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MicroRNA 122 (miR-122) promotes hepatitis C virus (HCV) RNA abundance through a direct interaction
with the viral RNA and stimulates the mevalonate pathway in the animal liver. We found that overexpression
of miR-122 enhanced viral RNA accumulation without affecting genes in the mevalonate pathway, such as the
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) gene. However, inhibition of miR-122 decreased
both HCV RNA and HMGCR RNA with little effects on the rates of HCV and HMGCR RNA synthesis. Loss
of HCV RNA could not be restored by isoprenoid intermediate metabolites. Overall, these findings suggest that
miR-122 modulates viral RNA abundance independently of its effect on isoprenoid metabolism.

Hepatitis C virus (HCV) is a positive-stranded, hepatotropic
RNA virus belonging to the Flaviviridae. HCV has been esti-
mated to infect approximately 170 million people worldwide,
leading to chronic liver disease and hepatocellular carcinoma
(14, 25). With sustained virological response rates in current
therapies limited to 50%, a greater understanding of HCV
virology and pathogenesis is needed to treat this disease more
effectively (24).

MicroRNAs are small, approximately 22-nucleotide RNAs
that normally repress cellular gene expression in a sequence-
specific manner, either through RNA degradation or through
translational inhibition that can be accompanied by targeted
RNA degradation (3, 5, 18). We have recently found that
microRNA 122 (miR-122), which is expressed at a high abun-
dance in the liver (4), acts in an unusual manner to stimulate
accumulation of HCV RNA by interacting with the 5" noncod-
ing region of the viral genome (Fig. 1) (19, 20). Functional
sequestration of miR-122 resulted in a large reduction in viral
RNA abundance, suggesting that miR-122 may be a potential
target for antiviral therapeutics. Clues to normal functions for
miR-122 in the liver came from studies in which miR-122 was
sequestered by modified antisense oligomers in the livers of
mice and nonhuman primates (9-11, 23). In each case, seques-
tration of miR-122 resulted in reduced mevalonate pathway
activity, lowered liver and plasma cholesterol levels, and re-
duced fat accumulation in the liver (9-11, 23). The mevalonate
pathway functions to convert mevalonate to cholesterol and
isoprenoid intermediates (Fig. 1). The physiological effects of
miR-122 sequestration were accompanied by decreased
expression of transcripts encoding proteins of this pathway,
such as 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) and squalene epoxidase (Fig. 1) (9-11, 23). Be-
cause these transcripts do not contain miR-122 binding sites,
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miR-122 is thought to regulate their expression by downregu-
lation of an inhibitor for these genes.

Interestingly, HCV infection also alters lipid metabolism
through an incompletely characterized mechanism that in-
volves cleavage and activation of the regulatory transcription
factor sterol regulatory element binding protein (SREBP) (28,
30). Cholesterol, synthesized in the sterol branch of the meva-
lonate pathway (Fig. 1), is needed for virus entry and exit from
infected cells (15, 21). A second, nonsterol branch of the
mevalonate pathway produces geranylgeranyl and farnesylpy-
rophosphate isoprenoids, which are often used in post-
translational modification of proteins (Fig. 1). The gera-
nylgeranylated protein FBL2 is also an important host factor
for HCV replication (29). Given the importance of mevalonate
pathway end products for HCV, it is not surprising that inhi-
bition of this pathway with HMGCR inhibitors, such as lova-
statin, inhibits HCV replication. This inhibition can be re-
versed by supplementation with the downstream biosynthetic
intermediates mevalonate and geranylgeraniol.

Because miR-122 plays key roles in both the HCV life cycle
and the regulation of the mevalonate pathway, we examined
whether miR-122 modulates HCV RNA expression through
stimulation of the mevalonate pathway.

Because miR-122 regulates the mevalonate pathway in
mouse and nonhuman primate livers (9-11, 23), we examined
whether overexpression of miR-122 could modulate HCV and
the mevalonate pathway in cultured human liver NNeo/C-5B
cells that continuously replicate genotype 1b HCV RNA (17).
Briefly, cells were transfected with 50 nM of distinct, duplexed
microRNA mimics (20). Total RNA was prepared at 48 h after
transfection, and the abundances of specific RNAs were de-
termined by Northern blotting and Storm PhosphorImager
analyses (Molecular Dynamics, Sunnyvale, CA) (20) (Fig. 2).
As was observed previously (20), overexpression of miR-122
mimics stimulated HCV RNA accumulation relative to the
Lipofectamine 2000 control treatment (no RNA) results (Fig.
2A), while transfection of a miR-122 mimic with a mutation at
position 3 (122-p3) or an unrelated microRNA let-7 mimic did
not enhance HCV RNA abundance (Fig. 2A). In contrast, the
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FIG. 1. Predicted interactions between miR-122 and the mevalonate pathway and HCV. See the text for details of how miR-122 promotes HCV
RNA abundance and enhances accumulation of mevalonate pathway enzyme transcripts and accumulation of cholesterol. The compound
lovastatin that blocks the pathway’s rate-limiting enzyme, HMGCR, is shown. The interaction of viral protein NS5A with geranylgeranylated

cellular protein FBL2 is indicated. CoA, coenzyme A; PP, pyrophosphate.

ectopic expression of miR-122 did not elicit an appreciable
change in the abundance of the mevalonate pathway transcript
HMGCR (Fig. 2A). These findings demonstrate that upregu-
lation of HCV RNA abundance by ectopic expression of miR-
122 can be uncoupled from effects on HMGCR mRNA abun-
dance in cultured liver cells.

Because HMGCR RNA abundance was not affected by
miR-122 overexpression under normal growth conditions, we
overexpressed miR-122 in cells that were depleted of isopre-
noids by treatment with an HMGCR inhibitor, lovastatin, for
24 h (Fig. 2B). Under these conditions, the miR-122 mimic
stimulated HCV RNA accumulation to an extent similar to
that observed without lovastatin (compare HCV graphs in Fig.
2A and B). Again, transfection of 122-p3 microRNA mimics
did not enhance viral RNA abundance. On the other hand,
transfection of miR-122 mimics with mutations at positions 3,
5, and 6 (122-p356) or positions 2 through 8 (122-p2-8) slightly
inhibited viral RNA accumulation (Fig. 2B). At 48 h, miR-122
stimulation of HCV was much less pronounced (data not
shown), likely a consequence of downregulation on HCV RNA
abundance after prolonged lovastatin treatment (Fig. 3A) (22,
31). In contrast to results for non-lovastatin-treated cells (Fig.
2A), cells treated with lovastatin showed a 45% increase in
HMGCR RNA abundance in response to ectopic expression of
miR-122 compared to the let-7 control duplex (compare
HMGCR graphs in Fig. 2A and B). Interestingly, miR-122
duplexes mutated in the seed region also had a stimulatory
effect on HMGCR, but to a lesser extent than wild-type miR-
122 (Fig. 2B). It is therefore possible that the targeted mRNA

in the mevalonate pathway mRNA that is modulated by miR-
122 does not depend on an intact microRNA seed sequence-
target seed match interaction, as has been observed for
microRNA-mRNA interactions (8).

We further tested whether miR-122 could affect mevalonate
pathway gene expression by sequestration of miR-122 with
antisense oligonucleotides (20). Indeed, a loss of HCV RNA
and a moderate but significant decrease of HMGCR mRNA
abundance were observed when miR-122 was inhibited (P =
0.026) (Fig. 2C). The approximately twenty percent decrease in
HMGCR RNA mirrored what was observed with mouse liver
in which miR-122 was sequestered by antisense RNAs (11).
Overall, these results indicate that miR-122-modulated HMGCR
RNA and HCV RNA accumulation can occur in independent
ways in cultured cells.

Because miR-122 inhibition by antisense oligonucleotides
led to a decrease in both HCV and HMGCR RNA abundance
(Fig. 2C), we tested whether mevalonate pathway inhibition by
antisense miR-122 contributed to the decrease in HCV abun-
dance. It is known that HCV RNA abundance is dramatically
diminished when the mevalonate pathway is inhibited with
lovastatin (16, 22, 31) and that this repression can be rescued
by replenishing cells with biosynthetic intermediates of the
mevalonate pathway (22, 31). Indeed, the addition of 50 mM
lovastatin to NNeo/C-5B cells reduced HCV RNA abundance,
and this reduction could be rescued by supplementation of the
culture medium with 10 mM mevalonate or 10 uM geranyl-
geraniol (Fig. 3A).

We next asked whether antisense miR-122 inhibition of
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FIG. 2. Effects of miR-122 on HCV and mevalonate pathway gene
transcript abundance. (A) HCV and HMGCR RNA abundance after
overexpression of microRNAs in Huh7-5B replicon cells. (B) HCV
and HMGCR RNA abundance after overexpression of microRNAs
and treatment with lovastatin. (C) HCV and HMGCR RNA abun-
dance after inhibition of miR-122 with 2’'O-methylated antisense miR-
122 oligonucleotide or a randomized oligonucleotide control. In each
panel, RNA abundance was determined in Northern blots and nor-
malized with respect to actin RNA and expressed as the change rela-
tive to the result for the Lipofectamine 2000 (no RNA) or Let-7
control. Error bars display the standard error of the mean. 122, wild-
type miR-122 duplex RNA; no RNA, Lipofectamine 2000 addition;
122-p3, point mutation at position 3 of the seed sequence in miR-122;
122-p356, point mutations at positions 3, 5, and 6 of the seed sequence
in miR-122; 122-p2-8, point mutation from positions 2 through 8 of the
seed sequence in miR-122; let7, Let-7a duplex RNA; Random, 2'O-
methylated random oligonucleotide; 122as, antisense miR-122 oligo-
nucleotide. Experiments were performed three to seven times in each
case. *, P < 0.05; #%*, P < 0.001 (Student’s ¢ test).

HCV could also be rescued with mevalonate pathway interme-
diates. Untreated and lovastatin-treated cells were transfected
with 100 nM concentrations of oligonucleotides complemen-
tary to miR-122 (122as-2'OMe), or random sequence 2'O-
methylated oligonucleotides (Random-2'OMe), using the
Lipofectamine 2000 transfection reagent. Total RNA was pre-
pared at 72 h after transfection, and RNA abundance was
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FIG. 3. Effects of mevalonate pathway intermediates and miR-122
on HCV RNA abundance in lovastatin-treated cells. (A) Effects of
mevalonate pathway intermediates on lovastatin-induced inhibition
of HCV. A representative Northern blot is shown. (B) Lack of rescue
of HCV RNA abundance by mevalonate pathway intermediates during
sequestration of miR-122. The graph shows data from three indepen-
dent experiments. Error bars display the standard error of the mean.
Representative Northern blots for HCV and actin RNAs are shown
below. Random-20Me, 2'O methylated random sequence oligonucle-
otide; 122as-20Me, 2'O methylated antisense miR-122 oligonucleo-
tide.

examined by Northern blotting. As expected (20), inhibition of
miR-122 with antisense oligonucleotides specifically dimin-
ished HCV RNA abundance fivefold (Fig. 3B). However, in
contrast to what was observed for lovastatin-treated cells, the
addition of mevalonate and geranylgeraniol did not rescue
HCV RNA abundance to the level observed for the Random-
2'OMe-treated control. Furthermore, lovastatin and antisense
miR-122 had a combined inhibitory effect on HCV RNA abun-
dance.

Finally, we examined whether miR-122 upregulated HCV
and HMGCR RNA abundance by modulating the rates of
HCV RNA synthesis or HMGCR transcription. To simulta-
neously measure rates of viral and host cell RNA synthesis,
we modified a protocol initially described by Cleary and
colleagues (6). Briefly, cultured cells were incubated with
4-thiouridine (4SU) for a short period of time. The modified
nucleoside is then converted to 4SU-triphosphate, which is
incorporated into newly synthesized RNA by both HCV RNA-
dependent RNA polymerase NS5B and host DNA-dependent
RNA polymerase II. Total RNA was purified, 4SU-labeled
RNA was biotinylated, and 4SU-containing RNAs were iso-
lated on streptavidin beads. Total and newly synthesized RNAs
were then examined by Northern blotting (Fig. 4A). Figure 4A
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FIG. 4. Effects of miR-122 on rates of HCV RNA replication and
HMGCR transcription. (A) Methylene blue stain of a Northern blot of
total and streptavidin-enriched (newly synthesized) rRNA isolated
from cells incubated in the presence or absence of 4SU. (B) Transfec-
tion and pulse-labeling strategy (top). Total RNA abundance and
newly synthesized RNAs of HCV, HMGCR, and actin RNA during
inhibition of miR-106b/93 or miR-122 by antisense locked nucleic acids
(106b/93as or 122as, respectively). A Northern blot is shown (bottom).
(C) Quantitation of the Northern blot analyses (Fig. 4B) from three
independent experiments. Data are represented as the fraction of
newly synthesized RNA (4SU) per amount of template (total RNA)
relative to the miR-106b/93 control. Error bars display the standard
error of the mean. LNA, antisense, locked nucleic acid oligonucleo-
tide.

demonstrates that 4SU incorporation allows for the specific
enrichment of newly synthesized rRNA. To test the effects of
miR-122 on rates of HCV replication and HMGCR transcrip-
tion, cells were transfected with 25 nM antisense, locked nu-
cleic acid-modified miR-122 (Antisense LNA) or control anti-
sense LNA that binds miR-106b and miR-93 (Fig. 4B) (10).
Cells were incubated in transfection mix for 4 h and then
incubated in complete media for 2 h. Pulse labeling was done
from 6 to 7 h posttransfection, and newly synthesized RNA was
analyzed as described above (Fig. 4B). Northern blotting,
which detects both plus- and minus-stranded HCV RNA (Fig.
4B and 4C), showed a decrease in total HCV RNA of approx-
imately 40% after treatment with LNA miR-122 compared to
levels for antisense-treated controls. Inspection of newly syn-
thesized HCV RNA after LNA miR-122 treatment revealed
that the rate of viral RNA replication was slightly increased at
this time (Fig. 4C). These results suggest that effects of miR-
122 sequestration on rates of HCV RNA synthesis are mod-
erate and that other posttranscriptional steps that affect HCV
RNA turnover may determine the dramatic loss of HCV seen
after miR-122 sequestration (Fig. 2C). Such steps may include
decreased viral mRNA translation in the absence of miR-122
(13), which could increase the number of replication-compe-
tent HCV RNAs, leading to a temporary increase in RNA
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synthesis. Such an increase in RNA synthesis would not lead to
sustained viral RNA abundance if accompanied by other, as-
yet-uncharacterized effects of miR-122 sequestration, which
could involve mislocalization or decreased RNA protection
from innate immune responses. Notably, no significant changes
in HMGCR transcription rates were observed in this experi-
mental protocol (Fig. 4B and C), further confirming that miR-
122’s effects on HCV happen rapidly and independently of its
effects on genes that regulate cholesterol synthesis.

Our findings suggest that miR-122 does not affect HCV
RNA abundance directly through the mevalonate pathway. It
remains possible that miR-122 could regulate HCV RNA
abundance in the intact liver through other effects on lipid
metabolism. For example, a reduced response rate to antiviral
therapy is associated with hepatosteatosis, and antisense miR-
122 has been shown to reduce steatosis in mice (1, 11, 26).
Therefore, HCV therapy with antisense miR-122 could have a
two-pronged effect, acting on underlying host steatosis, in par-
allel with causing a direct reduction in HCV RNA abundance.
Clinical trials are currently under way to test the feasibility of
antisense miR-122, as well as statins, for HCV therapy (2, 27).
Our results indicate that on a cellular level, miR-122 inhibition
and statin treatment act on HCV RNA abundance through
independent mechanisms. Notably, the combination of the two
inhibitors yields an even greater decrease in viral RNA abun-
dance. This finding could have important consequences for
HCV therapy; recent work has revealed that a combination
therapy of statins with other antivirals also promotes HCV
replicon clearance and, moreover, prevents the emergence of
drug-resistant virus, which is a significant obstacle for HCV
therapy (7). It is thus encouraging that combination therapy of
antisense miR-122 with drugs targeting isoprenoid biosynthesis
could give rise to even greater therapeutic effects.
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