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При?уць>а І.М. «#@>B8?CE;8==89 ?>B5=FV0; :><?;5:AV2 ?@8@>4=8E 
>;V3>@81>=C:;5>B84V2 7 <0=VB>;>< =0 @V7=8E <>45;ь=8E A8AB5<0E
B0 » – �20;VDV:0FV9=0 =0C:>20 ?@0FO =0 ?@020E @C:>?8AC. 

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

EC9JV4?ьAVEFN 091 �VB?B7VO (09 – �VB?B7VO). - ІAEF<FGF @B?9>G?ODABW 5VB?B7VW V 

79A9F<>< ��� #>D4WA<, �<W6, 2025.

$>1>B0 ?@8A2SG5=0 4>A;V465==R ?>B5=FV9=8E ?@>B8?CE;8==8E 

2;0AB82>AB59 :><?;5:AV2 ?@8@>4=VE >;V3>@81>=C:;5>B84V2 7 D-<0=VB>;><. 

$0: 70;8H0єBPAS ?@>2V4=>R ?@8G8=>R A<5@B=>ABV C A2VBV, 7018@0RG8 

I>@VG=> 1;87P:> 10 <V;P9>=V2 68BBV2. �=0G=0 @>;P C ?@>3@5AVW @0:C, =570;56=> 

2V4 B8?C B0 5BV>;>3VW, =0;568BP E@>=VG=><C 70?0;5==R, S:5 A?@8Sє V=VFV0FVW, 

?@>3@5AVW ?CE;8= B0 D>@<C20==R ?CE;8==>3> <V:@>>B>G5==S. #;59>B@>?=89 

S45@=89 B@0=A:@8?FV9=89 D0:B>@ NF-»B (nuclear factor kappa-light-chain-enhancer 

of activated B cells) S: :;RG>289 @53C;SB>@ 70?0;P=>3> ?@>F5AC 2V4V3@0є 206;82C 

@>;P C ?V4B@8<FV 68BBє740B=>ABV, ?@>;VD5@0FVW B0 @53C;SFVW 0?>?B>7C ?CE;8==8<8 

:;VB8=0<8. &><C <>4C;SFVS 5:A?@5AVW NF-»B <>65 ACBBє2> 2?;820B8 =0 E0@0:B5@ 

?CE;8==>3> <V:@>>B>G5==S B0 2V4?>2V4P =0 B5@0?VR, I> @>73;S40єBPAS S: 

?5@A?5:B82=0 AB@0B53VS 4;S 7=865==S 03@5A82=>ABV ?CE;8=. � >3;S4C =0 F5, 

@53C;SFVS 0:B82=>ABV NF-»B 70 4>?><>3>R ?@5?0@0BV2 7 ?@>B870?0;P=8<8 

2;0AB82>ABS<8 є 1030B>>1VFSRG8< =0?@S<>< C B5@0?VW 7;>S:VA=8E =>2>CB2>@5=P. 

�@V< B>3>, 203><89 2:;04 C @>728B>: >=:>?0B>;>3V9 @>1;SBP 2V@CA=V V=D5:FVW, S:V 

G5@57 E@>=VG=5 70?0;5==S B0 5:A?@5AVR 2V@CA=8E >=:>?@>B5W=V2 A?@8SRBP 

7;>S:VA=V9 B@0=AD>@<0FVW :;VB8=. ' FP><C :>=B5:ABV >A>1;8289 V=B5@5A 



3

AB0=>2;SBP ?@5?0@0B8 7 ?@>B870?0;P=8<8, V<C=><>4C;RRG8<8 B0 

?@>B82V@CA=8<8 2;0AB82>ABS<8. 

�><?;5:A8 >;V3>@81>=C:;5>B84V2 7 D-<0=VB>;>< ("$!-D- ) @0=VH5 

?@>45<>=AB@C20;8 ?>BC6=C ?@>B870?0;P=C 4VR, 7>:@5<0 G5@57 <5E0=V7< 

<>4C;SFVW 5:A?@5AVW NF-»B B0 @53C;P>20=8E =8< =87EV4=8E F8B>:V=V2 B0 E5<>:V=V2, 

0 B0:>6 ?@>B82V@CA=C 0:B82=VABP C @V7=8E 5:A?5@8<5=B0;P=8E <>45;SE. �8E>4SG8 

7 FP>3>, C @>1>BV 4>A;V465=> ?>B5=FV9=V ?@>B8?CE;8==V 2;0AB82>ABV "$!-D- , 

2:;RG0RG8 9>3> 2?;82 =0 68BBє740B=VABP ?CE;8==8E :;VB8= =0 @V7=8E <>45;SE in 

vitro B0 in vivo, 0 B0:>6 <5E0=V7<8 4VW ?@5?0@0BC, 70;CG5=8E C @50;V70FVW 9>3> 

5D5:BV2.

' 48A5@B0FV9=V9 @>1>BV 2?5@H5 ?>:070=>, I> "$!-D-  A?@8Sє 7=0G=><C 

7=865==R ?@>;VD5@0FVW @07>< V7 V=4C:FVєR 703815;V ?CE;8==8E :;VB8= in vitro, 

>4=>G0A=> 45<>=AB@CRG8 4>7>70;56=C A5;5:B82=VABP ?@8 >1@>1FV =5?CE;8==8E 

:;VB8==8E ;V=V9. &0:, =0 ?CE;8==8E :;VB8==8E ;V=VSE <5;0=><8 <8HV B16 B0 

;R4AP:>W 3;V>1;0AB><8 U251 1C;> 2AB0=>2;5=>, I> ?@5?0@0B 4>7>- B0 G0A>70;56=> 

V=3V1Cє 68BBє740B=VABP 40=8E :C;PBC@ :;VB8=. #@8 FP><C, 4;S =5?CE;8==8E 

:;VB8==8E ;V=V9 =8@:8 A>10:8 MDCK B0 ?5@28==>W ;V=VW DV1@>1;0ABV2 <8HV MEF 

1C;> 70DV:A>20=> 4> 5 @07V2 28I89 ?>:07=8: IC50, ?>@V2=S=> 7 ?CE;8==8<8 

:;VB8=0<8. �>4=>G0A ?@>45<>=AB@>20=> 70;56=VABP V=3V1CRG>W 0:B82=>ABV "$!-

D-  2V4 :8A;>B=>W D>@<8 @81>=C:;5W=>2>3> :><?>=5=BC, >A:V;P:8 D>@<0 

=0B@Vє2>W A>;V "$!, S:0 B@048FV9=> 28:>@8AB>2CєBPAS 2 D0@<0:>;>3VW, 0 B0:>6 

=0B@Vє2V A>;V "$!-D-  =5 ?@>S2;SRBP F8B>B>:A8G=V 2;0AB82>ABV =0 :C;PBC@0E 

:;VB8= C <560E 4>A;V46C20=8E :>=F5=B@0FV9 4> 10 <3/<;. #@8 FP><C, 

0F848DV:0FVS :C;PBC@0;P=>3> A5@54>28I0 ?@8 @>7G8=5==V :8A;>W D>@<8 "$!-D-

  =57=0G=> 2?;820є =0 68BBє740B=VABP =5?CE;8==8E :;VB8=, B>4V S: ?CE;8==V 

:C;PBC@8 45<>=AB@CRBP ?>@V2=S=> =87P:C GCB;82VABP 4> 7<V= pH, 0;5 <0RBP 

28A>:C A?@89=SB;82VABP 4> :>=F5=B@0FVW ?@5?0@0BC 2 A5@54>28IV.

!0<8 2AB0=>2;5=>, I> D>@<0 :><?;5:AC "$! V7 D-  є 5D5:B82=VH>R 2 

?@>S2V V=3V1C20==S 68BBє740B=>ABV ?CE;8==8E :C;PBC@ :;VB8=, =V6 "$!, I> 
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70DV:A>20=> C @V7=8FV 2 ?>:07=8:C IC50 3 4> 4 @07V2 4;S F8E @5G>28=, 70;56=> 2V4 

B8?C :;VB8==>W ;V=VW. #V4B25@465=>, I> ?@>4C:B8 ?>2=>3> @>7?04C "$!-D-  3 

45S:V B8?8 =C:;5>B84<>=>D>AD0BV2 (U $ B0 � $), B0:>6 A?@8SRBP 

F8B>B>:A8G=><C 5D5:BC, E>G0 A0<>ABV9=> 2>=8 ?@>S2;S;8 =86G89 @V25=P  

V=3V1C20==S 68BBє740B=>ABV. �>:@5<0, C 4>A;V465==V 2?5@H5 ?>:070=> 

4>7>70;56=5 V=3V1C20==S 68BBє740B=>ABV :;VB8==8E ;V=V9 ?V4 4VєR U $. 

�8S2;5=>, I> "$!-D-  ACBBє2> 2?;820є =0 :;VB8==89 F8:; ?CE;8==8E 

:;VB8= �16. �=4C:>20=0 70B@8<:0 ?>?C;SFVW :;VB8= C D07V G0/G1 

AC?@>2>46C20;0AS 7=865==S< G0AB:8 :;VB8= C D07V G2/ , I> A2V4G8BP ?@> 

?>@CH5==S <5E0=V7<V2 ?@>;VD5@0FVW. �@V< B>3>, 287=0G5=>, I> 2?;82 ?@5?0@0BC 

=5 >1<56CєBPAS ;8H5 F8B>AB0B8G=8< 5D5:B><. #VA;S >1@>1:8 "$!-D-  

2V4<VG5=> ?V428I5==S G0AB:8 D078 Sub G0, S:0 45<>=AB@Cє ?>S2C <0@:5@0 

0?>?B>7C - D@03<5=B>20=>W �!�. �8S2;5=>, I> V=4C:FVS 0?>?B>7C :>@5;Rє 7 

:>=F5=B@0FVєR ?@5?0@0BC, I> 2:07Cє =0 ?>42V9=89 F8B>AB0B8G=89 B0 

F8B>B>:A8G=89 5D5:B8 ?@5?0@0BC =0 ?CE;8==V :;VB8=8.

�82G5==S <>;5:C;S@=8E <5E0=V7<V2 4VW 70 4>?><>3>R 0=0;V7C 7<V= 5:A?@5AVW 

35=V2 ?V4 2?;82>< ?@5?0@0BC 2AB0=>28;>, I> "$!-D-  V=4C:Cє 3V?5@5:A?@5AVR 

<0B@8G=>W $!� (<$!�) 35=V2 :;VB8==8E @5F5?B>@V2, GCB;828E 4> $!�: Tlr3, Tlr7, 

Tlr8 B0 Eif2ak2. *V @5F5?B>@8 74V9A=RRBP @53C;SFVR :;VB8==8E 70?0;P=8E 

A83=0;P=8E H;SEV2,  <>4C;RRG8 5:A?@5AVR NF-»B: A?>AB5@V30;0AS V=4C:FVS 

<$!� AC?@5A82=>W AC1>48=8FV Nfκb1 B0 7<5=H5==S 5:A?@5AVW 35=C 0:B820FV9=>W 

AC1>48=8FV Nfκbrela. *5 A?@8G8=S;> 7=865==S 5:A?@5AVW <$!� =87EV4=8E 

?@>70?0;P=8E F8B>:V=V2 Іl1b, "nf B0 ?@>0?>?B8G=>3> D0:B>@0 Bcl2, 0 B0:>6 203><5 

?V428I5==S 5:A?@5AVW 35=C 5D5:B>@=>W :0A?078 Casp3. �@V< FP>3>, A?>AB5@V30;0AS 

V=4C:FVS 5:A?@5AVW 35=V2 V=B5@D5@>=V2 B8?C � Іfna2, Іfnb1, <>4C;SFVS 5:A?@5AVW S:8E 

B0:>6 2V41C20єBPAS ?V4 4VєR 28AEV4=8E @53C;SB>@V2 Toll-?>4V1=8E @5F5?B>@V2 

(TLR).

�>A;V465==S =0 B20@8==V9 <>45;V <5;0=><8 B16 V7 >4=>G0A=8< 22545==S< 

?@5?0@0BC ?@8 B@0=A?;0=B0FVW ?CE;8==8E :;VB8= ?V4B25@48;8 ?@>B8?CE;8==C 
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0:B82=VABP "$!-D-  ?@8 ?@S<><C :>=B0:BV V7 7;>S:VA=8<8 :;VB8=0<8. � B0:V9 

<>45;V 70AB>AC20==S ?@5?0@0BC C 28A>:8E 4>70E 70?>1V30;> D>@<C20==R ?CE;8= 

C 1V;PH>ABV 5:A?5@8<5=B0;P=8E B20@8=. #@>B5 :;0A8G=0 ;V:C20;P=0 AE5<0, 0 

B0:>6 22545==S "$!-D-  ?@8 B@0=A?;0=B0FVW ?CE;8==8E :;VB8= =5 

45<>=AB@C20;8 B0:>3> 5D5:BC, I> A2V4G8BP ?@> 206;82VABP ;>:0;V7>20=>W 4VW 

?@5?0@0BC.

�@V< B>3>, C E>4V @>1>B8 70?@>?>=>20=> <5B>4 28:>@8AB0==S =>2>3> 

V=B5@:0;RRG>3> 10@2=8:0 2VBG87=S=>3> 28@>1=8FB20 =0 >A=>2V 48<5@V2 

0:@848=>2>3> >@0=652>3>, I> 4>72>;Sє ?@>2>48B8 0=0;V7 5:A?@5AVW 35=V2 70 

:V;P:VA=8< A?V22V4=>H5==S< :�!�, >B@8<0=>3> 70 4>?><>3>R 72>@>B=P>-

B@0=A:@8?B07=>W @50:FVW 7 =0ABC?=8< 0=0;V7>< 70 4>?><>3>R ?>;V<5@07=>-

;0=FR3>2>W @50:FVW (�&-:#�$-0=0;V7C) 7 28A>:>R 5D5:B82=VABR B0 GCB;82VABR. 

$50:FV9=0 AC<VH =0 >A=>2V FP>3> 10@2=8:0 45<>=AB@Cє 28IV D;C>@5AF5=B=V 

2;0AB82>ABV 4> 4 @07V2 C ?>@V2=S==V 7V AB0=40@B=8<8 10@2=8:0<8, B0:8<8 S: 

EvaGreen B0 SYBR Green �. $57C;PB0B8 A2V4G0BP, I> =>289 10@2=8: <>65 1CB8 

5D5:B82=8< V=AB@C<5=B>< 4;S ?V428I5==S ?@>4C:B82=>ABV B0 2V4B2>@R20=>ABV 

<5B>4C �&-:#�$, 70157?5GCRG8 :>=:C@5=B>A?@><>6=C 0;PB5@=0B82C VA=CRG8< 

:><5@FV9=8< @5035=B0<. $>7@>1;5=89 <5B>4 1C;> 70AB>A>20=> 4;S �&-:#�$-

0=0;V7C C ?>B>G=><C 4>A;V465==V.

"B@8<0=V @57C;PB0B8 2?;82C "$!-D-  =0 ?CE;8==V :;VB8=8 @>7H8@RRBP 

=0C:>2V 7=0==S ?@> <5E0=V7<8 4VW >;V3>@81>=C:;5>B84V2 B0 4>72>;SRBP 

?@8?CAB8B8, I> "$!-D-  <>65 AB0B8 ?5@A?5:B82=>R >A=>2>R 4;S @>7@>1:8 

=>28E ?@>B8?CE;8==8E ?@5?0@0BV2 V7 :><1V=>20=>R 4VєR: ?@>B8?CE;8==>R, 

?@>B870?0;P=>R, V<C=><>4C;RRG>R B0 ?@>B82V@CA=>R. &0:89 ?V4EV4 є >A>1;82> 

0:BC0;P=8< 4;S ;V:C20==S >=:>;>3VG=8E 70E2>@R20=P, 0A>FV9>20=8E V7 E@>=VG=8< 

70?0;5==S< 01> 2V@CA=>R 5BV>;>3VєR, 45 B@048FV9=V 2848 B5@0?VW <0RBP 7=0G=C 

B>:A8G=VABP.
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�;RG>2V A;>20: ?@8@>4=V >;V3>@81>=C:;5>B848, $!�, :;VB8==V :C;PBC@8, 

меланома, гліома, $!�-729S7CRGV 1V;:8, 5:A?@5AVS 35=V2, :#�$, :;VB8==89 

A83=0;V=3, 70?0;5==S, @0:, протиракова B5@0?VS, 0?>?B>7, F8B>B>:A8G=VABP.

#C1;V:0FVW 02B>@0 70 B5<>N 48A5@B0FVW

%B0BBV C =0C:>28E D0E>28E 2840==OE
1. Kulyk O. G., Kolosova O. S., Svoiakov R. P., Kobzev D. V., Hovor I. V.,

Kraievska I. M., Sanin E. V., Krivoshey A. I., Tkachuk Z.Yu., Tatarets A. L. Novel 
dimeric dyes based on the acridine orange chromophore: Synthesis, 

characterization, and application in real-time PCR. Dyes and Pigments, 2022, 200, 

110148. DOI: 10.1016/j.dyepig.2022.110148. (Q1, Impact Factor 5,1). �EB5<EF<= 

6A9EB> ;8B5G64K4 – 4A4?V; ?VF9D4FGDA<I 84A<I, CDB6989AAO З"->��  

8BE?V8:9Aь ; AB6<@< 54D6A<>4@<, 4A4?V; D9;G?ьF4FV6, GK4EFь 6 A4C<E4AAV 

EF4FFV V CV87BFB6JV WW 8B 8DG>G.

2. Kraievska I. M., Tkachuk Z. Yu. Effect of complexes of natural
oligoribonucleotides with D-mannitol on the viability of cell cultures of different 

origin. Biopolymers and Cell, 2023, 39 (3), 2203230. 

DOI: 10.7124/bc.000A9. (Q4, Impact Factor 0,5). �EB5<EF<= 6A9EB> ;8B5G64K4 – 

CDB6989AAO 9>EC9D<@9AF4?ьABW K4EF<A< DB5BF<, A4C<E4AAO F4 CV87BFB6>4 

EF4FFV 8B 8DG>G.

3. Prylutska I., Tkachuk Z. Yu. Oligoribonucleotides in complexes with D-
mannitol alter cell cycle and cause apoptosis in murine melanoma B16 cells. 

Biopolymers and Cell, 2024, 40(2):118-126. DOI: 10.7124/bc.000AB2. (Q4, 

Impact Factor 0,5). �EB5<EF<= 6A9EB> ;8B5G64K4 – CDB6989AAO 

9>EC9D<@9AF4?ьABW K4EF<A< DB5BF<, A4C<E4AAO F4 CV87BFB6>4 EF4FFV 8B 

8DG>G.

4. Kulyk O., Svoiakov R., Kolosova O., Prylutska I., Vasiliu T., Puf R.,
Mocci F., Laaksonen A., Perepelytsya S., Krivoshey A., Kobzev D., Tkachuk Z., 
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Tatarets A. Nucleic acid-binding bis-acridine orange dyes with improved properties 

for bioimaging and PCR applications. J. Mater. Chem. B, 2024, 12, 11968. DOI: 

10.1039/d4tb01775g. (Q1, Impact Factor 6,1)  �EB5<EF<= 6A9EB> ;8B5G64K4 – 

4A4?V; ?VF9D4FGDA<I 84A<I, CDB6989AAO З"->��  8BE?V8:9Aь ; AB6<@< 

54D6A<>4@<, 4A4?V; D9;G?ьF4FV6, GK4EFь 6 A4C<E4AAV EF4FFV V CV87BFB6JV WW 8B 

8DG>G.

5. Prylutska I., Tkachuk Z. Impact of the natural oligoribonucleotides in 
complexes with D-mannitol on tumor growth and expression of immune cell 

markers in a mouse melanoma �16 model. ScienceRise: Pharmaceutical Science, 

2025, 2 (54): 4311. DOI: 10.15587/2519-4852.2025.326767. (Q3, Impact Factor 

0,8).  �EB5<EF<= 6A9EB> ;8B5G64K4 – 4A4?V; ?VF9D4FGDA<I 84A<I, CDB6989AAO 

9>EC9D<@9AF4?ьA<I 8BE?V8:9Aь, 4A4?V; D9;G?ьF4FV6, A4C<E4AAO EF4FFV V 

CV87BFB6>4 8B 8DG>G.

#0B5=B
%?>AV1 :V;P:VA=>3> 287=0G5==S 42>;0=FR3>2>W �!� (4;�!�) ?V4 G0A 

?@>2545==S ?>;V<5@07=>W ;0=FR3>2>W @50:FVW (#�$): ?0B. UA 153734 U: C12Q 

1/00, C09B 15/00, G01N 21/00 / �C;8: ". �., &0B0@5FP �. �., �>;>A>20 ". %., 

�>2>@ �. �., &C:0;>  . �, �@0є2Aь:0 �.  ., &:0GC: �. .. - u 2021 07331; 70S2;. 
16.12.2021; >?C1;. 24.08.2023, �R;. № 34. 4 11 A.

&578 =0C:>28E 4>?>2V459
1. �@0є2Aь:0 �. ., �03V=0 �. ., �5@0I5=:> �.�., /:>25=:> &.�., �0HC10 

�.�., &:0GC: �.. �?;82 :><?;5:AV2 >;V3>@81>=C:;5>B84V2 7 D-<0=VB>;>< =0 

?CE;8=>CB2>@5==S C <8H0GV9 <>45;V <5;0=><8 �16. )�� ':@0W=AP:89 

1V>EV<VG=89 �>=3@5A, 30 25@5A=S 3 4 6>2B=S  2019 @., &5@=>?V;P.  548G=0 B0 

:;V=VG=0 EV<VS. 2019. &. 21. № 3 (4>40B>:), A. 201.

2. Kraievska I., Vagina I., Gerashchenko G. Yakovenko T., Kashuba V., 
Tkachuk Z. The influence of oligoribonucleotide complexes with D-mannitol on 
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tumor formation in a murine model of B16 melanoma. 5th International Electronic 
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SUMMARY

Prylutska I.M. "Antitumor potential of complexes of natural 
oligoribonucleotides with D-mannitol in various in vitro and in vivo model 
systems" – Qualification research with the manuscript copyright. 

The dissertation is submitted in fulfillment of the requirements for the degree of 

Doctor of Philosophy (091 Biology) – Institute of Molecular Biology and Genetics of 

the National Academy of Sciences of Ukraine, Kyiv, 2025. 

This study is dedicated to investigating the potential antitumor properties of 

complexes of natural oligoribonucleotides with D-mannitol.

Cancer remains a leading cause of mortality worldwide, claiming approximately 

10 million lives annually. Chronic inflammation plays a significant role in cancer 

progression, regardless of tumor type or etiology by promoting tumor initiation, 

progression, and shaping the tumor microenvironment. $leiotropic transcription factor 

NF-»B (nuclear factor kappa-light-chain-enhancer of activated B cells), as a key 

regulator of inflammatory processes, plays a crucial role in maintaining tumor cell 

viability, proliferation, and evasion of apoptosis. Therefore, modulating NF-»B 

expression can significantly impact the tumor microenvironment and therapeutic 

response, making it a promising strategy for reducing tumor aggressiveness. 

Consequently, regulating NF-»B activity through agents with anti-inflammatory 

properties represents a promising avenue for malignant tumor therapy. Moreover, viral 

infections contribute significantly to oncogenesis by inducing chronic inflammation 

and expressing viral oncoproteins that drive malignant cell transformation. In this 

context, compounds with anti-inflammatory, immunomodulatory, and antiviral 

properties are of particular interest.
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ORN-D-M have demonstrated potent anti-inflammatory effects, particularly 

through modulation of NF-»B expression and its downstream cytokines and 

chemokines, as well as antiviral activity in various experimental models. Based on 

these findings, this study explores the potential antitumor properties of ORN-D-M, 

including its effects on tumor cell viability in different in vitro and in vivo models, as 

well as the underlying mechanisms of its action.

For the first time, this research demonstrates that ORN-D-M significantly 

reduces tumor cell proliferation while inducing tumor cell death in vitro, while also 

exhibiting selectivity toward non-tumorigenic cell lines. Specifically, in tumor cell 

lines of mouse melanoma B16 and human glioma U251, the compound exhibited dose- 

and time-dependent inhibition of cell viability. In contrast, non-tumorigenic cell lines 

of canine kidney epithelium MDCK and mouse embryonic fibroblasts MEF displayed 

an IC50 value up to five times higher than tumor cells, indicating significantly lower 

sensitivity to the compound. Furthermore, the inhibitory activity of ORN-D-M was 

shown to be dependent on the acidic form of its ribonucleotide component. The sodium 

salt form of ORN, which is traditionally used in pharmacology, along with its 

modification with D-M did not exhibit cytotoxic properties within the tested 

concentration range.

Acidification of the culture medium upon dissolution of the acidic form of ORN-

D-M had only a minor impact on the viability of non-tumorigenic cells. In contrast, 

tumor cultures exhibited low sensitivity to pH fluctuations but demonstrated high 

susceptibility to ORN-D-M concentration in the medium. Additionally, it was 

established that the ORN-D-M complex form is more effective in inhibiting tumor cell 

viability than ORN alone, with up to a fourfold difference in IC50 values, depending on 

the cell line type.

Furthermore, the complete degradation product of ORN-D-M4certain 

nucleotide monophosphates (UMP and AMP)4also contributed to the cytotoxic effect, 

although individually they exhibited lower levels of viability inhibition. Notably, this 
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study provides the first evidence of dose-dependent inhibition of tumor cell viability 

by UMP.

ORN-D-M significantly impacts the cell cycle of B16 tumor cells, inducing 

G0/G1 phase arrest, which is accompanied by a decrease in the G2/M phase fraction, 

indicating disruptions in proliferation mechanisms. Additionally, the compound's effect 

was not limited to cytostatic activity. Following ORN-D-M treatment, an increase in 

the Sub-G0 phase fraction was observed, indicative of apoptotic DNA fragmentation. 

Apoptosis induction was found to correlate with the compound9s concentration, 

confirming its dual cytostatic and cytotoxic effects on tumor cells.

Molecular mechanism studies involving gene expression analysis revealed that 

ORN-D-M induces the overexpression of genes for RNA-sensing receptors: Tlr3, Tlr7, 

Tlr8, and Eif2ak2. These receptors regulate inflammatory signaling pathways, 

modulating NF-»B expression, where induction of the suppressive subunit Nfκb1 and 

downregulation of the activating subunit Nfκbrela were observed. This resulted in the 

downregulation of the downstream pro-inflammatory cytokine mRNA Il1b, Tnf and 

the pro-apoptotic factor Bcl2, alongside a significant increase in the expression of 

effector caspase Casp3. Furthermore, type I interferon gene expression Ifna2, Ifnb1 

was induced, which is also regulated by upstream Toll-like receptors` (TLR) pathways.

An in vivo melanoma B16 model with simultaneous administration of the 

compound during tumor cell transplantation confirmed the antitumor activity of ORN-

D-M upon direct contact with malignant cells. In this model, high-dose administration 

of ORN-D-M prevented tumor formation in most experimental animals. However, 

conventional therapeutic administration of ORN-D-M did not exhibit the same effect, 

highlighting the importance of localized drug action.

Additionally, this study developed and tested a method for using a new 

intercalating dye based on acridine orange dimers, produced domestically, for gene 

expression analysis via qPCR with high efficiency and sensitivity. The reaction mixture 

containing this dye exhibited up to four times greater fluorescence intensity compared 

to such commercially available dyes as EvaGreen and SYBR Green. The results 
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indicate that this novel dye could serve as an effective tool for enhancing the efficiency 

and reproducibility of qPCR analyses, providing a competitive alternative to 

commercially available reagents. This newly developed method was successfully 

applied in the current study for qPCR analysis.

The findings on ORN-D-M's effects on tumor cells expand scientific knowledge 

on the mechanisms of oligoribonucleotide action and suggest that ORN-D-M may 

serve as a promising foundation for developing new antitumor agents with selectivity 

toward malignant cells and a combined mechanism of action: antitumor, anti-

inflammatory, immunomodulatory, and antiviral. This approach is particularly relevant 

for treating cancers associated with chronic inflammation or viral etiology, where 

conventional therapies exhibit significant toxicity.

Keywords: natural oligoribonucleotides, RNA, cell lines, glioma, melanoma, 

RNA-binding proteins, gene expression, qPCR, cellular signaling, 

inflammation, cancer, anticancer therapy, apoptosis, cytotoxicity.
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C 2V4?>2V4P =0 G8==8:8 V=VFV0FVW @0:C, 0 A0<5 ?0B>35==8E V 70?0;P=8E A83=0;V2 [5]. 

%0<5 B><C ?@>B870?0;P=V ?@5?0@0B8 B0 70A>18, A?@S<>20=V =0 <>;5:C;S@=V 

<VH5=V, I> 70;CG5=V 4> @53C;SFVW E@>=VG=>3> 70?0;5==S, =01C20RBP 4540;V 

1V;PH>3> 7=0G5==S C ?@>DV;0:B8FV B0 ;V:C20==V >=:>;>3VG=8E 70E2>@R20=P [6]. 

�@V< B>3>, NF-»B є ?5@A?5:B82=>R <>;5:C;S@=>R <VH5==R 4;S >=:>B5@0?VW C 

729S7:C 7 >1H8@=8<8 @53C;SB>@=8<8 <>6;82>ABS<8 ?@8 :0=F5@>35=57V [7,8].

#@5?0@0B8 "$! B0 9>3> :><?;5:A V7 D-M =0 >A=>2V =87P:>?>;V<5@=8E 

D@03<5=BV2 $!� ?@8@>4=P>3> ?>E>465==S E0@0:B5@87CRBPAS 28A>:>R 

1V>;>3VG=>R 0:B82=VABR, 7>:@5<0 ?@>B870?0;P=>R B0 V<C=><>4C;RRG>R 4VєR, 
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I> 1C;> ?>:070=> 2 4>:;V=VG=8E B0 :;V=VG=8E 4>A;V65==SE [9312]. �AB0=>2;5=>, 

I> >4=VєR 7 <>;5:C;S@=8E <5E0=V7<V2 4VW FP>3> ?@5?0@0BC є 729S7C20==S V7 $!�-

70;56=8<8 TLR B0  5C:0@V>B8G=8< D0:B>@>< V=VFV0FVW B@0=A;SFVW 2 0;PD0-:V=07>R 

2 (EIF2AK2), I> V=4C:Cє <5B01>;VG=89 H;SE @53C;SFVW B@0=A:@8?FV9=>3> 

D0:B>@0 NF-»B B0 ?@872>48BP 4> <>4C;SFVW 5:A?@5AVW =87EV4=8E ?@>70?0;P=8E 

35=V2 B0 7<5=H5==S V=B5=A82=>ABV 70?0;P=>3> ?@>F5AC [13,14]. �@V< B>3>, 

206;82>R E0@0:B5@8AB8:>R ?@5?0@0BC є 9>3> 4>1@0 ?5@5=>A8<VABP C 28A>:8E 

4>7C20==SE [11]. �@0E>2CRG8 :;RG>2C @>;P 70?0;P=8E <5E0=V7<V2 C ?0B>35=57V 

@0:C, =0H5 4>A;V465==S 1C;> A?@S<>20=5 =0 79SAC20==S, G8 <>6CBP @0=VH5 

287=0G5=V D0@<0:>;>3VG=V 2;0AB82>ABV ?@5?0@0BC, 7>:@5<0 ?@>B870?0;P=V B0 

V<C=><>4C;RRGV, 1CB8 5D5:B82=> 70AB>A>20=V 4;S ;V:C20==S >=:>;>3VG=8E 

70E2>@R20=P. *V 7=0==S 4>72>;8;8 1 ?@>:;0AB8 H;SE 4;S @>7@>1:8 =>2>3> 

?@>B8@0:>2>3> ?@5?0@0BC 7 V<C=><>4C;RRG>R 4VєR B0 4>1@>R ?5@5=>A8<VABR, 

I> є 206;828<8 E0@0:B5@8AB8:0<8 4;S ?@>B8?CE;8==8E 70A>1V2.

�2'O7>: @>1>B8 7 =0C:>28<8 ?@>3@0<0<8, ?;0=0<8, B5<0<8. �8A5@B0FVS 
2V4?>2V40є >A=>2=><C ?;0=C =0C:>2>-4>A;V4=8E @>1VB 3@C?8 ;01>@0B>@VW 

V==>20FV9=8E 1V>B5E=>;>3V9 �=AB8BCBC <>;5:C;S@=>W 1V>;>3VW V 35=5B8:8 !�! 

':@0W=8 V 28:>=C20;0AP 2 @0<:0E 1R465B=8E B5< «�82G5==S ?@8@>4=8E B0 

A8=B5B8G=8E >;V3>=C:;5>B84V2 S: ?>B5=FV9=8E V=3V1VB>@V2 A8AB5<8 @5F5?B>@ PD1- 

;V30=4 PD-L1» (H8D@ B5<8 2.2.4.15, 1 :2. 2019 @. 3 IV :2. 2020 @.), «�82G5==S 

5:A?@5AVW 35=V2 C@>465=>3> V<C=VB5BC B0 WE @53C;SFVS ?@8 >A>1;82> =5157?5G=8E 

2V@CA=8E 70E2>@R20==SE» (H8D@ B5<8 2.2.4.15, 1 :2. 2021 @. 3 IV :2. 2025 @.) B0 

3@0=BC !0FV>=0;P=>3> D>=4C 4>A;V465=P ':@0W=8 «%B2>@5==S D;C>@5AF5=B=8E 

4V03=>AB8G=8E <0B5@V0;V2 4;S 3V1@84870FV9=8E 0=0;V7V2 B0 4>A;V465=P <5B>4>< 

?>;V<5@07=>W ;0=FR3>2>W @50:FVW» (@5єAB@0FV9=89 =><5@ 2020.01/0516, 2020-2021 

@@.).

 5B0 V 70240==O 4>A;V465=ь.  5B>R 48A5@B0FV9=>3> 4>A;V465==S 1C;> 
>FV=8B8 ?>B5=FV9=V ?@>B8?CE;8==V 2;0AB82>ABV "$!-D-M H;SE>< 4>A;V465==S 

WE=P>W 4VW =0 :;VB8==8E ;V=VSE in vitro B0 C @0:>2V9 B20@8==V9 <>45;V in vivo.
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�V4?>2V4=> 4> <5B8 @>1>B8 1C;> ?>AB02;5=> =0ABC?=V 70240==S:

1. �>A;V48B8 4>7>- B0 G0A>70;56=89 2?;82 "$!-D-  =0 

68BBє740B=VABP ?CE;8==8E ;V=V9 B16 B0 U251 B0 =5?CE;8==8E ;V=V9 MDCK 

B0 MEF.

2. �>A;V48B8 B0 ?>@V2=SB8 2?;82 "$!-D-  C A>;P>2V9 D>@<V =0 

68BBє740B=VABP 4>A;V46C20=8E :;VB8==8E ;V=V9.

3. �87=0G8B8 D0:B>@8, I> A?@8SRBP ?>B5=FV9=8< 

?@>B8?CE;8==8< 2;0AB82>ABS< "$!-D-  =0 :;VB8==8E <>45;SE.

4. �82G8B8 2?;82 ?@5?0@0BC =0 :;VB8==89 F8:; ?>?C;SFVW �16.

5. $>7@>18B8 <5B>4 �&-:#�$-0=0;V7C 7 28:>@8AB0==S< =>2>3> 

10@2=8:0 2VBG87=S=>3> 28@>1=8FB20 S: D;C>@5AF5=B=>3> 035=BC 4;S 

28:>@8AB0==S 2 ?>B>G=8E 4>A;V465==SE 5:A?@5AVW 35=V2.

6. �>A;V48B8 2?;82 "$!-D-  =0 5:A?@5AVR 35=V2 $!�-GCB;828E 

TLR B0 EIF2AK2, S:V 740B=V 729S7C20B8AS 7 >;V3>@81>=C:;5>B840<8, 0 B0:>6 

V=4C:>20=>3> =8<8 B@0=A:@8?FV9=>3> D0:B>@0 NF-»B B0 V=H8E A:;04>28E 

TLR- B0 EIF2AK2-70;56=>3> A83=0;P=>3> H;SEC =0 :;VB8==V9 <>45;V �16.

7. �AB0=>28B8 4VR "$!-D-  =0 ?CE;8=>CB2>@5==S B0 5:A?@5AVR 

35=V2 <0@:5@V2 45S:8E B8?V2 ;59:>F8BV2 =0 B20@8==V9 <>45;V <5;0=><8 �16 

70 C<>2 22545==S ?@5?0@0BC >4=>G0A=> V7 B@0=A?;0=B0FVєR ?CE;8==8E 

:;VB8=.

8. �82G8B8 2?;82 "$!-D-  =0 ?CE;8=>CB2>@5==S B0 5:A?@5AVR 

35=V2 <0@:5@V2 45S:8E B8?V2 ;59:>F8BV2 =0 B20@8==V9 <>45;V <5;0=><8 �16 

70 C<>2 20@V0B82=8E AE5< 22545==S 7 28:>@8AB0==S< @V7=8E H;SEV2 

22545==S ?@5?0@0BC.

"1’є:B 4>A;V465==O. #CE;8==V :;VB8=8 B0 WE @50:FVS =0 B5@0?52B8G=V 
035=B8.

#@54<5B 4>A;V465==O.  5E0=V7<8 2?;82C "$!-D-M =0 68BBє740B=VABP 
:;VB8==8E ;V=V9, :;VB8==89 F8:;, 5:A?@5AVR 35=V2, ?CE;8=>CB2>@5==S B0 

V<C=>AC?@5AVR 2 5:A?5@8<5=B0;P=8E in vitro B0 in vivo <>45;SE.
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 5B>48 4>A;V465==O.  &&-0=0;V7, 48D5@5=FV9=5 70D0@1>2C20==S 
B@8?0=>28< A8=V<, 0=0;V7 @>7?>4V;C :;VB8==>3> F8:;C ?>?C;SFVW 7 

70D0@1>2C20==S< ?@>?V4V9 9>484><, 284V;5==S B>B0;P=>W $!� 7 ?>?C;SFVW  

?CE;8==8E :;VB8= B0 :@>2V <8H59, 5;5:B@>D>@57 $!� C <V:@>GV?V, 030@>7=89 

5;5:B@>D>@57, A8=B57 :�!�, �&-:#�$, AB0B8AB8G=V <5B>48 0=0;V7C 40=8E.

!0C:>20 =>287=0 >45@60=8E @57C;ьB0BV2. #@8 28:>=0==V 48A5@B0FV9=>W 
@>1>B8 2?5@H5 28S2;5=> ACBBє289 V=3V1CRG89 2?;82 "$!-D-M =0 68BBє740B=VABP 

?CE;8==8E :;VB8= C :C;PBC@V in vitro. #@8 FP><C, ?>:070=>, I> :;VB8=8 

=5?CE;8==>3> ?>E>465==S 1V;PH ABV9:V 4> 2?;82C ?@5?0@0BC, =V6 ?CE;8==V. 

�?5@H5 2AB0=>2;5=>, I> ;8H5 "$! B0 "$!-D-M, @81>=C:;5W=>289 :><?>=5=B 

S:8E ?5@51C20є C :8A;>B=V9 D>@<V, ?@>S2;Sє F8B>B>:A8G=V 2;0AB82>ABV, =0 2V4<V=C 

2V4 "$! C D>@<V =0B@Vє2>W A>;V, S:0 H8@>:> @5?@575=B>20=0 C D0@<0FVW. �8S2;5=>, 

I> ?@>4C:B8 @>7?04C "$!, 0 A0<5 =C:;5>B84<>=>D>AD0B8 @>1;SBP 2:;04 2 

7=865==S 68BBє740B=>ABV :;VB8=, ?@8 FP><C 2 @>1>BV 2?5@H5 ?>:070=> =530B82=C 

4VR UMP =0 68BBє740B=VABP :C;PBC@ :;VB8=. !0<8 1C;> 2AB0=>2;5=>, I> C >A=>2V 

<5E0=V7<C 7=865==S ?@>;VD5@0FVW ?CE;8==8E :;VB8= �16 ?V4 2?;82>< "$!-D-M 

;568BP A?@8S==S 70B@8<FV :;VB8==>W ?>?C;SFVW C D07V G0/G1 :;VB8==>3> F8:;C, 

I> B0:>6 ?@872>48;> 4> 0?>?B>7=>W 703815;V :;VB8=. &0:>6 2?5@H5 =0 ;V=VW 

?CE;8==8E :;VB8= �16 28S2;5=>, I> ?@5?0@0B V=4C:Cє ?V428I5==S 5:A?@5AVW 35=V2 

:;VB8==8E $!�-GCB;828E TLR B0 EIF2AK2, I> S: =0A;V4>: ?@872>48BP 4> 

70?CA:C :>=B@>;P>20=8E =8<8 A83=0;P=8E H;SEV2 B0 <>4C;SFVW 5:A?@5AVW 

=87EV4=8E 35=V2. �V;PH5 B>3>, <8 2AB0=>28;8, I> V=4C:FVS 40=8E @5F5?B>@V2 

28:;8:0є 3V?5@5:A?@5AVR 35=C AC?@5A82=>W AC1>48=8FV NF-»B1, I> C :V=F52><C 

@0EC=:C A?@8G8=S;> ACBBє25 ?V428I5==S 5:A?@5AVW ?@>-0?>?B8G=8E 35=V2, 0 B0:>6 

7=865==S ?@>70?0;P=8E F8B>:V=V2, I> 9<>2V@=> V є <5E0=V7<>< 2?;82C =0 

68BBє740B=VABP ?CE;8==8E :;VB8=. !0 B20@8==V9 <>45;V <5;0=><8 <8HV �16 

?@>45<>=AB@>20=>, I> 22545==S "$!-D-M C 28A>:V9 4>7V (70 <3/:3) >4=>G0A=> 7 

V=>:C;SFVєR ?CE;8==8E :;VB8= �16 70?>1V30є ?CE;8=>CB2>@5==R, I> 

?V4B25@46Cє V=3V1CRGV 2;0AB82>ABV ?@5?0@0BC ?@8 ?@S<><C :>=B0:BV 7 
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?CE;8==8<8 :;VB8=0<8. #>70S:, 2 C<>20E ;V:C20;P=>3> @568<C 22545==S 7 

28:>@8AB0==S< @V7=8E H;SEV2 22545==S ?@>B8?CE;8==>W 4VW =0 40=V9 <>45;V =5 

A?>AB5@V30;>AS. ":@V< FP>3>, C E>4V @>1>B8 @>7@>1;5=> <5B>4 70AB>AC20==S 

=>2>3> V=B5@:0;RRG>3> 10@2=8:0 2VBG87=S=>3> 28@>1=8FB20 4;S �&-:#�$-

0=0;V7C B0 ?@>V;RAB@>20=>, I> @50:FV9=0 AC<VH =0 >A=>2V B0:>3> 10@2=8:0 

E0@0:B5@87CєBPAS 28I8<8 D;C>@5AF5=B=8<8 2;0AB82>ABS<8 ?>@V2=S=> V7 

AC<VH0<8 =0 >A=>2V AB0=40@B=8E 10@2=8:V2 EvaGreen B0 SYBR Green. *59 <5B>4 

1C;> 28:>@8AB0=> 4;S ?@>2545==S �&-:#�$-0=0;V7C 5:A?@5AVW 35=V2 C 40=><C 

4>A;V465==V.

#@0:B8G=5 7=0G5==O >45@60=8E @57C;ьB0BV2. #@0:B8G=5 7=0G5==S 
=0C:>2>3> 4>A;V465==S ?>;S30є C 2=5A:C 2 30;C7P <>;5:C;S@=>W >=:>;>3VW B0 

5:A?5@8<5=B0;P=>W D0@<0:>;>3VW. "B@8<0=V 40=V I>4> F8B>B>:A8G=8E 

2;0AB82>AB59 :><?;5:AV2 ?@8@>4=VE "$! 7 D-M @>7H8@RRBP =0C:>2V 7=0==S ?@> 

=>2V <5E0=V7<8 2?;82C =0 ?CE;8==V :;VB8=8, I> <>65 1CB8 70AB>A>20=> 4;S 

@>7@>1:8 FV;P>28E ?@>B8?CE;8==8E ?@5?0@0BV2. #@>45<>=AB@>20=V 2;0AB82>ABV 

"$!-D-M in vitro, 7>:@5<0 9>3> 281V@:>20 0:B82=VABP 7V A?@S<C20==S< =0 

?CE;8==V :;VB8=8, 0 B0:>6 <5E0=V7<8 2?;82C G5@57 70B@8<:C :;VB8==>3> F8:;C B0 

V=4C:FVW 0?>?B>7C, 4>72>;SRBP 24>A:>=0;8B8 AB@0B53VW 1>@>BP18 7 >=:>;>3VG=8<8 

70E2>@R20==S<8, 70157?5GCRG8 FV;5A?@S<>20=C 1>@>BP1C 7 ?CE;8==8<8 

:;VB8=0<8 B0 <V=V<0;P=8< 2?;82>< =0 =5?CE;8==V. $>7H8@5=5 4>A;V465==S 7<V= 

A?V22V4=>H5==S 5:A?@5AVW 35=V2 >A=>2=8E AC1>48=8FP B@0=A:@8?FV9=>3> D0:B>@C 

NF-»B 4>72>;Sє :@0I5 7@>7C<VB8 ?@>B870?0;P=V <5E0=V7<8 2?;82C "$!-D-M, I> 

@0=VH5 1C;> ?>:070=> =0 @V7=8E 2V@CA=8E <>45;SE, 0 B0:>6 35?0B>B>:A8G=>ABV V 

4V015BC. $>7@>1;5=89 C E>4V 4>A;V465=P <5B>4 28:>@8AB0==S =>2>3> 

D;C>@5AF5=B=>3> 10@2=8:0 2VBG87=S=>3> 28@>1=8FB20 4;S �&-:#�$-0=0;V7C <>65 

7=09B8 70AB>AC20==S C =0C:>28E B0 4V03=>AB8G=8E ;01>@0B>@VSE, 70157?5GCRG8 

1V;PH B>G=5 B0 5:>=><VG=>-283V4=5 28:>@8AB0==S <5B>4C �&-:#�$.

"A>18AB89 2=5A>: 74>1C20G0. �AV 4>A;V465==S 28:>=C20;8AP 70 
157?>A5@54=P>W CG0ABV 74>1C20G0. �V;PHVABP ?@54AB02;5=8E 5:A?5@8<5=BV2, 0 
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B0:>6 >1@>1:C V 0=0;V7 >B@8<0=8E @57C;PB0BV2 28:>=0=> 74>1C20G5< >A>18AB>. 

�1V@ 40=8E 2?;82C ?@5?0@0BC =0 :;VB8==89 F8:; 28:>=0=> C A?V2?@0FV V7 :.1.=. 

 0@G8H0: &.�., =.A. ;01>@0B>@VW V==>20FV9=8E 1V>B5E=>;>3V9 �=AB8BCBC 

<>;5:C;S@=>W 1V>;>3VW V 35=5B8:8 !�! ':@0W=8. �>A;V465==S in vivo, 0 A0<5 

22545==S ?@5?0@0BC B20@8=0< 70 @V7=8<8 AE5<0<8 V7 70AB>AC20==S< 

@V7=><0=VB=8E H;SEV2 ?@>2545=> V7 A?V2@>1VB=8:0<8 ;01>@0B>@VW V==>20FV9=8E 

1V>B5E=>;>3V9 �=AB8BCBC <>;5:C;S@=>W 1V>;>3VW V 35=5B8:8 !�!' V=6. /:>25=:> &. 

�. B0 V=6. �0;01CE>R �.�. %8=B57 B0 A?5:B@0;P=C E0@0:B5@870FVR 2VBG87=S=8E 

V=B5@:0;RRG8E 10@2=8:V2 28:>=0=> A?V2@>1VB=8:0<8 2V44V;C ;R<V=5AF5=B=8E 

<0B5@V0;V2 B0 10@2=8:V2 !' «�=AB8BCB <>=>:@8AB0;V2» !�!' ?V4 :5@V2=8FB2>< 

:.E.=., A.=.A &0B0@FS �.�. 

�?@>10FVO @57C;ьB0BV2 48A5@B0FVW. $57C;PB0B8 4>A;V465=P 1C;> 
?@54AB02;5=> =0 =0C:>28E A5<V=0@0E 2V44V;C 5=78<>;>3VW 1V;:>2>3> A8=B57C B0 =0 

B0:8E =0C:>28E :>=D5@5=FVSE: )�� ':@0W=AP:89 1V>EV<VG=89 �>=3@5A (&5@=>?V;P, 

2019), 5th International Electronic Conference on Medicinal Chemistry ("=;09=, 

2019), XV IMBG all-Ukrainian Conference of Young Scientists (�8W2, 2020), 6th 

International Electronic Conference on Medicinal Chemistry ("=;09=, 2020), XV 

IMBG all-Ukrainian Conference of Young Scientists with international participation 

(�8W2, 2021), �A5C:@0W=AP:0 :>=D5@5=FVS =0C:>28E 4>A;V4=8:V2 (�P2V2, 2021), 9th 

International Electronic Conference on Medicinal Chemistry ("=;09=, 2023), 23 

FEBS Young Scientists8 Forum (#02VS, 2024), 48th FEBS Congress ( V;0=, 2024).

#C1;V:0FVW. $57C;PB0B8 48A5@B0FV9=>W @>1>B8 >?C1;V:>20=> C 5 AB0BBSE, 7 
=8E 3 3 C D0E>28E 2840==SE ':@0W=8, S:V 2:;RG5=V 4> <V6=0@>4=8E 

=0C:><5B@8G=8E 107, 2 3 C 70@C1V6=8E 2840==SE 7 Q1, 1 ?0B5=BV, 0 B0:>6 

?@54AB02;5=> C 8 B570E =0C:>28E 4>?>2V459, >?C1;V:>20=8E C 71V@:0E C:@0W=AP:8E 

B0 <V6=0@>4=8E :>=D5@5=FV9.

%B@C:BC@0 B0 >1AO3 48A5@B0FVW. �8A5@B0FV9=0 @>1>B0 A:;040єBPAS 7 
0=>B0FVW, 2ABC?C, ;VB5@0BC@=>3> >3;S4C (@>74V; 1), >?8AC <0B5@V0;V2 V <5B>4V2 

(@>74V; 2), >?8AC >B@8<0=8E @57C;PB0BV2 (@>74V; 3), 0=0;V7C B0 C7030;P=5==S 
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@57C;PB0BV2 (@>74V; 4), 28A=>2:V2, A?8A:C 28:>@8AB0=8E 465@5; B0 3 4>40B:V2. 

$>1>BC 28:;045=> =0 172 AB>@V=:0E AB0=40@B=>3> 4@C:>20=>3> B5:ABC, I> <VAB8BP 

23 @8AC=:8, 10 B01;8FP, 250 ?>A8;0=P =0 28:>@8AB0=V ;VB5@0BC@=V 465@5;0.

�6FBD>4 6<E?B6?Nє M<DG CB8O>G A4G>B6B@G >9DV6A<>G, >.5.A., E.A.E. ">4KG>G 

З.Ю. ;4 CV8FD<@>G, A4FIA9AAO F4 A4CD46?9AAO A4G>B6B7B CDBJ9EG. "4>B: CB8O>4 
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>B@8<0=V 7 :>;5:FVW �=AB8BCBC <>;5:C;S@=>W 1V>;>3VW V 35=5B8:8, ':@0W=0), 0 
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�@V< FP>3>, 4>A;V46C20;8 G>B8@8 B8?8 =C:;5>B84<>=>D>AD0BV2 B0 WE 
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2.3 �C;ьB82C20==O :;VB8=

�;VB8=8 ;V=VW B16 B0 MDCK :C;PB82C20;8 C A5@54>28IV RPMI

(SIGMA, %,�), 0 :;VB8=8 U251 B0 MEF C A5@54>28IV DMEM (Gibc> %,�) 7 

4>4020==S< D5B0;P=>W 18G0G>W A8@>20B:8 (FBS) (SIGMA, %,�) 4> :V=F52>W 

:>=F5=B@0FVW 10 % B0 @>7G8=C 0=B81V>B8:V2 100 U/<; ?5=VF8;V=C 9 100 <:3 /<; 

AB@5?B><VF8=C (Sigma Aldrich, %,�). �C;PB82C20==S ?@>2>48;8 C 

25=B8;P>20=8E D;0:>=0E (Orange Scientific, �5;P3VS) %" V=:C10B>@V (Thermo 

Scientific, %,�) ?@8 37 >% B0 5% %" . #@8 4>AS3=5==V :;VB8=0<8 

:>=D;R5=B=>ABV (80 %) WE ?5@5AV20;8 2 @>72545==V ?@81;87=> 1:6. �;S 

2V4:@V?;5==S :;VB8= 7 ?>25@E=V :C;PBC@0;P=>3> D;0:>=C, WE ?@><820;8 �5@A5=>< 

ch, %,�) B0 V=:C1C20;8 C @>7G8=V B@8?A8=C 0,05 <3/<; B0 EDTA 

(Gibco, %,�) 10 E2 ?@8 :V<=0B=V9 B5<?5@0BC@V. #VA;S FP>3> :;VB8=8 
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@5ACA?5=4C20;8 B0 ?5@5=>A8;8 C A5@54>28I5 4;S :C;PB82C20==S. �;S @>1>B8 C 

AB5@8;P=8E C<>20E 28:>@8AB>2C20;8 25@B8:0;P=89 ;0<V=0@=89 1>:A II :;0AC 

70E8ABC 7 !�$� DV;PB@>< !14 (Thermo Scientific, !V<5GG8=0). �>A;V465==S =0 

:C;PBC@V :;VB8= ?@>2>48;8 70 :>=D;R5=B=>ABV =86G5 

2.3.1 "B@8<0==O B0 :C;ьB82C20==O 5<1@V>=0;ь=8E DV1@>1;0ABV2 <8HV 
 �F. #5@28==C :C;PBC@C 5<1@V>=0;P=8E DV1@>1;0ABV2 <8HV >B@8<0=> 7 
5<1@V>=V2 <8HV HB0<C %57Bl6, 28;CG5=8E =0 13 BC 4>1C 35AB0FVW. �;S >B@8<0==S 

:C;PBC@8 :;VB8= BC;C18 5<1@V>=V2, >G8I5=V 2V4 V=H8E G0AB8=, 3><>35=V7C20;8 

<5E0=VG=> B0 5=78<0B8G=> 70 4>?><>3>R B@8?A8=C EDTA. "B@8<0=V DV1@>1;0AB8 

:C;PB82C20;8 2 A5@54>28IV DMEM V7 4>4020==S< 10% W FBS, 50 <:  ³

<5@:0?B>5B0=>;C, 1% 3> @>7G8=C 0=B81V>B8:V2 ?5=VF8;V=C AB@5?B><VF8=C. �;S 

4>A;V465=P 28:>@8AB>2C20;8 :C;PBC@C 5<1@V>=0;P=8E DV1@>1;0ABV2 4@C3>3>

?0A06C 157 ?>?5@54=P>3> 70<>@>6C20==S.

2.4 �=0;V7 2?;82C ?@5?0@0BV2 =0 68BBє740B=VABь @V7=8E :C;ьBC@ 
:;VB8= 

2.4.1  &&-0=0;V7. "FV=:0 68BBє740B=>ABV :;VB8= 70 C<>2 >1@>1:8 
@5G>28=0<8 ?@>2>48;8 70 4>?><>3>R <5B>4C  &&. �;S FP>3> :;VB8=8 28AV20;8 

4C?;5:A0<8 =0 96 ;C=:>289 ?;0=H5B 7 IV;P=VABR 8*10 :;VB8=/;C=:C V 70;8H0;8 

=0 =VG 4;S ?@8:@V?;5==S. #V7=VH5 :C;PBC@0;P=5 A5@54>28I5 70<V=R20;8 =0 

=5?>2=5 (157A8@>20B:>25) A5@54>28I5 7 @>7G8=5=8< 4>A;V46C20=8< ?@5?0@0B>< 

B0 V=:C1C20;8 ?@>BS3>< 12, 24 01> 48 3>48=.  8 28:>@8AB>2C20;8 B0:V 

:>=F5=B@0FVW ?@5?0@0BV2: "$! "$!, Na "$! 10 <3/<;; "$! V 

M 28:>@8AB>2C20;8 C 2V4?>2V4=8E :>=F5=B@0FVSE 4> 9>3> 2V4=>A=>3> 2<VABC 

(2,5 O$! : 1 D M) 2 O$! B01;. 
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"45?<JO 2.1

�V4=>A=89 2<VAB :><?>=5=BV2 O$! B0 D-M 2 ?@5?0@0BV O$!-D-M 
2V4?>2V4=> 9>3> :>=F5=B@0FVW

"$! M, <3/<;

O$!, <3/<;

M, <3/<;

�?;82 @! A5@54>28I0 =0 68BBє740B=VABP :;VB8= 287=0G0;8 H;SE>< 

V=:C10FVW :;VB8= ?@>BS3>< 48 3>48= C A5@54>28IV 7 2V4?>2V4=8< @!, S:89 

4>AS302AS B8B@C20==S< @>7G8=>< HCl. �@V< FP>3>, 1C;> ?@>2545=> >1@>1:C 

:;VB8= B0:>6 G>B8@<0 B8?0<8 =C:;5>B84<>=>D>AD0BV2 B0 WE ?>EV4=8E V7 D

AMP, UMP, GMP, CMP, 0 B0:>6 AMP M C 

:>=F5=B@0FVSE 10 <3/<;.

#VA;S >1@>1:8 ?@5?0@0B0<8, :C;PBC@0;P=5 A5@54>28I5 2V4:840;8, 2 :>6=C 

;C=:C 4>4020;8 @>7G8=  && 3 48<5B8;BV07>; V;) 48D5=V;B5B@07>;V9 

1@><V4 (0,75 <3/<;) (Sigma Aldrich, %,�) B0 V=:C1C20;8 2 B5<@S2V ?@>BS3>< 4 

3>48=. �?@>4>26 FP>3> G0AC @5035=B @535=5@C202AS >:A84>@54C:B070<8, 

?@8ACB=V<8 2 6828E :;VB8=0E. �@8AB0;8 ?@>4C:BC 2V4=>2;5==S D>@<070=C 

@>7G8=S;8 2 � %". �>=F5=B@0FVR D>@<070=C 2 ;C=:0E 287=0G0;8 70 4>?><>3>R 

<V:@>D>B><5B@C ELx800 Absorbance Microplate Reader (BioTek Instruments Inc., 

%,�) =0 4>268=V E28;V 570 =< �V;P:VABP 68BBє740B=8E :;VB8= (C 

2V4A>B:0E) 287=0G0;8 70 A?V22V4=>H5==S< 25;8G8=8 ?>3;8=0==S <V6 

>1@>1;5=8<8 B0 :>=B@>;P=8<8 =5>1@>1;5=8<8 :;VB8=0<8 (OD >1@>1;5=>W 3@C?8 

100 % /"D =5>1@>1;5=>W 3@C?8). #>@V2=S==S 2?;82C ?@5?0@0BV2 =0 

68BBє740B=VABP :;VB8= ?@>2>48;8 70 :>=F5=B@0FVєR =0?V2<0:A8<0;P=>3> 

V=3V1C20==S (IC ), S:0 A?@8G8=Sє ?@83=VG5==S 68BBє740B=>ABV 50 % :;VB8=. �0=V 

I>4> FP>3> ?>:07=8:0 1C;8 >B@8<0=V 7 28:>@8AB0==S< <5B>4C 5:AB@0?>;SFVW 

40=8E ;V=V9=>W @53@5AVW =0 3@0DV:C 70;56=>ABV 2V4A>B:0 68BBє740B=8E :;VB8= 2V4 
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4>78 (:>=F5=B@0FVS =02545=0 2 45ASB:>2><C ;>30@8D<V) 70 4>?><>3>R ?@>3@0<8 

2.4.2 �8D5@5=FV9=5 70D0@1>2C20==O :;VB8= B@8?0=>28< A8=V<. �=H8< 
<5B>4>< >FV=:8 V=3V1C20==S 68BBє740B=>ABV :;VB8= ?V4 2?;82>< 4>A;V4=8E 

@5G>28= 1C;> 70D0@1>2C20==S :;VB8= 70 4>?><>3>R B@8?0=>2>3> A8=P>3>. *59 

10@2=8: 740B=89 ?@>=8:0B8 2 <5@B2V :;VB8=8 G5@57 ?>H:>465=C :;VB8==C 

<5<1@0=C, I> 4>72>;Sє 2AB0=>28B8 WE B>G=C :V;P:VABP ?VA;S >1@>1:8 

4>A;V46C20=>R @5G>28=>R, V S: =0A;V4>:, 2AB0=>28B8 E0@0:B5@ 2?;82C @5G>28=8 

=0 :;VB8=8 28@065=C F8B>B>:A8G=C, 01> 6 F8B>AB0B8G=C 0:B82=VABP

�;S ?>G0B:C :;VB8=8 >1@>1;S;8 ?@5?0@0B>< O$! M C :>=F5=B@0FVSE 2,5; 

5; 7,5; 10 <3/<; 2?@>4>26 12, 24, 48 3>4 70 <5B>48:>R, 2:070=>R C ?V4?C=:BV 2.4.1

#VA;S >1@>1:8 :;VB8=8 2V4<820;8 1CD5@>< PBS (Gibco, %,�),  B@8?A8=V7C20;8 

B0 ?@>2>48;8 D0@1C20==S :;VB8= 0,4 % @>7G8=>< B@8?0=>2>3> A8=P>3> (Gibco, 

%,�) 7 =0ABC?=8< =5309=8< ?V4@0EC=:>< 7 28:>@8AB0==S< V=25@B>20=>3> 

<V:@>A:>?C (Leica Microsystems, !V<5GG8=0). �V4A>B:>289 2<VAB 6828E B0 

<5@B28E :;VB8= >FV=R20;8 S: G0AB:C 2V4 7030;P=>W :V;P:>ABV :;VB8= C 7@07:C. 

2.5 �87=0G5==O 2?;82C O$!-D-M =0 @>7?>4V; ?>?C;OFVW :;VB8= C 
:;VB8==><C F8:;V

�=0;V7 @>7?>4V;C C :;VB8==><C F8:;V ?>?C;SFVW �16 ?VA;S 74V9A=R20;8 70 

4>?><>3>R <5B>4C ?@>B>G=>W F8B><5B@VW. �;S FP>3> :;VB8=8 @>7A046C20;8 =0 6

;C=:>289 ?;0=H5B 3CAB8=>R 1,5×10 :;/;C=:C. #VA;S 70:@V?;5==S :;VB8= =0 

AC1AB@0BV, :C;PBC@0;P=5 A5@54>28I5 7<V=R20;8 =0 =5?>2=5 ?>682=5 A5@54>28I5 

4;S :>=B@>;P=8E 7@07:V2, 0 4;S 4>A;V4=8E 7@07:V2 3 =0 B0:5 V7 @>7G8=5=8< C =P><C 

"$!   (2,5 01> 5 <3/<;) B0 V=:C1C20;8 24 3>4. !040;V :;VB8=8 B@8?A8=V7C20;8, 
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?@><820;8 PBS (Sigma Aldrich, %,�) B0 DV:AC20;8 C E>;>4=><C 70 % A?8@BV  

?@>BS3>< =>GV �0DV:A>20=V :;VB8=8 V=:C1C20;8 C @>7G8=V FxCycl5 PI/RNase 

Solution (Invitrogen, %,�) 2?@>4>26 30 E2 C B5<@S2V ?@8 :V<=0B=V9 B5<?5@0BC@V. 

"FV=:C 2V4A>B:>2>3> @>7?>4V;C ?>?C;SFVW :;VB8= C @V7=8E D070E :;VB8==>3> F8:;C 

74V9A=R20;8 =0 ?@>B>G=><C F8B><5B@V Attune NxT (Thermo Fisher, %,�) =0 

>A=>2V 25;8G8=8 D;C>@5AF5=FVW :;VB8==>W �!� ?@8 729S7C20==V 7 ?@>?V4V9 

9>484><. �0=V D;C>@5AF5=FVW 1C;8 7G8B0=V B0 2V7C0;V7>20=V 70 4>?><>3>R 

?@>?>=>20=>3> 28@>1=8:>< ?@>3@0<=>3> ?0:5BC Attune® NxT Software. 

�VAB>3@0<0 @>7?>4V;C :;VB8= C :;VB8==><C F8:;V, >B@8<0=0 B0:8< <5B>4><, <0є 

B8?>2V ?V:8, S:V A2V4G0BP ?@> :V;P:VABP :;VB8= C @V7=8E D070E F8:;C (@8A.

�;iB8=8 7 48?;>W4=8< =01>@>< E@><>A><, S:V I5 =5 4i;SBPAS, 2i4?>2i40RBP D07V 

G0/G1 B0 @>7<VI5=V 7;V20; :;iB8=8, 2 S:8E ?>G02AS A8=B57 �!�, 7<iICRBPAS ?> 

>Ai 01AF8A 2?@02> V 2V4?>2V40RBP D07V S, 0 B5B@0?;>W4=i :;iB8=8, S:i ?>42>W;8 

:i;P:iABP �!� V ?>G8=0RBP ?>4V;, 2i4?>2i40RBP AB04iW G2/M. &0:>6 =0 3VAB>3@0<V 

@>7?>4V;C 7;V20 2V4 ?V:C G0/G1 <>6=0 ?><VB8B8 D;C>@5AF5=FVR D@03<5=B>20=>W 

�!� 3 D07C

$8A. . &8?>289 3@0DV: @>7?>4V;C V=B0:B=>W :;VB8==>W ?>?C;SFVW �16 C 

:;VB8==><C F8:;V, >B@8<0=89 <5B>4>< 70D0@1>2C20==S ?@>?V4V9 9>484><
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2.6 $>7@>1:0 AC<VHV 4;O �&-:#�$-0=0;V7C 7 28:>@8AB0==O< =>2>3> 
V=B5@:0;NNG>3> 10@2=8:0

2.6.1 �0@2=8:8. ' 45@602=V9 =0C:>2V9 CAB0=>2V «!0C:>2> B5E=>;>3VG=89 
:><?;5:A «I=AB8BCB <>=>:@8AB0;i2» !�! ':@0W=8» 1C;> A8=B57>20=> @S4 

10@2=8:V2, S:V 107C20;8AS =0 >A=>2V 48<5@V2 0:@848=>2>3> >@0=652>3>, 

A?>;CG5=8E =59B@0;P=8<8 ;V=:5@0<8, I> <VABSBP C A>1V 20@V0B82=V 

35B5@>F8:;VG=V D@03<5=B8 C S:>ABV F5=B@0;P=>3> S4@0. *VєR CAB0=>2>R B0:>6 

1C;> ?@>2545=> A?5:B@0;P=C E0@0:B5@870FVR >B@8<0=8E 10@2=8:V2 4>40B>: �

B01;. � B0 ?5@540=> 7@07:8 =0HV9 =0C:>2V9 3@C?V 4;S ?@>2545==S 

:#�$ 4>A;V465=P.

/: :>=B@>;P=V, 1C;8 28:>@8AB0=V :><5@FV9=>4>ABC?=V AB0=40@B=V 10@2=8:8 

4;S �& :#�$ , %,�) B0 , %,�), 0 B0:>6 

@50:FV9=V AC<VHV =0 WE >A=>2V 

%,�) B0 , �AB>=VS).

2.6.2 �V;ь:VA=0 #�$ 7V 72>@>B=ь>N B@0=A:@8?FVєN. 'AV 4>A;V46C20=V 
10@2=8:8 1C;> 28:>@8AB0=> 4;S 287=0G5==S 5:A?@5AVW <$!� 35=V2 <5B>4>< �&

:#�$. /: 1V>;>3VG=89 <0B5@V0; 4;S 0=0;V7C 28:>@8AB>2C20;8 ;59:>F8B0@=C <0AC 

7 FV;P=>W :@>2V <8H59 (~ <;), 7 S:>W 284V;S;8 B>B0;P=C $!� 70 4>?><>3>R 

=01>@C ™ !V<5GG8=0) 70 

@5:><5=40FVS<8 28@>1=8:0. /:VABP 284V;5==S ?V4B25@46C20;8 70 4>?><>3>R 

5;5:B@>D>@57=>W A8AB5<8 MCE 202/MultiNA (Shimadzu, !V<5GG8=0) 2V4?>2V4=> 

4> ?@>B>:>;C, @5:><5=4>20=><C 28@>1=8:><, 28:>@8AB>2CRG8 RNA re

for MultiNA (SHIMADZU, !V<5G8=0), SYBR Green II RNA gel stain 

(Lifetechnologies, %,�) B0 RNA 6000 Ladder (Lifetechnologies, %,�) B0 4>A;V4=C 

B>B0;P=C $!� 2 :>=F5=B@0FVW 180 =3/<:;.
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/:VABP 284V;5=>W $!� 2AB0=>2;R20;8 70 =0S2=VABR B0 A?V22V4=>H5==S< 

V=B5=A82=>ABV A<C3 28S:18S @$!� 2:1. +8AB>BC 284V;5=>W $!� >FV=R20;8 70 

2V4=>H5==S< 260/280 =< =0 A?5:B@>D>B><5B@V MaestroNanoPro Micro

913 (MAESTROGEN, &0920=P), 0 B0:>6 ?@>2>48;8 =>@<C20==S WW 

:>=F5=B@0FVW C 7@07:C 4;S ?>40;PH8E 4>A;V465=P.  

�;S :>6=>3> 7@07:C 7 1,5 <:3 B>B0;P=>W $!� A8=B57C20;8 :�!� 70 

4>?><>3>R =01>@C Maxima First Strand cDNA Synthesis Kit for RT

Scientific, %,�) 70 @5:><5=40FVS<8 28@>1=8:0. &0:C :�!� 28:>@8AB>2C20;8 2 

S:>ABV <0B@8FV 4;S �& :#�$. $50:FV9=0 AC<VH 2:;RG0;0 =0ABC?=V :><?>=5=B8: 

HOT FIREPol �!� ?>;V<5@078 (:>=F5=B@0FVR ?V418@0;8 2 <560E 0,024

U/<:;), 2 <:; HOT FIREPol 10x 1CD5@C B1, MgCl 2,5 < ), 200 <:  AC<VHV 

4!&( (2AV 3 Solis BioDyne, �AB>=VS), 4>A;V46C20=89 10@2=8: (0,25 8 <: )

(?5@5;VG5=V 2 4>40B:C � , ~ 10 =3 :�!� <0B@8FV, ?@S<89 B0 72>@>B=V9 ?@09<5@8 

0,3 <:  :>6=>3>) B0 2>4C, 2V;P=C 2V4 =C:;507 (Zymo Research, !V<5GG8=0) 

4;S 4>2545==S DV=0;P=>3> >19є<C 4> 20 <:;. #@>2>48;8 0<?;VDV:0FVR 

D@03<5=BV2 =0ABC?=8E 35=V2:

�;S 0<?;VDV:0FVW 

=C:;5W=>28E :8A;>B 28:>@8AB>2C20;8 ?@09<5@8, ?V4V1@0=V 70 4>?><>3>R 1078 

40=8E B0 A8=B57>20=V Invitrogen, %,�; ?>A;V4>2=>ABV 

=02545==V C 4>40B:C � B01;. �

�& :#�$ 0=0;V7 ?@>2>48;8 =0 ?@8;04V CFX96 Touch Real

Rad, %,�) 70 ?@>B>:>;><: ?>G0B:>20 

0:B820FVS ?>;V<5@078 95 °C, 12 E2; 45=0BC@0FVS 95 °%, 15 A; 2V4?0; 60 °%, 20 

A; ?>4>265==S 72 °%, 20 A. %B04VW 45=0BC@0FVW, 2V4?0;C B0 ?>4>265==S 

?>2B>@R20;8AS F8:;VG=> 40 @07V2. %?5F8DVG=VABP CB2>@5=8E C E>4V #�$ 

0<?;V:>=V2 ?5@52V@S;8 70 4>?><>3>R 0=0;V7C :@828E ?;02;5==S ?@>4C:BV2 

@50:FVW. #;02;5==S ?@>2>48;8 70 ?@>B>:>;><: 95 °C, 10 A, ?>BV< >E>;>465==S 4> 

62 °C 7 =0ABC?=8< ?>ABC?>28< =03@V20==S< ?> 10 A 7 :@>:>< 0,2 °C 4> 95 °C. 
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$5єAB@C20;8 D;C>@5AF5=B=89 A83=0; =0 :0=0;V 1 (SYBR/FAM): 71C465==S =0 

4>268=0E E28;V 450 495 =<, 45B5:FVS =0 4>268=0E E28;V 515 530 =<. �1V@ 40=8E 

4;S 0=0;V7C ?@>2>48;8 70 4>?><>3>R ?@>3@0<=>3> 70157?5G5==S Bio

Rad, %,�).

�;S 2V41>@C =09:@0I>3> 10@2=8:0 :0=4840B0, 0 B0:>6 A?V22V4=>H5==S 

:><?>=5=BV2 @50:FV9=>W AC<VHV, WE ?>@V2=R20;8 70 :@8B5@VS<8: 

• 7=0G5==S ?>@>3>2>W 0<?;VDV:0FVW (F8:; 0<?;VDV:0FVW, ?@8 S:><C 

D;C>@5AF5=FVS 10@2=8:0 ?5@528ICє 2AB0=>2;5=89 ?>@V3 B0 @>18BP 

<>6;828< V45=B8DV:0FVR :V;P:>ABV ?@>4C:BC), 

• ABC?V=P V=3V1C20==S @50:FVW (7=0G5==S =0E8;C :@82>W 

70;56=>ABV ?>@>3>2>3> F8:;C 0<?;VDV:0FVW 2V4 :>=F5=B@0FVW 10@2=8:0). *59 

?>:07=8: @>7@0E>2C20;8 <5B>4>< 5:AB@0?>;SFVW 40=8E C 3@0DV: ;V=V9=>W 

@53@5AVW 7 @>7@0EC=:>< 25;8G8=8 =0E8;C :@82>W 70 4>?><>3>R ?@>3@0<8 

• :V=F520 D;C>@5AF5=FVS (D;C>@5AF5=FVS 10@2=8:0 ?VA;S 

70:V=G5==S @50:FVW 0<?;VDV:0FVW)

• A?5F8DVG=VABP 0<?;V:>=V2 B0 2?;82 10@2=8:0 =0 WE B5<?5@0BC@C 

?;02;5==S (T

2.6.3 �87=0G5==O GCB;82>ABV B0 5D5:B82=>ABV �&-:#�$-0=0;V7C. 
+CB;82VABP @50:FVW 287=0G0;8 70 4>?><>3>R �& :#�$ =0 10 :@0B=8E @>72545==SE 

<0B@8FV :�!� (2V4 10 4> 0,001 =3) 7 =0ABC?=>R ?5@52V@:>R 740B=>ABV @50:FV9=>W 

AC<VHV 35=5@C20B8 D;C>@5AF5=B=89 A83=0;, 25;8G8=0 S:>3> 4>AB0B=S 4;S 

7G8BC20==S ?@8;04>< �D5:B82=VABP @50:FVW #�$ 287=0G0;8 70 7=0G5==S< =0E8;C 

>AV AB0=40@B=8E :@828E, S:V 2V4>1@060;8 2V4?>2V4=VABP F8:;C 0<?;VDV:0FVW 4> 

;>30@8D<C :>=F5=B@0FVW <0B@8FV :�!�, >B@8<0=><C 2=0A;V4>: ?9SB8 10 :@0B=8E 

@>72545=P (2V4 10 4> 0,001 =3) 70 D>@<C;>R:� = 10(− 1=ахи? >EV >Dив>W)−1 ⋅ 100%
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2.6.4 �30@>7=89 35;ь-5;5:B@>D>@57. #V4B25@465==S A?5F8DVG=>ABV 
0<?;V:>=V2, CB2>@5=8E C �& :#�$ 7 28:>@8AB0==S< @50:FV9=>W AC<VHV =0 >A=>2V 

=>2>3> 10@2=8:0 74V9A=R20;8 70 4>?><>3>R ?V4B25@465==S 4>268=8 0<?;V:>=C 

<5B>4>< 35;P 5;5:B@>D>@57C C 3 % 030@>7=><C 35;V (Sigma Aldrich, %,�). � 

S:>ABV �!� <0@:5@C 28:>@8AB>2C20;8 <0@:5@ 4;S :>@>B:8E �!�

?>A;V4>2=>AB59 ™ %,�). � 

FP>3> 6 =01>@C 1C;> 28:>@8AB0=> 1CD5@ 4;S 7020=B065==S 7@07:V2, S: 

@5:><5=4C20;>AS 28@>1=8:><. �;5:B@>D>@57 ?@>2>48;8 C TBE 1CD5@V 7 

4>4020==S< EDTA (89 <  B@8A, 89<  1>@=>W :8A;>B8, 2 <  EDTA (2AV 

Aldrich, %,�)) 70 AB0;>W =0?@C38 4 V/A<. (0@1C20==S ?@>4C:BV2 @>74V;5==S =0 

35;V 74V9A=R20;8 70 4>?><>3>R 0,1 % @>7G8=C 1@><8AB>3> 5B84VR (Thermo Fisher, 

%,�) ?@>BS3>< 15 E2, 0 2V7C0;V70FVR 2 C;PB@0DV>;5B>2><C A?5:B@V 70 

4>?><>3>R B@0=AV;R<V=0B>@0 « ™ %,�) B0 

?@>3@0<=>3> 70157?5G5==S 4> =P>3> «ImageLab 2.0».

2.7 �=0;V7 7<V= 2V4=>A=>W 5:A?@5AVW <$!� FV;ь>28E 35=V2 ?V4 2?;82>< 
"$!-D-  C :C;ьBC@V :;VB8= �16

�>A;V465==S 2V4=>A=>W 5:A?5@AVW <$!� @V7=8E 35=V2 ?@>2>48;8 70 

4>?><>3>R <5B>4C �&-:#�$. "1@>1:C :;VB8= ?@5?0@0B>< O$!-D-M C 

:>=F5=B@0FVSE 2,5 B0 5 <3/<; 2?@>4>26 24 3>4 74V9A=R20;8 70 <5B>48:>R, 

2:070=>R C ?V4?C=:BV 2.5. &>B0;P=C $!� V7 1×10 :;VB8= �16 284V;S;8 70 

4>?><>3>R =01>@C ™ , !V<5GG8=0) 

70 @5:><5=40FVS<8 28@>1=8:0. /:VABP 284V;5==S $!�, WW G8AB>BC V :>=F5=B@0FVR 

2AB0=>2;R20;8, S: >?8A0=> 2 ?V4?C=:BV 2.6.2.

%8=B57 :�!� ?@>2>48;8 V7 1,5 <:3 B>B0;P=>W $!�, S: >?8A0=> 2 ?V4?C=:BV

2.6.2. $50:FV9=0 AC<VH 2:;RG0;0 =0ABC?=V :><?>=5=B8: 0,054 /<:; HOT 

FIREPol �!� ?>;V<5@078, 2 <:; HOT FIREPol 10x 1CD5@C B1, 2,5 <  MgCl
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<:  AC<VHV 4!&( (2AV 3 Solis BioDyne, �AB>=VS), 6 <: 2VBG87=S=>3> 10@2=8:0

№ !&� «�=AB8BCB <>=>:@8AB0;V2» !�! ':@0W=8, ':@0W=0), ~ 10 =3 :�!� 

<0B@8FV, 0,2 <:  ?@S<>3> B0 72>@>B=P>3> ?@09<5@V2 B0 2>4C, 2V;P=C 2V4 =C:;507 

(Zymo Research, !V<5GG8=0) 4;S 4>2545==S DV=0;P=>3> >19є<C 4> 20 <:;. �&

:#�$ 0=0;V7 ?@>2>48;8 70 ?@>B>:>;><, S:89 >?8A0=> 2 ?V4?C=:BV 2.6.2. 

"FV=R20;8 5:A?@5AVR =0ABC?=8E 35=V2:

�<V=8 :@0B=>ABV @V2=S 5:A?@5AVW 

<$!� @V7=8E 35=V2 4>A;V4=>3> 7@07:C 2V4=>A=> :>=B@>;P=>3> =5>1@>1;5=8E 

:;VB8=) 287=0G0;8 70 4>?><>3>R <5B>4C 22ΔΔ =>@<C20==S ?@>2>48;8 

2V4=>A=> AB0=40@B=>3> @5D5@5=A=>3> 35=C @$!� �;S 0<?;VDV:0FVW 

=C:;5W=>28E :8A;>B 28:>@8AB>2C20;8 ?@09<5@8, ?V4V1@0=V 70 4>?><>3>R 

BLAST B0 A8=B57>20=V , %,�; ?>A;V4>2=>ABV =02545==V C 

4>40B:C � B01;. �

2.8 �=0;V7 ?@>B8?CE;8==>W 0:B82=>ABV "$!-D-  =0 B20@8==V9 <>45;V 
<5;0=><8 <8HV �16

2.8.1 &@0=A?;0=B0FVO :;VB8= �16 B20@8=0<.  >45;P <5;0=><8 �16 
V=4C:C20;8 H;SE>< B@0=A?;0=B0FVW :;VB8= �16 C ;01>@0B>@=8E <8H59. �;S 

>B@8<0===S V=>:C;SBC ?CE;8==8E :;VB8= :C;PBC@C :;VB8= �16 7 

:>=D;R5=B=VABR f 50% B@8?A8=V7C20;8, 0 ?VA;S 2V4'є4=0==S 2V4 AC1AB@0BC 

H284:> ?5@5=>A8;8 C :@860=89 PBS B0 F5=B@8DC3C20;8 5 E2 ?@8 1500 rpm B0 

4°%. %C?5@=0B0=B 45:0=BC20;8 C :@860=><C PBS, :;VB8=8 ?V4@0E>2C20;8 =0 

:0<5@V �>@Sє20 B0 4>2>48;8 WE :>=F5=B@0FVR 2 @>7G8=V 7 @>7@0EC=:>< 2*10

:;./100 <:;/B20@8=C (:;VB8=8 C25AP G0A ?>28==V 7=0E>48B8AS =0 ;P>4C). �=>:C;SB

22>48;8 <8H0< ?V4H:V@=> 70 4>?><>3>R H?@8F0 7 3>;:>R @>7<V@>< 27½ G C 

>1;0ABP ?@02>3> AB53=0. #VA;S FP>3> <8H59 @0=4><V7C20;8 ?> 3@C?0E.  #>S20
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A>;V4=>W ?CE;8=8 2V7C0;V7C20;0AS ?@81;87=> G5@57 7 8 4V1 ?VA;S B@0=A?;0=B0FVW

2.8.2 �:A?5@8<5=B0;ь=V AE5<8 22545==O "$!  #@5?0@0B "$!   

28:>@8AB>2C20;8 C D>@<V @>7G8=C 2 PBS. �>=F5=B@0FVW ?@5?0@0BC 1C;8 ?V4V1@0=V 

B0:8< G8=><, I>1 70157?5G8B8 @>7G8=5==S ?@5?0@0BC C B0:><C >1'є<V @>7G8=C, 

S:89 є <0:A8<0;P=> 4>?CAB8<8< 4;S 2V4?>2V4=>3> H;SEC 22545==S B20@8=0<

' 5:A?5@8<5=BV 1C;> 70AB>A>20=> =0ABC?=V :>=B@>;P=V 3@C?8: 

• <�>=B@>;P, �16=, S:0 2:;RG0;0 B20@8=, S:8< ?@>2>48;8 V=>:C;SFVR

?CE;8==8E :;VB8= �16 157 ?@5?0@0BC

• <�>=B@>;P, =, S:0 2:;RG0;0 B20@8=, I> >B@8<C20;8 @>7G8= 

157 ?@5?0@0BC

• <�>=B@>;P, "$!   70 <3/:3 =, S:0 2:;RG0;0 B20@8=, S:8< =5

V=>:C;R20;8 ?CE;8==V :;VB8=8 0;5 22>48;8 2V4?>2V4=C

:>=F5=B@0FVR ?@5?0@0BC

• <�=B0:B=V=, S:0 2:;RG0;0 74>@>28E B20@8= 157 2B@CG0=P

�C;> ?5@52V@5=> @V7=V @568<8 B0 H;SE8 22545==S ?@5?0@0BC, 2V4?>2V4=> 4> 

S:8E B20@8= 1C;> ?>4V;5=> =0 5:A?5@8<5=B0;P=V 3@C?8, 0 A0<5:

�545==S "$!   >4=>G0A=> 7 B@0=A?;0=B0FVєR ?CE;8==8E

:;VB8=. $>7G8= "$!   C :>=F5=B@0FVSE 17, 35, 70 <3/:3 22>48;8 

?V4H:V@=> @07>< V7 V=>:C;SB>< ?CE;8==8E :;VB8= 4;S B@0=A?;0=B0FVW, 

7<VH02H8 WE 157?>A5@54=P> ?5@54 V='є:FVєR

#@8 B@0=A?;0=B0FVW @>7G8= "$!   70 4>?><>3>R

2V4?>2V4=>3> H;SEC 22>48;8 G5@57 :V;P:0 3>48= (~2 3>4) ?VA;S 

B@0=A?;0=B0FVW ?CE;8==8E :;VB8=, 0 ?>BV< C :>6=C 3 4>1C 4> 24 4=S 

5:A?5@8<5=BC 
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�V:C20;P=89 @>7G8= "$!   70 4>?><>3>R 2V4?>2V4=>3> 

H;SEC 22>48;8 =0 8 4>1C (?VA;S 2V7C0;V70FVW A>;V4=>W ?CE;8=8), 0 ?>BV< C 

:>6=C 3 4>1C 4> 24 4=S 5:A?5@8<5=BC 

' 3@C?0E 7 ?@>DV;0:B8G=8< B0 ;V:C20;P=8< @568<0<8 22545==S ?@5?0@0BC 

74V9A=R20;8 @V7=8<8 H;SE0<8:

• #5@8BC<>@0;P=89 @>7G8= "$!   C :>=F5=B@0FVSE 35 B0 70 <3/:3 

22>48;8 V=9є:FV9=> ?V4H:V@=> 2 4V;S=:C 4>2:>;0 ?CE;8=8.

• #5@>@0;P=89 @>7G8= "$!   C :>=F5=B@0FVSE 125 B0 250 <3/:3 

22>48;8 70 4>?><>3>R 3@04C9>20=>3> 7>=40 C H;C=>: B20@8=8.

• �=CB@VH=P>G5@528==89 @>7G8= "$!   C :>=F5=B@0FVSE 125 B0 

250 <3/:3 22>48;8 V=9є:FV9=> C >G5@528==C 4V;S=:C.

2.8.3 �=0;V7 286820=>ABV B0 48=0<V:8 ?CE;8=>CB2>@5==O. �:A?5@8<5=B 
70:V=GC20;8 =0 24 4>1C ?VA;S 4>AS3=5==S ?CE;8=>R :@8B8G=>3> >1'є<C

�?@>4>26 FP>3> G0AC 718@0;8 40=V ?@> 286820=VABP B0 48=0<V:C @>ABC 

?CE;8=8. !0 >A=>2V 40=8E 286820=>ABV 1C4C20;8 :@82V �0?;0=0  09є@0 

7030;P=>W 286820=>ABV 70 4>?><>3>R ?@>3@0<=>3> 70157?5G5==S 

. �0=V >19є<C ?CE;8=8 718@0;8 :>6=V 4 4=V. �;S FP>3> 28:>@8AB>2C20;8 

HB0=35=F8@:C;P, S:8< 28<V@R20;8 4>268=C B0 H8@8=C ?CE;8=8. "19є< ?CE;8=8 

>1G8A;R20;8 70 D>@<C;>R � = �2×�2
45 V 3 >19є< ?CE;8=8, W 3 H8@8=0 ?> =092C6GV9 AB>@>=V; L 3 4>268=0 ?> 

=094>2HV9 AB>@>=V.

2.8.4 �=0;V7 7<V= 2V4=>A=>W 5:A?@5AVW 35=V2 <0@:5@V2 @V7=8E B8?V2 
;59:>F8BV2 ?V4 2?;82>< "$!-D-  C ?5@8D5@8G=V9 :@>2V <8H59. �=0;V7 7<V= 
2V4=>A=>W 5:A?@5AVW <$!� 35=V2 ?@>2>48;8 <5B>4>< �& �& :#�$ #VA;S 
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70:V=G5==S 5:A?5@8<5=BC C B20@8= 2V418@0;8 FV;P=C :@>2 (~ <;) H;SE>< 

45:0?VB0FVW. � :@>2V >B@8<C20;8 ;59:>F8B0@=C <0AC H;SE>< F5=B@8DC3C20==S 

?@8 1500 B0 4°% B0 :V;P:0@07>2>3> 2V4<820==S 2V4 5@8B@>F8BV2 V ?;07<8 70 

4>?><>3>R 1CD5@C PBS. !040;V 7 :>6=>3> 7@07:C 284V;S;8 B>B0;P=C $!�, 

?5@52V@S;8 WW G8AB>BC, S:VABP B0 :>=F5=B@0FVR, 9 A8=B57C20;8 :�!�, S: >?8A0=> 

2 ?V4?C=:BV �& :#�$ 0=0;V7 B0 V=B5@?@5B0FVR @57C;PB0BV2 ?@>2>48;8 70 

<5B>48:0<8, >?8A0=8<8 2 ?V4?C=:BV 2. "FV=R20;8 5:A?@5AVR =0ABC?=8E 35=V2: 

#>A;V4>2=>ABV ?@09<5@V2, 28:>@8AB0=8E 4;S 

4>A;V465==S, =02545=V C �>40B:C �, &01;. �.1.

2.9 %B0B8AB8G=89 0=0;V7

%B0B8AB8G=0 >1@>1:0 40=8E ?@>2>48;0AS 70 4>?><>3>R ?@>3@0<=>3> 

70157?5G5==S GraphPad Prism 8.0.1. �=0;V7 @>7?>G8=0;8 7 ?5@52V@:8 =>@<0;P=>ABV 

@>7?>4V;C 40=8E 281V@:8 70 4>?><>3>R B5ABC ,0?V@> 3 �V;:0. 

�;S 0=0;V7C AB0B8AB8G=>W 4>AB>2V@=>ABV @V7=8FV 40=8E 68BBє740B=>ABV

:;VB8=, >B@8<0=8E 70 4>?><>3>R  && 0=0;V7C, 40=8E 5:A?@5AVW 35=V2, >B@8<0=8E 

<5B>4>< �& :#�$ 28:>@8AB>2C20;8 42>D0:B>@=89 48A?5@AV9=89 0=0;V7

20@V0B82=>ABV 4;S ?>@V2=S==S 3@C?, 40=V S:8E 2V4?>2V40;8 

=>@<0;P=><C @>7?>4V;C �;S ?>@V2=S==S >19є<C ?CE;8=8 ?@8 4>A;V465==SE =0 

B20@8=0E 28:>@8AB>2C20;8 >4=>D0:B>@=89 #@8 ?>@V2=S==V 

5:A?5@8<5=B0;P=8E 3@C? 7 :>=B@>;P=>R 3@C?>R 1C;> 28:>@8AB0=> ?>AB E>: B5AB 

�R==5B0 7 ?>?@02:>R =0 <=>68==V ?>@V2=S==S.

#@8 0=0;V7V 5:A?@5AVW 35=V2 C ?CE;8==8E :;VB8=0E ?VA;S >1@>1:8 

?@5?0@0B>< 1C2 70AB>A>20=89 =5?0@0<5B@8G=89 B5AB  0==0 'VB=V C 729S7:C 7 

=5=>@<0;P=8< @>7?>4V;>< 40=8E. 

�;S 0=0;V7C 4>AB>2V@=>ABV @V7=8FV 40=8E 68BBє740B=>ABV :;VB8=, >B@8<0=8E 

70 4>?><>3>R 48D5@5=FV9=>3> 70D0@1>2C20==S B@8?0=>28< A8=V<, ?>:07=8:V2 
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�% @>7?>4V;C ?>?C;SFVW 70 :;VB8==8< F8:;><, >B@8<0=8E 70 4>?><>3>R 

?@>B>G=>W F8B><5B@VW B0 D;C>@5AF5=B=8E 9 0<?;VDV:0FV9=8E E0@0:B5@8AB8: 

=>28E 10@2=8:V2, >B@8<0=8E <5B>4>< �& :#�$, 28:>@8AB>2C20;8 B5AB 

%BPR45=B0.
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$"���� 3 

$��'�Ь&�&� �%#�$� �!&��Ь!�% �"%�����!Ь

3.1 �82G5==O 2?;82C "$!-D-  =0 68BBє740B=VABь ?CE;8==8E V 
=5?CE;8==8E :;VB8= in vitro

%5@54 D0@<0:>;>3VG=8E 2;0AB82>AB59 "$!   =0HC C203C ?@825@=C;0 

9>3> 28@065=0 ?@>B870?0;P=0 0:B82=VABP �030;P=>2V4><>, I> 45S:V 

?@>B870?0;P=V ?@5?0@0B8, 0 B0:>6 V<C=>0:B82=V @5G>28=8 ?>45:C48 ?@>S2;SRBP 

203><V ?@>B8?CE;8==V 2;0AB82>ABV S: =0 :;VB8==8E, B0: V =0 B20@8==8E <>45;SE 

@0:C, >A:V;P:8 <5E0=V7<8 70?0;5==S BVA=> ?5@5?;VB0RBPAS V7 <5E0=V7<0<8 

V=4C:FVW B0 @>728B:C @0:C �@V< B>3>, HBCG=V <V<5B8:8 =C:;5W=>28E

:8A;>B <>6CBP ?@>S2;SB8 =530B82=89 2?;82 =0 68BBє740B=VABP ?CE;8==8E :;VB8= 

G5@57 V=4C:FVR 0?>?B>7C � D0@<0:>;>3VW, 2 B><C G8A;V C >=:>B5@0?VW 

74>1C;8 ?>H8@5==S ?@5?0@0B8 =0 >A=>2V =C:;5W=>28E :8A;>B ?@8@>4=P>3> 

?>E>465==S, S:V <0RBP @V7=><0=VB=V <5E0=V7<8 B0 =0?@S<8 4VW . "4=8< V7 

=091;86G8E B0 0:B82=> 28:>@8AB>2C20=8E 2V4?>2V4=8:V2 =0H>3> 4>A;V46C20=>3> 

?@5?0@0BC "$!  є $!� 4@V646V2 C A>;P>2V9 D>@<V 7 !0B@Vє<, S:0 2V4><0 

A2>W<8 V<C=><>4C;RRG8<8 2;0AB82>ABS<8 ?@8 @0:C 3 �2060RG8 =0 

28I573040=V 2;0AB82>ABV "$!  , 0 B0:>6 ?5@A?5:B82=VABP 28:>@8AB0==S 

=C:;5W=>28E :8A;>B C >=:>B5@0?VW, <8 2AB0=>28;8 70 <5BC 282G8B8 

?@>B8?CE;8==89 ?>B5=FV0; 40=>3> ?@5?0@0BC.

#>HC: ?@>B8?CE;8==8E D0@<0F52B8G=8E ?@5?0@0BV2 =0 ?5@H><C 5B0?V 

?5@5410G0є ?5@28==89 A:@8=V=3 WE 2;0AB82>AB59 =0 <>45;P=V9 A8AB5<V 

�:;RG0RG8 28I5A:070=5, 70240==S< ?5@H>3> 5B0?C 5:A?5@8<5=B0;P=>W @>1>B8 
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1C;> 4>A;V48B8 2?;82 "$!   B0 WE ?>EV4=8E =0 68BBє740B=VABP :;VB8==8E ;V=V9

?CE;8==>3> B0 =5?CE;8==>3> ?>E>465==S

3.1.1 �>A;V465==O 68BBє740B=>ABV :;VB8==8E ;V=V9 ?V4 2?;82>< "$!-
D- . � <5B>R ?5@28==>3> 2AB0=>2;5==S ?@>B8?CE;8==8E 2;0AB82>AB59 

?@5?0@0BC 1C;8 >1@0=V :C;PBC@8 :;VB8= ?CE;8==>3> ?>E>465==S <5;0=><8 

<8HV �16 B0 3;V>1;0AB><8 ;R48=8 U251, S:V =0;560BP 4> B8?>28E A83=0;P=8E 

<>45;59 C 4>A;V465==V ?@>B8?CE;8==8E ?@5?0@0BV2 �;S ?>@V2=S==S, 2?;82 

?@5?0@0BC =0 68BBє740B=VABP 1C;> 4>A;V465=> B0:>6 =0 =5?CE;8==8E :;VB8=0E, 0 

A0<5 =0 ?5@28==V9 :C;PBC@V DV1@>1;0ABV2 <8HV MEF B0 :;VB8==V9 ;V=VW 

5?VB5;V0;P=8E :;VB8= =8@:8 A>10:8  04V=0 �0@1V MDCK. �=0;V7 70;56=>ABV 

68BBє740B=>ABV :;VB8= 2V4 4>78 ?@5?0@0BC 4>72>;82 2AB0=>28B8 7=0G5==S ?V4 
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