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К@4A=<Fь>4 Д.А. �>ECD9EVO 79AV6 DB8<A< Homeobox G >?VF<A4I 7?VB@< ;4 

G@B6 7VCB>EVW F4 CD<7AVK9AAO IRE1. – �64?VHV>4JV=A4 A4G>B64 CD4JO A4 

CD464I DG>BC<EG. 

�<E9DF4JVO A4 ;8B5GFFO A4G>B6B7B EFGC9AO 8B>FBD4 HV?BEBHVW ;4 

EC9JV4?ьAVEFN 091 «�VB?B7VO». – ІAEF<FGF 5VBIV@VW V@. ". �. #4??48VA4 !�! 

'>D4WA<, �<W6, 2024. 

 

�<E9DF4JVO CD<E6OK9A4 8BE?V8:9AAN DB?V EFD9EG 9A8BC?4;@4F<KAB7B 

D9F<>G?G@4 6 D97G?OJVW 9>ECD9EVW 79AV6, MB >B8GNFь >?NKB6V FD4AE>D<CJV=AV 

H4>FBD< DB8<A< Homeobox, O>V >BAFDB?NNFь CDBJ9E< CDB?VH9D4JVW O> G 

ABD@V, F4> V ;4 CGI?<AAB7B DBEFG. �>ECD9EVN J<I 79AV6 6<6K4?< G >?VF<A4I 

7?VB@< ?VAVW U87 ;4 G@B6 CD<7AVK9AAO HGA>JVBA4?ьABW 4>F<6ABEFV 

IRE1/ERN1, BEAB6AB7B E9AEBDAB-E<7A4?ьAB7B CDBF9WAG EFD9EG 

9A8BC?4;@4F<KAB7B D9F<>G?G@4, 4 F4>B: ;4 G@B6 7VCB>EVW F4 89HVJ<FG 

7?GF4@VAG V 7?N>B;<.  

�>FG4?ьAVEFь JVєW F9@< CB6'O;4A4 ; F<@, MB BA>B?B7VKAV I6BDB5< 

CBEV84NFь 8DG79 @VEJ9 G E6VFV ;4 DV6A9@ ;4I6BDN64ABEFV V E@9DFABEFV, 

CD<KB@G JV CB>4;A<>< CBEFV=AB ;DBEF4NFь ;4 H4>F<KABW 6V8EGFABEFV 

9H9>F<6A<I CV8IB8V6 8B ?V>G64AAO. �?VB5?4EFB@4 (4EFDBJ<FB@4 IV EFGC9AO) 

є A4=5V?ьL ;?BO>VEABN V 8BE<Fь CBL<D9ABN C9D6<AABN CGI?<ABN 

7B?B6AB7B @B;>G ; 47D9E<6A<@ H9ABF<CB@, O>4 FO:>B CV884єFьEO F9D4CVW F4 

I4D4>F9D<;GєFьEO >BDBF>BN FD<64?VEFN :<FFO C4JVєAFV6. %4@9 FB@G CBLG> 

AB6<I CV8IB8V6 8B DB;>D<FFO @B?9>G?ODA<I BEAB6 C4FB79A9;G J<I 

;?BO>VEA<I CGI?<A є 6>D4= A9B5IV8A<@ 8?O CB>D4M9AAO VEAGNK<I V 

EF6BD9AAO AB6<I C9DEC9>F<6A<I EFD4F97V= CDBF<CGI?<AABW F9D4CVW.  

"E>V?ь>< EFD9E 9A8BC?4;@4F<KAB7B D9F<>G?G@4 F4 7VCB>EVO є 

A48;6<K4=AB 64:?<6<@< H4>FBD4@< VAF9AE<6AB7B DBEFG ;?BO>VEA<I CGI?<A 

L?OIB@ C9D9CDB7D4@G64AAO 79AB@G G 5V> 4>F<64JVW 4A7VB79A9;G, CBE<?9AB7B 



 

;459;C9K9AAO CGI?<A< CB:<6A<@< D9KB6<A4@<, D9;<EF9AFABEFV CGI?<AA<I 

>?VF<A 8B DV;A<I FB>E<KA<I D9KB6<A, G FB@G K<E?V V 8B FB>E<KA<I 9H9>FV6 

7VCB>EVW, FB 89F4?ьA9 6<6K9AAO D97G?OFBDA<I @9I4AV;@V6, MB ?9:4Fь 6 BEAB6V 

J<I 9H9>FV6 5G89 ECD<OF< >D4MB@G DB;G@VAAN @B?9>G?ODA<I @9I4AV;@V6 

DBEFG ;?BO>VEA<I CGI?<A F4 CBLG>G AB6<I CV8IB8V6 5BDBFь5< ; A<@<. 

"8A<@ ; A4=5V?ьL @B:?<6<I @9I4AV;@V6 C9D9CDB7D4@G64AAO 79AB@G 

G CGI?<AA<I >?VF<A4I ;4 G@B6 EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 є 

;@VA< 9>ECD9EVW >?NKB6<I FD4AE>D<CJV=A<I H4>FBDV6, MB >BAFDB?NNFь 

VAF9AE<6AVEFь K<E?9AA<I @9F45B?VKA<I CDBJ9EV6 G >?VF<A4I CGI?<A V 

BD74AV;@G 6 JV?B@G. � JьB@G C?4AV 64:?<6G DB?ь 6V8V7D4NFь F4>B: 

FD4AE>D<CJV=AV H4>FBD< DB8<A< Homeobox, CD<KB@G 5V?ьLVEFь ; A<I ;48VOAV 

G DBEFV CGI?<A V є @VL9AO@< 8?O 5BDBFь5< ;V ;?BO>VEA<@ DBEFB@. 

�4:?<6<@ @B@9AFB@ JVєW DB5BF< 5G?B 6<OEA<F< DB?ь IRE1/ERN1 

(inositol-requiring enzyme 1 / endoplasmic reticulum to nucleus signaling 1) 

E<7A4?ьAB7B L?OIG EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 6 D97G?OJVW 

9>ECD9EVW 79AV6 J<I FD4AE>D<CJV=A<I H4>FBDV6, G FB@G K<E?V V DB?ь 

9A8BD<5BAG>?94;ABW F4 CDBF9WA>VA4;ABW 4>F<6ABEF9= JьB7B E<7A4?ьAB7B 

CDBF9WAG 6 D94?V;4JVW =B7B 6C?<6G A4 9>ECD9EVN 79AV6. ">D9@<@ ;4684AAO@ 

DB5BF< 5G?B 8BE?V8<F< 8VN 7VCB>EVW F4 89HVJ<FG 7?GF4@VAG V 7?N>B;< A4 

DV69Aь 9>ECD9EVW >?NKB6<I FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< Homeobox G 

>?VF<A4I 7?VB@< 6 ;4?9:ABEFV 6V8 CD<7AVK9AAO IRE1, MB @4є 

CDBF<CGI?<AA<= 9H9>F V ;A<:Gє CDB?VH9D4F<6A<= CBF9AJV4? >?VF<A 

7?VB5?4EFB@<. 

� IB8V 6<>BA4AAO DB5BF< 5G?< 6<>BD<EF4AAV F4>V EGK4EAV @9FB8< 

5VBIV@VW F4 @B?9>G?ODABW 5VB?B7VW, O> >G?ьF<6G64AAO EF45V?ьAB 

FD4AEHV>B64A<I >?VF<A 7?VB5?4EFB@< ; CD<7AVK9ABN ?<L9 

9A8BD<5BAG>?94;ABN 4>F<6AVEFN ERN1 F4 >?VF<A 59; B5BI 9A;<@4F<KA<I 

4>F<6ABEF9= JьB7B E<7A4?ьAB7B CDBF9WAG (9A8BD<5BAG>?94;ABW V 

CDBF9WA>VA4;ABW), 6<8V?9AAO $!�, 6<;A4K9AAO >BAJ9AFD4JVW F4 EC9>FD4?ьA<I 



 

I4D4>F9D<EF<> BFD<@4A<I CD9C4D4FV6 $!� ;4 8BCB@B7BN 

A4ABEC9>FDBHBFB@9FD4, E<AF9; >B@C?9@9AF4DA<I �!� L?OIB@ ;6BDBFABW 

FD4AE>D<CJVW, 4 F4>B: @9FB8< >V?ь>VEABW CB?V@9D4;ABW ?4AJN7B6BW D94>JVW G 

D94?ьAB@G K4EV 8?O 6<;A4K9AAO DV6AO 9>ECD9EVW @$!� 8BE?V8:9A<I 

FD4AE>D<CJV=A<I H4>FBDV6 V @V>DB$!�, E4=?9AEVA7 @$!�, 

9?9>FDBHBD9F<KA<= 4A4?V; AG>?9WAB6<I ><E?BF, @9FB8< 5VBVAHBD@4F<>< F4 

EF4F<EF<KABW B5DB5>< D9;G?ьF4FV6. 

�?O ;'OEG64AAO DB?V E<7A4?ьAB7B CDBF9WAG ERN1 F4 =B7B 9A;<@4F<KA<I 

4>F<6ABEF9= (9A8BD<5BAG>?94;ABW V CDBF9WA>VA4;ABW) A4@< 5G?B 8BE?V8:9AB 

9>ECD9EVN 79AV6 F4><I FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< Homeobox O> 

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) V PBXIP1/HPIP (PBX homeobox interacting protein 1 / 

Hematopoietic PBX-interacting protein). �?O 6<OEA9AAO @9I4AV;@V6 

;4?9:ABEFV DV6AO 9>ECD9EVW 79AV6 FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< 

Homeobox 6V8 7?GF4@VAG 5G?B 8BE?V8:9AB 9>ECD9EVN 79A4 SLC1A5 (solute 

carrier family 1 member 5), O><= >B8Gє E<AF9; C9D9ABEA<>4 7?GF4@VAG F4 

89O><I VAL<I 4@VAB><E?BF. 

З @9FBN 6<6K9AAO @B?9>G?ODA<I @9I4AV;@V6 ;4?9:ABEFV 9>ECD9EVW 

79AV6 DB8<A< Homeobox 6V8 EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 V 

;B>D9@4 =B7B E<7A4?ьAB7B L?OIG IRE1/ERN1 G >?VF<A4I 7?VB5?4EFB@< 5G?< 

CDB6989AV 8BE?V8:9AAO A4 >?VF<A4I ; CD<7AVK9A<@< 9A;<@4F<KA<@< 

4>F<6ABEFO@< (CDBF9WA>VA4;4 F4 9A8BD<5BAG>?94;4) IRE1 F4 ;4 G@B6 

VA7V5G64AAO ?<L9 9A8BD<5BAG>?94;< JьB7B E<7A4?ьAB7B CDBF9WAG.  

#DB6989A<@< 8BE?V8:9AAO@< 5G?4 6<O6?9A4 ;4?9:AVEFь 9>ECD9EVW 

79AV6 DB8<A< Homeobox G >?VF<A4I 7?VB@< 6V8 HGA>JVBAG64AAO IRE1 V 

@B:?<6<= 6A9EB> J<I 79AV6 8B 4AF<CDB?VH9D4F<6AB7B 9H9>FG CD<7AVK9AAO 



 

IRE1, 4 F4>B: DB?ь CDBF9WA>VA4;ABW F4 9A8BD<5BAG>?94;ABW 4>F<6ABEF9= 

JьB7B E<7A4?ьAB7B CDBF9WAG 6 BCBE9D98>B64AV= EFD9EB@ 9A8BC?4;@4F<KAB7B 

D9F<>G?G@4 D97G?OJVW 9>ECD9EVW 79AV6 DB8<A< Homeobox. �G?4 8BE?V8:9A4 

KGF?<6VEFь 9>ECD9EVW 79AV6 DB8<A< Homeobox 8B G@B6 7VCB>EVW F4 89HVJ<FG 

7?GF4@VAG 6 ;4?9:ABEFV 6V8 HGA>JVBA4?ьABW 4>F<6ABEFV IRE1.  

"FD<@4AV D9;G?ьF4F< CDB89@BAEFDG64?< DB?ь IRE1 E<7A4?ьAB7B 

L?OIG EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 6 D97G?OJVW 9>ECD9EVW 79AV6 

DB8<A< Homeobox, O>V >BAFDB?NNFь CDB?VH9D4JVN CGI?<AA<I >?VF<A, 4 

F4>B: ;4 G@B6 7VCB>EVW F4 89HVJ<FG 7?GF4@VAG 45B 7?N>B;<, MB є 64:?<6<@< 

>B@CBA9AF4@< CV8FD<@4AAO CGI?<AAB7B DBEFG. �G?B CB>4;4AB, MB 

CD<7AVK9AAO B5BI 9A;<@4F<KA<I 4>F<6ABEF9= IRE1 E<7A4?ьAB7B CDBF9WAG 

EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 G >?VF<A4I 7?VB5?4EFB@< ?VAVW 

U87MG ;@VAN64?B DV69Aь 9>ECD9EVW GEVI 8BE?V8:9A<I 79AV6 DB8<A< 

Homeobox, 4?9 CB-DV;AB@G, O> CB 69?<K<AV ;@VA, F4> V CB A4CDO@>G, MB @B:9 

5GF< B5G@B6?9AB BEB5?<6BEFO@< D97G?OJVW WI 9>ECD9EVW E<7A4?ьA<@ 

CDBF9WAB@ IRE1, 4 F4>B: WI HGA>JVBA4?ьA<@ ;A4K9AAO@, BEB5?<6B ;4 G@B6 

D9CDB7D4@G64AAO 79AB@G ;4 GK4EFV E<7A4?ьA<I L?OIV6, 4EBJV=B64A<I ;V 

EFD9EB@ 9A8BC?4;@4F<KAB7B D9F<>G?G@4. &4>, DV69Aь 9>ECD9EVW 79AV6 PBX3, 

PRRX1, PAX6, PBXIP1, SPAG4, LHX1, LHX2 V MEIS1 ;DBEF46, 4 79AV6 ZEB2, 

TGIF1, LHX6, MEIS2 F4 MEIS3 – VEFBFAB ;A<:G646EO G >?VF<A4I 

7?VB5?4EFB@< ;4 G@B6 CD<7AVK9AAO B5BI 9A;<@4F<KA<I 4>F<6ABEF9= 

E<7A4?ьAB7B CDBF9WAG IRE1. 

' FB= :9 K4E, ;4 G@B6 CD<7AVK9AAO ?<L9 9A8BD<5BAG>?94;ABW 

4>F<6ABEFV E<7A4?ьAB7B CDBF9WAG ERN1 8?O 5V?ьLBEFV 8BE?V8:9A<I 79AV6 

DB8<A< Homeobox ;@VA< 6 WI 9>ECD9EVW 5G?< VAL<@< O> ;4 69?<K<ABN, F4> V 

A4CDO@>B@. $4;B@ ; F<@, DV69Aь 9>ECD9EVW 79AV6 ZEB2, TGIF1, LHX6 F4 MEIS3 

G >?VF<A4I 7?VB@< ; CD<7AVK9ABN 9A8BD<5BAG>?94;ABN 4>F<6AVEFN 

E<7A4?ьAB7B CDBF9WAG ERN1 V >?VF<A4I 59; B5BI 9A;<@4F<KA<I 4>F<6ABEF9= 

ERN1 VEFBFAB A9 6V8DV;AO6EO ;4 69?<K<ABN, MB E6V8K<?B CDB 



 

BCBE9D98>B64AVEFь 6<O6?9A<I ;@VA 6 9>ECD9EVW J<I 79AV6 E4@9 

9A8BD<5BAG>?94;ABN, 4 A9 CDBF9WA>VA4;ABN 4>F<6AVEFN ERN1. %9D98 

8BE?V8:9A<I A4@< 79AV6 DB8<A< Homeobox 5G?< 6<O6?9AV V F4>V, DV69Aь 

9>ECD9EVW O><I ;@VAN646EO ?<L9 ;4 G@B6 CD<7AVK9AAO B5BI 9A;<@4F<KA<I 

4>F<6ABEF9= ERN1 V A9 ;@VAN646EO G >?VF<A4I 7?VB5?4EFB@< ; CD<7AVK9ABN 

9A8BD<5BAG>?94;ABN 4>F<6AVEFN E<7A4?ьAB7B CDBF9WAG ERN1. !<@< 

6<O6<?<EO 79A< PBX3 V PRRX1, MB 6>4;Gє A4 BCBE9D98>B64AVEFь 6<O6?9A<I 

;@VA 6 WI 9>ECD9EVW E4@9 CDBF9WA>VA4;ABN 4>F<6AVEFN E<7A4?ьAB7B CDBF9WAG 

ERN1. $V69Aь 9>ECD9EVW VAL<I 79AV6 JVєW DB8<A< FD4AE>D<CJV=A<I H4>FBDV6 

;@VAN646EO CB-DV;AB@G G >?VF<A4I 7?VB@< ; DV;A<@ F<CB@ CD<7AVK9AAO 

9A;<@4F<KA<I 4>F<6ABEF9= E<7A4?ьAB7B CDBF9WAG ERN1, MB E6V8K<Fь CDB 

GK4EFь B5BI 9A;<@4F<KA<I 4>F<6ABEF9= ERN1 G JV= D97G?OJVW, WI 6;4є@B8VN 

K9D9; BCBE9D98>B64AV A<@< E<7A4?ьAV L?OI<. 

 9FB84@< 5VBVAHBD@4F<>< 5G?B 6EF4AB6?9AB, MB 3’-CBE?V8B6ABEFV 

@$!� ZEB2 V PAX6 @VEFOFь E4=F< ;6’O;G64AAO @V>DB$!�: miR-145-5p V miR-

182-5p 6 @$!� ZEB2, 4 miR-19a-3p V miR-96-5p 6 @$!� PAX6, CD<KB@G 

6<O6?9AV ;@VA< 6 9>ECD9EVW J<I @V>DB$!� є CDBF<?9:AB A4CD46?9A<@< 8B 

;@VA 6 9>ECD9EVW 6V8CB6V8A<I @$!� V @B:GFь 5GF< CD<K9FA<@< 8B D97G?OJVW 

9>ECD9EVW @$!� ZEB2 V PAX6 A4 CBEFFD4AE?OJV=AB@G DV6AV.  

#B>4;4AB F4>B:, MB 9>ECD9EVO 5V?ьLBEFV 79AV6 FD4AE>D<CJV=A<I 

H4>FBDV6 DB8<A< Homeobox є KGF?<6BN 8B 7VCB>EVW, CD<KB@G DV69Aь 

9>ECD9EVW K4EF<A< V; A<I ;5V?ьLGєFьEO, BEB5?<6B SPAG4 V ZEB2 79AV6, 4 

VAL<I 79AV6 – ;@9ALGєFьEO G >BAFDB?ьA<I, FD4AEHV>B64A<I CBDB:AV@ 

69>FBDB@, >?VF<A4I 7?VB5?4EFB@<. $4;B@ ; F<@, G >?VF<A4I ; CD<7AVK9ABN 

9A8BD<5BAG>?94;ABN F4 CDBF9WA>VA4;ABN 4>F<6ABEFO@< E<7A4?ьAB7B 

CDBF9WAG ERN1 KGF?<6VEFь 8B 6C?<6G 7VCB>EVW C9D964:AB ;@VANєFьEO, MB 

C9D9>BA?<6B E6V8K<Fь CDB ;4?9:A<= 6V8 ERN1 >BAFDB?ь 7VCB>E<KABW 

D97G?OJVW DV6AO 9>ECD9EVW 5V?ьLBEFV 8BE?V8:9A<I A4@< 79AV6 J<I 

FD4AE>D<CJV=A<I H4>FBDV6. &V D9;G?ьF4F< є CV8ґDGAFO@ 8?O DB;>D<FFO 



 

@9I4AV;@V6 D9;<EF9AFABEFV CGI?<AA<I >?VF<A 8B FB>E<KA<I 9H9>FV6 7VCB>EVW 

;4 G@B6 EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4.  

�G?B F4>B: CB>4;4AB, MB 9>ECD9EVO 5V?ьLBEFV 8BE?V8:9A<I 79AV6 

DB8<A< Homeobox ;@VANєFьEO O> ;4 G@B6 89HVJ<FG 7?GF4@VAG, F4> V 7?N>B;<, 

4?9 CB-DV;AB@G, V MB CD<7AVK9AAO 9A8BD<5BAG>?94;ABW F4 CDBF9WA>VA4;ABW 

4>F<6ABEF9= E<7A4?ьAB7B CDBF9WAG ERN1 C9D964:AB @B8<HV>Gє WI 9H9>F. 

&4>, G >BAFDB?ьA<I, FD4AEHV>B64A<I CBDB:AV@ 69>FBDB@, >?VF<A4I 

7?VB5?4EFB@< ;4 G@B6 89HVJ<FG 7?GF4@VAG ;A<:GєFьEO DV69Aь 9>ECD9EVW F4><I 

79AV6 JVєW DB8<A< FD4AE>D<CJV=A<I H4>FBDV6: LHX2, LHX6, MEIS2, PRRX1, 

PBX3 and SPAG4. $4;B@ ; F<@, DV69Aь 9>ECD9EVW 79AV6 LHX1, MEIS3, ZEB2, 

TGIF1, PBXIP1, PAX6 F4 NKX3-1 CV86<MGєFьEO G >BAFDB?ьA<I >?VF<A4I 

7?VB5?4EFB@< ;4 G@B6 89HVJ<FG 7?GF4@VAG. �EF4AB6?9AB F4>B:, MB 

KGF?<6VEFь 89O><I 79AV6 FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< Homeobox 8B 

89HVJ<FG 7?GF4@VAG ;@VANєFьEO G >?VF<A4I 7?VB5?4EFB@< ; CD<7AVK9ABN 

9A8BD<5BAG>?94;ABN V CDBF9WA>VA4;ABN 4>F<6ABEFO@< E<7A4?ьAB7B 

CDBF9WAG ERN1. &4>, KGF?<6VEFь F4><I 79AV6 FD4AE>D<CJV=A<I H4>FBDV6 O> 

PBXIP1, NKX3-1 F4 PAX6  8B 89HVJ<FG 7?GF4@VAG CB6AVEFN 6FD4K4єFьEO ;4 

G@B6 CD<7AVK9AAO ERN1, 4 79AV6 ZEB2, LHX1 V PBX3 – ;A<:GєFьEO. ' FB= :9 

K4E, KGF?<6VEFь 79A4 PBXIP1 8B 89HVJ<FG 7?GF4@VAG VEFBFAB ;5V?ьLGєFьEO G 

>?VF<A4I 7?VB5?4EFB@< ; CD<7AVK9ABN 9A8BD<5BAG>?94;ABN V 

CDBF9WA>VA4;ABN 4>F<6ABEFO@< E<7A4?ьAB7B CDBF9WAG ERN1. �G?B F4>B: 

CB>4;4AB, MB ;4 G@B6 89HVJ<FG 7?N>B;< ;A<:GєFьEO DV69Aь 9>ECD9EVW 79AV6 

F4><I FD4AE>D<CJV=A<I H4>FBDV6, O> PAX6, MEIS1 F4 MEIS2 G >BAFDB?ьA<I 

>?VF<A4I 7?VB5?4EFB@<. $4;B@ ; F<@, 9>ECD9EVO 79AV6 PBX3 V PBXIP1 G J<I 

>?VF<A4I 5G?4 D9;<EF9AFABN 8B 89HVJ<FG 7?N>B;<. �EF4AB6?9AB F4>B:, MB 

CD<7AVK9AAO ERN1 ;@VANє KGF?<6VEFь 79AV6 FD4AE>D<CJV=A<I H4>FBDV6 

PAX6, MEIS1, MEIS2, PBX3 F4 PBXIP1 8B 89HVJ<FG 7?N>B;<. &V D9;G?ьF4F< 

6>4;GNFь A4 ERN1-;4?9:A<= I4D4>F9D KGF?<6BEFV >?VF<A 7?VB5?4EFB@< 8B 

;459;C9K9AAO WI 7?N>B;BN F4 7?GF4@VAB@. 



 

!4G>B64 AB6<;A4 JVєW DB5BF< CB?O74є 6 FB@G, MB 6C9DL9 5G?< 6<O6?9AV 

6<D4:9AV ;@VA< DV6AO 9>ECD9EVW 79AV6 FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< 

Homeobox G >G?ьFGDV >?VF<A 7?VB5?4EFB@< ?VAVW U87MG ;4 G@B6 CD<7AVK9AAO 

IRE1/ERN1, BEAB6AB7B E<7A4?ьAB7B L?OIG EFD9EG 9A8BC?4;@4F<KAB7B 

D9F<>G?G@4, V MB 6<O6?9AV ;@VA< 6 9>ECD9EVW 8BE?V8:9A<I 79AV6 5G?< 

79ABEC9J<HVKA<@< V ;4?9:4?< 6V8 F<CG AB>84GAG ERN1. "FD<@4AV 

D9;G?ьF4F< CDB89@BAEFDG64?< 64:?<6G DB?ь 9A8BD<5BAG>?94;< ERN1 6 

D97G?OJVW 9>ECD9EVW 79AV6 ZEB2, TGIF1, LHX6 F4 MEIS3, BE>V?ь>< O> G 

>?VF<A4I 7?VB@< ; CD<7AVK9ABN 9A8BD<5BAG>?94;ABN 4>F<6AVEFN 

E<7A4?ьAB7B CDBF9WAG ERN1, F4> V G >?VF<A4I 59; B5BI 9A;<@4F<KA<I 

4>F<6ABEF9= ERN1, DV69Aь 9>ECD9EVW J<I 79AV6 VEFBFAB A9 6V8DV;AO6EO. &9 

C9D9>BA?<6B E6V8K<Fь CDB BCBE9D98>B64AVEFь 6<O6?9A<I ;@VA 6 9>ECD9EVW J<I 

79AV6 E4@9 9A8BD<5BAG>?94;ABN, 4 A9 CDBF9WA>VA4;ABN 4>F<6AVEFN ERN1. 

�C9DL9 F4>B: CB>4;4AB, MB E4@9 CDBF9WA>VA4;A4 4>F<6AVEFь ERN1 є 

>?NKB6<@ D97G?OFBDB@ 9>ECD9EVW 79AV6 PBX3, PRRX1, PAX6 V PBXIP1, 

BE>V?ь>< CD<7AVK9AAO ?<L9 9A8BD<5BAG>?94;ABW 4>F<6ABEFV E<7A4?ьAB7B 

CDBF9WAG ERN1 A9 6C?<64?B A4 DV69Aь WIAьBW 9>ECD9EVW. 

�C9DL9 F4>B: CB>4;4AB, MB 9>ECD9EVO 5V?ьLBEFV 79AV6 

FD4AE>D<CJV=A<I H4>FBDV6 DB8<A< Homeobox є KGF?<6BN 8B 7VCB>EVW, 

CD<KB@G DV69Aь 9>ECD9EVW J<I 79AV6 ;@VANєFьEO CB-DV;AB@G O> ;4 69?<K<ABN 

9H9>FG, F4> V ;4 A4CDO@>B@ ;@VA G >BAFDB?ьA<I, FD4AEHV>B64A<I CBDB:AV@ 

69>FBDB@, >?VF<A4I 7?VB5?4EFB@<. �EF4AB6?9AB F4>B:, MB CD<7AVK9AAO 

9A8BD<5BAG>?94;ABW F4 CDBF9WA>VA4;ABW 4>F<6ABEF9= E<7A4?ьAB7B CDBF9WAG 

ERN1 ;@VANє KGF?<6VEFь C9D964:ABW 5V?ьLBEFV 79AV6 DB8<A< Homeobox 8B 

7VCB>EVW, 4 J9 E6V8K<Fь CDB ;4?9:A<= 6V8 ERN1 >BAFDB?ь 7VCB>E<KABW 

D97G?OJVW DV6AO 9>ECD9EVW 5V?ьLBEFV 8BE?V8:9A<I A4@< 79AV6 J<I 

FD4AE>D<CJV=A<I H4>FBDV6. &V D9;G?ьF4F< є CV8ґDGAFO@ 8?O DB;>D<FFO 

@9I4AV;@V6 D9;<EF9AFABEFV CGI?<AA<I >?VF<A 8B FB>E<KA<I 9H9>FV6 7VCB>EVW 

;4 G@B6 EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4. 



 

#D<AJ<CB6B AB6V D9;G?ьF4F< 5G?< BFD<@4AV CD< 6<6K9AAV 7VCB>E<KABW 

D97G?OJVW CDBBA>B79AAB7B Homeobox 79A4 SPAG4 G >?VF<A4I 7?VB5?4EFB@<, 

O>V CDB89@BAEFDG64?< DV;>9 ;A<:9AAO =B7B KGF?<6BEFV 8B 7VCB>EVW ;4 G@B6 

CD<7AVK9AAO ERN1 V O>V 6>4;GNFь A4 @B:?<6G GK4EFь FD4AE>D<CJV=AB7B 

H4>FBD4 SPAG4 G ;A<:9AAV VAF9AE<6ABEFV CDB?VH9D4JVW J<I >?VF<A ;4 G@B6 

AB>84GAG ERN1. 
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CD<7AVK9AAO  E<7A4?ьAB7B L?OIG EFD9EG 9A8BC?4;@4F<KAB7B D9F<>G?G@4 

ERN1 C9D964:AB @B8<HV>Gє WIAV 9H9>F<. &V D9;G?ьF4F< 6>4;GNFь A4 ERN1-

;4?9:A<= I4D4>F9D KGF?<6BEFV >?VF<A 7?VB5?4EFB@< 8B ;459;C9K9AAO WI 

7?N>B;BN F4 7?GF4@VAB@.  
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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/ERN1, 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 IRE1/ERN1 

(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 SLC1A5 (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/ERN1 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 IRE1 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 IRE1 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 U87MG 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 IRE1, 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, LHX2, 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, TGIF1, 

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 

ERN1 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 ERN1 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 mRNA 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 ZEB2 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 ERN1, 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, PRRX1, 

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, MEIS1, 

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 U87MG line under 

the conditions of suppression of IRE1/ERN1, 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 ERN1 

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 ERN1. 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 ERN1 

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 ERN1 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. 

 

Keywords: gene expression, nucleus, genome, IRE1 inhibition, 

endoplasmic reticulum stress, RNA, ACTB, PCR, glioma, tumor cells, 

Homeobox family genes, hypoxia, glutamine deprivation, glucose deprivation. 
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