
©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

RNA Biology 9:8, 1110-1119; August 2012; © 2012 Landes Bioscience

 ReseARch pApeR

1110 RNA Biology Volume 9 Issue 8

*Correspondence to: Saumitra Das; Email: sdas@mcbl.iisc.ernet.in
Submitted: 02/14/12; Revised: 05/28/12; Accepted: 06/21/12
http://dx.doi.org/10.4161/rna.21208

Introduction

Hepatitis C virus (HCV) is a major etiological agent of liver dis-
eases such as chronic hepatitis and often leads to hepatocellu-
lar carcinoma.1 Over 180 million people throughout the world 
are carriers of HCV.2 Currently available therapy for HCV is 
mostly interferon-α, either alone or in combination with riba-
virin. However this therapy lacks efficacy due to HCV quasi-
species generation, and also leads to adverse side effects in many 
patients.3 Hence, development of novel and effective therapeutics 
against HCV is the need of the hour.

HCV is a small, enveloped, single stranded (positive sense) 
RNA virus belonging to the family Flaviviridae. Its genome is 
≈9.5 Kb in length consisting of 5' untranslated region (UTR), a 
long open reading frame (ORF) encoding the viral polyprotein 
and a 3'- UTR.4,5 The initiation of HCV genomic RNA trans-
lation is mediated by the high affinity interaction of the HCV 
IRES element with 40S ribosomal subunits, which promotes the 
recruitment of eIF3 and the eIF2/GTP/Met-tRNAimet ternary 
complex to form the 48S initiation complex. This is subsequently 
followed by 60S ribosomal subunit binding and initiation of pro-
tein synthesis.6-8 The specific interaction between HCV IRES 
and 40S subunit which is independent of cap structure and ini-
tiation factors is mediated through multiple interactions of HCV 
IRES with the 40S subunit proteins, including ribosomal protein 
S5.9,10 This function is encoded in the conserved structural motifs 
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of HCV IRES. From literature it is known that SLIIIc, SLIIId, 
SLIIIe and SLIIIf domains plays important role in IRES-40S 
complex formation.8 The recent reports on the crystal structure 
of 40S and HCV IRES revealed important insights on the SLIIIef 
and pseudoknot domain in the context of 40S recruitment.11,12 
Along with RNA elements of HCV genome, host proteins also 
known to play crucial role in HCV translation. Many host factors 
like La, hnRNP D, PTB proteins interact with HCV genome 
and affect HCV translation and replication.5,13,14 So sequester-
ing these host factors and thus stopping them from interacting 
with HCV genome will severely affect the HCV translation and 
replication.15

Since mechanism of HCV IRES mediated translation is 
unique and fundamentally different from the mode of cellular 
RNA translation, it might act as a good target for anti-HCV ther-
apeutics with high specificity and low cytotoxicity. In the past 
decade, RNA molecules have been explored as possible candi-
dates for novel HCV therapeutics including siRNAs, ribozymes, 
antisense RNAs, small RNA, and RNA aptamers, as these acts 
directly on the genome.16-18

In the present study we have studied the interaction of SLIIIef 
domain of HCV IRES with 40S subunit and host proteins to 
design small RNA molecules to inhibit HCV translation. We 
designed three different RNAs namely SLRe, SLRf and SLRef 
mimicking SLIIIe, SLIIIf and SLIIIef domains of HCV IRES 
and investigated their ability to interact with 40S ribosome sub-
unit and host proteins. Only small RNA SLRef (34 nt) was found 
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Results

SLRef RNA binds to 40S subunit and inhibits ribo-
some assembly on HCV IRES. Ability of short RNAs 
SLRef, SLRe and SLRf to interact with 40S subunit 
was investigated using sucrose gradient analysis and gel 
retardation assay. Here SLRef, SLRe and SLRf RNAs 
mimic SLIIIef, SLIIIe and SLIIIf domains of HCV 
IRES respectively (Fig. 1A). In order to study the direct 
interaction of SLRef RNA with the 40S subunits, 40S 
purified from Hela cells were pre-incubated with γ 32P 
ATP-labeled SLRef RNA, SLRe RNA and SLRf RNA 
and then analyzed by sucrose density gradient fraction-
ation. The ribosome binding profile showed that, SLRef 
RNA binds to 40S subunit and forms SLRef-40S com-
plex. But SLRe and SLRf RNAs were unable to interact 
with 40S (Fig. 1B). To investigate whether SLRef RNA 
would interfere with 40S- HCV IRES interactions, gel 
retardation assay was performed using 40S subunits. 
Pre-incubation of the ribosome subunits with unla-
belled SLRef RNA reduced the binding of 40S with 
radio labeled HCV IRES RNA. However SLRf and 
SLRe RNAs did not show any significant effect on 40S 
binding to HCV IRES RNA (Fig. 1C).

Further the effect of SLRef RNA on ribosome 
recruitment by the HCV IRES was examined. For 
this purpose ribosomal assembly reaction containing 
α 32P UTP-labeled HCV 5' UTR were incubated with  
200-fold molar excess of SLRef RNA and SLRf RNA 
and then fractionated by centrifugation. In the presence 
of SLRef RNA both 48S and 80S ribosomal complexes 
were reduced suggesting that SLRef RNA prevented the 
ribosomal complex assembly on the HCV IRES (Fig. 
2A) without affecting the ribosome assembly on the 
capped RNA (Fig. 2B). But SLRf RNA had no effect 
on ribosome assembly (Fig. 2A). Ribosome assembly 
was performed in presence of GMP-PNP and cyclohexi-
mide to confirm the 48S and 80S peaks in the ribosome 
profile (Fig. 2C). GMP-PNP and cycloheximide blocks 
the translation initiation at 48S and 80S assembly stage 
respectively, which results in the increased height of the 
corresponding peak.

It was earlier reported that a single mutation in 
SLIIIef region of HCV IRES (A298G) drastically 
reduces the IRES activity and binding of this RNA to 
S5 ribosomal protein.10 Here, it was examined whether 

the similar mutation in SLRef RNA (A298G) would affect the 
ability of SLRef RNA to inhibit the ribosome assembly on HCV 
IRES. As expected SLRef mutant (mSLRef) RNA failed to pre-
vent the ribosomal assembly on HCV IRES (Fig. 2D). These 
observations suggest that specific mutations in sequence might be 
preventing binding of mSLRef RNA with 40S subunit.

Interaction of SLRef RNA with host factors. Host fac-
tors play crucial role in HCV life cycle. Many host factors are 
reported to interact with HCV IRES to regulate translation. So 

to interact with 40S and selectively block ribosome assembly. In 
addition SLRef showed significant interaction with La protein and 
ribosomal protein S5. Since SLRef RNA sequesters host factors 
important for HCV translation and replication, we characterized 
the anti HCV activity of SLRef RNA.10,19,20 SLRef RNA signifi-
cantly inhibited HCV translation and replication. Furthermore 
the targeted delivery of this RNA in vivo using Sendai virosome 
demonstrated selective and significant inhibition of HCV IRES 
mediated translation in mice liver.

Figure 1. Interactions between short RNAs and 40s subunit. (A). Diagrammatic 
representation of short RNAs mimicking sLIIIef region of hcV IRes. (B) Representa-
tion of sucrose gradient sedimentation profiles of γ32p ATp end labeled sLRef RNA, 
sLRe and sLRf RNA with heLa 40s subunit. (c) electrophoretic mobility shift assay 
(eMsA) reveals that sLRef interferes with hcV IRes and ribosome interaction. Lane 
1 represents hcV IRes without ribosome subunits, lane 2 represents hcV IRes with 
ribosome subunits, as indicated in panel lane 3–10 includes 100- and 200-fold mo-
lar excess of unlabeled hcV IRes or 300- and 600-fold molar excess of either sLRef, 
sLRf and sLRe RNAs during incubation, respectively.
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actively translating HCV RNA population (Fig. 4C and D). 
Huh7 cells harboring the HCV monocistronic replicon (Rep2a) 
were transfected with pSUPERSLRef and pSUPERNSP DNA 
constructs which are able to efficiently express the short RNAs 

we performed UV- cross linking experiments with Huh7 S10 
cytoplasmic extract to study the interactions of SLRef RNA with 
host factors. α 32P UTP-labeled HCV IRES RNA was incubated 
with S10 extract in the presence or absence of 100-fold unla-
beled SLRef and SLRf RNAs (Fig. 3A). Results suggested that 
SLRef RNA significantly competed outs the binding of HCV 
IRES with a protein of apparent molecular weight of 52 kDa. 
This protein was then confirmed as La protein after immuno-
precipitation with La antiserum (Fig. 3B). Interestingly, SLRef 
also competed out the binding of HCV IRES RNA with another 
protein of apparent molecular weight of 25 kDa, which was 
reported as ribosomal protein S5 in literature.21 To further con-
firm we performed UV- cross linking experiments between α 32P 
UTP-labeled HCV IRES RNA and recombinant La (p52) and 
S5 (p25) proteins in presence of SLRef RNA, which showed that 
SLRef RNA competes with the HCV IRES RNA for binding 
with these proteins (Fig. 3C and E). To investigate the affinity 
of SLRef RNA toward La and rpS5, RNA-protein filter bind-
ing assay was performed. 32P labeled smaller RNAs (SLRe, SLRf 
and SLRef) were used in the filter binding assay. SLRef RNA 
showed significant binding with La (kd = 0.58 μM), rpS5 (K

d
 =  

1.87 μM), whereas the other small RNAs did not show appre-
ciable interaction (Fig. 3D and F). Graph was plotted from the 
average of three independent experiments.

Inhibition of HCV IRES mediated translation by SLRef 
RNA. Above results suggests that SLRef RNA binds to La and 
40S subunit and thus stops them from interacting with HCV 
RNA. Since both La and 40S are critical for HCV translation, we 
examined the effect of small RNAs (SLRef, SLRe and SLRf) on 
HCV translation. To investigate the effect of the small RNAs on 
HCV translation, small RNAs were co- transfected with HCV 
bicistronic RNA into Huh 7 cells (Fig. 4B). SLRef RNA showed 
dose dependent inhibition of HCV IRES mediated translation at 
increasing concentrations (50, 100 and 200 pmol) without inhib-
iting cap-dependent translation (For SLRef RNA p = 0.000015 
with HCV IRES mediated translation and p = 0.386 with cap-
dependent translation at 200 pmol). Other small RNAs showed 
comparatively less inhibition of HCV translation. Huh7 cells 
transfected with HCV bicistronic RNA alone was considered 
as control. Four independent experiments were performed in 
duplicate. Effect of Small RNAs on HCV translation was also 
analyzed by in vito translation experiments. Increasing concen-
trations (ranging from 0.5 to 100 pmol) of the small RNAs were 
exogenously added to in vitro translation reactions of an HCV 
IRES containing bicistronic RNA in rabbit reticulocyte lysate 
(RRL) system. Among these, SLRef RNA showed significant 
inhibition of the HCV IRES mediated translation without inhib-
iting cap-dependent translation, which supports ex vivo results 
(Fig. S2A and B).We also performed in vitro translation with 
mutant SLRef RNA and we found that mSLRef RNA don’t have 
appreciable effect on HCV translation (Fig. S4). SLRef RNA 
(34 nt) inhibited HCV translation more efficiently than SLIIIe+f 
RNA (65 nt) which was shown to inhibit HCV translation in 
earlier studies (Fig. S2C and D).10

We also performed polysomal analysis to investigate the asso-
ciation of HCV RNA with the polysomes, which represents the 

Figure 2. prevention of ribosome assembly on hcV IRes by sLRef 
RNA. (A) Representation of sucrose gradient sedimentation profiles of 
α 32p UTp-labeled hcV 5’ UTR RNA in the presence or absence of 200 
fold molar excess of either sLRef RNA or sLRf RNA. percentage cpM 
represents the percentage of total counts added to the reaction against 
the fraction number of gradient. The fractions were collected from top 
downwards. The 80s and 48s peaks were indicated. (B) Representation 
of sucrose gradient sedimentation profiles of α 32p UTp-labeled capped 
Luc RNA in the presence or absence of 200 fold molar excess of sLRef 
RNA. (c) sucrose gradient sedimentation profiles of α 32p UTp-labeled 
hcV 5’ UTR RNA incubated in the RRL, in the presence of 2 mM GMp-
pNp or 2 mM of cycloheximide. (D) Representation of sucrose gradient 
sedimentation profiles of α 32p UTp-labeled hcV 5’ UTR RNA in the pres-
ence or absence of 200-fold molar excess of msLRef RNA
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monocistronic replicon.36 Cells were maintained in the 
absence of hygromycin during and after transfection. 
SLRef RNA showed significant reduction of HCV 
negative strand RNA levels without inhibiting the 
levels of cellular GAPDH RNA, whereas SLRf RNAs 
did not cause significant reduction of HCV negative 
strand RNA (Fig. 5B). Untransfected Huh7 cells har-
boring the HCV monocistronic replicon were consid-
ered as 100%. Additionally, colony forming assay was 
performed to demonstrate the efficacy of SLRef RNA 
for curing of replicating HCV RNA in Huh7 cells at 
the single cell level. Cells were maintained in the pres-
ence of hygromycin after transfection. Results showed 
that most of the cells were free of HCV RNA in the 
presence of SLRef RNA (Fig. 5C). The efficacy of 
SLRef RNA on infectious HCV replication was evalu-
ated further by HCV JFH1 cell culture system. HCV 
JFH1 RNA was generated from a cell culture adapted 
infectious JFH1 cDNA construct (a generous gift 
from Takaji Wakita, National Institute of Infectious 
Diseases, Japan). Increasing concentrations (250 pmol, 
500 pmol, 750 pmol and 1000 pmol) short RNAs were 
co-transfected with the HCV JFH1 RNA.35 qRT-PCR 
analysis demonstrated that SLRef RNA significantly 
inhibited negative strand RNA synthesis of HCV 
JFH1 (~90%) in the cell culture without affecting the 
cellular RNA level (Fig. 5E)(p = 0.00069 for SLRef 
at 1nmol concentration). Cells transfected with JFH1 
RNA alone was considered as 100%. The results rep-
resent the average of three independent experiments.

To investigate the effect of SLRef directly on HCV 
replication process, Huh7 cells were co transfected with 
pSGR-JFH1/luc RNA and SLRef RNA (Fig. 5G).23 
In pSGR-JFH1/luc construct, luciferase translation is 
mediated by HCV IRES where as HCV polyprotein 
synthesis is mediated by EMCV IRES.23 Luciferase 
activity and HCV RNA level was quantified after 24 h 
of transfection. We found that Luciferase activity was 
significantly inhibited (p = 0.00065 at 500 pmol) and 

HCV RNA level was reduced to a small extent (p = 0.044 at 500 
pmol), suggesting that SLRef RNA might affect both translation 
and replication. But major effect was on translation. Figure was 
plotted from the average of three independent experiments.

Membrane fusion mediated delivery of SLRef to cells in cul-
ture. Finally, to investigate the effect of SLRef RNA on HCV 
IRES mediated translation in liver of live animal; we have taken 
help of Sendai virus based virosomes (Fig. S6). Essentially, the 
HCV bicistronic DNA construct was co-entrapped with either 
the pSUPER SLRef or a non specific control (pSUPER NSP) 
construct (Fig. S5) for delivery into animal liver or cells through 
reconstituted Sendai viral envelopes (F-virosomes).18 pSUPER 
SLRef DNA construct expresses SLRef RNA whereas pSUPER 
NSP produces nonspecific RNA. Initially, to evaluate the effi-
ciency of gene expression mediated by F-virosomes and to test 
the ability of pSUPER SLRef to inhibit HCV IRES mediated 
gene expression, Huh7 cells in culture were transfected with 

inside the transfected cells.18,22 Here pSUPERNSP expresses non 
specific RNA sequence.18 After 36 h of post transfection cells were 
treated with cycloheximide and mRNAs were separated by veloc-
ity sedimentation on a sucrose gradient. RNA was isolated from 
free and polysome fractions (Fig. 4C and 4D). HCV RNA level 
in free and polysome fractions was quantified by real time PCR 
(Fig. 4E). Polysome associated HCV RNA level in pSUPERSL-
Ref and pSUPERNSP transfected Rep2a cells were compared 
with untransfected Rep2a cells (Fig. S3). HCV RNA level was 
normalized with GAPDH RNA. These results suggested that 
HCV RNA association with polysome was significantly reduced 
on pSUPERSLRef transfection, but no appreciable effect was 
observed in case of pSUPERNSP (p = 0.0050 for pSUPERSLRef 
and p = 0.773 for pSUPERNSP).

Effect of SLRef RNA on HCV RNA replication. The effect 
of SLRef RNA on HCV RNA replication was investigated by 
transfecting the small RNAs into Huh7 cells harboring the HCV 

Figure 3. Interaction of sLRef RNA with cellular proteins. (A) 32p-labeled hcV IRes 
RNA was UV cross-linked to huh7 s10 extract in absence (lane c) or presence of 
100-fold molar excess of sLRef and sLRf RNA (as indicated), digested with RNase 
A and resolved by sDs-10% pAGe followed by phosphor imaging. (B) 32p-labeled 
hcV IRes RNA in absence (lane 2) or presence (lane 3) of sLRef RNA was UV-cross 
linked with huh 7 s10 extracts and the complexes were immunoprecipitated using 
La antiserum (lane 2, 3) or using pre-immune serum (Lane 1) as indicated. (c) α 32p-
labeled hcV IRes RNA was UV cross-linked to recombinant purified La protein, with 
100- and 200-fold molar excess of either unlabeled sLRef or sLRf RNA (as described 
in the panel) as competitor RNAs. (D) γ 32p-labeled small RNAs were incubated with 
increasing concentration of La protein and then analyzed by filter binding assay. (e) 
α 32p-labeled hcV IRes RNA was UV cross-linked to recombinant purified s5 protein, 
with 100- and 200-fold molar excess of either unlabeled hcV IRes RNA, sLRef, 
msLRef, sLRf RNA (as described in the panel) as competitor RNAs. (F) γ 32p-labeled 
small RNAs were incubated with increasing concentration of s5 ribosomal protein 
and then analyzed by filter binding assay.
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In our ribosome assembly experiments SLRef RNA inhibited 
both 48S and 80S assembly. This clearly suggested that SLRef 
RNA is acting at a very initial stage of ribosome assembly. This 

F- virosomes loaded with HCV IRES bicistronic construct 
together with pSUPER SLRef or pSUPER NSP. The pSUPER 
SLRef strongly inhibited HCV IRES mediated FLuc expression. 
Compared with those of control (HCV bicistronic construct 
alone), firefly luciferase activity, measured 24 h post transfection, 
was reduced up to 75%; whereas the pSUPER NSP showed only 
marginal reduction of FLuc expression (Fig. 6A). Cells incubated 
with virosomes containing HCV bicistronic construct alone was 
considered as 100%. Two independent experiments were per-
formed in duplicates.

Effect of SLRef on HCV IRES mediated gene expression 
in vivo. To assess the target specificity of F-virosomes to deliver 
SLRef and inhibit target gene expression in vivo, F-virosomes 
containing HCV IRES bicistronic construct and pSUPER SLRef 
was delivered to female BALB/c mouse by injection through 
tail vein. Livers from injected animals were harvested two days 
after injection and assayed for dual luciferase expression. Mice 
treated with pSUPER SLRef along with the HCV IRES bicis-
tronic plasmid showed significant reduction (~85%) in firefly 
luciferase (FLuc) expression (p = 0.000075) as compared with 
animal receiving virosomes containing the bicistronic plasmid 
only. Absolute values are shown in Figure S8. Also the prefer-
ential expression of luciferase gene was found to be mostly in 
the parenchymal cell-types (Hepatocytes) of mouse liver as 
compared with non-hepatocytes (data not shown). Control 
animals injected with buffer or the empty pSUPER plasmid 
showed no inhibition. Similarly, only marginal decrease in 
luciferase activity was observed in animals treated with pSU-
PER Nsp (p = 0.027) (Fig. 6B). Cells incubated with virosomes 
containing HCV bicistronic construct alone was considered as 
100%. Three mice per group in duplicate set were used for each  
DNA construct.

Discussion

Conserved domains of HCV IRES perform crucial and distinct 
functions during translation initiation. Recruitment of 40S sub-
unit to iAUG is independent of initiation factors and mediated 
by interactions of IRES elements in the 5'UTR with the 40S 
ribosomal subunit, thereby promoting the formation of 48S and 
subsequent 80S ribosome assembly. Particularly the four SLIII 
domains (IIIcdef) provide the core 40S subunit recruitment site. 
This domain also contains a conserved region (IIIef), which 
participates in pseudoknot formation and plays a crucial role 
in HCV IRES activity.8,24 Our studies revealed that short RNA 
mimicking SLIIIef domains retains the ability to interact with 
40S subunit, even in the absence of other structural elements 
of the HCV IRES in our assay condition. But SLRe and SLRf 
RNAs did not show appreciable interactions with 40S subunit, 
suggesting that both IIIe and IIIf domains are necessary for its 
interaction with 40S subunit. However, we do not rule out the 
possibility that the SLRef RNA structure could be different from 
the SLIIIef domain which is part of the full length HCV-IRES. 
The salt concentration used in the study might contribute to the 
change in RNA structure.

Figure 4. Inhibition of hcV IRes mediated translation by sLRef RNA. 
(A) schematic representation of hcV bicistronic RNA. (B) small RNAs 
were co-transfected with hcV bicistronic RNA to the huh 7 cells. Twelve 
hours post transfection lysate was collected and analyzed for luciferase 
activity. FLuc activity represented in the white bar indicates the effect 
of small RNAs on hcV RNA translation. RLuc activity represented in the 
black bars indicates the effect of small RNAs on cap-dependent transla-
tion. Luciferase activity of control was expressed as 100%. Data from 
the co-transfection experiments are expressed as means ± sD of four 
independent replicates. (c) and (D) Representative polysome profile of 
Rep2a cells after transfecting with psUpeR Nsp and psUpeR sLRef. (e) 
Quantifications of hcV genome in the polysomes and free fraction by 
qRT-pcR. hcV RNA levels were normalized with GApDh RNA level.
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through rpS5 protein, which is present in the exit site of the ribo-
some. A model based on cryo-electron microscopic structure of 
HCV IRES bound to the 40S ribosomal subunit clearly locates 
the S5 protein in close proximity to the basal part of SLII and the 
pseudoknot composed by SL IIIef domains.25,26 Thus it is pos-
sible that both SLII and SLIIIef influence the interaction with 
rpS5.

SLRef RNA inhibited HCV IRES mediated translation 
without affecting cap dependent translation. So it suggests that 
binding of SLRef RNA to rpS5 protein of 40S subunit does 
not affect the cap-dependent translation. This suggests that S5 
protein bound to SLRef RNA can still function normally dur-
ing cap-dependent translation unlike in HCV IRES mediated 
translation. Ribosomal protein S25 knock down is reported to 
inhibit HCV translation without affecting host translation.27 So 

supports our observations with gel retardation assays, where 
SLRef RNA inhibited HCV IRES-40S interactions.

UV cross-linking experiments revealed interactions between 
SLRef RNA and two host proteins namely rpS5 and La protein. 
In competition UV- cross linking experiments, SLRef RNA 
inhibited the interactions between host proteins (rpS5 and La 
protein) and HCV IRES. Both La and rpS5 proteins are very 
essential for HCV translation and replication. So sequestration 
of host proteins by SLRef RNA may be responsible for anti-HCV 
activity of SLRef RNA (Fig. 3C and E). Also SLRf RNA which 
failed to interact with rpS5 and La protein had no anti-HCV 
activity supporting our hypothesis.

In present study rpS5 was interacting with SLRef RNA which 
is derived from HCV IRES SLIIIef domain. These observations 
suggest that SLRef RNA interaction with 40S may be majorly 

Figure 5. effect of sLRef RNA on hcV replication ex vivo. (A) schematic representation of hcV monocistronic replicon RNA (adapted from Frese et 
al. 2003).33 (B) sLRef, sLRf, sLRe RNAs (500pmol) were transfected in to the huh7 cells harboring hcV monocistronic replicon construct. Forty-eight 
hours post transfection RNA was isolated and subjected to RT pcR. cDNA synthesized from RT-pcR was then subjected to qRT-pcR for analyzing the 
relative hcV RNA level. The white bar indicates the hcV mRNA level after transfection with small RNAs. percentage of RNA level calculated considering 
untranfceted huh7 cells harboring hcV monocistronic replicon construct . (c) curing assay of replicon cells in the presence or absence of sLRef RNA. 
(D) schematic representations of hcV JFh1 construct (adapted from ref. 34). (e) In vitro transcribed hcV RNA from hcV JFh1 construct was transiently 
co-transfected with sLRef RNA and sLRf RNA on the huh7 cells. Forty-eight hours post transfection RNA was isolated and then analyzed by qRT-pcR 
for detecting the hcV RNA level. The bar indicates the hcV mRNA level. percentage RNA level represents the effect of sLRef RNA on hcV RNA level. 
(F) schematic representation of pSGR-JFh1/luc RNA (adapted from ref. 23). (G) pSGR-JFh1/luc RNA was co transfected with sLRef RNA (250pmol and 
500pmol) into huh7 cells and after 24 h of post transfection RNA was isolated and subjected to RT pcR. cDNA synthesized from RT-pcR was then sub-
jected to quantitative real time pcR for analyzing the relative hcV RNA level and lysate was analyzed for Luciferase activity, which indicates the hcV 
IRes activity.
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with 40S subunit. It showed anti -HCV activity in infectious 
HCV cell culture system and also in mice experiments. More 
importantly, the small size of the SLRef RNA (34 nt), allow the 
development of small molecule analogs which will be more effec-
tive therapeutically. In summary this study provides the insights 
about the interactions of SLIIIef domains of the IRES with the 
components of translation machinery involved in HCV transla-
tion, which can be exploited as novel target for developing poten-
tial anti-HCV molecules.

Materials and Methods

Plasmid Constructs. Three small RNAs were designed based 
on the SLIIIef sequence (Fig. 1A and Table 1). These RNAs 
corresponding to the various regions of SL IIIef (SLRef, SLRe 
and SLRf) were synthesized (custom made from Dharmacon). 
The bicistronic plasmid constructs (RLuc-HCV-IRES-FLuc) 
containing HCV IRES in between renilla luciferase and fire-
fly luciferase gene was cloned into the pCDNA3.1 vector.5 
PCDHCV-Luc construct was used to synthesize HCV IRES (18-
383) by in vitro transcription.19 A cell culture-adapted infectious 
JFH1–cDNA construct (a generous gift from Takaji Wakita, 
National Institute of Infectious Diseases, Japan) was used to 
generate JFH1 RNA after linearization with XbaI followed 

all the ribosomal proteins may not be critical for cap-dependent 
translation.

Also SLRef found to interact with La protein and stop La from 
interacting with HCV IRES. La protein is reported to interact 
with HCV IRES and favor the HCV translation. La protein 
once binds to HCV IRES; it changes the HCV RNA structure 
to assist 40S subunit recruitment.5 Interestingly, peptides derived 
from La protein is reported to inhibit HCV translation and repli-
cation.28 So sequestering the La protein may be one of the major 
mechanisms responsible for anti-HCV activity of SLRef RNA.

This information, together with the observations made in this 
study, allow the proposition of a model for the inhibition of HCV 
IRES-mediated translation by the SLRef RNA. According to this 
model, when SLRef RNA, a structural mimic of this region of the 
HCV RNA, is introduced in trans, it interacts with the S5 pro-
tein of the 40S subunit and blocks the binding site of the HCV 
IRES. As this interaction is crucial for binding of the HCV IRES 
to the 40S subunit, abrogation of this interaction leads to failure 
of ribosome binding to the IRES and the inhibition of translation 
initiation (Fig. S7).

SLRef RNA showed significant inhibition of HCV RNA syn-
thesis in both HCV subgenomic replicon and infectious virus cell 
culture experiments. Experiments performed with pSGR-JFH1/
luc construct showed that, SLRef inhibits translation of HCV 
significantly and affects replication only to a small extent. So 
anti-HCV activity of SLRef RNA is a combined effect of transla-
tion and replication inhibition.

Various groups have demonstrated the inhibition of HCV 
IRES mediated translation in vitro and ex vivo by a wide range 
of nucleic acid molecules such as siRNA, DNAzymes, ribozymes 
and oligonucleotides.16-18 However these approaches are sequence 
specific, which can lead to the exertion of selection pressure on 
the genome for the generation of escape mutants. Hence, SLRef 
targets the interaction of a host protein with a conserved struc-
tural element in the viral IRES will be more efficacious as muta-
tions in the viral genome are less likely to affect such interactions. 
Using RNA molecules as therapeutic agents has increased in 
the past decade as it is target-specific and elicits low immune 
response, and is generally free from many adverse side effects 
associated with chemotherapeutic agents.5 Intravenous admin-
istration of locked nucleic acid (LNA)-modified oligonucleotide 
(SPC3649) complementary to miR-122 was reported to reduce 
HCV load significantly in chimpanzee which is a animal model 
of HCV suggesting the potential of RNA based therapeutics.29

Targeted delivery of DNA/RNA molecules to the liver pose a 
major challenge in developing nucleic acid based therapy against 
HCV. Several methods available for nucleic acid delivery were not 
selective for hepatocytes. Recently we demonstrated the targeted 
delivery of anti HCV molecules to mice liver through Sendai viro-
some approach.30 In the present study we used the similar approach 
for SLRef delivery into the mice liver cells and demonstrated inhi-
bition of HCV IRES-mediated translation in vivo.

The above results demonstrate that SLIIIef domains retain the 
ability to interact with 40S subunit, independent of other struc-
tural elements of HCV IRES. Studies also suggests that both 
IIIe and f domains of HCV IRES is necessary for its interactions 

Figure 6. effect of sLRef RNA on hcV IRes mediated translation in vivo 
in BALB/c mice. (A) Relative Luciferase activity of huh7 cells harvested 
24 h post transfection of F-virosome co-entrapped with hcV bicistronic 
construct and plasmid DNAs encoding either sLRef or Nsp RNA. (B) 
Relative luciferase activities of liver parenchymal cells from BALB/c mice 
injected i.v. with F-virosomes loaded with the hcV bicistronic con-
structs along with the plasmid DNAs encoding either sLRef or Nsp RNA.
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extract at 30°C for 15 min in RNA binding buffer and then irra-
diated with a hand-held UV lamp for 10 min. UV- cross linking 
experiment was done using 2pmol - La protein, 15 pmol - rpS5 
proteins and 30 μg of S10 extract.

The mixture was treated with 30 μg of RNase A (Sigma) 
at 37°C for 30 min. The protein-nucleotidyl complexes were 
electrophoresed on SDS-10% PAGE and analyzed by phosphor 
imaging.10

Immunoprecipitation. UV-crosslinking followed by 
Immunoprecipitation with HeLa S10 extracts was performed as 
described earlier.32 Briefly, 50 μg of protein (10 μg in each of 
five reactions) were incubated with α 32P UTP-labeled HCV 
IRES RNA in RNA binding buffer. After UV crosslinking 
and RNase digestion, the reactions were pooled together and 
the volume made up to 200 μl using 1x RIPA buffer (5 mM 
Tris–Cl pH 7.4, 150 mM NaCl, 1% Triton-X100, 0.1% SDS, 
1% sodium deoxycholate). Anti-La polyclonal antibody or 
rabbit pre-immune serum was added and incubated on ice for  
4 h. The immunocomplexes were precipitated by Protein A–
CL Sepharose beads (Sigma-Aldrich) for 2 h at 4°C. The beads 
were washed three times with RIPA buffer. The bound pro-
teins were analyzed by SDS-10% PAGE (PAGE) followed by 
phosphorimaging.

Transfection. An amount of 3 × 105 cells were seeded into 6 
well plates. Cells were tranfected after 16 h. Lipfectamine 2000 
(Invitrogen) was used in 1:3 (Nucleic acid in μg: Lipofectamine 
in μL) ratio. Huh 7 cells harboring the HCV monocistronic rep-
licon were transfected with the varying concentration of small 
RNAs and DNA constructs using transfection reagent lipo-
fectamine 2000 (Invitrogen). An amount of 500 ng of DNA and 
1.5 μL lipofectamine 2000 was used for tranfection in 6 well 
plates. And Huh7 cells are cotranfected with HCV bicistronic 
RNA and short RNAs. Cells were harvested 12 h post-transfec-
tion using passive lysis buffer (Promega) and assayed for RLuc 
and FLuc activities according to Promega protocol.10

qRT-PCR analysis. Total RNA was isolated from cells using 
TRIzol reagent. HCV negative strand RNA was quantified by 
two-step qRT PCR using DyNAmo™ HS SYBR® Green qPCR 
Kit (Finzyumes). cDNA was synthesized with Moloney murine 
leukemia virus (M-MLV) reverse transcriptase at 42°C for 1 h 
(Promega) using 1 μg of total RNA by adding primers target-
ing HCV negative strand and GAPDH mRNA in same reaction. 
Quantitative reverse transcription PCR (qRT PCR) was done 
using 100 ng of cDNA in a 10 μL reaction according to manu-
facturer’s instructions. Cycle number 40 was used. Comparative 
threshold cycle (CT) method was used to calculate percentage of 
HCV RNA level normalized with glyceraldehyde 3- phosphate 
dehydrogenase (GAPDH). Percentage of HCV RNA level was 
calculated using the formula mentioned below. Primer sequences 
are available in Table 2.

% HCV RNA Level = 100-[(1–1/2n) × 100] when n is a posi-
tive value

% HCV RNA Level = 100+ [(1–1/2-n) × 100] when n is a 
negative value

Where ‘n’ is a ΔΔCT value

by run-off transcription.31,35 For virosome experiments DNA 
sequences corresponding to SLRef, SLRe, SLRf and NSP RNAs 
were cloned in the polylinker region of the pSUPER vector (Fig. 
S5).18 Sequences of respective RNAs are mentioned in Table 1.

Cell culture. Huh-7 and Huh7.5 cell monolayers were main-
tained in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) at 
37°C in 5% CO

2
. The HCV monocistronic replicon (a kind 

gift from Dr. Ralf Bartenschlager, Heidelberg University), was 
passaged with 25 μg of hygromycin B per ml.18 Sendai virus (Z 
strain) was propagated in the allantoic sac of 10–11 d old embry-
onated chicken eggs as described earlier.30

In-vitro transcription and translation. RNAs were transcribed 
in vitro from different linearized plasmid constructs under T7 
promoters in run-off transcription reactions as described before.19 
Capped bicistronic RNAs were synthesized using Ribomax large 
scale RNA preparation system T7 (Promega) under standard 
conditions. Radiolabeled mRNAs were transcribed in vitro using 
T7 RNA polymerase (Promega) and [32P] Uridine triphosphate 
(BRIT). The transcription reaction was performed under stan-
dard conditions (Promega protocol). pcDNA3.1Luc construct 
was digested with PmeI. Capped luciferase RNA was synthesized 
by runoff transcription using pcDNA3.1Luc construct. The 
product was resolved on 8M Urea-6% PAGE and then gel-eluted. 
The shorter RNAs were labeled using [32P] adenosine triphos-
phate (BRIT) by end-labeling method and then gel-eluted.

In vitro translation of the capped bicistronic mRNAs were 
carried as described earlier. The reaction mixtures were incu-
bated at 30°C for 90 min and assayed for both Renilla and Firefly 
luciferase activity.19

Purification of S5 ribosomal protein. Human S5 protein 
was expressed in bacteria and purified as mentioned earlier.10 
In brief, Escherichia coli BL21 cells were transformed with the 
plasmid pET28a-S5 (a gift from Dr S. Fukushi, Biomedical 
Laboratories, Japan) expressing the poly (His)-tagged human 
S5 protein. Protein expression in bacterial culture was induced 
by 0.4 mM IPTG and purified using Ni2+-nitrilotriacetic acid-
agarose (Qiagen, Hilden, Germany) under non-denaturing con-
ditions and eluted with 250 mM imidazole.

Filter binding assay. The 32P labeled smaller RNAs were incu-
bated along with the full length S5 or La protein at 30°C for 15 
min in RNA binding buffer (containing 5mM HEPES pH 7.6, 25 
mM KCl, 2 mM MgCl

2
, 3.8% glycerol, 2 mM DTT and 0.1 mM 

EDTA) and loaded onto nitrocellulose filters. The counts retained 
were measured in liquid scintillation counter.5 K

d
 values were cal-

culated by using nonlinear regression applied by Graph pad Prism.
UV cross-linking experiment. α 32P UTP-labeled HCV IRES 

RNA were incubated with the purified proteins or Huh7 S10 

Table 1. Nucleotide sequence of different short RNAs

RNA Sequences (5–3')

sLRe cUG ccU GAU AGG GUG c

sLRf GUG cUU GcG AGU Gcc c

sLRef cGG GAU Gcc UGA UAG GGU GcU UGc GAG UGc ccc G

Nsp cAG UcG cGU UUG cGA cUG G
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Membrane fusion mediated delivery of plasmids to cells 
in culture. Monolayer Huh7 cells were incubated with loaded 
F-virosomes (0.3 mg F-protein) containing 3–4 μg of HCV 
bicistronic construct (1–383) in presence or absence of pSUPER 
SLRef or pSUPER NSP in serum free medium at 37°C in 5% 
CO

2
. Two hour post fusion, 10% serum containing DMEM was 

added and cells were further incubated for 24 h.30 Cells were har-
vested after 24 h with passive lysis buffer (Promega) and lucifer-
ase assay was performed.

Administration of plasmid loaded virosomes to mice. HCV 
bicistronic construct (1–383) with pSUPER SLRef or pSUPER 
Nsp was loaded inside F-virosomes as described earlier.18 In 
brief Female BALB/c mice (12 weeks old) weighing ~20 g were 
injected i.v. into the tail vein with 4 μg each of plasmid loaded 
virosomes. After 2 d post-injection, animals were sacrificed and 
hepatocytes were isolated (Figs. S6A and B).

Isolation and gene expression in isolated hepatocytes. Liver 
parenchymal cells were isolated by collagenase perfusion of the 
liver as described earlier.30 In brief, the perfused liver was excised 
from the animal, crushed into small pieces and then washed 
thoroughly with phosphate buffer, pH 7.4. The liver pieces were 
incubated at 37 °C for 30 min in a buffer containing collagenase 
A (hepatocyte qualified; Gibco) followed by filtration through a 
nylon mesh. The filtrate was centrifuged at 500 g for 10 min at 
4 °C to pellet down the hepatocytes. The non-hepatocyte pellet 
was seperated by centrifuging the supernatant at 1500 g for 10 
min at 4 °C. Both cell pellets were washed three times with ice-
cold PBS, pH 7.4, lysed with passive lysis buffer (Promega) and 
the cell extracts were then subjected to a dual luciferase assay.

Statistical analysis. T-test was used for all the statistical anal-
ysis. All graphs represent mean ± SD. p-values were determined 
by using a paired t-test. P-values of less than 0.01 were considered 
to be statistically significant.
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Colony formation assay (curing assay). Small RNAs were 
transfected into Huh7 cells harboring monocistronic replicon. 
Twenty-four hours post transfection, cells were trypsinized and 
4 × 103 cells were seeded in 35 mm dishes, incubated for 10 d 
in presence of 25 μg/ml of hygromycin B. The cells were fixed 
with 90% acetone, stained with Brilliant Blue G-250 in 40% 
methanol and 10% acetic acid and colonies were counted and 
approximate percentage CFU was calculated.18

Ribosomal assembly assay. α 32P-labeled HCV 5' UTR RNA 
(3 × 105 c.p.m.) was added to 25 μl of translation reaction con-
taining 17.5 μl of RRL in the presence or absence of 200-fold 
molar excess of Short RNAs (both wild type and mutant). The 
reactions were incubated at 30°C for 15 min diluted to 150 μl 
with gradient buffer (20 mM TRIS-HCl pH 7.5, 100 mM KCl, 
3 mM MgCl2, 1 mM DTT) and overlaid in 5–30% sucrose gra-
dient. The ribosomal complex was sedimented by ultracentrifuge 
for 3 h at 30,000 rpm at 4°C. Fractions (500 μl) were collected 
using fraction collecting system (Isco Teledyne) and the radioac-
tivity was measured in a liquid scintillation counter.10

Purification of ribosomal subunits. 40S subunits were iso-
lated from Hela S3 cells. In brief the cells were homogenized in 
4 volumes of buffer(20 mM Tris-HC1 pH 7.5, 100 mM KCl 5 
mM MgC12, 5 mM 2-mercaptoethanol) containing 0.5% of 
non-ionic detergent NP-40 using a Dounce homogenizer. Lysate 
was centrifuged for 15 min at 30,000 g, 4°C. 40S subunits were 
isolated from the supernatant as described earlier.9 Purity of 40S 
subunit preparation was analyzed by sqRT- PCR (Fig. S1).

Electrophoretic Mobility Shift Assay (EMSA). Conditions 
for EMSA have been previously described.34 α 32P-labeled HCV 
IRES (17 fmol) was mixed with 0.135 A260 U of 40S subunits. 
After incubation at 30°C for 30 min, loading dye was added and 
the protein-nucleotidyl complex was resolved on a 4% (60:1) 
polyacrylamide gel at 4°C.

Sucrose gradient polysome fractionation. Cells were treated 
with 100 μg/ml cycloheximide for 10 min at 37°C. After 10 min 
incubation media was removed and cell culture dishes (15 cm 
diameter) were kept on ice. Cells were washed in 25 ml ice cold 
PBS containing 100 μg/ml cycloheximide and then washed with 
7.5 ml of 1x hypotonic buffer (5 mM TRIS-HCl pH-7.5, 1.5 mM 
KCl and 5 mM MgCl

2
) containing 100 μg/ml cycloheximide. 

Cells were lysed by scrapping in 350 μL ice cold lysis buffer  
(5 mM TRIS-HCl pH-7.5, 1.5 mM KCl, 5 mM MgCl

2,
 100 μg/ml 

cycloheximide, 1 mM DTT, 200 U/ml RNase in from Promega, 
200 μg t- RNA, 0.5% Triton X -100, 0.5% Sodiumdeoxycholate, 
1x protease inhibitor cocktail) and lysate was incubated for 15 
min on ice. After incubation the KCl concentration in the lysate 
was adjusted to 150 mM. lyaste was spun for 8 min at 3000 g, 
4°C. 500 μL of supernatant was loaded on 15–50% sucrose gra-
dient containing 100 μg/ml cycloheximide and gradients were 
centrifuged at 36,000 rpm for 2 h at 4°C, 300-μl fractions were 
collected and OD 260 was determined using the NanoDrop 
ND-2000 spectrophotometer (Thermo Scientific). Polysomes 
fractions were pooled to isolate RNA using Trizol (Sigma). RNA 
level was quantified using real time PCR.

Table 2. qRT pcR primer sequences

Primer 
sequences

Forward primer Reverse primer

hcV
5'TGc GGA Acc GGT GAG 

TAc A 3'
5'cTT AAG GTT TAG GAT 

TcG TGc TcA T3'

GApDh
5'cAT GAG AAG TAT GAc 

AAc AGc cT 3'
5' AGT ccT Tcc AcG ATA 

ccA AAG T 3'
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