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Abstract
Background: Hepatitis C virus (HCV) is a positive-strand RNA virus harboring a highly structured
internal ribosome entry site (IRES) in the 5' nontranslated region of its genome. Important for
initiating translation of viral RNAs into proteins, the HCV IRES is composed of RNA structures
reminiscent of microRNA precursors that may be targeted by the host RNA silencing machinery.

Results: We report that HCV IRES can be recognized and processed into small RNAs by the
human ribonuclease Dicer in vitro. Furthermore, we identify domains II, III and VI of HCV IRES as
potential substrates for Dicer in vitro. However, maintenance of the functional integrity of the HCV
IRES in response to Dicer overexpression suggests that the structure of the HCV IRES abrogates
its processing by Dicer in vivo.

Conclusion: Our results suggest that the HCV IRES may have evolved to adopt a structure or a
cellular context that is refractory to Dicer processing, which may contribute to viral escape of the
host RNA silencing machinery.

Background
Hepatitis C virus (HCV), a member of the Flaviviridae fam-
ily, is a positive-strand RNA virus that establishes a persist-
ent infection in the liver, leading to the development of
chronic hepatitis, liver cirrhosis, and hepatocellular carci-
noma [1]. HCV is one of the main causes of liver-related
morbidity and mortality [2]. Its ~9,6-kilobase (kb) RNA
genome, which is flanked at both termini by conserved,
highly structured untranslated regions (UTRs), encodes a
polyprotein processed by host and viral proteases to pro-
duce the structural (core, E1, E2-p7) and non-structural
(NS2, NS3, NS4A, NS4B, NS5A, NS5B) proteins of the

virus [3,4]. Located in its 5'UTR, the internal ribosome
entry site (IRES) of HCV essentially controls translation
initiation [5-8] in a process involving cellular [9] as well
as viral [10-14] proteins. The HCV IRES contains several
double-stranded RNA (dsRNA) regions forming stem-
bulge-loop structures [15,16] analogous to that of micro-
RNA precursors (pre-miRNAs).

Known to originate from Drosha processing of primary
miRNAs (pri-miRNAs) in the nucleus [17], pre-miRNAs
are the endogenous substrates of the ribonuclease III
(RNase III) Dicer into the cytoplasm. Involved in the
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microRNA (miRNA)-guided RNA silencing pathway,
Dicer converts pre-miRNAs into ~21 to 23-nucleotide (nt)
RNA guide sequences [18,19], referred to as miRNAs.
These short regulatory RNAs initially mediate transla-
tional repression or cleavage of specific messenger RNA
(mRNA) targets [20,21]. RNA of exogenous origin, such as
viruses, may also serve as substrates for Dicer. In virus-
infected plants, antisense viral RNAs of ~25-nt were
detected [22] and found to originate from viral dsRNA
processing by Dicer, or DICER-like 1 in Arabidopsis [23].
More recently, human viruses such as Epstein-Barr virus
(EBV) [24], Kaposi's sarcoma-associated herpesvirus
(KSHV or HHV-8), human cytomegalovirus (HCMV)
[25,26] and human immunodeficiency virus type 1 (HIV-
1) [27-29] were reported to be a source of miRNAs. Con-
versely, a number of viruses have been shown to counter-
act miRNA-guided RNA silencing through the generation
of suppressors of RNA silencing [30]. Examples include
the E3L protein of vaccinia virus, NS1 protein of influenza
virus [31], B2 protein of flock house virus (FHV) [32],
non-structural proteins of La Crosse virus (LACV) [33]
and, more recently, HCV structural core [34,35] and E2
[36] proteins that act as suppressors of Dicer and Argo-
naute 2 (Ago2), respectively.

As for the relationship between HCV and RNA silencing
processes, it appears to be more complex than previously
thought. Initial studies reported that small interfering
RNAs (siRNAs) [37-39] and short hairpin RNAs (shRNAs)
[40,41] directed against HCV were effective in reducing
viral replication in human liver cells. On the other hand,
a liver-specific miRNA derived from Dicer, miR-122, was
shown to facilitate HCV replication through an unknown
mechanism involving the recognition of a specific
sequence in the 5'UTR of the viral RNA [42]. These obser-
vations support the notion that the HCV RNA is accessible
to components of the miRNA-guided RNA silencing
machinery, such as Dicer, and thus susceptible to be proc-
essed into smaller RNAs.

In the present study, we report that HCV does not contain
inhibitors of RNA silencing among its non-structural pro-
teins and that Dicer remains functional in 9–13 cells har-
boring HCV subgenomic replicon. Conversely, the HCV
IRES and its isolated domains II, III and VI are prone to
Dicer cleavage in vitro. However, maintenance of its func-
tional integrity in response to Dicer overexpression in vivo
suggests that the HCV IRES may have evolved to adopt a
structure refractory to Dicer processing or that the accessi-
bility of HCV IRES of Dicer is limited in the intracellular
environment.

Results
HCV has no effect on miRNA-guided RNA silencing
In order to determine if HCV harbors non-structural pro-
teins that could interfere with Dicer function in RNA
silencing processes, we examined the efficiency of a natu-
ral Dicer substrate, i.e. a pre-miRNA, to induce RNA
silencing in 9–13 cells harboring a subgenomic HCV rep-
licon, as illustrated in Fig. 1A. First, expression of HCV
RNA (see Fig. 1B, upper panel, lane 2) as well as that of
NS3 (see Fig. 1C, first panel, lane 2) and NS5B (see Fig.
1C, third panel, lane 2) proteins was confirmed in 9–13
cells harboring a subgenomic HCV replicon. As expected,
no HCV RNA (see Fig. 1B, upper panel, lane 1) or proteins
(see Fig. 1C, first and third panels, lane 1) was detected in
the host Huh-7 cell line. To assess the efficiency of RNA
silencing, we utilized an adapted assay based on the regu-
lation of Rluc reporter gene activity through expression of
a natural Dicer substrate. In this assay, the imperfectly
paired stem-loop structured pre-miR-328 is processed by
Dicer into miR-328, which then induces silencing of a
Rluc reporter gene coupled with 1 or 3 copies of a
sequence perfectly complementary (PC) to miR-328 (see
Fig. 1A) or that of its naturally occurring, wild-type (WT)
binding site of imperfect complementarity, as described
recently [43]. To verify the suitability of our approach, we
assessed the effect of adenoviral VA1 RNA expression
which has been shown to interfere with RNAi through a
direct interaction with Dicer (see Additional file 1) [44].
Adenoviral VA1 RNA expression dose-dependently
reduced the efficiency of RNA silencing, as expected. How-
ever, neither of PC or WT approaches could detect signifi-
cant changes in the efficiency of RNA silencing that could
be related to the presence of the subgenomic HCV repli-
con in 9–13 cells (see Fig. 1D). These results suggest that
the function of Dicer and of the host miRNA-guided RNA
silencing machinery is not perturbed by the HCV non-
structural proteins.

We noted a slight intrinsic defect in the efficiency of RNA
silencing mediated through recognition by miR-328 of its
natural binding site of imperfect complementarity inde-
pendent of the presence of HCV replicon (see Fig. 1D).
These observations suggest that cell that may be deficient
for at least one component of the RNAi pathway. It also
suggests that cells grown continuously under pressure to
keep the HCV replicon may have evolved slightly less effi-
cient RNA silencing machinery. In vitro Dicer activity
assays performed using Dicer immunoprecipitates incu-
bated in the presence of human let-7a-3 pre-miRNA sub-
strate suggest that the slight impairment of 9–13 cells in
RNA silencing is unlikely due to an altered Dicer function
(see Additional file 2).

We also studied Huh-7 and 9–13 cells pre-treated or not
with interferon alpha-2B (IFN-2B) [45,46]. Treatment
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with IFN-2B effectively cured the 9–13 cells of the HCV
replicon, as indicated by the loss of HCV RNA (see Fig. 1B,
upper panel, lane 4) as well as of NS3 (see Fig. 1C, first
panel, lane 4) and NS5B (see Fig. 1C, third panel, lane 4)
proteins. However, miR-328 mediated silencing of Rluc
expression via its WT binding sites was similar in cells har-
bouring or not the HCV replicon (Fig. 1D), indicating that
the intrinsic differences in RNAi efficiency between the
host cells are not related to HCV.

Dicer binds and cleaves HCV IRES in vitro
The first 341 nt of the HCV genome forms a functional
IRES unit, whereas the immediate downstream sequence
(nt 341-515), which is dispensable for IRES function and
referred to as the 5'core-coding sequence, contains two
additional stem-loop structures, including domain VI.
Together with the functionality of Dicer in 9–13 cells
expressing the HCV subgenomic replicon, these observa-
tions prompted us to question whether Dicer could recog-
nize and process the full-length HCV IRES RNA in vitro.
Two 32P-labeled HCV IRES RNAs were prepared by in vitro
transcription, i.e. HCV nt 1-341 and HCV nt 1-515, incu-
bated in the absence or presence of recombinant human
Dicer and/or BSA, and analyzed by electrophoretic mobil-
ity shift assay (EMSA). These experiments revealed that
Dicer, but not BSA, reduced the mobility of the HCV IRES
RNAs in nondenaturing gels (see Fig. 2A and 2B, lanes 1
and 3), an observation indicative of Dicer•HCV IRES RNA
complex formation. Moreover, small amounts of ~21 to
28 nt RNA species were detected upon MgCl2-induced
activation of Dicer RNase activity (see Fig. 2C, lanes 5 vs 4
and lanes 7 vs 6). The differences observed in small RNA
length obtain in this assay could be a result from an asym-
metric cleavage of Dicer as suggested for miR-TAR-5p and
miR-TAR-3p processing from HIV TAR element [29].
Alternatively, it may be related to an imperfect folding of
the HCV RNAs transcribed in vitro. However, the presence
of a faint band corresponding to a ~22 nt RNA species (see
Fig. 2C, lane 7) suggests that domain VI, which is included

in the HCV IRES nt 1-515, but not in the HCV IRES nt 1-
341 form, may represent a substrate for Dicer under these
conditions.

HCV domains II, III and VI are prone to Dicer processing in 
vitro
We tested this hypothesis and examined the susceptibility
of the isolated domains of the HCV IRES to Dicer process-
ing in vitro. Domains II and VI, in particular, show struc-
tural features of pre-miRNAs, such as a stem of imperfect
complementarity long enough to be processed by a biden-
tate RNase III, the presence of a loop as well as of small
bulges (see Fig. 3A). The HCV domain III structure, how-
ever, differs slightly from that of common pre-miRNAs, in
that extended bulges forming distinct stem-loop entities,
defined as domains IIIa, IIIc and IIId, are connected to the
central stem (see Fig. 3A). We thus prepared 32P-labeled
RNA substrates corresponding to HCV domain II (nt 42-
120), domain III (nt 132 to 292) and domain VI (nt 426-
510) by in vitro transcription and confirmed their ability
to be recognized by recombinant human Dicer in EMSA
experiments in vitro (I. Plante and P. Provost, unpub-
lished data). Activation of the RNase III function of Dicer,
upon addition of the divalent cation Mg2+, induced the
processing of HCV domain II, III and VI RNAs into small,
~21 to 28 nt RNA species (see Fig. 3B, lanes 3, 6 and 9).
The presence of small RNA species of ~22 nt derived from
HCV domains II and III that suggest that these domains
are less prone to Dicer cleavage when they are embedded
within the HCV IRES nt1-341 RNA (compare with Fig. 2C,
left panel). HCV IRES domain VI also appears to be more
efficiently cleaved by Dicer as compared to domains II
and III, which is in agreement with the observation that
the HCV IRES nt1-515 cleavage is processed more effi-
ciently than the HCV IRES nt 1-341 substrate (see Fig. 2C).

Dicer does not bind HCV IRES in vivo
These results led us to assess whether Dicer could bind the
HCV IRES in vivo. We examined that issue by ribonucleo-

miRNA-guided RNA silencing is not perturbed in cells harboring a subgenomic HCV repliconFigure 1 (see previous page)
miRNA-guided RNA silencing is not perturbed in cells harboring a subgenomic HCV replicon. (A) Schematic rep-
resentation of the experimental strategy and reporter gene constructs. (B) HCV RNA expression in Huh-7 or 9–13 cells har-
bouring a subgenomic HCV replicon, treated or not with 100 IU/ml of interferon -2B (IFN-2B), was documented by 
Northern blot using a DNA probe complementary to HCV Internal ribosome entry site (nt 1 to 341). GAPDH was used as a 
loading control. (C) HCV NS3 and NS5B protein expression Huh-7 or 9–13 cells, treated or not with 100 IU/ml of IFN-2B, 
was documented by Western blot using anti-NS3 1B6 (first panel) and anti-NS5B 5B-3B1 (third panel) antibodies, respectively. 
Actin was used as a loading control (second and fourth panels). (D) Huh-7 or 9–13 cells, treated or not with 100 IU/ml of 
IFN-2B, were cotransfected using Lipofectamine 2000 with a Rluc:miRNA binding site construct, in which the Rluc reporter 
gene is coupled with 1 or 3 copies of perfectly complementary (PC) or natural wild-type (WT) binding sites (BS) for miR-328 
(250 ng DNA), and a psiSTRIKE-based, pre-miR-328 expression construct (250 ng DNA). psiSTRIKE-Neg, which encodes a 
shRNA directed against a sequence deleted in the Rluc reporter mRNA, was used as a control. Results of Rluc activity were 
normalized with Fluc activity and expressed as a percentage of Rluc activity obtained with psiSTRIKE-Neg. Results are 
expressed as mean ± s.e.m. (n = 3 experiments, in duplicate).
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Recombinant Dicer binds and cleaves HCV IRES in vitroFigure 2
Recombinant Dicer binds and cleaves HCV IRES in vitro. (A-B) Electrophoretic mobility shift assays (EMSA) 32P-
labeled HCV RNA nt 1-341 (A) or nt 1-515 (B) was incubated in the absence or presence of recombinant human Dicer (200 
ng) and/or BSA (2 g), and complex formation visualized by non-denaturing PAGE and autoradiography. (C-D) Dicer RNase 
activity assays. (C) 32P-labeled HCV RNA nt 1-341 (left panel) or nt 1-515 (right panel) was incubated in the absence (-) or 
presence (+) of recombinant human Dicer (200 ng), and HCV RNA processing monitored by denaturing PAGE and autoradiog-
raphy. Lanes 4, 5, 6 and 7 represent higher numerical exposition of lanes 2, 3, 8 and 9 respectively. M, indicates a 10-nt RNA 
size marker.
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HCV domains II, III and VI are processed into ~21 to 23-nt RNA species by recombinant human Dicer in vitroFigure 3
HCV domains II, III and VI are processed into ~21 to 23-nt RNA species by recombinant human Dicer in vitro. 
(A) Predicted secondary structure of nt 1 to 515 of the HCV RNA genome. (B) Dicer RNase activity assays. 32P-labeled HCV 
RNA domain II (left panel), domain VI (center panel) or domain III (right panel) was incubated in the absence (-) or presence 
(+) of recombinant human Dicer (65 ng) with MgCl2. The samples were analyzed by denaturing PAGE and autoradiography. M, 
indicates a 10-nt RNA size marker.
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protein immunoprecipitation (RIP) assay in 9–13 and
Huh-7 cells, followed by reverse transcription (RT) and
polymerase chain reaction (PCR) amplification of the
HCV IRES from the immunoprecipitates (IPs). Western
blot analyses revealed a large proportion of Dicer protein
in input and IP (see Fig. 4, lanes 1, 2, 5 and 6), as expected.
Unfortunately, we were unable to detect HCV IRES RNA
in Dicer IPs (see Fig. 4, lower panel, lane 6), whereas the
presence of the HCV IRES could be detected in the cell
lysate (input) and the unbound fraction of the IP-Dicer
prepared from 9–13 cells (see Fig. 4, upper panel, lanes 2
and 4).

Northern blot analyses and RNase protection assays
(RPA), which have been found to be suitable for the detec-
tion of miRNAs derived from HIV-1 TAR RNA in vivo [29],
did not allow the detection of small RNA species derived
from the HCV IRES domain II or III (domain VI is absent
from subgenomic HCV replicons) among a population of
small RNAs (< 200 nt) extracted from 9–13 cells carrying
the HCV replicon I377/NS3-3' from genotype 1b [47] (D.L.
Ouellet and P. Provost, unpublished data). In HEK 293
cells, the level of small RNA species derived from a proto-

typic IRES-Rluc reporter mRNA, in the absence of HCV
non-structural protein expression, also remained below
the detection limit of our methods (D.L. Ouellet and P.
Provost, unpublished data). Our inability to detect HCV
IRES-derived small RNAs suggests that the HCV IRES may
adopt a conformation that confers a certain degree of
resistance to the recognition and processing activity of
Dicer. It is also possible that the HCV IRES is not accessi-
ble to Dicer in a cellular context.

Expression of Dicer does not alter HCV IRES-mediated 
translation
In light of these findings, we reexamined the relationship
between Dicer and HCV domains II, III and VI in the con-
text of the full-length IRES and, more specifically, assessed
the influence of Dicer on the ability of the HCV IRES to
mediate translation in vivo. To address that issue, we
developed a bicistronic vector, called pRL-CMV-1-515, in
which the Rluc reporter gene is under the control of the
cap-dependent CMV promoter and the Fluc reporter gene
driven by the HCV IRES nt 1-515 (see Fig. 5A). For these
HCV IRES-mediated translation assays, HEK 293 cells
were cotransfected with pRL-CMV-1-515 and increasing

Dicer does not bind HCV IRES in vivoFigure 4
Dicer does not bind HCV IRES in vivo. HCV IRES nt 1-341 was amplified by RT-PCR from RNA extracted from Dicer 
immunoprecipitates (IPs) prepared from Huh-7 or 9–13 cells by ribonucleoprotein immunoprecipitation (RIP) assay. The ampli-
fied DNA products were analyzed by 1.5% agarose gel electrophoresis and stained with ethidium bromide (lower panel). Pro-
teins (100 g) were analyzed by 10% SDS-PAGE to visualize Dicer protein expression or immunoprecipitation in Huh-7 and 9–
13 cells (upper panel).
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amounts of Dicer expression vector. As shown in Fig. 5B,
Dicer overexpression had no effect on reporter gene
expression driven by the HCV IRES. Similar conclusions
were reached when using a bicistronic vector (pRL-CMV-
I371) in which nt 1-371 of the HCV IRES are placed
upstream of the Fluc reporter (D.L. Ouellet and P. Provost,
unpublished data), suggesting that Dicer overexpression
does not alter HCV IRES-mediated translation in vivo.

Discussion
The interplay between viruses and the RNA silencing
machinery of the hosts is increasingly complex, as
reviewed recently for HIV-1 [48]. Some viruses, such as
HIV-1 [49] and adenoviruses [44], have efficiently
adapted to small RNA-based host defense mechanisms
and evolved inhibitors of Dicer function.

In the case of HCV, we observed that expression of its non-
structural proteins from a subgenomic replicon had no
effect on the efficiency of RNA silencing induced by a pre-

miRNA or sh RNA Dicer substrate, or downstream of it (D.
Ouellet, I. Plante, and P. Provost, unpublished data). This
is in accordance with a previous study by Kanda et al [41],
which has demonstrated the efficacy of a shRNA directed
against HCV to inhibit viral replication in replicon-con-
taining Huh-7 cells. However, it has been reported more
recently that the HCV structural proteins core and E2,
which are not part of our subgenomic replicon model,
could interact with Dicer and Ago2, respectively [34-36].
Indeed, it was shown that the HCV core protein may abro-
gate RNA silencing induced by shRNAs, but not that
induced by siRNAs, in HepG2 hepatocytes and non-hepa-
tocyte mammalian cells expressing only the HCV core
[34]. The decreased efficiency of a shRNA directed against
HCV RNA in cells carrying a genomic versus a subgenomic
replicon, as observed by Kanda et al. [41], may thus be
related to a Dicer inhibitory effect of the HCV core protein
[41]. A recent paper also showed that the HCV E2 enve-
lope protein interacts with Ago2, the catalytic engine of
the RNA-induced silencing complex (RISC), suggesting
that HCV proteins may inhibit RNA silencing pathways at
different steps.

These observations, however, are in contrast to a previous
report showing, that the endogenous level of three differ-
ent miRNAs remained unchanged in Huh-7 cells carrying
an HCV genomic replicon [26]. These data militate
against a role for the HCV core and E2 proteins as suppres-
sors of RNA silencing, although monitoring the accumu-
lation of the miRNA end-product may not always
accurately reflect or be sensitive enough to detect slight
alterations in the functionality of the whole miRNA-
guided RNA silencing pathway. Considering that cellular
miRNAs, such as miR-199a [50], could target the HCV
genome and inhibit viral replication and that interferon
could modulate expression of certain miRNAs that may
either target the HCV RNA genome (eg, as miR-196 or
miR-448) [51] or markedly enhance its replication (eg,
miR-122) [42], it will be important to determine whether
the HCV core and E2 proteins interferes with the host RNA
silencing processes during the natural course of an HCV
infection.

Some viruses, such as EBV [24], KSHV, HCMV [25,26] and
HIV-1 [27-29], appear to be vulnerable to Dicer process-
ing and thus represent a source of miRNAs that can poten-
tially interfere with the gene expression programming of
the host. We recently reported the ability of Dicer to
release functional miRNAs from the HIV-1 TAR element
[29], a stem-bulge-loop RNA located at the 5' extremity of
all HIV-1 mRNAs transcripts. Employing the same strategy
and experimental approaches [29], we were able to docu-
ment the ability of human Dicer to cleave HCV IRES nt 1-
341 and nt 1-515 RNAs as well as domains II, III and VI
derived from the HCV IRES in vitro. Processing of the

Overexpression of Dicer has no effect on HCV IRES-medi-ated translationFigure 5
Overexpression of Dicer has no effect on HCV IRES-
mediated translation. (A) Schematic representation of the 
reporter gene construct with pRL-CMV-1-515. (B) Reporter 
gene activity assays. pRL-CMV-1-515 was co-transfected in 
HEK 293 cells with increasing amounts (0–300 ng DNA) of 
pcDNA3.1-5'Flag-Dicer. Cells were harvested seventy-two 
(72) hours later, lysates were prepared, and Rluc and Fluc 
activities were measured successively. The results were nor-
malized with those obtained from cells cotransfected with 
pRL-CMV-1-515 with empty vector pcDNA3.1-5'Flag. 
Results are expressed as mean ± s.e.m. (n = 6 experiments, 
in duplicate).
Page 8 of 13
(page number not for citation purposes)



Journal of Negative Results in BioMedicine 2009, 8:8 http://www.jnrbm.com/content/8/1/8
HCV IRES RNA by recombinant Dicer in vitro had been
reported previously [35]. The pattern of the RNA products
that we observed upon Dicer cleavage of either HCV IRES
or that of its structural domains is compatible with imper-
fect substrate recognition by Dicer and/or an improper
alignment of its RNase III domains at the expected cleav-
age sites that may result in asymmetrical processing of the
HCV RNA substrate and yield RNA intermediate species.
Mechanistically, endogenous substrate recognition by
Dicer has been proposed to involve anchoring of the pre-
miRNA 2-nt 3'overhang in the pocket formed by its cen-
tral PAZ domain [52,53]. Devoid of defined 3'overhang,
the HCV IRES is not a common substrate for Dicer. Imper-
fect HCV IRES recognition and processing by Dicer may
thus explain, at least in part, the length heterogeneity of
the resulting RNA products.

We were unable to document the presence of HCV IRES
RNA in Dicer IP prepared from 9–13 cells by RIP assay,
suggesting a lack of interaction between Dicer and the
HCV IRES in vivo. Moreover, we could not detect small
RNAs derived from the HCV IRES either by Northern Blot
or RPA analyses. Although we cannot exclude the possibil-
ity that HCV miRNA levels remained below the sensitivity
limit of our technique, our findings do not support the
concept of HCV IRES binding and cleavage by Dicer in
vivo. Although HCV is an RNA virus whose replication
occurs in the endoplasmic reticulum and cytoplasmic
compartments [1], the HCV IRES RNA and domains II, III
and VI may not represent ideal Dicer substrates, as they
are embedded within the HCV RNA genome. Recently, the
relatively low processing reactivity of the HIV-1 TAR RNA
to Dicer has been attributed, at least in part, to the lack of
a free 3' end and its embedding at the 5' end of HIV-1
mRNAs [29]. The situation of HCV domains II, III and VI
may also be different from that reported for the env [27]
and nef [28] regions of HIV-1, whose internal hairpin-
loop precursor sequences may be located in a different,
more favorable structural context. The unavailability of
free 5' and 3' ends at the base of domains II, III and VI may
thus account, at least in part, for the relative refractoriness
of the HCV IRES to processing by Dicer.

A limited accessibility to the viral RNA may also be a con-
tributing factor to the relative lack of reactivity of HCV
IRES to Dicer in vivo. In support to this hypothesis is the
lack of effects of Dicer overexpression on the HCV IRES-
mediated translation in HEK 293 cells (D.L. Ouellet and
P. Provost, unpublished data), which are devoid of HCV
non-structural proteins suggesting that the HCV IRES
remains inaccessible to Dicer even in the absence of HCV
proteins. However, this possibility has been challenged by
a recent study showing that miR-122 modulates HCV
RNA abundance in Huh-7 cell stably expressing the geno-
type 1b strain HCV-N replicon NNeo/C-5B [42]. MiR-122

has been proposed to act through recognition of two puta-
tive binding sites, one of which is located in the HCV
5'UTR upstream of domain II. In that context, the
observed miRNA regulation, which is usually mediated by
the RISC effector complex, imply a certain degree of acces-
sibility to specific sequences within the HCV IRES. This
interpretation is further supported by the efficiency of an
shRNA directed against domain II of HCV IRES at reduc-
ing the level of HCV 5'NTR RNA in Huh-7 cells carrying a
genomic replicon [41]. On the other hand, no miRNAs
derived from the virus could be detected among 1318
small RNA sequences isolated from the Huh-7.5 cell line
[26]. These observations suggest a differential access of a
miR-122/RISC complex, versus that of a pre-miRNA
processing complex containing Dicer, to the IRES struc-
ture of HCV in vivo. It could be hypothesized that the
Dicer protein has no access to the HCV IRES RNA despite
its possible presence within RISC complexes [54,55], and
that access is somehow restricted to other proteins of the
RISC complex, such as Ago2. Moreover, since HCV-
derived miRNAs may be expressed at very low levels,
among an abundant amount of cellular miRNAs, they
could have escaped detection by standard small RNA
cloning strategies, as we previously reported for miR-TAR-
3p and miR-TAR-5p released from HIV-1 TAR RNA [29].

Viral and cellular proteins interacting with the HCV IRES,
in the context of viral replication and/or mRNA transla-
tion, are likely to further decrease the vulnerability of
these structures to Dicer processing in vivo. Among these
factors are the polypyrimidine-tract-binding protein [56],
the human La antigen [56,57], the poly(rC)-binding pro-
tein 2 [58], the heterogeneous nuclear ribonucleoprotein
L [59], proteasome -subunit PSMA7 [60] and probably
many others [61]. In support to this assertion, siRNA-
mediated suppression of Hu antigen R (HuR) and PSMA7
substantially diminished HCV IRES-mediated translation
and subgenomic HCV replication [62]. In addition, sup-
pression of La antigen expression with antisense phos-
phorothioate oligonucleotides reduced HCV IRES activity
from a bicistronic vector [63]. The possibility that these
IRES-interacting proteins can shield this key viral RNA
structure from the processing activity of Dicer is attractive
and warrant further investigations.

Conclusion
HCV and the host RNA silencing machineries are likely
engaged in a host-pathogen "arms race" that may be con-
stantly shaping the virus genome as well as the antiviral
functionalities of the host defense system. Our study sug-
gests that the HCV IRES may have evolved to adopt a
structure efficient in translation initiation and permissive
to miR-122-mediated facilitation of viral replication,
while exhibiting refractoriness to processing by Dicer.
These properties of the HCV IRES, which may be governed
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by sequestration of HCV RNA in the replication complex
as well as by various interactions with viral and cellular
proteins, may contribute to viral escape of the host RNA
silencing machinery and persistence in infected individu-
als.

Methods
Mammalian cell culture
Huh-7 and 9–13 cells were maintained in DMEM supple-
mented with 10% fetal bovine serum, 1× non-essential
amino acids, 2 mM L-glutamine, 100 units/ml penicillin
and 100 g/ml streptomycin in a humidified incubator
under 5% CO2 at 37°C. HCV replicon I377/NS3-3'-con-
taining 9–13 cells were kept under selection with 1 g/ml
of G418. Cured cells were generated upon treatment with
100 IU/ml of IFN-2B (Intron® A, Schering) for 4 to 6 pas-
sages, as described previously [45,46]. HEK 293 cells were
grown in DMEM supplemented with 10% fetal bovine
serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 100
units/ml penicillin and 100 g/ml streptomycin in a
humidified incubator under 5% CO2 at 37°C.

Western and Northern blot analyses
Dicer, HCV NS3, NS5B and actin proteins were detected
by Western blot using rabbit anti-Dicer [18], mouse anti-
NS3 IB6 [64], anti-NS5B 5B-3B1 [65] and anti-actin AC-
40 (Sigma) antibodies, respectively. HCV IRES RNA was
detected by Northern blotting using a DNA probe comple-
mentary to HCV nt 1-341, whereas a DNA probe recogniz-
ing GAPDH mRNA was used as a loading control.

MicroRNA-guided RNA silencing activity assay
The pre-miR-328 expression vector was conceived by
cloning in psiSTRIKE the pre-mmu-miR-328 sequence
(5'accgtggagtgggggggcaggaggggctcagggagaaagtgcatacagccc
ctggccctctctgcccttccgtcccctgt ttttc-3') (Promega). The
Rluc:miR-328 binding site reporter constructs, in which
Rluc is coupled with 1 or 3 copies of perfectly comple-
mentary (PC) or natural wild-type (WT) binding sites for
mmu-miR-328, were obtained by cloning 1 or 3 copies of
the PC (5'-atctcaacggaagggcagagagggccagatctc-3') or WT
(5'-atctcgtccctgtggtaccctggcagagaaagggccaatctcaatctc-3')
binding sites into the PmeI site of psiCHECK (Promega).
The integrity of the constructs was verified by restriction
analysis and DNA sequencing (CHUQ Research Center
DNA sequencing core facility).

To estimate the efficiency of RNA silencing, Huh-7 and 9–
13 cells were grown in 24-well plates to reach ~70% con-
fluency prior to transfection using Lipofectamine 2000
(Invitrogen) with either psiCHECK (0.4 g DNA) and
psiRluc or psiNeg (0.25–250 ng DNA), or Rluc:miR-328
BS reporter constructs (0.4 ng DNA) and pre-mmu-miR-
328 expression construct (250 ng DNA). Cells were har-

vested 24 hours later, lysates were prepared, and luciferase
activities were measured, as described previously [66].

Dicer RNase activity assay
The HCV IRES domains II, III, and VI, as well as HCV IRES
RNAs were transcribed and randomly labeled (-32P UTP,
Perkin Elmer) by in vitro transcription using T7 promoter
(MEGAshort Script kit, Ambion), and purified by denatur-
ating PAGE (5%). 32P-labeled HCV RNAs (30 000 cpm)
were incubated in the absence or presence of recombinant
human Dicer (65 ng prot) with MgCl2 (5 mM) at 37°C for
1 h. The reaction was analyzed by denaturing PAGE
(10%) and the resulting RNA products were detected by
autoradiography, as described previously [18,66].

Electrophoretic mobility shift assay (EMSA)
The HCV IRES nt 1-515 and 1-341 RNAs were transcribed
and randomly labeled (-32P UTP, Perkin Elmer) by in
vitro transcription using T7 promoter (MEGAshort Script
kit, Ambion), and purified by denaturating PAGE (5%).
32P-labeled HCV IRES RNAs (30 000 cpm) were incubated
in the absence or presence of recombinant human Dicer
(200 ng prot) [18], with or without BSA (2 g), for 30 min
on ice prior to electrophoretic mobility shift assay (EMSA)
analysis, which was performed as described previously
[18,66]. Dicer•HCV IRES RNA complex formation was
analyzed by nondenaturating PAGE (6%) and detected by
autoradiography.

Ribonucleoprotein immunoprecipitation (RIP) assay
Huh-7 and 9–13 cells were grown to reach ~70% conflu-
ency in 10-cm culture dishes and harvested in 10 ml of
PBS 1×, as described previously [67]. Briefly, cells were
fixed with formaldehyde (37% in 10% methanol) to a
final concentration of 1% (v/v, 0.36 M) and incubated at
room temperature for 10 minutes with slow mixing. The
crosslinking reaction was quenched upon addition of gly-
cine (pH 7.0) to a final concentration of 0.25 M and incu-
bation at room temperature for 5 minutes. Cells were
harvested by centrifugation at 237 g for 4 minutes, fol-
lowed by two washes with ice-cold PBS. The pellet was
resuspended in 1 ml of RIPA buffer (Tris·HCl 50 mM, NP-
40 1%, Sodium deoxycholate 0.5%, EDTA 1 mM, Sodium
dodecyl sulphate 0.05% and 150 mM NaCl, pH 7.5) and
the protein·RNA species crosslinked were solubilised by
sonication. After removal of the insoluble material by cen-
trifugation at 16 000 g for 10 minutes, the supernatant
was precleared with protein G agarose and non-specific
tRNA competitor at a final concentration of 100 g/ml.
After incubating for 1 h at 4°C, the sample was centri-
fuged and an aliquot was kept for RNA extraction (input)
and Western blot analysis. The precleared lysate was fur-
ther incubated with precomplexed protein G/rabbit anti-
Dicer for 90 minutes at 4°C with rotation for immunopre-
cipitation of the crosslinked Dicer·RNA species. The
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beads were collected by centrifugation at 600 g for 1
minute, washed 5 times with RIPA High Stringency buffer
(Tris·HCl 50 mM, NP-40 1%, Sodium deoxycholate 1%,
EDTA 1 mM, Sodium dodecyl sulphate 0.1%, 1 M NaCl,
1 M Urea, pH 7.5) and resuspended in 100 l of resuspen-
sion buffer (Tris·HCl 50 mM, EDTA 5 mM, DTT 10 mM
and Sodium dodecyl sulphate 1%, pH 7.0), as described
previously [67]. An aliquot of the first supernatant
(unbound fraction) was kept for RNA extraction and
Western blot analysis. The beads were then was incubated
45 minutes at 70°C to reverse the crosslinks and RNA was
extracted with TRIZOL reagent.

The RNA was subjected to RT using specific primer to the
neomycin region of the HCV RNA (5'-TGGCCAGCCAC-
GATAGCCGC-3') with SuperScript II (Invitrogen),
according to the manufacturer's instructions. The
polymerase chain reaction (PCR) was performed using
the Phusion polymerase (NEB) and the HCV nt 1-341
fragment was amplified with forward (5'-gatt-
gggggcgacactccac-3') and reverse (5'-tacgagacctcccggggcac-
3') oligonucleotides.

HCV IRES-mediated translation assay
The HCV IRES nt 1-515 segment was amplified by PCR
from pHCV77c using forward (5'-gcgcgcggatccgccagccccct-
gatgggggcgacac-3') and reverse (5'-gcgcgcggatccaggttgcgac-
cgctcggaagtcttcc-3') oligonucleotides, and cloned in the
BamHI site of pXP2-Luc (Firefly luciferase) vector. The
IRES 1-515/Fluc unit was then reamplified by PCR using
forward (5'-gcgcgcactagtgccagccccctgatgggggcgacac-3')
and reverse (5'-gcgcgcactagtttacaatttggactttccgcccttc-3')
oligonucleotides, and transferred to the XbaI/BamHI sites
of pRL-CMV vector (Promega).

In order to document the effects of Dicer overexpression
on HCV IRES function, HEK 293 cells grown in 24-well
plates to ~50% confluency were cotransfected with pRL-
CMV-1-515 (100 ng DNA) and pcDNA3.1-5'Flag-Dicer
(0–300 ng DNA) [18], or pcDNA3.1 empty vector (0–300
ng DNA). Cells were harvested 72 hours later, lysates were
prepared, and Rluc and Fluc activities were measured suc-
cessively using the Dual-Luciferase Reporter Assay System
(Promega), as described previously [29].
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