfected glioblastoma
cells with suppressed endoribonuclease activity of ERN1 and cells without both
enzymatic activities of this signaling protein (endoribonuclease and protein
kinase), RNA isolation, determination of the concentration and spectral
characteristics of the obtained drugs RNA using a nano-spectrophotometer,
synthesis of complementary DNA by reverse transcription, as well as real-time
quantitative polymerase chain reaction methods for determining the level of
mRNA expression of the studied transcription factors and microRNAs, mRNA
silencing, electrophoretic analysis of nucleic acids, methods of bioinformatics

and statistical processing of results.



To find out the role of the signaling protein ERN1 and its enzymatic
activities (endoribonuclease and protein kinase), we studied the gene expression
of such transcription factors of the Homeobox family as ZEB2 (Zinc finger E-
box binding homeobox 2), SPAG4 (sperm associated antigen 4), NKX3- 1 (NK3
homeobox 1), MEIS1 (Meis homeobox 1), MEIS2, MEIS3; LHX1 (LIM
homeobox 1), LHX2, LHX6, TGIF1 (TGFB induced factor homeobox 1), PAX6
(Paired box 6), PBX3 (PBX homeobox 3), PRRX1 (Paired related homeobox 1)
and PBXIP1/HPIP (PBX homeobox interacting protein 1 / Hematopoietic PBX-
interacting protein).

To find out the mechanisms of the dependence of the level of expression
of genes of transcription factors of the Homeobox family on glutamine, the
expression of the SLCIAS (solute carrier family 1 member 5) gene, which
encodes the synthesis of the glutamine carrier and some other amino acids, was
studied.

To study the molecular mechanisms of the dependence of Homeobox
family gene expression on endoplasmic reticulum stress and in particular its
IRE1/ERNI1 signaling pathway in glioblastoma cells, studies were conducted on
cells with suppressed enzymatic activities (protein kinase and endoribonuclease)
of IRE1 and under conditions of inhibition of only the endoribonuclease of this
signaling protein.

The conducted studies revealed the dependence of Homeobox gene
expression in glioma cells on the functioning of IREl and the possible
contribution of these genes to the anti-proliferative effect of IRE1 inhibition, as
well as the role of protein kinase and endoribonuclease of this signaling protein
in endoplasmic reticulum stress-mediated regulation of Homeobox gene
expression. The sensitivity of the expression of Homeobox family genes to
conditions of hypoxia and glutamine deficiency was investigated, depending on

the functional activity of IRE1.



The obtained results demonstrated the role of the IREI signaling pathway
of endoplasmic reticulum stress in the regulation of the expression of genes of the
Homeobox family, which control the proliferation of tumor cells, as well as under
conditions of hypoxia and glutamine or glucose deficiency, which are important
components of maintaining tumor growth. It was shown that inhibition of both
enzymatic activities of IRE1 of the endoplasmic reticulum stress signaling protein
in glioblastoma cells of the US87MG line changed the expression level of all
studied genes of the Homeobox family, but in different ways, both in the
magnitude of the changes and the direction, which may be due to the peculiarities
of their regulation expression of the signaling protein IREI1, as well as their
functional significance, especially under conditions of genome reprogramming
by endoplasmic reticulum stress signaling pathways. Thus, the expression level
of PBX3, PRRX1, PAX6, PBXIP1, SPAG4, LHX1, LHX?2, and MEIS1 genes
increased, and the ZEB2, TGIF1, LHX6, MEIS2, and MEIS3 genes significantly
decreased in glioblastoma cells under the conditions of suppression of both
enzymatic activities of the IRE1 signaling protein.

At the same time, under the suppression of only the endoribonuclease
activity of the signaling protein ERN1, for most of the studied genes of the
Homeobox family, changes in their expression were different both in magnitude
and direction of changes. However, the level of expression of ZEB2, TGIF]1,
LHX6, and MEIS3 genes in glioma cells with suppressed endoribonuclease
activity of the ERN1 signaling protein and cells without both enzymatic activities
of ERN1 did not differ significantly in value, which indicated that the detected
changes in the expression of these genes were mediated by endoribonuclease and
not by the protein kinase activity of ERN1. Among the genes of the Homeobox
family studied by us, there were also those whose expression level changed only
under the conditions of inhibition of both enzymatic activities of ERN1 and did
not change in glioblastoma cells with suppressed endoribonuclease activity of the

ERNI1 signaling protein. Thus, the detected changes in the expression of PBX3



and PRRX1 genes are mediated by the protein kinase activity of the ERN1
signaling protein. The level of expression of other genes of this family of
transcription factors changed differently in glioma cells with different types of
inhibition of the enzymatic activities of the ERNI1 signaling protein, which
indicates the involvement of both ERN1 enzymatic activities in this regulation,
their interaction through signaling pathways mediated by them.

Using bioinformatics methods, it was established that the 3'-sequences of

ZEB2 and PAX6 mRNA contain microRNA binding sites: miR-145-5p and miR-
182-5p in ZEB2 mRNA, and miR-19a-3p and miR-96-5p in mRNA PAX6, and
the detected changes in the expression of these miRNAs are oppositely directed
to changes in the expression of the corresponding mRNAs and may be involved
in the regulation of ZEB2 and PAX6 mRINA expression at the post-translational
level.
It was also shown that the expression of most genes of the Homeobox family
transcription factors is sensitive to hypoxia, and the expression level of some of
them increases, especially SPAG4 and ZEB?2 genes, and other genes decrease in
control glioblastoma cells transfected with an empty vector. At the same time, in
cells with suppressed endoribonuclease and protein kinase activities of the
signaling protein ERNI, the sensitivity to the influence of hypoxia mainly
changes, which convincingly indicates the ERN1-dependent control of hypoxic
regulation of the expression level of most of the genes of these transcription
factors that we studied. These results are the basis for revealing the mechanisms
of resistance of tumor cells to the toxic effects of hypoxia under endoplasmic
reticulum stress conditions.

It was also shown that the expression of most of the investigated genes of
the homeobox family changes both under conditions of glutamine and glucose
deficiency, but in different ways and that inhibition of the endoribonuclease and
protein kinase activities of the signaling protein ERN1 mainly modifies their

effect. Thus, in control glioblastoma cells transfected with an empty vector, under



conditions of glutamine deficiency, the expression level of the following genes
of this family of transcription factors decreases: LHX2, LHX6, MEIS2, PRRXI1,
PBX3, and SPAG4. However, the expression level of LHX1, MEIS3, ZEB2,
TGIF1, PBXIP1, PAX6, and NKX3-1 genes is increased in control glioblastoma
cells under conditions of glutamine deficiency.

It was also established that the sensitivity of some genes of transcription
factors of the Homeobox family to glutamine deficiency changes in glioblastoma
cells with suppressed endoribonuclease and protein kinase activities of the
signaling protein ERN1. Thus, the sensitivity of such transcription factor genes
as PBXIP1, NKX3-1, and PAX6 to glutamine deficiency is completely lost under
the suppression of ERN1, and the ZEB2, LHX1, and PBX3 genes are reduced.
At the same time, the sensitivity of the PBXIP1 gene to glutamine deficiency is
dramatically increased in glioblastoma cells with suppressed endoribonuclease
and protein kinase activities of the ERN1 signaling protein. It was also shown
that under conditions of glucose deficiency, the gene expression level of such
transcription factors as PAX6, MEIS1, and MEIS2 decreases in control
glioblastoma cells. However, the expression of PBX3 and PBXIP1 genes in these
cells was resistant to glucose deficiency. It was also established that suppression
of ERN1 changes the sensitivity of genes of transcription factors PAX6, MEISI,
MEIS2, PBX3, and PBXIP1 to glucose deficiency. These results indicate an
ERN1-dependent nature of the sensitivity of glioblastoma cells to glucose and
glutamine supply.

The scientific novelty of this work is that, for the first time, pronounced
changes in the expression level of genes of transcription factors of the homeobox
family were detected in the culture of glioblastoma cells of the US7MG line under
the conditions of suppression of IRE1/ERNI1, the main signaling pathway of
endoplasmic reticulum stress, and that the detected changes in the expression of
the studied genes were gene-specific and depended on the type of ERNI1

knockdown. The obtained results demonstrated the important role of



endoribonuclease ERN1 in the regulation of ZEB2, TGIF1, LHX6, and MEIS3
gene expression, since both in glioma cells with suppressed endoribonuclease
activity of the signaling protein ERN1 and in cells without both enzymatic
activities of ERN1, the expression level of these genes did not differ significantly
in magnitude. This strongly indicates that the identified changes in the expression
of these genes are mediated by the endoribonuclease, and not the protein kinase
activity of ERNI1. It was also shown for the first time that the ERN1 protein kinase
is a key regulator of PBX3, PRRX1, PAX6, and PBXIP1 gene expression, as
suppression of only the endoribonuclease activity of the ERN1 signaling protein
did not affect their expression level.

It is also shown for the first time that the expression of most genes of the
Homeobox family transcription factors is sensitive to hypoxia, and the level of
expression of these genes changes differently both in the magnitude of the effect
and in the direction of changes in control glioblastoma cells transfected with an
empty vector. It was also established that inhibition of the endoribonuclease and
protein kinase activities of the ERN1 signaling protein changes the sensitivity of
the vast majority of genes of the Homeobox family to hypoxia, and this indicates
the ERN1-dependent control of hypoxic regulation of the expression level of most
of the genes of these transcription factors that we studied. These results are the
basis for revealing the mechanisms of resistance of tumor cells to the toxic effects
of hypoxia under endoplasmic reticulum stress conditions.

Fundamentally new results were obtained when studying the hypoxic
regulation of the pro-oncogenic homeobox gene SPAG4 in glioblastoma cells,
which demonstrated a sharp decrease in its sensitivity to hypoxia under conditions
of ERN1 suppression and which indicates the possible participation of the SPAG4
transcription factor in reducing the intensity of proliferation of these cells under
conditions of ERN1 knockdown.

It was shown that the expression of most of the studied genes of the

homeobox family is sensitive to both glutamine and glucose deficiency and that



inhibition of the endoplasmic reticulum stress signaling pathway ERNI1
preferentially modifies their effects. These results indicate an ERN1-dependent
nature of the sensitivity of glioblastoma cells to glucose and glutamine supply.
The practical significance of the obtained results lies in revealing the role
of protein kinase ERNT in the regulation of gene expression, the suppression of
which may be involved in increased invasiveness of glioma cells by inducing the
expression of PBX3, PRRX1, PAX6 and PBXIP1 genes, as well as in the
identification of microRNAs that control the expression of ZEB2 and PAX6
mRNA at the post-translational level and may be potential targets for inhibition
of glioblastoma cell proliferation. The ERN1-dependent nature of the sensitivity
of glioblastoma cells to hypoxia that we discovered is the basis for revealing the
mechanisms of tumor cell resistance to the toxic effects of hypoxia under
conditions of endoplasmic reticulum stress, which is important for the

development of new approaches to the therapy of malignant tumors.
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