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Inhibition of Hepatitis C Virus (HCV) Replication by
Hammerhead Ribozyme Which Activity Can Be Allosterically
Regulated by HCV NS5B RNA Replicase
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As a specific and effective therapeutic genetic material against hepatitis C virus (HCYV)
multiplication, HCV internal ribosome entry site (IRES)-targeting hammerhead ribozyme which
activity is allosterically regulated by HCV regulatory protein, NS5B RNA replicase, was constructed.
The allosteric ribozyme was composed of sequence of RNA aptamer to HCV NS5B, communication
module sequence which can transfer structural transition for inducing ribozyme activity upon
binding NS5B to the aptamer, and sequence of ribozyme targeting +382 nucleotide of HCV IRES.
With real-time PCR analysis, the ribozyme was found to efficiently inhibit HCV replicon replication
in cells. Of note, the allosteric ribozyme was shown to inhibit HCV replicon replication more
efficiently than either HCV genome-targeting ribozyme or NSS5B aptamer only. This allosteric
ribozyme can be used as a lead genetic agent for the specific and effective suppression of HCV
replication.
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HCV A5 Zol+ 9F 9.5 kilobaseo]™, 4|30l ZFA=H 5
untranslated region (UTR)® HCV straing 7t 1 A{Fo]
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o] Ax EA Fag J%S 3171eld, 13, 19) & HCV A
AE JMdsked F8 3Ho] = k.

A2 AREE 3 = & HCV X BA|Z+ o-interferonS ©]
83t WP ribaviring A0 Foske o] 1ot nlo]
229 strain”htt 1 B} h2A] Baisle] glom X
40-50% 2] HCV A ol xnt &0 a3s Bo Fot
I geEA k9, 20). = HCV NS3¢ domain % 3R]
proteasedl] that 8IFAEA 78k A A(Teloprevir, Bose-
previn)7} A7t X EAZA W5 FDAZRRE S{7}=|o] HCV
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siRNA (14), RNA aptamer (2, 11), antisense oligonu-
cleotide (7), Z|HAIA(18, 23, 24) 59 RNA ®AE 7|Wke.
Z 3 AAIEe] M2 & HCV AA=ZA FHZ &3] 7))
tﬂ-gjy_ o]q_ RNA l?“Z]—‘: UH _| ]x%_& _L7<4 x].g,} HLA
T = QOB side effect == HCV EUWHOIES] &5 &
AAG 4= AL AE Hellxfe] LAA] RNA AHAo] thg
8- fiEA] v FHES 23 k. o]z]gk RNA
7Rk A= g3 FEE Tt Ee AlE i s
Fote] & ulely s AR 28E = ok v A2l &
A RNA A4S ARG Aol SolAda) a5l 3lof A7
9\,\‘:} tq"’)r’ﬂ Bo Eo]ﬂol‘ﬂ g2 & HCV AA=Z &
g ZAfelxnt afHoz 3}
HCV %L 39S ]’]'H'E T A= % ’6]'7]4 RNA 2HEE9] 7)%5°]
T A2E 2HEo] sito] Fasith

HZ 99 aptamer®] 7193 FF B4 1A 58 @
£2] #A49] 24 YA 5YE hammerhead |EAS]S] H7}
922l 2 RNA A9 587 A% A28 7I'd9] RNA
AAE MLSIATHLT). oS B|HAJIL, allostericHA] 2]
Hzpelo] A4S =N 4 Y communication module
< 53}, HCV A% ¥3% hammerhead 2]EA%]3} HCV
NS5B widol Eo)xo g ZA3}sl= NS5B aptamersS 2%
& Fxoltk. & ATelMe o3t allosteric 2EASIO]
HCV EAIE JAE = e 58] A=A AF3] st
HCV subgenomic replicon®] A W] BAo] tist oA5-S
8L, aptamerst B EAS) A4S A2s A9} H
ske] & HCV AAZA B840 T=EEA Btk
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Huh-7 A 2HF AlEZF(cell line)E ATCCER-E] 75}
HFe™ 10% fetal bovine serumE ¥ DMEM-& AR5}
o] widstgtE HCV replicon A|EFE F53517] ¢85}
HCV genotype 1b NS3¢] 7 §-9]o]] Z12]31 NS5A 9] & 7-9]
o 21z} EAWolE /3t subgenomic replicon construct
(15), pFK-1389neo/NS3-3°/5.1,2 AF&-3}3]t}h. Replicon Z&}
2UEE Asel E Scal 2 A3 & A ] FAxPpRS 5
3] HCV replicon RNAE A5}tk Gene pulser A]2=H]
(Bio-Rad, USA)S &83+ #7522 53}e] HCV replicon
RNAS Huh-7 AlZol| FY3IH 2950 pF, 250 V), G418
(500 pg/ml, Invitrogen, USA)S ©]&3}l <AS HCV
replicon MY¥XFE FE31ch

NS5B 2|=X allosteric 2|EXI2! XM=t
NS5B @7 o]F2 02 HCV IRESS] +382 ¥-915 34,
A 4= 9lE 4o 55 hammerhead 2EAUL A

2Feldet ol5 913l NS5Bol i3t aptamer®} hammerhead

Allosteric 2|2 2}¢lo] 2]sF HCV EA| A4 189

gRAY 9 olde] A=z F53F communication module
(17) 971 LS overlapping PCRS E3to] A2bsi9itt. =

¥ DNAE Sall ¥ XbalZ T3 5 pGEM T-easy tﬂm
(Promega, USA)°l S293F 3 A Yo|xe Arpke-S
B3l g)Ex}e] RNAE A6tk Allosteric EHEAFI Q]
ME W FHE 5k FRAY] cDNAE Sall 2 Xbal &2
ksl & 7SL RNA ZZHFEIE o]&3 W FHH|E21)9)
Z23I3]th

Allosteric 2|EX[21o| A3i2t LY X|7PHCKself—cleavage)
HIES

Allosteric Z|BEA}Y2] EolAdS ®7] 94, [y-P] UTPE
A= 20 fmole?] o3 XA T+ allosteric 2| EA}]
< 3.2 pmole®] BSA @ 52 NS5B @S 37}t
HES-A1ZIT} 20 fmole 2] E]EZ]—“—O— 95°CollA 1&# 30% B2t
HAAIZL £ 37°ClA 157 53 725 AFGAHATE 97)
o] 2x hammerhead ¥Hg- %*%‘?‘44/]- 3.2 pmole] TAS
Bal 37°ColA 1413 &9t WHeAIATE RES©] € RNAE
RNA loading dyeE 412 ¥ 95°Celx WHAZAIA 7 M
urea-10% polyacrylamide gel®ll4] 180 VZ 1At A7
T S192m, typhoon 86002 AlE35lY] imageE V2 &
Imagequant TL v2500 ZZ1(GE healthcare, USA)= 9]
&3t A7 EAtT

Luciferase reporter assay
Huh-7 A3 &= HCV replicon A9 allosteric 2]EA}
) LHWE]S TransIT LTI transfection reagent (Mirus Bio,
USA)E ©]83}4 reporter construct®} 7] =4S+ F luciferase
448 EASINTE Reporter construct= cap JEHOZ
W3}lal IRESE 531 Firefly luciferase
£ 48 3= dicistronic luciferase construct (12)S ARSI

t}. Luciferase= luminometer TD-20/20 (Turner Designs

Renillar luciferase S

Instrument, USA) % dual-luciferase reporter assay AJ2~El]
(Promega)< ©]83l 43tk

AlA|ZKreal time) PCR

HCV replicon A|3£¢]| TransIT LT1 transfection reagent
(Mirus Bio, USA)E ©]-83}4] allosteric 2|EAIY &3 ¥H
S =98Itk =Y F 3042 ¥ total RNAS F53 &
HCV A5 %S E43817] 9fsliid HCV cDNA®| S47F=
(negative strand) Eo]z9l] primer (5-CGTAACACCAAC
GGGCGCGCCATG)E, 18S rRNA2] cDNA 45 H45}7)
$8l4 random primerE ©]-&3ld FHA} HhE-S FalTh
E53F cDNAE HCV replicon construct®l] £2)3l= neomycin
A& R A gk So]2) primer (5'-CGTAACA
CCAACGGGCGCGCCATG, 5-CTCGTCCTGCAGTTCATT
CAGGGC)E ©]&3lo] PCRE FE3}9t) Internal control 2
A1 18S rRNA¢] 3+ cDNAS ZSZ&13t} (primer; 5-GTAA
CCCGTTGAACCCCATT, 5-CCATCCAATCGGTAGTAGCG).
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Fig. 1. Structure and characterization of allosteric ribozyme.
(A) Composition and structure of allosteric ribozyme which
activity is regulated by HCV NS5B protein. Asterisk
indicates the cleavage site. (B) In vitro self-cleavage assay
with the allosteric ribozyme. Wild type or allosteric
ribozyme is incubated in the absence of any proteins (lane
2) or in the presence of NS5B (lane 3) or BSA (lane 4).
Input RNA is loaded (lane 1).

Rotor-Gene (Corbett, USA) % SYBR Green PCR Core
Reagents (PE Biosystems, USA)E ©]83} 41|37k PCRE
FY3IATE PCR 2.2 95°CollA 30%, 58°CollA 30%,
83 72°CollA 30% F<F 40 cycle WA T

Western blot =4

HCV replicon AlXEo|| allosteric 2]EAIY 2d WHE =
A3E T 30417 Fol] MEE B8 AIH Thbuffer 27; 50 mM
Tris-HCI; pH 8.0, 150 mM NaCl, 0.2% sodium azide, 0.1%
SDS, 0.1% NP-40, and 0.5% sodium deoxycholate). & T
Z(50 pg)S SDS-polyacrylamide gel “3¢ll loadingSF &, 34|
ZFERt 4°C, 300 mA £ slellxe] 17195 3l PVDF
membrane (Bio-Rad) ”9& ALstAtlE MembraneS 5%
(v/v) skim milkZ block 3+ ¥ t}2-2] 12} & 23} gA|E o]
23}] Western blot £41& 2339tk 1%} 34, mouse
monoclonal anti-NS5B (Millipore, USA) 32 mouse anti-a
-Tubulin (Santa Cruz Biotechnology, USA); 23} &4, goat
anti-mouse IgG-HRP (Santa Cruz Biotechnology). ©2 band
+ enhanced chemiluminescence 3= EZ{Amersham-Pharmacia
Biotech, UK)S ©]-83F W3guk3-8 &3t A6tk

A
HCV NS5B S|EXo=z aMsit|=
M=

Hammerhead 2]EAFY9] catalytic core F$]<] stem II -
#oll communication module< 53] NS5B aptamerS Z3A|
71024 NS5B Tl o] aptamere}e] 23S SafAwt 21
ZH19] catalytic &40 F=2 F U RARIE A
tiFig. 1A). ©] W 413 communication module $§714<¥
& g REAR] 495 HCV NS5B &8z 71g & /=3
TF U= Aotk oJHg AMEL F299] 10 merZ 7/3¥
communication module A]&€°] NS5B aptamer} R AT A}
olell AuE FEAR golBf|ZRE AEH yolxe] A
WS B AEEHATH7). ARS gEARle] HAd

allosteric 2|E2X}2!

NS5B7} EA5l= 7490wt Eo]¥ oz A7t (self-cleavage)
o] f=d & A=A AT A3t A 9L

2 A" FRARE BSA £-& NS5B T gy u}_/\];ﬂ\;}
NS5B aptamer’} B8] UA F o @rAe A
NS5B g =z 920 Al glo] H|Eo|xoz xprpdet
HkS-o] FEES oY, allosteric HEAIYS] 7%+ NS5B7}
Z2 Adwr Bol¥oz ArbdY ukgo] HEESITKFig.
1B).

Allosteric 2|EX}2lof| 2|gt HCV S0|XQI EX QTR &
& x|

Allosteric ZHAIIS] AlE f 5olF] whe-S #Es7] ¢
&fo] HCV IRES9] +382 §-915 A8k 2lRAY S A3t
% HCV IRESY| 93] 1 &&o] F =& reporter -4+
WEo] HCV Solxoz dAd 4 JeA AH3IItHFig.
2). $EIE o]xe] A7 HE HCV IRES F +382 9|7} 7}
% hammerhead 2]EAFo tgk HZAdo] §olehs H&s)
Fek17). AX W 2FES Y3l allosteric RAIYS 7SL
promoter =4 3}ol] AlEZ WollA LEE 4 Q= I HHE
AZFstact. 4% Huh-7 AlE dellxdes o E 2lrApgle] i
S 3T reporter F-1AF L&o] JA| 3L, allosteric
Zral 9 ngdslee] e Ao FEAYNY] wES
FalME BlEZE] FRA TE| obF d3Fo] FIATHFig. 24).
HbHo HCV subgenomic replicon®] 9Hgdoz ZEAE=
Huh-7 M|Zo| A<= allosteric 2]EAFI2] @] 23] reporter
FRAL o] JAER o, T AT oI FREAY
ol wE oAlo] 498 AEE F8Ho|QltkFig. 2B).

Allosteric 2|E2X}l0ll 2|8t HCV replicon SX| x|
Allosteric FRAJl 23] 1 g8 o0 F HCV EA|7}
A== BE8)7] 9)8l, HCV IRESE ¥ 23}5h= allosteric
ZEADE THEE & = T HEE HCV subgenomic
replicon®] $FgZ 0 g EAE = Huh-7 HXEo| =9 &
HCV genome copy = A7t PCRE 53l #4313 Th
(Fig. 3). 21 23} allosteric Z]EAIY ¥ WEe] =9 ol
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Fig. 2. HCV-dependent inhibition of IRES-mediated reporter activity by allosteric ribozyme. Expression vector encoding wild
type or allosteric ribozyme, or inactive ribozyme or inactive allosteric ribozyme (1 pg each) was transfected into naive Huh-7
cells (A) or HCV replicon cells (B), and luciferase activity was represented as a relative to control cells transfected with
control vector. Values shown represent the mean of three separate experiments with standard deviation.
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2 HCV ©hid kS ol 2B ALY, WIZHA allosteric #]H
A F oHE EAYS 47 dEshe ¥EHE =Yt
HCV replicon M3 WjellXe] HCV EA] 749}l A& vl
BB THFig. 4). oP¥E 2lEAQ)e] B¢+ H3F RNAS
At3li= hammerhead FHAY SAd7te] UelRd AolH, ]
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Fig. 3. Inhibition of HCV replicon replication by allosteric
ribozyme in a dose dependent manner. Increasing concentration
of expression vector encoding allosteric ribozyme was
transfected into HCV replicon cells. HCV (-) subgenomic
RNA levels were analyzed with real time PCR and
expressed relative to the level in cells transfected with the
control vector. Averages of three independent measurements
are shown with standard deviation.

T RNA aptamer 40| BF Qv RO 2 o839
oA ZlEA] L HIZA allosteric FEAY TE HEE
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Fig. 4. Efficient inhibition of HCV replicon replication by
allosteric ribozyme. Expression vector encoding wild type
ribozyme, allosteric ribozyme, or inactive allosteric ribozyme
or inactive ribozyme (1 pg each) was transfected into HCV
replicon cells. (A) HCV (-) subgenomic RNA levels were
assessed, compared, and represented as a percentage of the
level in cells transfected with control vector. Averages of
three independent experiments are shown with standard
deviation. (B) HCV NS5B protein level was assessed using
western analysis and normalized to the level of internal control
o-Tubulin. Relative expression of NS5B was represented
relative to the sample transfected with 7SL control vector.
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4A). HCV 24 Tl dQl NS5B Wi o] oF oA opild g
B9l 2 H1E allosteric BRAY WA WE]Y] o] BT
2= YA, allosteric ZEAFY W& wEjol] o8] 1 o]
717 o] HAE|AK(Fig. 4B).

55

k=

£ Aol A= HCV NS5B &322 HCV A|we 34,
At gAJo] FEFE allosteric ZEAY(17)0] a3Fo =
HCV replicon®] ME U] BAE AT 4= 3low, Yoy} 1
A#5©] HCV NS5B aptamer 2 2]RAF] 242t Thsof 2]k
& HCV SAleitt o FHolgs #Eesinh. ol allosteric
YRAAS 0|83, 124 TAN Al 1 VTS o
A = AR 7F9HQ AgE wi&el 7% dAVL vEs
Z]2] RNA aptamer 2 H]7}ZF 0 2 nlo|#2 X|5-S FH s}
of Ag 4 AR A YoM &4 F5e] vlaesQl
hammerhead BEAASY] SHAHES FEE 5= IS AARHE

Allosteric 2]HAF)2 AP ¢ Holl-d HCV NS5B ©Hild
o] Slojolst At Mk BAo] FEEIOH, olrl HCV
replicon®] X0 2 BA| == AEAMT 14 {24 &
S JAF ¢ YAk o)+ allosteric 2JEASY] A-$, HCV
NS5B ©ldo] A|Z ol A L o]opx]k NS5B aptamer
ofe] A%s Bl flrAle &5} ffEs o], 714 RNA
2} trans3tA ¥RESRS AJALSICE = allosteric EHEAFIY A
%, HCV 7 A2 Solzo=nt glrA] &40 fugs
ArFg) ol2fdt Bolde 5 USA REE AR &
AE rAR)S] BI5olHQl off-target EHE FHASIE &
A= FA7F E F dS Aol

e allosteric B|BEAFYL, 7ldFoz FZF whizel
HCV =4 whido)] ZAgto 2 1 758 AT + Ae
aptamer (11, 26)2} H|7}F o2 EZ RNAQl HCV A&
RNAE 3243} Hst 4= 9)+= hammerhead E]EA}Q]o] 3}
1] RNA 412 A3 A2 /€Y & HCV AA=
482 F IS Aotk HAAE B dFelx #EHE & HCV
Ay} allosteric FRAIE HCV AL A5 FRAY
@=o 93 3 HCV a3 L aptamer AE2 zta oy
ZBAAE] catalytic core F-97F Eo] Fof e HILA
3} allosteric ZEAS], = HCV NS5B¢} A%sk= RNA
aptamer ©=°] 93k & HCV &3HT ¢ FHoylt) ol
allosteric 2]EHAI] 79 F 7}A] tFE RNA Asi#|E] 2
Sk g HCV a3} 8o g AEstod YJehd 272 {5
3k 4= it} TS RNA aptamer$} HCV ©)d 7he] A3Hs
53], allosteric 2JRAFYS] AXE W X7} HCV7} EAE
A= rough AXA| 9} AZAE ] small vesicleZ 745 =
membrane web (22) o2 HFTE F S Ao, o] &
3} allosteric F|RAFIS] HCV AFol thdk HTAdo] B
o golatAl BoEH 3 HCV &Eso| TUd & IS A
olch

70EkEl NS5B 2]E4 allosteric 2]2ANJS & HCV AAl

FAET olg} HCV 79e AT & § e YELHA
7Wd 9] biosensor (3, 8, 27)EA%E 8o 7}s3ith E3S 2}
7P 2]HAIYIS NSSB @il ojEH o3 HCV Sl
23 500l 3} antisense sequenceZ WESIA A=tgt
o34, HCV EA] BolFo= &3 Ao s dAst
SAlol| aptamer 84S g HCV 3 A#e 75 A
Fall, HCV EAIE aap&oln SolFoz AR = e A
FAZME &8 7158 Aotk Yoyt HCV EA] Sol&d
A7 A F 55 53 HCV 50]29] RNA W& 5392
3, allosteric E|RAIYS o}4] B2 FEo] ¥eA A &
< HCV 5A| #35 A7 & Je E7=AME 888

A& Aotk

o

xe

C3 7rgutole)X(hepatitis C virus; HCV) Z21-& &3}%]
oy Boldoz AT F v FHHEEA], HCV S2&
Z21x}21 NS5B RNA replicase A0l 2]} allostericstA &
o] == 4 = HCV internal ribosome entry site (IRES)
34| hammerhead ZRAAES AdalGict o]z]t fRAILS
HCV IRES 971X¥ & +382 nucleotide A& QA=
hammerhead Z|X2A}S], NSS5B RNA replicase$} So]8 o2
ZA%SH= RNA aptamer 39, 123l aptamer®} NS5B9}]
A3t 93] glEAY] 4 f= F U=EFE 724 wol
= ALY 4 Q= communication module 9 52 74
ol ek o]t allosteric FEAA 23] AE #lj ool 4]
HCV 9 replicon EA7} a5 o2 oA|HS AAIZF PCR £
A& Foto] Y 53], HCV AuS 143k grAt
9 ©=, = HCV NS5Bo|| tigh RNA aptamer T 9]¢t
HCV EA| A FHT} allosteric 2]HA}]o] 2]8F HCV E-A
AAlso] o FHolwth webx WEE allosteric RAS
HCV F219] a7#Rl &4 oA A=2d= &85 4 3

Aoltk

tlo

2Nl

HCV replicon constructE #|¥3l 4] Ralf Bartenschlager
B}XKHeidelberg University, Germany) % 7SL RNA 7]%F -
ZA} i e E A3l 441 David R. Engelke BFAl(University
of Michigan, USA)7| ZAL=-TE o] =F-2 2008 3% AF
(57| ] Ao st gATe] Adg w
o} 35 A+o|tHKRF-2008-313-C00668).
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