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Gene Silencing by Major Groove Modified siRNAs
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mAbstract

Small interfering RNA (siRNA) induces RNA interference by forming RNA induced silencing complex (RISC). From a therapeutic point of
view, chemical modifications and conjugations of siRNA are powerful strategies to improve their properties toward clinical applications. We
can access to siRNA molecules from hydroxyl groups, phosphate backbone, and major groove side and minor groove side of nucleobases.
We need to know proper moieties at proper positions for chemical modifications to construct an optimized structure of siRNA.

In the present study, we synthesized and evaluated 10 types of siRNAs bearing C5-modified T. All the siRNAs modified in the antisense
strand showed reduced silencing efficiencies. It is to be noted the modified positions which intensively reduced silencing efficiencies
are well consistent with the positions having major kinks and turns in the crystal structure of guide strandim & Ago”. On the other hand,

modification of the sense strand caused less damage to silencing of siRNA and no damage was observed for the modification at s8.
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(ASO) B X UsiRNA, ¥ v /87 B %@ &+ HRNAT
THE <=7 ENH 5 (Figurel),

0124 1ZRISCOH B H T b7 VT — b 2
(hAgo2) & miR20a 7 4 FEHHGIRD X AHk S 1 A i B
&7, (Figure 2) ZIUUZ X ) AEINZAST7HA 12
o LB REC 2 ) . ZNF TSR SN b s
fiisiRNADHY A L > 2 v FRIRPERMISHHATE 5 &
Il ot2e TOHT, U VBLENIAH A N5 - K
ASMID K A A4 ¥ H1 Y529, K533, N545. K566 ol #4 T
s hrznF4 v Ry v MY AT R CRELLS R
TWABZEDBW S E o720 F 72, Helix-7H @ 1le36578
HDAATa6 L a7 OBIZKE Pl ) £ L. R710
D34 Fifa9 HiEIZ, R635 #%al0 HEHEICAY v XU /L

Ta9 L al0DRICREZFNMA D 2L TnBH T k.
Proline knuckle (Pro67) (ZX ¥ ald4 ¥ 2570 v 77
FLTArgBIlZ A% v X 7L TnbZ &, A NI
al7L al8DHETHAL ¥ — Y LT EH T &R L, EERMA
W& A& 7 572 (Figure 3),
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Figure 2. hAgo2&miR-20a 1 NEEEEARD X it RiddE
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INSDEL DEM%E 2 ) T 5720 KBS T O1L:
I5dii. BEEEME T a > Y 27— b, k4 7 DDS Al
T EOWZENHED ST WD, HEEZLFEEHIT 5 Bk
L& LT3 R—AEAL, ) VEREAL, EEEIAL D31
KNS 5B A, HEEIBAL DS TIZ2AEH 2 TR L 72 IREE
TAD XY =7 V=7 (7)) VEEDT, $hre ¥ I Vv
WHEDS, 67) &~ A F—7 =70 (7)) »EEIED2A)
DOIEHIHH D15 (Figure 4),

SIRNA DEEFHA L ¥ v R b5 L b &
D& B2 500, RNAIKEKO So@igic e
DEINIHETHINTELY, FFIZ, sSRNAD L 5 D8
WA REEE L TERS NS DD, RISCOHERE % 0] L &
WHDOPET L5000 BLED S KEFIREN,

BEOWIE 7 NV — 7 TIEsiRNA O K EAL % RAR I
RNA#SDNAICER L CEOH A L vy v FRhREx g
L7ze ZORER. A FHO Y — FHEBIIH T 52% - 8F
BXOBELUE, Syt r Yy —HolE. 12F - 18%.
2075, 21FEDOMBEIZDNAICER L TEHF ALy v 7%
BOERTFTRESN o728 #HE L TWE™® (Figure5),

F 72, BealZ DR 7 IV — FIL T 7= v ¥R & (5
L72X27 L4y FEMABAAZSRNADY A L v 7
BRZFENT L C. HA FEHFPTHA L 2 v FRPROKT
L T ED o T2 DIX12%F (a12) & 207 (a20) DA T,
iz, 19 (a1), 3% (a3). 10% (al0) Of7E 5 AR
HEBATLETA LYV Y THIRIIREETF L,
AHELTWD Y, BIREN S L 1212% (al2) 12 TRBP
DFEAHAL L 207 (a20) 1L Ago2DfEATMITH DL E SN
TEN., ZOMERIZTRBB & N Ago2id siRNA —Hi D~
L F =T N—TP5T 7 AL TWLILEREL TN
(Figure 6) .

[ U Beal 5 DWFFE 7 )V — 71~ A F— 7 Vv—7HNZ% %
26 BB L 7277 3EF ) 2 M AGA A TZSIRNA D1 L
VIV TR RN L CL A FEHRCLERT (147F) . 2%y
t U — P CAET 3FL16%) TIRTA L YT
BIRAMET Lehro 72 L3 LT 5 (Figure 7).

AR Tld Ago2fKF M RNAI R (siRNAFRES) 128
\7 % DICER-TRBP/PACT #% %t RISCLC (RISC Loading
Complex) DIV A&, Ago2zx WREEM 2 & 5

TRBP2 &5 & BRI TRBP2 & & BB 4L
DNAIZE # A] §E DNAIZE #2 A 5E Ago2 $EE BRI
HAREH A 1 1 1
I | | [ | ||

57-(a1 Y a2)(a3 Y24 Y a5 Y26 Y a7)a8 Y a9 )a10fa11)a12)a13)h14)a15(a16)a17)a18 a19

3’-(s21/s20)519 518517 [s16 515 Js14 [s13 512511 )s10) s9 | s8 | s7 | s6 | s5 [s4 | s3 [ s2 | s1 )-5’

VACE D2 |

Figure 5. siRNAESIDHEER 5" &



TR T re0 b ) 26 (2017)

R NHz
= s . O‘N
| NN Rr- N N-NT\
(o] N N/) T N o
| ;O: I N’

o OH
| i TRBP2 5 & #R L
TRBPZ%* A Ago2 fE & BB

|
[ﬁ;mﬂgnﬂﬁnwﬂ%\ m TeER[RE]"
IR D

3'- 52]_520 519 518 sl? 516 515 514|513|512|511|510 59 58 s? sB sS 54 53 52 lsl /-5’

S S NN

_ St e—8 | |

Figure 6. X ¥ v — 7 I —7iEMSIRNADY A L > > 5h8

NH

—~

N=-N

'<’ff
B0 W)\ 5|

v

................

3"52]_520 519 518 317 316 315 914|513|sl215111510| 39 IsS s? SG 55 54 53 52 51 -5’

S S

A% -1 4 T
HEE _EP_EE_E

Figure 7. ¥4 F— 2 IL—7E#iSIRNADY 1 L > o> T5hRY

DICER ? TRBP/PACT
Ago2

RISC Loading Complex
(RLC)

mRNA

Figure 8. SRNARKICHIFZ 7OV



XY x =7 V—TBHISIRNAIL X 2 BIETFHA L Y3 v F5R

RISCANDFERA I, /8y & v T v — SO, 1AL
MM RNA &L OFEE LI & v ) —HD
70 A28 T (Figure 8), siRNAD X ¥V v — 7 )b —
TBEHPED L IITHEL, = N—F = VR RELT
AV Y TRIENED L) IELESNE IO WTIR
L. TR E hAgo2ditifiit & DM 2 ZE L 7.

(unwinding) «
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{EffisiRNAD SR

41 IX 27 L4 F FIZDNA/RNA BEEKEEE nSS 11
(Gene Design Inc.) # b bW THEEN T T ) ZF VKA
KT IFTAMEZEDER L £ ITX7 LFF NI
Hewlett-Packard HP-1100> A 7 & % V2 5 #4H HPLC 12 &
DREEL, AT L7ze F720 B LA ITX 7 LT NI
MALDI-TOF MS (Voyager-DE, Applied Biosystem) 3 X
OFESI-MS (amazon SL, Bruker Co.) (Z& D IAE L7 2
DA DALFIE ST F AR A, R RS,
AL S, T H I T A MRS L VA L7,
FERNA fil 12 RNeasy mini kit (Qiagen) % H v CTATW,
E&w") 7V A 5 RT-PCRIZ SuperScript IIT Platinum One-
step Quantitative RT-PCR System™ (Life Technologies *t
) & HWTMX3005P (Agilent Technologiestt#) 12 X
R TR=pAR

HlREE £ siRNAFA

8 P4 B 1 I 9 A T R K-B6213 i E AL BN TR PR AL
10%FBS, A FL 7 h~<A ¥ (100 ug/ml).
> (100 U/ml) #% & t» RPMI-1640 55 #b o ¢37 CT. 5%
COFFHA T TREE L2 10% 2> 7 VT b DIRRET
A5 x 10° cells/ml % 24-well 7L — b (Iwaki, 1 ml cell
suspension per plate) FTHAEWHE % & F % WWRPML-
164055 1 T37 C T2RFRIEE#E L 720 siRNA % #4352 B2200

~=3)

ww
Y

iy

sense 5'-

nM & 7% 5 X 9122 ul @ Lipofectamin 2000™ (Invitrogen)
L & B2 O0pti-MEM (Invitrogen) W, i T305-1H 1 >~

¥ 2 ~N— kL., #DsiRNA- Lipofectamin 2000™ #1100
ul&24” =)V 7L — § ET 900 ul® RPMI-1640%5% Hb i o>
K562fMf (5 x 10° cells/ml) & iRAIL 726

Y7841 L RT-PCRICKDBCR/ABLRBEE

F ARG (K562) % RPMI-1640 / 10% FBST05
x 10° cells/mlZFA%EE L 720 200 uM X 7F F10 ul £20 uM
BCR/ABL siRNAIO ul Z{#A& L. 37 CTT305H A >~ F 2
NR—=FL72H, 247 2V 7L — F BT, 3% L 7-#i18450
ul & RPMI-1640 / 10% FBS 30 ul £iRA L7z0 37 T (5%
CO,) T2AEF[X;#E L 721, RNeasy mini kit (Qiagen#h:
) % H\w T, RNAZ i L 72o BCR/ABL ® mRNA i3
TagManProbe % H \» T SuperScript™ III Platinum One-
step Quantitative RT-PCR System(Invtogen#L#) 12X b
J7 V% A LART-PCR (Stratagenef:#) TwE®RE L72. W
A7 VEISELUT O E BYITo 72,

FEERIL TR CBELL ATV, o BB ERL v
%o KBOWEGEMIE MY 7)) r— MAEBDOTHTH %,
50 C 15 min 94 C 2 min/1 cycle
94 C 15 sec 60 T 20 sec 72 T 20 sec/40 cycle
BCR/ABL mRNA 75 4 ~v—&TagMan 70— 7
Forward 5 - tgcagatgctgaccaactcg-3'

Reverse 5- gttccaacgagecggcttcac -3
TagMan Probe 5 - FAM-cagtagcatctg actttgagectcagggtet-
BHQ -3

BREEER

PP B E IR e K56212 58 B3~ 5 BCR/ABL #{n+
DT x Ty a I EER E T 5 siRNA (Native) & U
DI AT ¥ =T NV — TN H 72 B2 15 L7-T* %

GCAGAGUUCAAAAGCCCUUTT -3'

antisense 3'-TTCGUC=JCAAGkJUUL“JCGGGAA -5
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Figure 9. T*&T*ZHAAA FESiRNADEE
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BCR/ABL mRNA(355-390) DR E 51

5'-ggauuuaagcagaguucaalaagcccuucageggeca-3

Native

sense 5« GCAGAGUUCAAAAGCCCUUTT-3'
Antisense 3'- TTCGUCUCAAGUUUUCGGGAA -5
5-7

sense 5-  GCAGAGT*UCAAAAGCCCUUTT-3*
Antisense 3'- TTCGUCUCAAGUUUUCGGGAA -5
5-8

sense 5'-  GCAGAGUT*CAAAAGCCCUUTT-3'
Antisense 3'- TTCGUCUCAAGUUUUCGGGAA -5
$-18

sense 5- GCAGAGUUCAAAAGCCCT*UTT-3'
Antisense 3'- TTCGUCUCAAGUUUUCGGGAA -5
5-19

sense 5- GCAGAGUUCAAAAGCCCUT*TT-3'

Antisense 3'- TTCGUCUCAAGUUUUCGGGAA -5

AS-7
sense 5-  GCAGAGUUCAAAAGCCCUUTT-3
Antisense 3'- TTCGUCUCAAGUUUT*CGGGAA -5
AS-8
sense 5  GCAGAGUUCAAAAGCCCUUTT-3"
Antisense 3'- TTCGUCUCAAGUUT*UCGGGAA -5'
AS-9
sense 5  GCAGAGUUCAAAAGCCCUUTT-3
Antisense 3'- TTCGUCUCAAGUT*UUCGGGAA -5
AS-10
sense 5  GCAGAGUUCAAAAGCCCUUTT-3'
Antisense 3'- TTCGUCUCAAGT*UUUCGGGAA -5'
AS-15
sense 5-  GCAGAGUUCAAAAGCCCUUTT-3
Antisense 3'- TTCGUCT*CAAGUUUUCGGGAA -5
AS-17
sense 5  GCAGAGUUCAAAAGCCCUUTT-3"

Antisense 3'- TTCGT*CUCAAGUUUUCGGGAA -5'

Figure 10. BCR/ABL mRNA (355-390) DiZrIEZ5! & sIRNADERF)
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FLAGA A 72108 D sIRNA 2 &R L (Figure 9). 0
AV 7R e lE L7z

ZOFER % Figure MR L7z, HA F§ (7o F &>
A$H) 7F-10% (a7, a8, a9, al0), 157 (al5), 17% (al7)
WAL 2 AR A ZZSIRNA D A L > ¥ v ZRIEMD
30% - 65% K& AT L7zo HF12. 10% (al0), 177 (al7)
B 2 ARG E A LU Y v TREDNIEE A LB
WENLD 0Tz Ny Ty — (2 AHH) OTF (s7).
18% (s18), 19% (s19) (ZMBHiMRE A M AR AR A2
BT AL Y Y TRHROETA/NE L, 8-20% T
Holre W=ty Y v —HO8FE (s-8) IHIARAT
BEIEF, YA LY Y TOREMET Lo 720

71 FHBEHOY ALY THRADRE

Ago2D & XA OFEHRS TIEH A F#E7TEH (a7)
D2 -IKEEH L Ago20 A22100 T 48 Ago2 & K FEAEA % K
LTBY, 720 N v 72 ATho A v oA L »36556%
H (a6) L7%EB (a7) OBICHEIDAAT, KRE LWl

BN EAELERTVLIEDRDRoTWSY, 7HH (a7)
D2 KB N LW A FEHTEHR (a7) O5-EHfRE
BN v 7 ATHROA v a AL 3658 VARIZEDHD
G o T, RISCEAREEL L2000 Lt v,

A F§8EH (a8), 9% H (a9) IIT* % MlARAL
siRNA (AS-8, AS-9) TiIVA L vy IRRBENTH
43%. 38% KT L7zo XMk L uiX a7, a8, a9
DYHEEI LIEBHWICAY v 750, Ago2d L1 S220
B L L2 R357, PIWI K X £ > 1 ®OR714& R7617%a7,
a8, a9 D) YERFELMENEH L TWwb, F72. R710%%a9
Lal0ORICEI > TAD, a912A % v 7 LTWB Y, fito
T a8 ® CH{L O B35 A% Ago2 Helix-7H 0> M364 & 3715
RUIZHGE L, a9 D CoMD & F AT Ago2® Arg710D A %
FUTERYGEL TCHLEEEMDDH S, (Figure 13)

HA FEE10% H (a10) 12 T* % A A 72 siRNA (AS-10)
T ALY v 5% &R & ART Lz XAk
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Figure 12. i1 NHTEE DS -BE £ Ago2
Ay g A7 Dle365DHEE {EFR

BT (Z K AUE Arg710& Arg6357%a9 & al0 DR I2E] - T
ADHTA REICKELR I UNEAEL SH, RTI02%a9 DI
b, R6362%al0 DRI L ENENAT v 7 L TWAHT L
AR ENTWV S Yy A-10T* Hi 3k D CHV & #2355 HTR635 & A
HAEF LT, a9 L al0 O & UV 5 2 72 REMEAS
5, (Figure13)

HA NEE15%E H (al5) 12T & # AR A 7siIRNA (AS-
15) CTIEIV A L ¥ ZFRIE30% W AR T L7ze Xt sk
BEIZL I T T v F w7V (Pro67) Atald & al5 DS
HoTA>CaldDHEELX 7)) v T7 7 bEET, Z0 L
IZArg27625A % v 7 LTV 5B Z EASREN TS Y (Figure
14), alST* O CHEHIES T T v F v 7 VOESE & IE

11e365 f‘\”

¥/,
2. \\ '\

k o AS-7

LTy HA FHOMEICEE 720 LWREENE 25
N5,

A NE17%F H (al7) 12 T* % flAIAA 72 sIRNA (AS-17)
TRV ALy v ZRhEIE5% & BIRITIRT Lse XA
P IC KT al7, al8, aldlZnTRE A v s LTH
53, al7L al8DMICIIRE LY — U 3H D T EARS
NTW5 Y, alTT* O CofBIRIEA Z D & — s
EHZIHR, COLIBTAL YV IHROKT 2
W RS S 5 (Figure 15),

N+ —BERDTI LV THRADEE
Nyt rVx— (LY A8 THB (s7) I2T* A

|

AS-10

Arg635

Figure 13. AS-7, AS-9, AS-10&Ago2& DEEER

Protein Data Bank Japan (https://pdbj.org/
mine/summary/4f3t) &\ &%E
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ANTSiRNA STOHA L >y v ZFERIE63% TH Y . F
fEHiSIRNA (native) &L THhTHIIWMA L2721FT
B o720 XML IC X AUE, hAgo2d N F X 1 P67
O kv 7 vhald b ald D ICE > TAD, aldd
WHZ2 TV 777 NS TW5, F72, Arg278hiald
WZAZ X7 L, AF+ v -nEERICE Y LEL
TWwbo ZOME N-FA AL UHFLSV0EHE LT 2
KESIRNADT I A 74 v 7ap &R L, L
7-RISCIE 2 RT EZEZ BN T VD, STOMEITZH A F
$13%FH (a13) DEA VNG 2D, P77 T ¥ )y
N EMHET LR H ). 2RESIRNADT > T4 ~
TA Y TNHETHIELEZONDH, FERIZIESTT
O CHEIIED TR E TN S VWEZEZONL, HD W
&, PE7T7OY Y Fy 2 VLB RERR LI, TV
AV TA Y TOBII I RBEILEINTRLELL DL
b LNz (Figureld),

Ny trTy—§ (L A8H) 8FH (s8) IIT* %Ml
A ANTZSIRNA S-8DH A L > ¥ v Z R H1375% THAG i
SIRNA D70% 2> 5 b F A1 E L7z, s813/%y &
Tx —HDSUIME NS 9 L s10ICHEET AEICH Y, A
4 F§Hal10 & all D[N K725 720, s8T* D C5zD

EIIESPIWLI F A A L2 & 528y 20 P v — O YITIC
WEESZLMEELZEZONS, L2LAAL, EREIZ
IZZDEII/NEVWEF 2 5, (Figurel6)

Nyt rIx—8 (v A8H) 18FH (s18) B X U9
FH (s19) 12T % # A ANTsiRNA S-18 8 L UFsiRNA
SS90 A L » v TRRIEZENZENS0%. 55%TH D
WL RIBHISIRNAD70% & VKT L7z 78y & ¥
T v — 18, s1913 4 4 NiHal, a2 D[ah W ENZALE 5
bo XMAESMEIC X, al &s19 3R 2 o L
TBELT, alDERKIEZ 7)) v T 7o ML, 5 - VEEEM
Mid KX A Y EPIWI KA A COBEFRIZH D HFF PR

FOUSFY oI
N-RX A >
a13

o

Figure 14. hAgo2m70O) >+ v 7L (Pro67) &albT*OCHIBIREDII{AEE
Protein Data Bamk Japan (https://pdbj.org/mine/summary/4f3t) &\ &Z&E

Figure 15. hAg02DN KX 1 > & alT~a21 DM EER
Protein Data Bamk Japan (https://pdbj.org/mine/summary/4f3t) &Y\ &ZE
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Protein Data Bamk Japan (https://pdbj.org/mine/summary/4f3t) &Y\ &XZE

oy MZELC ADAATWS Y (Figure 17)

iR

P Eo#E R % Figure 1812 F L 72, —fMyIZIZ, »1
F# (7 F Ly 28) OU % T* (2B L 22812139
AV Y IRIRFRKECKETL, Syt rIry—# (&
VAH) OU & T IZEBR LB EOT ALY v IR

DOFENLILEN /NS o Tzs T % H A FiHaT, a8, a9,
al0, al5, al7 |ZHLA A N3 A 1213 KRB Hi siRNA 121
NRCHA Vv Y TRIRDP30~66% T Lize &) blF.
al0 3B L al7IZ#lA AN7ZAS-105 X FAS-17 Tl T &
AETA LYY Y TRRIEER L 720 Tl D Beal % Dk
WETlxal, a3, a6, al0, al8D X ¥ v — 7 )b — 754
E0H AV Y THEOT 0B S 25, SEIOHR
RITENE L C—HLTDE, — AT, vt I v —8

s7, s18, s19DU & T* (ZiEff L 7236 1213 R M54 siRNA
WZHARTHA L v 2 v 7R RH8% ~20% KT LS, £
DIRTOREEITA FEOULRBEIRLZHBE LD 2R
INEIr Tz, T2 Ny by T X —4Hs8DOU & T* IIE
B L 72358 I RIB I SIRNA ICHRTHA L v ¥ ¥ 7 %)
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YU — 8 ILYIMIERALs9 - s101ZFEHE L 22 iETH B
A5, hAgo2® PIWI K A A > Ol G AER A7 122488 siRN A
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T* of a7, a8, a9,
largely decreased

RMAI
T* of 215 largely
U U decreased RMNAI

H-bonding of 2'-OH of a7 Residues S220, R357, R714 and R761 of L1, L2
to the main chain carbonyl of Ala221 and PIWI domain contact phosphates a7 to a9

T* of a10 fatally
disturbed RNAi

T* of a17 fatally
disturbed RNAi

Kink between a6 and a7 by
lle365 in Helix-7

R710 stacks on the a2 base
RE35 stacks upon the a10 base The last base (a21) is

Major kink between a9 and a10 stacked against F294
Residues K566, K709, HT53,

Y790, R792, S798 and Y804 in Prorine knuckle (Pro67) Sharp turn
the MID and PIWI domains kicks out a14 base to flip between al7
contact phosphates of a3 to a6 out and stack to Arg 276. and a18

ui ran
Guide Strand I
5'-@%%%? 28 (2051061161201 3012106161715
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ﬂ Passenger Strand

T* of 518, 519 slightly
decreased RNAI
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T* of =8 did not T* of 57 slightly
interfere RNAI decreased RNAI
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