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TpaHckpuniiiaux daxropiB Ta MikpoPHK. — KBanidikariiiHa HaykoBa mparis Ha
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criemanpHicTIO 091 «biosoris». — IHctuTyT 610oXimii iM. O.B. Ilannagina HAH
VYkpainu, Kuis, 2025.

Jlucepraiisi TNpPUCBAYEHA BHUBUEHHIO MOJEKYJIAPHUX MEXaHi3MiB il
BYIUICIICBUX HAHOYACTHHOK, Takux sK okcuja rpadeny (GrO) Ta ogHOCTIHHI
ByrieneBi HaHOTpyOkn (SWCNTs), Ha ekchpecit0o TEHIB  BaXKIMBUX
TPAHCKPUMNIIMHUX Ta peryaaropHux ¢akropiB 1 MikpoPHK y nHopmansHuX
actpouuTax moauau JdiHlT NHA/TS, a Takox y kimiTHHaxX riaiobjacTtoMu JiHii
U87MG nsist BUSICHEHHST Yy TIAUBOCTI HOPMATBHUX 1 MyXJIMHHUX KIITHH 0 A1 IIUX
HAHOYACTHHOK 1 3'SICYBaHHS 3HAYCHHSI CTPECy €HAOIIa3MAaTHYHOTO PETHKYIymMa
(EP) y MonekymnsipHUX MeXaHI3Max iX Jii.

AKTyallbHICTh TEMU TIOB'S3aHa 3 TOCTIHHO 3POCTAIOYMM 3aCTOCYBAaHHSIM
Pi3HUX 3a MPHUPOJOIO 1 CTPYKTYPOIO HAHOYACTHUHOK Y PI3HOMAHITHHX Tally3siX, Y
TOMY 4YMCli y Oloyorii Ta MEAMIMHI, 30KpeMa IJjisl J1arHOCTUKH 1 JIKyBaHHS
OHKOJIOTITYHMX 3aXBOPIOBaHb, & TAaKOXK 0OaraThbOX IHIIMUX MaToJiorid. Byrienesi
HAHOYACTUHKU BBAXAIOTHCS HAWOLIBIN TEPCIICKTHBHUMU 3aBISKH BUCOKIN
CTaOUTPHOCTI Ta BEJIUKIM PI3HOMAHITHOCTI iX CTpykTypu. Pazom 3 THM,
MOJICKYJISIpHI MEXaHI3MHM iX BIUIMBY Ha KIITHHU 3JIOSAKICHUX IyXJUH 1
(GYHKIIOHYBAaHHS TE€HOMY B HHUX 3QJIMINAIOTHCS 1€ HEJOCTATHHO 3'ICOBAHUMH, a
II€ MEHIIE BiJJOMO TPO MOXKIMBUW BIUIMB BYTJICIIEBUX HAHOYACTHHOK, fK 1
HAaHOYACTHHOK 1HIIOT MPUPOJU, HA HOPMAaJIbHI KIITHHH OpPraHi3My, THM I1ade Ha
KJIITUHU TOJOBHOTO MO3Ky. Ha gaHMii MOMEHT yXe € JaHl Mpo YHCJICHHI
HETaTHWBHI HACIIIKW 3aCTOCYBaHHS BYTJICIEBUX HAHOYACTHHOK, TAKHX SIK OKCH]I
rpapeny ta SWCNTs. Ile € 0co0nmBO BaXJIMBHM IONEPEIHKCHHSIM 10

3aCTOCYBAHHA BYTJICLICBUX HaAHOYaCTHHOK JIIA J'IiKYBaHH}I 3M0SIKICHUX



HOBOYTBOPEHb, OCKLJIbKU KOPUCTh BIJ TaKoro JIKyBaHHS TOBHHHA
NIEPEBUIIYBAaTH MOJIMBY MOTECHINIHY KOy, sIKa MOXKe OyTH 3aBIaHa 3J0POBUM
KJIITUHAM oprasizmy. | came Tomy, Ha MepIIOMY IUIaHI MA€ CTOATU MOTJIMOJICHE 1
BceOIUHE BHBYEHHS MOJICKYJISIPHUX MEXaHI3MIiB Jii HE JIMIIE BYIJICIEBUX, a U
THIITKX, PI3HUX 3a MPUPOIOI0, HAHOYACTHHOK HAa HOPMAaJIbHI KJIITHHH BCIX OpPraHiB
Ta TKAaHUH OpraHizmy. | nuiie 3a yMOB BiJICYyTHOCTI HETaTUBHUX €(EKTiB, MOXKHA
PO3TIISIATH MOXKJIUBICTh 1X BUKOPUCTAHHS Y 010JI0T11 1 METUIIMHI.

Biporigaum MOJEKyIpHUM MEXaHI3MOM [ii Ha KJIITMHU HAHOYACTHHOK
pizHOI mpupoau Ta cTpykrypu € crpec EP. Bin migtpumye romeocTas, a 3a yMOB
J1i pi3HUX TOKCUYHHMX PEUOBUH, MIATPUMYE KUTTEAISIIBHICTh KIITUH 3MIHIOKOYH
MeTaboMuHl HpoIecH 1 30UIbLIYIOUN JKUTTE3AATHICTh KIIITHH, iX afanTaiiio 10
HOBHX YMOB ICHYBaHHA. Y BHIIQJKy JOBIOTPUBAIMX 1 TSKKAX HETATUBHUX
BIUIUBIB — MPU3BOJIUTH J0 3aIYCKy creniaibHoi, cienudiunoi jis EP, nporpamu
3aru6eni KIITHH a00 yTBOPEHHS Ta POCTY 3MOSKICHUX MyXJIHH.

BaxnuBuM 3aBraHHAM 1€l poOOTH OyJIO JOCHIIWTH BIUIUB BYIJICIIEBUX
HAaHOYACTHHOK, TaKUX AK OKCHJ rpadeHy Ta OJAHOCTIHHI BYTJIEIEBI HAHOTPYOKH
Ha EKCIIPECil0 TeHIB 3alIe)KHMX Bif cTpecy EP TpaHCKpumnuiMHMX Ta 1HIIMX
dakTopiB 'y HoOpMmanbHUX acTtpouutax gwoauHu  (NHA/TS) Ta kmiThHax
r71100J1aCTOMHU, 3 METOIO TIOPIBHATH YYTJIMBICTH €KCIIPECii JOCHIIKEHUX TeHIB JI0
BIUIMBY BYTJICIICBMX HAHOYACTHHOK y 3BHYAWHUX Ta MyXJWHHUX KiiTHHaX. Jljis
BUSICHEHHSI MEXaHI3MIB BIUIMBY BYIJICHIEBUX HAHOYACTUHOK Ha KJIITHHU
TOJIOBHOTO MO3KYy OYyJM TPOBENEHI JOCHIINA IO BUSBICHHIO 3MIH B €KcCHpecii
MikpoPHK y actpomurax Ta emOpioHax pubok Danio rerio, BAKOPUCTOBYIOUHU
HasBHI y Biuaaim npemapatd PHK 13 mux emOpioniB. OTpumani pe3yiabTaTH
CIIPUSAIOTH PO3MIM(POBIII MEXaHI3MIB TOSBU PI3HUX TOPYIIEHb 3a YMOB
BUKOPHCTAHHS ITUX HAHOYACTUHOK SIK JUIS JTIarHOCTUYHUX, TaK 1 TeParmeBTHUHUX
1iJIe, 30Kpema, JIs Teparnii OHKOJIOTIYHUX 3aXBOPIOBAHb.

JI1s1 BUKOHAHHSI TUCEPTAIliiHOT poOoTH OyiIu 3a/isiH1 HOBITHI 010XIMIYHI Ta
MOJICKYJISIPHO-010JIOT1YHI METOAM: BHpoIlyBaHHS kimituH, otpuMmanas PHK,

Bu3HaueHHs cnekTpiB normmHanHsa PHK Ha cniektpodorometpi, cuntes k/IHK 3



BUKOPHCTAHHAM 3BOPOTHOI TPAHCKPHUNTa3W, MeToau KiumpkicHoi [IJIP vy
peanbHOMY daci, 3BOpoTHOi TpaHckpuriii MikpoPHK, anamiz ammiidikatiB
eNekTpodope3oM y arapo3HOMy Tenmi, MeToau O010iHGOPMATHUKUA 1 CTATUCTHKH
OTPUMAHMX PE3YJIbTATIB.

Jlns 3'scyBaHHSI BIUIMBY HaHOYacTMHOK okcuay rpadgeny ta SWCNTs Ha
NHA/TS 1 xniTuHu r1i007acTOMU Ha PIBHI MU TPOBEIM JOCHIIKEHHS PIBHS
eKCTpecii reHiB, 10 KOJIYIOTh KJIF0YOB1 TpaHcKputiiHi ¢aktopu: DDIT3 (DNA
Damage Inducible Transcript 3), Bimomuii me sk CHOP a6o GADD153, ATF3
(Activating Transcription Factor 3), ATF4 (Activating Transcription Factor 4),
E2F1 (E2F Transcription Factor 1), TP53 (Tumor Protein 53), TFPI2 (Tissue
Factor Pathway Inhibitor 2) ta ZNF395 (Zinc Finger Protein 395), a Takox
BaXJIMBI, 3ayexHi Biag ctpecy EP, perymsatopni dakropu ta enzumu: HBEGF
(Heparin binding epidermal growth factor like growth factor), Takox Bimomuii sk
penentop audrepitHoro Tokcuny, TOB1 (Transducer of ERBB2, 1), DNAJB9
(DnaJ Heat Shock Protein Family (Hsp40) Member B9), HSPAS (Heat Shock
Protein Family A (Hsp70) Member 5), EDEM1 (ER Degradation-Enhancing
Alpha-Mannosidase-Like Protein 1), P4HA1 (Prolyl 4-Hydroxylase Subunit
Alpha 1), P4HA2 (Prolyl 4-Hydroxylase Subunit Alpha 2), IDH2 (Isocitrate
Dehydrogenase), AK3 (Adenylate kinase 3), PTGS2 (Prostaglandin-
Endoperoxide Synthase 2), GJA1 (Gap Junction Protein Alpha 1), KRT18
(Keratin 18) 1 MEST (Mesoderm Specific Transcript). J{ns uporo 6ynu Bubpani
BIIHOCHO MaJli 103U SIK OoKcumy rpadeny (1 Ta 4 Hr/mi), Tak 1 OJHOCTIHHUX
BYIUICIIEBUX HAHOTPYOOK (2 Ta 8 Hr/mi). Bapro BiAMITHTH, 10 OUIBIIICTH 13
JOCTIPKEHUX TEHIB € TOJi(yHKIIOHAIPHUMHU Ta TICHO TOB'SI3aHI 31 CTPECOM
€H/OIJIa3MAaTUYHOIO PETUKYJymMa Ta PO3BUTKOM KaHIIEpPOT€HE3y, a Ie €
BXJIMBUM [ BUSICHEHHSI T'€HOTOKCHMYHOI Jii BYTJIEHEBMX HAHOYACTUHOK Ha
HOpMaJIbHI ACTPOLIUTH y MOPIBHSAHHI 3 KJIIITUHAMU TI100IacToMu. J{Jist BUpIIIEeHHA
npobiemu npo posb crpecy EP y mexaHizmax [ii ByrjielieBUX HAHOYACTHMHOK Ha
(GYHKI[IOHANBbHY aKTUBHICTH TE€HOMY OylIM TakKoX BHUKOPUCTaHI KJIITHHU

rimo6aactoMu 3 npurHiveHUM ERN1, OCHOBHUM CUTHAJIBHUM IMPOTETHOM CTpECy



EP, sakuii KOHTPOJNIOE EKCHpEeCil0 COTeHb TIE€HIB, Yy TOMY 4YHCII W TEHIB
TPAHCKPUMIIMHUX (PaKTOPiB.

VY 3B’s3ky 3 TuM, mo MikpoPHK € BaximBuMu perynstopamu ekcrpecii
yuciaeHHux MPHK Ha moct-TpaHckpuniiiiHOMy piBHI 1 3aJlisiHI y HEeHWporeHesi,
pUYOMY 3MIHHM B iX €KCIIpecii MOXKYTh BIUIMBATH Ha PiBEHb €KCHpecii 00paHux
Hamu MPHK tpanckpunmiiHux ¢akTopiB, a TakKOoX IHIIMX PETYISTOPHUX
(baxTopiB Ta €H3UMIB, OYJIM TaKOX MPOBEJIeH1 Ol01H(pOpMaIIiiiHI JOCIIIKEHHS 110
BUSIBJICHHIO caiiTiB 3B'a3yBanHa MikpoPHK 3 3’-HerpancmoemMumu ainssHKamu
MPHK 1 3'sicyBanHI0O BIIMBY OKcHIy TrpadeHy Ta OAHOCTIHHUX BYIJICHEBUX
HaHOTPYOOK Ha piBeHb ekcrpecii aeskux MikpoPHK.

MikpoPHK € BaxxnuBUMHU perynsaTopamMu PO3BUTKY TOJIOBHOTO MO3KY, a
TOMY JIJIsl BUSICHEHHSI MOXJIMBOIL JIii BYTJIEHEBUX HAHOTPYOOK Ha KIITUHU MO3KY
MU TPOBEIM BUBYEHHS BIUIMBY MajiMX /103 IMX BYIVICLIEBUX HAHOYACTUHOK Ha
piBenb ekcmpecii MikpoPHK miR-19a-3p, miR-21-5p 1 miR-96-5p, siki TicHO
MOB'sI3aH1 3 KOHTPOJIEM MeTa00I13My, HEMporeHe30M Ta npoJideparliiero KiIiTuH, y
emOpioHax pubok Danio rerio.

[IpoBeaeHMMU JOCTIKEHHSIMUA BCTAHOBJIEHO, L0 PIBEHb €KCHPECii TaKUX
TpaHckpuniiiaux ¢gakropiB sk DDIT3, ATF3 1 TP53 y HopManbHUX acTpoIuTax
JIOAWHU € AyXe YyTIUBUM JI0 Jii Ha HUX HAHOYACTUHOK OKCHUIY TpadeHy y A03i
gk 1, Tak 1 4 mxr/mu, npudomy excrpeciss DDIT3 ta ATF 3 nocumtoBanacs, a TP53
— 3HIKYyBajacs. PiBeHb ekcrpecii IHIIMX AOCHIKEHUX  TPAHCKPHILIHHUX
(dakTopiB y HOPMAIBHUX ACTPOIUTAX TAKOX IMIJBUIIYBABCS, ajleé Y MEHIIIN Mipi 1
J030-3JIEKHO. Y TOM K€ dYac, PiBEHb eKCIpecli yCiX JOCIHIPKEHHX TI'eHIB
TPAHCKPUIILIHHUX (DAKTOPIB y KIITHHAX TN1100JIACTOMHM 32 JIii HAa HUX TUX XK€ 703
HAHOYACTUHOK OKCHUAY TpadeHy OyB 3HaAUHO MEHIINUM MOPIBHSIHO 3 HOPMAJIbHUMHU
acTpolMTaMH, XO4Ya HaIlpaBJICHICTh 3MiH Oyma moxaioHoro. Lli pesynbpraTé €
NPUHLIAIIOBO HOBUMH 1 Ba)XJIMBUMH, OCKIUJIBKUA JEMOHCTPYIOTh 3HAYHO OUIBIITY
YYyTJMBICTh HOPMAJIbHUX KJIITHH TMOPIBHSHO 3 MYXJIWHHUMH KIITHHAMH JI0 il
HAHOYACTHMHOK OKCuAy rpadeHy, 1Mo Moxe OyTh oOOyMOBIICHO TOJi-

PE3UCTEHTHICTIO KJIITHH TJ110071aCTOMHU.



Pesynbratu nmocmikeHb 0OaraTbOX aBTOPIB BKa3ylOTh Ha MPUYETHICTD
CEHCOPHO-CUTHAJIbHUX MUIAXIB cTpecy EP, sk BiamoBigli Ha HeENpaBWIBHO
3rOPHYTI MPOTEIHU, JO MPOSBY TOKCUYHOI Al HaHOodacTUHOK. Came TOMy MH
MpOBEJEIN JOCHIAM Ha NyXJWHHMX KIITMHaX, a caMe Io0jJacToMu, 13
NPUTHIYEHUMH TPOTETHKIHA3HOI 1 CEHJIOPUOOHYKJICA3HOK AaKTUBHOCTSIMHU
nporeiny ERN1, mo onocepenkoBye peakitiro Ha ctpec EP. Byno mokazano, mo y
TaKuX KJIITHHAX T100JIACTOMHM YYTJIMBICTh €KCIpecii yCiX JOCHIKEHUX HaMH
TeHIB TPAaHCKPUMNIINHUX (aKTOPIB A0 Aii OKcuay rpadeHy pi3ko 3MEHIIYEThCS
MOPIBHSHO 3 TUMU KIIITUHAMHM TI11001aCTOMH, sIKI Maju HaTUBHUM mpotein ERNI.
[le BKa3ye Ha OMOCEPEAKOBAHICTh BIUIMBY HAHOYACTUHOK OKCUAY rpadeHy Ha
eKCITPECiio reH1B TpaHCKpuMiiiHux (axtopiB ctpecom EP, 30kpema ERNI.

AHaJIOT14H1 pe3ynbTaTh Oy OTpUMaHI MPU JOCTIIKEHH] BIUIUBY OKCHUIY
rpadeHy Ha piBE€Hb €KCIpecii TeHIB HU3KU PEryJaTOpHUX (DAKTOPIB Ta €H3UMIB,
K1 TPOAEMOHCTPYBAJIM 3HAYHO OLIbIIy YYTJIMBICTH €KCIpecii IUX TeHIB Yy
HOPMAJIbHUX AaCTPOIUTaX IMOPIBHSAHO JO KIITUH TI100JaCTOMH, a TaKOX
onocepenkoBanicTb ERN1 edexTiB okcuny rpadgeHy Ha eKCIpecito reHiB.

Merogamu  OioiHpopMaTuku Oyl0 BHSBIEHO CalTH 3B sA3yBaHHS
MikpoPHK miR-182-5p 3 MPHK HBEGF ta TOBI 1 npoBeIeHO MOCIIIKEHHS
piBHs ekcmpecii miei mikpoPHK 3a nii HanouacTmHOK oOkcumy rpadeHy Ha
HOPMaJIbHI aCTPOILMTH 1 KJIITHHHU Tiio0jgactoMu. BeraHoBiieHo, 1o piBeHb miR-
182-5p 3HmxyeThCs 3a NIl OKCUAY rpadeHy A030-3aJeKHO SK Y HOPMaJIbHUX
aCTPOIMTAX, TaK 1 KIITUHAX TI1007aCTOMH, alie y HOPMAIbHUX KIITHHAX O1JIbII
BupaxeHo. Ockiibku MiKpoPHK miR-182-5p mae caiitu 3B’si3yBaHHsa Ha 3’-
nocaigoBHocTaX MPHK HBEGF ta TOBI1, TO BaXJIMBO BIJIMITHUTH, 11O 3HUKCHHS
piBHs ekcrpecii 1i€i MikpoPHK acoriitoeTbcsi 3 MiJIBHIIEHOK EKCIPECIE0 SK
MPHK TOBI, tax i MPHK HBEGF. 11i pe3yabTaTd BKa3ylTh Ha MOXJHUBICTh 1
noct-TpanckpunuiiHoi perymsauii ekcrpecii MPHK HBEGF ta TOBI mia
BILTUBOM okcuy rpadeny Ha NHA/TS 1 kiitTuHU 17110077aCTOMU.

Oxpim Toro, Bmepie OyJ0 MOKa3aHO, IO BYIJIELIEBI HAHOTPYOKH TaKOX

MPOSIBJISIIOTH BUPAXKEHUI BILJIUB Ha PIBEHb €KCNPeCcli HU3KU TPAHCKPUIIINHUX Ta



IHIINX PETryIATOPHUX (HAKTOPIB, SIKI 3a/15IH1 Y PEryIsiiii mpoidepariii KITHH, K
y HOpMaJbHUX KJIITUHAX, TaK 1 y KJIITHHAX I1100JIaCTOMU, MPUUOMY MYXJHUHHI
KJIITAHA OYJIM MEHII YYTJIMBUMHM 70 il IUX BYTJEIEBUX HAHOYACTUHOK. MokHa
MPUITYCTUTH, 10 1€ OOYMOBJIEHO MOJI-PE3UCTEHTHICTIO KIIITHH TJ1100JaCTOMH,
sKa JeTepMiHyeThcsl came crtpecoM EP. BusiBneHa 3aleXHICTh BIUTMBY ITUX
HAaHOYACTHHOK Ha EKCIIPECIIO TOCHIKEHHUX T'eHiB Bia mporeiny ERNI1.

Tak, pe3ynapTaTH MOCHIKEHHS BIUIMBY BYIJICIIEBHX HAHOYACTMHOK Ha
HOpMaJbHI aCTPOLUTH Ta KIITUHU TI10071aCTOMH BIEPIIE MPOJIEMOHCTPYBAIIU iX
reHo-crienuIYHni XapakTep Mii Ha eKCIpPecir0 HU3KH TeHIB, acOoIiiOBaHUX 3
KOHTPOJIEM TIPOIIeCiB MeTabomi3My Ta npoJidepariii KiiTiuH. BaXIuBo BIAMITHTH,
10 /Tis1 HAHOYACTHHOK TpadeHy Oyia OLIbIIO y MOPIBHSAHHI 3 TI€0 BYTJICTICBUX
HAaHOTPYOOK. BiabIIICTh 13 HOCHIKEHUX HAMU T'€HIB € MOdi-QyHKIIIOHATBHUMH 1
acoIliioBaH1 3 POCTOM 3JIOSIKICHMX IMyXJIMH. B1IOMO TakoK, 1110 3HWYKEHHSI PiBHS
eKcrpecii JesKUX 13 IIMX TEHIB CIpHUs€ MPUTHIYCHHIO HE JHIe mporideparii
KJIITHH, a 1 IX MeTacTa3yBaHHS.

Takum uwmboMm, 3miam B ekcmpecii MPHK Ta wmikpoPHK came y
HOpMaJbHHUX aCTPOIMTaX MOXKYTh 3allOYaTKyBaTH PO3BUTOK 3MiH Yy HEpPBOBIi
cuctemi. [IpoBeneHi Hamu nociimpkeHHs piBHA excrpecii MikpoPHK y em6pionax
pubok Danio rerio 3a 1ii pI3HUX KOHIICHTPAIIM BYTJCIEBUX HAHOTPYOOK
MOKa3aju, 10 yXe uepe3 24 TOAMHM CIOCTEPIra€ThCsl J030-3aJICKHE 3HIKCHHS
excrpecii MikpoPHK miR-19a-3p ta miR-21-5p, a yepe3 72 roaunu — pi3ke
npurHiueHns excnpecii He aume nux MikpoPHK, a 1 miR-96-5p, mpudomy wi
pe3ynbTaTé J00pe Y3rOKYHOTHCS 3 TMOSBOIO Yy TOJOBHOMY MO3KY €MOpiOHIB
BUPAXEHUX TOKCUYHHUX MPOSBIB M ICTOTHO 3aJI€Kaj BiJ 03U HAHOTPYOOK.

HaykoBa HOBHM3Ha AucepTaliiHOi pOOOTH MOJSTA€E Yy BHUSABICHI 1CTOTHUX
3MIH PIBHS €KCIIpecli T'€HIB BaXXJIMBUX TPAHCKPHUIILIMHUX 1 PETYISATOPHUX
(dakTopiB, 1110 KOHTPOJIOIOTH MpoIlecH MeTaboni3mMy Ta mpodjidepanii KITHH, Yy
HOpMaJbHUX 1 MyXJWHHUX KIITHHAX 3a [ii Ha HUX HAHOYACTHHOK OKCHIY
rpadgeny 1 SWCNTSs, npudomy ix edekT OyB 3HaYHO CHIIBHINIUM Y HOPMaJbHUX

acTpolMTax B MOPIBHSAHHI 3 KiiTUHamu riiobmacromu miHii US7MG. Takox



BIiepie OyJio MOKa3aHo, IO i IIMX BYIJICLIEBUX HAHOYACTUHOK Ha EKCIPECiio
PI3HUX TE€HIB NEPEBaXHO OIMOCEPENAKOBYETHCS CTPECOM EHJIOMIa3MaTUYHOTO
peTuKyIyMa, OCKiabku 3a ymoB mpurHiueHHs ERNI1, romoBHOro curHaibHOTO
NUBIXY LIBOTO cTpecy, edekT sk HaHodacTMHOK GrO, tak 1 SWCNTSs, icToTHO
3MeHIryBaBcsi. OTpuMaHi pe3yJabTaTH MPOJAEMOHCTPYBIM Baromy poJib
ensumMaTuuHoi aktuBHOCTI ERNI1 'y KoHTpomi ekcmpecii cTpec-3aIexHUX
Tpanckpuniitaux ¢aktopis (DDIT3, ATF3, ATF4, E2F1 Tta TP53), Tak i
BaXUIMBHX perynsatopHux ¢akropiB ta ensumiB (DNAJB9, HBEGF, TOBI,
EDEMI1, DDX58, PAHA2, TFPI2 i IDH2). Bnepiie noka3aHo, 1o HaHOYaCTUHKH
okcuay rpadeHy BIUIMBaIOTh Ha piBeHb ekcrpecii MikpoPHK, siki € BaxxnmuBuMu
perynaropamu  ekcnpecii reHiB HBEGF, TOBI Tta TP53 Ha moCT-
TPAHCKPUIMIIMHOMY pIBHI 3a paxyHOK HasiBHOCTI B iXx MPHK cnernudiunux caiTis
3B’si3yBaHHs, OcCKUlbku 30umemieHHs piBHs MPHK  HBEGF 1 TOBI
y3TOKYBajocs 31 3HMKEHHSIM piBHs cnenudiunoi g0 Hux MikpoPHK miR-182-
5p, a 3menmenHs piBas ekcnpecii MPHK TP53 — 13 miaBuienasm miR-96-5p.

Brnepiie BcranoBieno, mo NHA/TS nposBisitoTs OUTBITY YyTJIHBICTH 110
Jii HAHOYACTUHOK OKCUJY I'padeHy Ta OJHOCTIHHUX BYIJICLIEBUX HAHOTPYOOK Ha
PIBH1 €KCIpecii TeHIB KIOUOBUX TPAHCKPHUIIIMHUX (HAaKTOPIB 1 CTPEC-3aJIEHKHUX
NpOTEiHIB, SKIIO TOPIBHIOBATA 3 KIITHHAMU TJIOMH. Tak, MiJ BIUIMBOM
HAHOYACTHHOK OKCUJy Tpad)eHy 1 OJJHOCTIHHMX BYTJICLIEBUX HAHOTPYOOK PiBEHb
excripecii reHiB DDIT3, ATF3 ta DNAJB9 3MIHIOETBCA y HOPMaJbHHUX
acTpoIMTax OUIBII BHUPAKEHO MOPIBHAHO 3 KIITHHAMU TNII0OJACTOMM fK 3a Jii
MEHIINX, TaK 1 OUTBIINX /103 [UX BYTJEUEBUX HAHOYACTUHOK, MPUYOMY 3HH)KEHA
YYTIMBICTh KJIITHH TI00MacTOMH 10 iX Jii Moxke OyTu oOymoOBIi€HA TOJIi-
PE3UCTEHTHICTIO MyXJIMHHUX KJIITHH, 00yMOBIIeHUX cTpecoM EP.

[IpakTUyHe 3HAYEHHS OTPUMAHUX HAMU PE3yJbTaTIB BU3HAYAETHCS TUM,
M0 KIITHHHU TJ100JIaCTOMM MEHII YYTIWBI JO0 BIUIMBY HAHOYACTUHOK OKCHIY
rpadeny ta SWCNT mnopieassHo 3 NHA/TS, mo omiHioBajiocs 3a piBHEM
eKcIpecii TeHIB KJIIOUOBUX TPAHCKPUILIHHUX 1 perynstopHux (akropis. Llei

PE3YIbTAT € AYIKC BAXKIMBHUM IMOICPCIPKCHHAM OO BUKOPHUCTAHHS ,ZIOCJ'IiI[}KCHI/IX



HAaMU BYTJICIICBUX HAHOYACTHMHOK y OloMeauIMHI 0€3 JACTAIBHOTO BUBYCHHS IX
MOXJIMBOT'O BIUIMBY Ha Pi3HI HOPMaJbHI KJIITUHU OpraHi3My, Ha (yHKI[IOHAIBHY
aKTUBHICTh TEHOMY B HUX. BapTo BiAMITHTH, 110 3MIHH B €KCIpecii BaXKIMBHUX
TPAHCKPUIMIIMHKUX 1 PETYJISITOPHUX (DAKTOPIB, K1 IHAYKYIOTHCS HAHOYACTUHKAMHU
okcuay rpadgerny ta SWCNTSs, garoTh MOXIJIMBICTh BUSBISTH JOCHUTH UYTIWBI
TEHETUYHI MapKEepH MOPYIIEHHS METa0O0IIYHUX TPOIECIB, a 1€ € BAKIUBUM IS
BUSIBJICHHSI HEOE3MEUHUX VIS 3/I0POB'St MOOTYHUX €(EKTiB.

Otpumani pe3ynbTaTH JOCHIIKEHb BKa3yIOTh Ha BaroMiCTh BHSICHCHHS
MOJIEKYJISIPHUX MEXaHI3MIB Jii HaHOYACTUHOK OKCHIY rpadeHy 1 ByTJIeHeBUX
HAHOTPYOOK IpH OIIHII 010JI0TTYHOI OE3MEeKHU X 3aCTOCYBaHHS ISl PI3HUX LILJIeH
y 010710r11 Ta MEIULIMHI, OCKUIBKH 32 i1 IK HAHOYaCTUHOK OKCUAY TpadeHy, TakK i
OJTHOCTIHHUX BYTJICLICBUX HAHOTPYOOK 1CTOTHO MOPYIIYETHCS EKCHpECis T'eHIB
BXUIMBHUX, KOHTPOJIOIYHMX METa0O0i3M TPAHCKPHIILIIHHUX Ta PETyIsSsTOPHUX
(bakTopiB IIISAXOM 3MiH y (PYHKIIIOHYBaHHI TEHOMY OIOCEPEKOBAHO Uepe3 CTPeC
EP. Inentudikosani 3minu B ekcrpecii sk MPHK, tak 1 mikpoPHK, moxyTb
BIJI3EPKATIOBATH MOXJIMBI MEXaH13MH PO3BUTKY PI3HUX MATOJOTIYHUX CTaHIB Ha
MOJICKYJSIPHOMY pIiBHI Ta MOXYTh BHUKOPHCTOBYBATHCS I BHU3HAYCHHS

TOKCHUYHOT 111 HAHOYACTHHOK.

KawuoBi cjaoBa: ByrjieneBl HaHOYACTHHKH, ©KCIIpeCis  TeHiB,
Tpanckpunuiiiai ¢akropu, mikpoPHK, HBEGF, TOB1, ACTB, mnpurniueHus
ERNI1, MPHK, xinpkicua I[1JIP, renom, crpec, eHIOMIa3MaTUIHUN PETUKYIIYM,

HOpPMaJIbH1 aCTPOIUTH, yXJIMHHI KJIITUHH.



ANNOTATION

Kulish Y.V. The effect of carbon nanoparticles on the expression of genes
of transcription factors and microRNA. — Qualification scientific work as a
manuscript.

Dissertation for a doctor of philosophy (Ph.D.) scientific degree, in
specialty 091 “Biology” — Palladin Institute of Biochemistry of the National
Academy of Sciences of Ukraine, Kyiv, 2025.

The dissertation is devoted to the study of the molecular mechanisms of
action of carbon nanoparticles, such as graphene oxide and single-walled carbon
nanotubes (SWCNTs), on gene expression of important transcription factors and
microRNAs in normal human astrocytes of the NHA/TS line, as well as in
glioblastoma cells of the US7MG line to elucidate the sensitivity of normal and
tumor cells to the action of these nanoparticles and to elucidate the significance of
endoplasmic reticulum (ER) stress in the molecular mechanisms of their action.

The significance of this work is linked to the constantly growing use of
nanoparticles of different natures and structures in various fields, including
biology and medicine, in particular for cancer diagnosis as well as treatment, and
much other pathology. Carbon nanoparticles are considered the most promising
due to their great constancy and diversity of structure. At the same time, the
molecular mechanism of their influence on the cells of malignant tumors and their
genome remains insufficiently elucidated. Even less is known about the possible
influences of carbon nanoparticles, and nanoparticles of another nature, on
normal cells of the body, including astrocytes. There is evidence of numerous
negative consequences of carbon using nanoparticles, such as graphene oxide
(GrO) and single-walled carbon nanotubes (SWCNTs). The benefits of using
nanoparticles for treat tumors should significantly outweigh their negative effects
on normal cells of the body. And that is why the in-depth and comprehensive
study of the molecular mechanisms of action of not only carbon, but also other,

different in nature, nanoparticles on normal cells of all organs and tissues of the
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body should be in the foreground. And only then, under the conditions of the
absence of negative effects, it is rational to ask questions about the possibility of
their use in biology and medicine for certain purposes.

A possible molecular mechanism of action on cells of nanoparticles of
various nature and structure is ER stress. It reliably maintains homeostasis, and
under the influence of various toxic substances, it supports the vital activity of
cells by altering metabolic processes and enhancing cell viability, thereby
facilitating their adaptation to new conditions of existence. In the case of long-
term and severe negative effects, it leads to the launch of a special, specific for
endoplasmic reticulum cell death program or the formation and growth of
malignant tumors.

An important task of this work was to investigate the effect of carbon
nanoparticles such as graphene oxide and single-walled carbon nanotubes on the
expression of genes of ER stress-dependent transcription factors and some key
regulatory factors in normal astrocytes (NHA/TS) and tumor (glioblastoma) cells
to detect the effect of carbon nanoparticles on normal and tumor cells in terms of
the sensitivity of the expression of the studied genes. To clarify the mechanisms
of the effect of carbon nanoparticles on brain cells, experiments were conducted
to detect changes in microRNA expression in astrocytes and embryos of Danio
rerio, using RNA preparations from these embryos available in the department.
The results obtained clarify the molecular mechanisms of the appearance of
various disorders when using these nanoparticles for both diagnostic and
therapeutic purposes, in particular, for the treatment of oncological diseases.

To carry out the dissertation work, the latest biochemical and molecular
biological methods were used: cell cultivation, RNA extraction, determination of
RNA absorption spectra on a spectrophotometer, cDNA synthesis using reverse
transcriptase, methods of quantitative real-time PCR, reverse transcription of
microRNA, analysis of amplificates by agarose gel electrophoresis, methods of

bioinformatics, and statistics of the obtained results.
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To elucidate the effects of graphene oxide nanoparticles and SWCNTSs on
NHA/TS and glioblastoma cells at the microscale, we conducted a study of the
expression level of genes encoding key transcription factors: DDIT3 (DNA
Damage Inducible Transcript 3), also known as CHOP or GADDI153, ATF3
(Activating Transcription Factor 3), ATF4 (Activating Transcription Factor 4),
E2F1 (E2F Transcrip4tion Factor 1), TPS3 (Tumor Protein 53), TFPI2 (Tissue
Factor Pathway Inhibitor 2) and ZNF395 (Zinc Finger Protein 395), as well as
important ER stress-dependent regulatory factors and enzymes: HBEGF
(Heparin binding epidermal growth factor like growth factor), also known as
diphtheria toxin receptor, TOB1 (Transducer of ERBB2, 1), DNAJB9 (Dnal
Heat Shock Protein Family (Hsp40) Member B9), HSPAS (Heat Shock Protein
Family A (Hsp70) Member 5), EDEM1 (ER Degradation-Enhancing Alpha-
Mannosidase-Like Protein 1), P4HA1 (Prolyl 4-Hydroxylase Subunit Alpha 1),
P4HA2 (Prolyl 4-Hydroxylase Subunit Alpha 2), IDH2 (Isocitrate
Dehydrogenase), AK3 (adenylate kinase 3), PTGS2 (Prostaglandin-
Endoperoxide Synthase 2), GJA1 (Gap Junction Protein Alpha 1), KRT18
(Keratin 18) and MEST (Mesoderm Specific Transcript). For this, relatively
small doses of both graphene oxide (1 and 4 ng/ml) and SWCNTs (2 and 8 ng/ml)
were selected. It is worth noting that most of the studied genes are poly-functional
and strictly related to ER stress and carcinogenesis, and this is important for
clarifying genotoxicity in the action of carbon nanoparticles on normal astrocytes
compared to tumor (glioblastoma) cells. To resolution the problem of the role of
ER stress in the mechanisms of action of carbon nanoparticles on the functional
activity of the genome, glioblastoma cells with suppressed ERN1, the main
signaling protein of ER stress, which controls the expression of hundreds of
genes, including the important transcription factor genes, were also used.

In connection with the fact that microRNAs are important regulators of the
expression of numerous mRNAs at the post-transcriptional level and are involved
in neurogenesis, and changes in their expression can affect the expression level of

the mRNAs of transcription factors selected by us, as well as other regulatory
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factors and enzymes, we also conducted bioinformatics studies to identify
miRNA binding sites with 3'-untranslated mRNA regions and to determine the
impact of graphene oxide and SWCNTs on the levels of some miRNA
expressions.

Since miRNAs play an important role in the development of the brain, to
clarify the possible influence of carbon nanotubes on the growth of brain tissue,
an investigation of the impact of these nanoparticles on the level of microRNAs
miR-19a-3p, miR-21-5p and miR-96-5p expressions was conducted, which are
closely related to metabolic control, neurogenesis and cell proliferation, in Danio
rerio fish embryos.

The conducted studies established that the level of expression of such
transcription factors as DDIT3, ATF3, and TP53 in normal human astrocytes is
very sensitive to the effect on them of graphene oxide nanoparticles in a dose of
both 1 and 4 ng/ml, and the expression of DDIT3 and ATF3 increased, and 7P53 -
decreased. The expression level of other investigated transcription factors also
increased, but to a lesser extent and dose-dependently. At the same time, the level
of expression of all studied genes of transcription factors in glioblastoma cells
under the influence of the same doses of graphene oxide nanoparticles was
significantly lower compared to normal astrocytes, although the direction of
changes was similar. These results are fundamentally new and important, as they
demonstrate significantly greater sensitivity of normal cells compared to tumor
cells to the action of graphene oxide nanoparticles, which may be due to the poly-
resistance of glioblastoma cells.

Since numerous studies testify to the possibility of the involvement of
signaling pathways of endoplasmic reticulum stress in the application of the
genotoxic effect of nanoparticles, we led investigations using glioblastoma cells
with inhibited enzymatic activities of the signaling protein ERNI1, the main
sensory and signaling pathway of endoplasmic reticulum stress. It was shown by
us that in such glioblastoma cells, the sensitivity of the expression of all the

transcription factor genes we studied to the action of graphene oxide is

13



significantly reduced compared to those glioblastoma cells that had the native
signaling protein ERNI1. This indicates the indirect effect of graphene oxide
nanoparticles on gene expression of transcription factors by ER stress,
particularly by its signaling protein ERNI.

Similar results were obtained when studying the effect of graphene oxide
on the level of gene expression of several regulatory factors and enzymes, which
demonstrated a significantly greater sensitivity of the expression of these genes in
normal astrocytes compared to glioblastoma cells, as well as the mediation of the
revealed effects of graphene oxide on gene expression of ERNI, the main
signaling protein ER stress.

Using bioinformatics methods, the binding sites of the microRNA miR-
182-5p with the 3'-sequences of the HBEGF and TOBI mRNAs were identified,
and the expression level of this miRNA under the action of graphene oxide
nanoparticles on normal astrocytes and glioblastoma cells was studied. It was
established that the level of miR-182-5p decreases under the action of graphene
oxide in a dose-dependent manner in both normal astrocytes and glioblastoma
cells, but is more pronounced in normal cells. Since miR-182-5p miRNA has
binding sites on the 3'-sequences of HBEGF and TOBI mRNA, it is important to
note that decreased expression of this miRNA is associated with increased
expression of both TOBI mRNA and HBEGF mRNA. These results indicate the
possibility of post-transcriptional regulation of HBEGF and TOBI mRNA
expression under the action of graphene oxide on normal astrocytes and
glioblastoma cells.

In addition, it was shown for the first time that carbon nanotubes also exert
a marked effect on the level of several transcription and other regulatory factors
expressions involved in the regulation of cell population proliferation, both in
normal (NHA/TS) and in glioblastoma cells, and the tumor cells were less
sensitive to these carbon nanoparticles action. It can be assumed that this is due to

the poly-resistance of glioblastoma cells, which is determined by ER stress. The
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dependence of the impact of different carbon nanoparticles on the studied gene
expressions, specifically on the signaling protein ERN1, was also revealed.

Therefore, the results of our investigation of the influence of different
carbon nanoparticles on normal cells (astrocytes) and glioblastoma cells
demonstrated for the first time their gene-specific effect on the certain gene
expressions associated with the control of metabolic processes and cell
proliferation, and the impact of graphene nanoparticles was more noticeable
compared to carbon nanotubes. It is worth noting that most of the genes we
studied are poly-functional and associated with the growth of malignant tumors. It
is also known that a decrease in the expression level of some of these genes
contributes to cell proliferation and metastasis inhibition.

Thus, changes in mRNA and microRNA expression in normal astrocytes
can initiate changes in the nervous system. Our studies of the level of miRNA in
embryos of Danio rerio exposed to different doses of carbon nanotubes showed
that after 24 hours there was a dose-dependent decrease in miR-19-3p and miR-
21-5p miRNA expression, and after 72 hours — a sharp suppression of the
expression of not only these microRNAs, but also miR-96-5p, and these results
are well consistent with the appearance of pronounced neurotoxic effects in the
brain of embryos at the early stages of embryonic development of the central
nervous system and were dose-dependent.

The scientific innovation of the dissertation work lies in the identification
of significant changes in the level of gene expression of important transcriptional
and regulatory factors controlling the processes of metabolism and cell
proliferation were detected in normal and tumor cells under the action of
graphene oxide nanoparticles and SWCNTs. Their effect was comparatively
stronger in normal astrocytes than in U87MG glioblastoma cells. It was also
shown for the first time that the effect of these carbon nanoparticles on the
expression of various genes is mainly mediated by endoplasmic reticulum stress,
since under conditions of inhibition of ERN1, the main signaling pathway of this

stress, the effect of both graphene oxide nanoparticles and SWCNTs was
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significantly reduced. Our results established the significant role of the enzymatic
activity of ERNI1 in controlling the expression of ER stress-dependent
transcription factors (DDIT3, ATF3, ATF4, E2F1 and TP53), as well as
important regulatory factors and enzymes (DNAJB9, HBEGF, TOB1, EDEMI,
DDX58, PAHA2, TFPI2 and IDH2). It was shown for the first time that graphene
oxide nanoparticles affect the expression level of microRNAs, which are
important regulators of HBEGF, TOBI1, and TP53 gene expression at the post-
transcriptional level due to the presence of specific binding sites in their mRNA,
since the increase in HBEGF mRNA level and TOBI was consistent with a
decrease in the level of their specific microRNA miR-182, and a decrease in the
expression level of 7P53 mRNA - with an increase in miR-98.

It was first established that NHA/TS exhibit greater sensitivity to the action
of graphene oxide nanoparticles and SWCNTs at the level of gene expression of
key transcription factors and stress-dependent proteins, when compared to glioma
cells. Consequently, graphene oxide nanoparticles and SWCNTSs change the level
of the DDIT3, ATF3, and DNAJB9 gene expressions in normal astrocytes more
pronouncedly compared to glioblastoma cells under the influence of both smaller
and bigger doses of SWCNTSs. The less pronounced response of glioblastoma
cells to their action may be due to the poly-resistance of tumor cells due to the
endoplasmic reticulum stress present in them.

The practical significance of our results is determined by the fact that
glioblastoma cells are less sensitive to the effects of graphene oxide nanoparticles
and SWCNTs compared to NHA/TS, which was assessed by the level of gene
expression of key transcriptional and regulatory factors. This result is a very
important warning to the use of carbon nanoparticles in biomedicine without a
detailed study of their possible impact on various normal cells of the body, and on
the functional activity of the genome. It is worth noting that changes in the
expression of key transcriptional and regulatory factors induced by graphene

oxide nanoparticles and SWCNTs make it possible to detect sensitive genetic
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markers of metabolic disorders, which is important for detecting health-
threatening side effects.

The obtained research results indicate the importance of elucidating the
molecular mechanisms of action of graphene oxide nanoparticles and carbon
nanotubes when assessing the biological safety of their use for various purposes
in biology and medicine since gene expression is significantly disrupted under the
action of both graphene oxide nanoparticles and single-walled carbon nanotubes
significantly disrupt the expression of important genes that control the
metabolism of transcriptional and regulatory factors by reprogramming the
genome through endoplasmic reticulum stress. Identified disturbances in the
expression of several mRNAs and microRNAs are considered as possible
molecular mechanisms of the development of various pathologies and can be

used to assess the toxic effects of various nanoparticles.

Keywords: carbon nanoparticles, gene expression, inhibition of ERNI,
mRNA, microRNA, HBEGF, TOBI, transcription factor, ACTB, gPCR, genome,

stress, endoplasmic reticulum, normal astrocytes, tumor cells.
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