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miR-122 is an abundant, liver-specific microRNA that is required for efficient amplification of hepatitis
C virus (HCV) RNA. Recent studies with a miR-122-specific locked nucleic acid antagomir have shown
it to be an important host target for therapeutic intervention. However, considerable controversy exists
concerning the mechanisms underlying the dependence of HCV replication on miR-122. We studied
the impact of miR-122 on the rate of [32P]-incorporation into positive-strand viral RNA by membrane-
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bound replicase complexes isolated from cells containing HCV RNA replicons. [ P]-incorporation in this
cell-free system represents primarily the elongation phase of RNA synthesis, with little or no de novo
initiation, and was not affected by the addition of either excess miR-122 or a miR-122-specific antisense
oligonucleotide that suppresses replication in vivo. We also found no evidence that detectable quantities
of miR-122 are specifically associated with replicase complexes in vivo. These results are consistent with
miR-122 acting at an alternative step in the viral life cycle, promoting cap-independent viral translation,

ility,
enhancing viral RNA stab

Hepatitis C virus (HCV) is a positive-strand virus classified
ithin the family Flaviviridae. It has an RNA genome ∼9.6 kb in

ength containing a single long open reading frame flanked by
′- and 3′-nontranslated regions (NTRs) (reviewed in Moradpour
t al., 2007). As with other positive-strand RNA viruses, the syn-
hesis of HCV RNA is believed to take place in association with
ntracellular membranes which form a “membranous web” that
s thought to be the site of new viral RNA synthesis (Gosert et
l., 2003). RNA synthesis is catalyzed by NS5B which possesses
NA-dependent RNA polymerase activity in vitro (Behrens et al.,
996). Recombinant NS5B is capable of de novo initiation of

NA synthesis, but lacks template specificity due to the absence
f other viral and host-derived proteins that in vivo constitute
multi-subunit, membrane-associated HCV replication complex

the HCV replicase). A unique feature of HCV genome amplifi-
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cation is its dependence on a liver-specific microRNA (miRNA),
miR-122 (Jopling et al., 2005). miR-122 positively regulates the
abundance of HCV RNA in Huh-7 cells, and its functional seques-
tration by transfection of an antisense oligonucleotide reduces HCV
RNA abundance and inhibits replication of infectious virus (Jopling
et al., 2005; Randall et al., 2007). Importantly, therapeutic silenc-
ing of miR-122 with a locked nucleic acid (LNA) antagomir was
shown recently to have a profound antiviral effect in HCV-infected
chimpanzees (Lanford et al., 2010).

The positive-sense HCV RNA genome contains at least three
potential miR-122 seed sequence-binding sites. Two sites within
the 5′-NTR, just upstream of an internal ribosome entry site (IRES),
have been shown to bind miR-122 (Jopling et al., 2005, 2008), while
a third potential site exists within the 3′-NTR. Point mutations
within the 5′-NTR sites abolish HCV RNA replication, but replica-
tion can be rescued by transfection of a complementary mutant
miR-122 (Jopling et al., 2005, 2008). These data indicate that miR-
122 interacts directly with the viral RNA, but how it regulates the

abundance of HCV RNA is poorly understood. Norman and Sarnow
(2010) suggested recently that miR-122 does not directly modulate
the synthesis of viral RNA in cells. However, the potential regulation
of in vitro synthesis of viral RNA by isolated replication complexes
has not been examined. We set out to answer this question, and
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http://www.sciencedirect.com/science/journal/01663542
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Fig. 1. Effect of miR-122 on the elongation phase of HCV RNA synthesis by cell-free replicases. (A) Various concentrations of miR-122 or other oligonucleotides (Table 1) were
added to the P16 fraction from subgenomic replicon cells in the cell-free replicase reaction. Control reactions were carried out either in the absence (lane 14) or presence
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Neither supplementing reaction mixes with excess miR-122,
or functionally inactivating miR-122 by adding a complementary
2′-O-methylated oligonucleotide (122-2′-O-Me) (Table 1), had any
effect on [32P] incorporation (Fig. 1A). Micromolar concentrations
of the antisense 122-2′-O-Me did not inhibit the reaction, even

Table 1
Oligonucleotides.

RNA oligonucleotidea Sequence

miR-122 5′-UGG AGU GUG ACA AUG GUG UUU
GU-3′

miR-122* 5′-AAA CGC CAU UAU CAC ACU AAA UA-3′

miR-124 5′-UUA AGG CAC GCG GUG AAU GCC A-3′

miR-124* 5′-CCG UGU UCA CAG CGG ACC UUG A-3′

122-2′-O-Me 5′-AGA CAC AAA CAC CAU UGU CAC ACU
CCA CAG C-3′
lane 13) of 1% DMSO. Radiolabeled RNA was extracted, and resolved on a 1% agar
uantitation (lower panel). (B) Huh-7.5 cells were transfected with 50 nM oligonucle

mmunostained for core antigen 72 h after infection. Nuclei were labeled with DAPI
nhibitor were incubated with the P16 fraction.

o determine if miR-122 specifically associates with the replicase
omplex in vivo.

Membrane fractions containing synthetically active replicase
omplexes can be isolated by differential centrifugation of extracts
rom Huh-7 cells containing HCV replicons (Ali et al., 2002; Hardy et
l., 2003). We prepared such a heavy membrane fraction (16,000 × g
ellet) from cells containing subgenomic and genome-length geno-
ype 1a replicons (Yi and Lemon, 2004). This fraction contained viral
onstructural proteins, including NS5B, and was also enriched in ER
roteins, calnexin and Rab1b (data not shown). When incubated at
7 ◦C with a standard transcription mixture containing [�-32P]-CTP,
NA products corresponding to the length of the respective repli-
on could be resolved by denaturing agarose gel electrophoresis
Fig. 1A, lane 14). Similar products were not obtained with incu-
ation of a related supernatant fraction, or P16 fractions prepared
rom normal Huh-7 cells (data not shown). Previous studies suggest
hat preassembled, membrane-bound replicase complexes isolated

n this fashion predominantly produce copies of positive-strand
NA from the endogenous RNA template (Hardy et al., 2003). The
NA product thus represents the elongation of nascent HCV tran-
cripts initiated in vivo but arrested on cell lysis. We confirmed this
y RNA protection assays, done as described by Egger et al. (1996)
el containing glyoxal, followed by autoradiography (top panel) or PhosphoImager
, and 24 h later infected with HJ3-5 virus, a chimeric HCV, at an m.o.i. of 1. Cells were
creasing concentrations of an allosteric benzothiadiazine or active-site pyrimidine

with unlabeled RNA probes complementary to the 5′ and 3′ ends of
positive-strand RNA (data not shown).
Rand-2′-O-Me 5′-CAC GUU AAA ACC AUA CGC ACU ACG
AAA CCC C-3′

a miR-122 and miR-124 were transfected as duplex RNAs generated by annealing
equimolar amounts of miR-122 and miR-122*, and miR-124 and miR-124*, respec-
tively.
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Fig. 2. Distribution of miR-122 in equilibrium density gradients. P16 fractions were layered on top of a linear 20–70% sucrose gradient, and centrifuged at 35,000 rpm
for 18 h at 4 ◦C in an SW60 rotor. (A) Fractions were analyzed for density and total protein (left panel) and total RNA (right panel). (B) Fractions were concentrated by
ultracentrifugation (TLS-55 rotor, 52,000 rpm for 2 h at 4 ◦C) and increasing quantities tested for replicase activity (top panel). HCV RNA was detected in a one-step RT-PCR
a GGA G
b RNas
f radiog

t
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ssay (Qiagen), using the primers: 5′-ATC CGC TTG TGG CAG AGG AG, and 5′-CCT
y immunoblot for Ago2, NS3, and NS5B proteins. (D) miR122 was detected by an
ragments were resolved on 15% polyacrylamide/8 M urea gels, and imaged by auto

hough transfection of cells with as little as 50 nM was sufficient
o inhibit replication of infectious HCV in Huh-7 cells (Fig. 1B).
o confirm the specificity of the RNA synthesized in this reaction,
e determined whether [32P] incorporation was blocked by small
olecule NS5B inhibitors: an allosteric benzothiadiazine inhibitor,
nd a pyrimidine pyrophosphate mimic that acts as an active-site
nhibitor (Summa et al., 2004; Tomei et al., 2004). The IC50 was
5.5 �M for the pyrimidine and 3.4 �M for the benzothiadiazine

n genotype 1a replicon cells (Bourne et al., 2005) (Table 2). Con-

able 2
ntiviral activities of NS5B inhibitors against the subgenomic HCV replicon.

Compound IC50
a CC50

a

Pyrimidine (L-000874792) (�M) 15.5 >20.0
Benzothiadiazine (L-001117921) (�M) 3.4 >20.0
Interferon-�2b (I.U./mL) 2.1 >500

a IC50, 50% reduction in HCV RNA abundance; CC50, 50% cytotoxicity by MTT assay.
AG TAA CTG TGG AGT (bottom panel). (C) Concentrated fractions were analyzed
e protection assay (mirVana miRNA Detection Kit, Applied Biosystems); protected
raphy. Undigested probe (UDP) and protected probe (PP) bands are indicated.

sistent with this, the pyrimidine inhibitor caused a 40% reduction
in [32P] incorporation at 10 nM, and completely blocked RNA syn-
thesis at higher concentrations (Fig. 1C). These data confirm that
RNA synthesis was catalyzed by the authentic NS5B polymerase.
In contrast, even high concentrations of the allosteric benzothiadi-
azine inhibitor (up to 100 �M) failed to inhibit [32P] incorporation
(Fig. 1C). These results are consistent with previous studies show-
ing that allosteric non-nucleoside inhibitors act at an early step in
the initiation of viral RNA synthesis and may fail to block elongation
(Liu et al., 2006; Ma et al., 2005; Tomei et al., 2004).

These results indicate that miR-122 does not regulate the
elongation phase of HCV RNA synthesis. There are two possible
explanations for this. First, the fully assembled HCV replicase sim-

ply may not require miR-122 to mediate elongation. An alternative
interpretation is that miR-122 may indeed be required for elon-
gation, but that the membranous environment of the replicase
renders it inaccessible to either supplementation or sequestration
by miR-122-specific oligonucleotides added to the reaction mix.
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uch an interpretation is consistent with prior observations that
solated replicase complexes cannot use an exogenous viral RNA
s a template when supplied in trans, and that the endogenous
iral RNA template within the replication complex is inaccessible to
nzymatic degradation (Ali et al., 2002; Lai et al., 2003; Miyanari et
l., 2003). If so, however, this is not an artifact of the in vitro system
n which we studied isolated replicase complexes: the same con-
traints on accessing the fully formed replicase would exist within
he infected cell in which these membranous complexes normally
eside. Our results thus indicate that if the available abundance of
ree miR-122 directly influences the rate of viral RNA synthesis,
t must do so during an early step in replicase assembly or initia-
ion of RNA synthesis, steps that are specifically antagonized by
on-nucleoside inhibitors of the NS5B polymerase, as discussed
bove.

As an alternative approach to defining a role for miR-122 in
iral RNA synthesis, we transfected replicon cells with the anti-
ense 122-2′-O-Me oligonucleotide 24 h prior to lysis and isolation
f replicase complexes. If miR-122 were directly required for RNA
ynthesis and incorporated into the replicase complex at assembly,
omplexes formed after transfection of the antisense 122-2′-O-Me
hould demonstrate substantially reduced specific RNA synthetic
ctivity and less [32P] incorporation. While we observed a reduc-
ion in the abundance of replicase complexes after transfecting the
ntisense oligonucleotide, as would be expected, the complexes
ere not grossly reduced in their ability to incorporate [32P] (data
ot shown). While such an experiment is admittedly difficult to
igorously control, these results suggest that miR-122 is required
ither at or before the formation of replicase complexes.

To directly investigate the possible association of miR-122 with
he replicase, we prepared P16 fractions from both naïve Huh-7
nd HCV replicon cells, and layered them onto 20–70% sucrose
radients that were then centrifuged to equilibrium. The cellular
rotein content peaked in fractions 9–11 of these gradients, while
otal RNA content peaked in fraction 11 (Fig. 2A). Functional HCV
eplication complexes were most abundant in fraction 7 (density
1.17 gm/cm3) with lesser amounts in adjacent fractions (Fig. 2B).
iral RNA was detected by RT-PCR in fractions 7–8. Using an RNase
rotection assay, we found miR-122 to be concentrated in fractions
1–12 which had a considerably higher density (∼1.22 gm/cm3)
Fig. 2D, right panel). Overall, the distribution of miR-122 within
hese gradients was similar to that of argonaute 2 (Ago2, Fig. 2C), a
omponent of the miRNA-induced silencing complex, and distinctly
ifferent from the HCV replicase. Similar results were obtained with
ate-zonal gradients (data not shown). Importantly, there was no
ifference in the distribution of miR-122 between normal cells and
ells containing HCV replicons. To determine whether any amount
f miR-122 could be shown to band at the density of the viral
eplicase, we concentrated material in fractions with peak repli-
ase activity, and subjected it to a second round of centrifugation in
dentical equilibrium gradients. While these results confirmed that

minor fraction of miR-122 possesses a buoyant density similar
o the replicase, this probable membrane-bound miR-122 fraction
as also present in normal Huh-7 cells.

In summary, the elongation phase of HCV RNA synthesis is not
ffected by changes in the abundance of miR-122. While we demon-
trated this in a cell-free replicase assay, it is also likely to be true
ithin infected cells as discussed above. However, our results do
ot rule out a role for miR-122 in the initiation of viral RNA synthe-
is. Just as the allosteric benzothiadiazine inhibitor was unable to
nhibit [32P] incorporation in the cell-free replicase assay (Fig. 1C),

his assay may have failed to detect a role for miR-122 in initiation of
NA synthesis. Norman and Sarnow (2010) recently reported that
miR-122-specific antisense LNA oligonucleotide failed to slow

he incorporation of 4-thiouridine (4SU) into nascent HCV RNA in
eplicon cells. However, these results may have been subject to
search 88 (2010) 119–123

the same limitations as the cell-free assay, as the extent to which
4SU incorporation reflects de novo initiation vs. elongation under
the conditions used by Norman and Sarnow (2010) is not clear.
Our efforts to show a specific association of miR-122 with isolated
replicase complexes used a ribonuclease protection assay with sub-
femtomolar sensitivity, but were confounded by the presence in
normal cells of a small miR-122 fraction with buoyant density sim-
ilar to that of the replicase. Since there are two miR-122 binding
sites on the viral RNA, as few as 2 copies of miR-122 per positive-
strand molecule might be sufficient to promote RNA synthesis. Each
membrane vesicle with an active replicase complex has been esti-
mated to contain at least one negative-strand RNA molecule and as
few as 2–10 positive-strand molecules (Quinkert et al., 2005). Given
that Huh-7 cells contain up to 70,000 copies of miR-122 (Chang et
al., 2004), a change in subcellular distribution may be too subtle to
detect on these gradients.

Three different mechanisms have been proposed to explain
the positive impact of miR-122 on viral RNA abundance: first, an
increase in viral RNA translation; second, a direct enhancement
of viral RNA synthesis, and third, an increase in HCV RNA stabil-
ity (Jopling et al., 2005). The effect of miR-122 on HCV translation
is controversial, with several conflicting reports in the literature
(Henke et al., 2008; Jopling et al., 2005, 2008). Henke et al. (2008)
demonstrated small miR-122-mediated increases in translation of
genomic RNA, and proposed a mechanism involving accelerated
association of viral RNA with ribosomes. We recently confirmed
that the interaction of miR-122 with HCV RNA exerts a specific, pos-
itive modulatory effect on translation of the viral genome (Jangra et
al., 2010). However, our results also demonstrated that this effect
is insufficient in magnitude to explain the profound requirement
for miR-122 in genome amplification. We have shown here that
RNA synthesis is not altered in the elongation phase, consistent
with results reported recently by Norman and Sarnow (2010). We
believe, however, that a miR-122-specific effect on the initiation
of RNA synthesis is still to be excluded. Stabilization of viral RNA
by miR-122 also remains a possibility, and will be extraordinarily
difficult to demonstrate given the limited experimental systems
available for study.
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