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Hepatitis C virus (HCV) replication is dependent on microRNA 122
(miR-122), a liver-specific microRNA that recruits Argonaute 2 to the
5′ end of the viral genome, stabilizing it and slowing its decay both in
cell-free reactions and in infected cells. Here we describe the RNA
degradation pathways against which miR-122 provides protection.
Transfected HCV RNA is degraded by both the 5′ exonuclease Xrn1
and 3′ exonuclease exosome complex, whereas replicating RNA
within infected cells is degraded primarily by Xrn1 with no contri-
bution from the exosome. Consistent with this, sequencing of the
5′ and 3′ ends of RNA degradation intermediates in infected cells
confirmed that 5′ decay is the primary pathway for HCV RNA deg-
radation. Xrn1 knockdown enhances HCV replication, indicating
that Xrn1 decay and the viral replicase compete to set RNA abun-
dance within infected cells. Xrn1 knockdown and miR-122 supple-
mentation have equal, redundant, and nonadditive effects on the
rate of viral RNA decay, indicating that miR-122 protects HCV RNA
from 5′ decay. Nevertheless, Xrn1 knockdown does not rescue rep-
lication of a viral mutant defective in miR-122 binding, indicating
that miR-122 has additional yet uncharacterized function(s) in the
viral life cycle.
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Hepatitis C virus (HCV) is a positive-strand RNA virus classi-
fied in the family Flaviviridae. It is highly hepatotropic and

an important cause of human liver disease (1). Its replication is
uniquely dependent on miR-122, which is the most abundant
microRNA (miRNA) in the liver and accounts for >50% of ma-
ture miRNAs in human hepatocytes (2, 3). There are two con-
servedmiR-122 binding sites (S1 and S2) located near the 5′ end of
the positive-sense viral RNA genome, immediately upstream of an
internal ribosome entry site (IRES) that mediates translation of
the viral polyprotein. Direct interactions between the miR-122
seed sequence (nts 2–8) and these sites in the 5′UTR are essential
for amplification of the HCV genome (4, 5). Additional supple-
mental base-pairing upstream of S1 and S2 has also been dem-
onstrated and is important for viral replication (6, 7).
Unlike typical interactions ofmiRNAswithmRNAs that involve

binding within the 3′ UTR and promote translational repression
and/or destabilization of the target RNA (8), binding of miR-122
to the 5′ UTR of HCV genomic RNA stimulates viral protein ex-
pression (4, 9) and, in association with Argonaute 2 (Ago2) protein,
stabilizes HCV RNA (10). The rate of decay of either transfected
synthetic genomic RNA or replicating viral RNA within infected
cells is slowedwhen cells are transfectedwith synthetic duplexmiR-
122, thereby supplementing its endogenous abundance. Con-
versely, transfection of antisense RNA complementary to miR-122
enhances the rate with which HCV RNA decays in either context.
HCV RNA is not thought to contain a 5′ cap structure, and the
stabilizing action of miR-122 on synthetic RNA can be function-
ally substituted by addition of a 5′ cap analog (10). These obser-
vations point to the importance of RNA decay pathways in HCV
replication and suggest that miR-122 is likely to prevent degra-
dation of viral RNA from its 5′ end. However, the specific

mechanisms involved in degradation of HCV RNA, or for that
matter most positive-strand viral RNAs, have not been well
studied and remain unclear. In addition, exactly how miR-122
stabilizes the viral RNA remains to be elucidated.
Because HCV genomic RNA is positive sense and serves directly

as the mRNA for viral protein translation, it is reasonable to
speculate that cellular mRNA decay pathways may also function in
degradation of the viral RNA. In eukaryotic cells, bulk mRNA
decay typically initiates with deadenylation, shortening the 3′ poly
(A) tail, followed by degradation of the RNA molecule in a 5′→3′
or 3′→5′ direction (11). In the 5′ decay pathway, the monomethyl
guanosine (m7G) cap is cleaved frommRNAby decapping enzymes
(12, 13), exposing the 5′ monophosphorylated product to pro-
gressive 5′→3′ exoribonucleolytic degradation by Xrn1 (14, 15). In
the 3′ decay pathway, deadenylated mRNA is degraded by the cy-
toplasmic RNA exosome complex, a multisubunit 3′→5′ exoribo-
nuclease (16). The residual cap structure resulting from 3′ decay is
hydrolyzed by the scavenger decapping enzymeDcpS (17). Because
HCV genomic RNA contains neither a 3′ poly(A) tail nor 5′ cap, its
degradation requires neither deadenylation nor decapping. None-
theless, either or both of these two exoribonucleolytic pathways
may potentially contribute to decay of HCV RNA in infected cells.
Here, we describe the roles played by Xrn1 and the exosome

complex in HCV RNA decay. We show that viral RNA is de-
graded specifically by Xrn1 within infected cells. Our results reveal
that miR-122 protects the genome against Xrn1-mediated decay
but that it has additional functions beyond genome stabilization
that are essential for viral replication.

Results
Xrn1 and the Exosome both Mediate Degradation of Transfected HCV
RNA.As a first step in determining whether mRNA decay pathways
contribute to degradation of positive-strand HCV RNA, we ex-
amined the decay of HCV RNA transfected into HeLa cells that
do not express endogenous miR-122. To assess the role of the 5′
exonuclease Xrn1 (XRN1), we reduced its expression by prior
transfection of Xrn1-specific siRNA. We similarly knocked down
expression of Upf1 (UPF1), which is a key factor in nonsense-
mediated mRNA decay (18) and is also involved in degradation of
histone mRNA and HIV RNAmetabolism (19, 20). Immunoblots
confirmed efficient knockdown of both RNA decay factors (Fig.
1A,Left). Synthetic replication-defective HCVRNA (H77S/AAG,
which contains a lethal mutation in its RNA polymerase) (10) was
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electroporated into the cells with or without coelectroporation of
duplex miR-122. This strategy eliminates any potentially con-
founding effects of replication on measurements of RNA stability.
HCV RNA levels were determined by quantitative real-time RT-
PCR (qRT-PCR) and normalized to β-actin mRNA. As shown in
Fig. 1B, the transfected HCVRNA degraded rapidly, with a t1/2 of
1.4 h in cells transfected with a scrambled control siRNA (siCtrl)
(Table S1). Knocking down Xrn1 significantly stabilized HCV
RNA, increasing the t1/2 to 3.2 h, whereas Upf1 knockdown had
little effect on its decay (t1/2 = 1.7 h) (Fig. 1B). As expected (10),
coelectroporation of miR-122 significantly stabilized the RNA,
leading to a t1/2 of 2.3 and 2.7 h in the siCtrl and siUpf1-transfected
cells, respectively. miR-122 supplementation resulted in a pro-
portionately similar increase in RNA stability after Xrn1 knock-
down, boosting the t1/2 from 3.2 to 4.9 h. Maximum stabilization of
HCV RNA was observed with combined Xrn1 knockdown and
miR-122 supplementation (Fig. 1B). Collectively, these results
indicate that Xrn1, but not Upf1, contributes to degradation of
transfected HCV RNA.
To determine whether the exosome is also involved in degrada-

tion of transfected RNA, we knocked down two exosome compo-
nents, Rrp41 (EXOSC4), a core structural component of the
exosome, and PM/Scl-100 (EXOSC10), a 3′→5′ exonuclease, using
lentiviruses expressing specific shRNAs (Fig. 1A,Right). Transfected
HCVRNAwas degraded somewhat more slowly in cells transduced
with control lentivirus (shCtrl) than with siCtrl (t1/2 = 2.1 vs. 1.4 h)

(Table S1), reflecting different conditions in these experiments
(Materials andMethods). However, shRNA-mediated knockdown of
either exosome component substantially stabilized the RNA (Fig.
1C; Table S1), indicating that the exosome is also involved in decay
of transfected viral RNA. As with Xrn1, miR-122 supplementation
further increased the stability of the transfected HCV RNA in the
PM/Scl-100 and Rrp41 knockdown cells. We conclude from these
results that both Xrn1 and the exosome contribute to degrada-
tion of transfected HCV RNA.

Degradation of HCV RNA in Cell-Free S10 Lysate Is Primarily Mediated
by the Exosome. We previously demonstrated that miR-122 sta-
bilizes a chimeric poliovirus RNA that contains the HCV 5′ UTR
in lieu of the poliovirus 5′UTR when added with it to HeLa S10
lysate (10). Using SYTO 62 infrared fluorescence to quantify the
RNA (Fig. S1A), we found that full-length genotype 1aHCVRNA
(H77S) (21) is similarly stabilized by miR-122 when incubated in
S10 lysate. HCV RNA degrades rapidly in HeLa S10 lysate (Fig.
2B). However, prior addition of duplex miR-122, but not miR-124
(a brain-specific miRNA), to the lysate doubled the half-life of the
RNA (t1/2 increasing from 18.6 to 39 min; Table S2). In contrast, a
related viral RNA mutant with single base substitutions in S1 and
S2 that ablate miR-122 binding (H77S/S1-S2p6m; Fig. 2A) (4) was
not stabilized by miR-122, but was stabilized by the complemen-
tary miR-122 mutant (miR-122p6) (Fig. 2C; Table S2), thereby
confirming that HCV RNA is physically stabilized in S10 lysate as
a result of miR-122 binding to the 5′UTR. The addition of a 5′ cap
also stabilizedHCVRNA in S10 lysate (Fig. S1B), and the stability
of the capped RNA was further enhanced by miR-122 supple-
mentation (Fig. S1C).
To investigate how HCV RNA is degraded in this cell-free

system, we carried out similar assays using S10 lysates from Xrn1
and exosome knockdown cells. In contrast to what we observed
with transfected RNA, Xrn1 knockdown minimally affected the
HCV RNA decay rate (Fig. 2D; Table S3), whereas knocking
down either of the exosome components, Rrp41 and PM/Scl-100,
slowed degradation of HCV RNA substantially (Fig. 2E). Thus,
the 3′ exosome-mediated decay pathway is mainly responsible for
degradation of HCV RNA in HeLa S10 lysate. This finding is
surprising, because miR-122 stabilizes the RNA by binding near its
5′ end (Fig. 2 A and B) and is considered further in Discussion.

Degradation of Replicating HCV RNA Is Mediated by Xrn1. The
experiments described above examined decay of synthetic HCV
RNA after transfection into cells or when added to cell-free lysates
and may not recapitulate the RNA decay pathways acting on
replicating viral genomes. To assess this, we treated Huh-7.5 cells
infected with HCV (H77S.3 virus) with PSI-6130, a potent and
specific nucleoside inhibitor of the HCV NS5B RNA-dependent
RNA polymerase that blocks viral RNA synthesis (22). As ob-
served previously following the arrest of new viral RNA synthesis
(10), replicating RNA degraded much more slowly than trans-
fected RNA (t1/2 of 10.6 h in siCtrl-transfected cells) (Fig. 3A, Left,
compare with Fig. 1A). Knocking down Xrn1 slowed this rate of
HCVRNA decay impressively (t1/2= 19.0 h). In contrast, knocking
down the exosome component PM/Scl-100 had no effect (t1/2 of
10.8 h) (Fig. 3 A, Right, and B). Thus, replicating HCV RNA is
degraded by the 5′ exonuclease Xrn1, but not the exosome com-
plex. The viral RNA was significantly stabilized by miR-122 sup-
plementation in siCtrl and PM/Scl-100 knockdown cells, reaching
a half-life approximating that in the Xrn1 knockdown cells (t1/2 =
16.8–17.5 h; Fig. 3B). However, miR-122 supplementation resulted
in no additional increase in RNA stability in the Xrn1 knockdown
cells (t1/2 of 19.2 h). Thus, Xrn1 knockdown and miR-122 sup-
plementation have equal and redundant effects on stability of the
RNA, from which we infer that miR-122 enhances HCV RNA
stability by protecting it from Xrn1-mediated 5′→3′ degradation.

Fig. 1. Decay of transfected HCV RNA in HeLa cells. (A) Immunoblots of (Left)
Xrn1 and Upf1 in HeLa cells following siRNA transfection and (Right) Rrp41
and PmScl100 in HeLa cells stably expressing the indicated shRNA. β-actin was
a loading control. (B) HeLa cells were transfectedwith the indicated siRNAs for
48 h and electroporated with replication-deficient genotype 1a H77S-AAG
RNA with or without miR-122 (1 μM). The percentage of HCV RNA remaining
at each time point following electroporation without (Left) and with (Right)
miR-122 supplementation was determined by qRT-PCR, relative to the abun-
dance of β-actin mRNA. Results shown represent the means of three replicate
experiments ± SEM. (C) HeLa cells expressing the indicated shRNAs were
electroporated as in B. Percent HCV RNA remaining following electroporation
without (Left) and with (Right) miR-122 supplementation was quantified by
qRT-PCR relative to the abundance of β-actin mRNA. Results shown represent
the means of three replicate experiments ± SEM.
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We also assessed the effect of miR-122 on HCV protein ex-
pression under these conditions. For this, we measured Gaussia
princeps luciferase (GLuc) secreted into the media by cells sup-
porting replication of a viral RNA (H77S.3/GLuc2A) that expresses
GLuc as part of its polyprotein (23). GLuc production, assessed at 4-
h intervals after the arrest of viral RNA synthesis with PSI-6130,
declined with a t1/2 of about 8 h (Fig. 3C). miR-122 supplementation
resulted in a small but reproducible increase in GLuc production in
siCtrl-transfected cells (Fig. 3C, Left), consistent with stabilization of
the viral RNA.No such increase was observed inXrn1-depleted cells
(Fig. 3C, Right), indicating that miR-122 supplementation does not
enhance viral protein translation under these conditions.
Xrn1 is expressedwithin the cytosol but enriched within P bodies,

sites of mRNA storage and decay (24). We previously demon-
strated that double-stranded RNA (dsRNA), an intermediate in
the HCV replication cycle, is not localized to P bodies, the mor-
phology of which is well preserved within infected cells with only
a minimal reduction in their number (25). To ascertain whether

single-stranded positive-sense viral RNA colocalizes with Xrn1,
we used a sensitive FISHmethod to detect HCVRNA in infected
cells, counterstaining with antibody specific for Xrn1 (Fig. 3D).
FISH confirmed the absence of HCV RNA in P bodies. A
quantitative pixel analysis of confocal microscopic images
revealed 0.67± 0.35% SD overlap of the RNA signal with Xrn1 in
P bodies vs. 22.3 ± 5.4% SD overlap with Xrn1 in the cytosol.
Thus, although HCV RNA localizing to P bodies could be de-
graded by Xrn1 (and hence not detectable by FISH), it is possible
that HCV RNA is degraded by cytosolic Xrn1. Importantly, we
observed no differences in the cellular localization of Xrn1 in
infected vs. uninfected cells. Similar studies using an antibody
specific for the decapping factor DCP1a as a marker of P bodies
also showed no association of HCV RNA with P bodies or
changes in DCP1a localization (Fig. S2).

Identification of HCV RNA Degradation Intermediates. To directly
identify HCVRNAs that have been partially degraded, we adapted
a circularization RT-PCR (cRT-PCR) strategy to capture HCV
RNAs with 5′ monophosphate (5′P). HCV RNAs with 5′P can be
ligated with the 3′OH to form a circular RNA, and the region
containing 5′ and 3′ ends is subsequently amplified by RT-PCR
(Fig. S3A). HCV RNAs with 5′ triphosphate are incompetent for
ligation and can only be detected if treated first with RNA poly-
phosphatase. We applied this method to total RNA isolated from
Huh-7 cells stably infected with HJ3-5 virus (Fig. S3B). Full-length
HCV RNA with intact 5′ and 3′ ends was identified only after
polyphosphatase treatment (Fig. S3C), confirming that the RNA
possesses a 5′ triphosphate RNA in cells. Importantly, without
pretreatment with RNA polyphosphatase, we could identify HCV
RNA degradation intermediates containing 5′P (Fig. S3D). When
amplified and sequenced, these intermediates all contained trun-
cated 5′ ends while retaining intact 3′ ends. This finding provides
strong evidence that 5′ decay is the primary pathway forHCVRNA
degradation in cells and is consistent with Xrn1 being the major
contributor to degradation of replicating HCV RNA.

Xrn1 Knockdown Enhances HCV Replication. We next asked whether
the increased HCV RNA stability in Xrn1 knockdown cells would
enhance viral replication. If so, this would indicate that the 5′Xrn1
decay pathway competes with viral RNA synthetic machinery to
set the level to which HCV RNA replicates in cells. To test this
hypothesis, we transfected Huh-7.5 cells with siRNAs specific for
Xrn1 or PM/Scl-100, resulting in efficient knockdown of these
proteins (Fig. 4A). The cells were then retransfected with H77S.3/
GLuc2A (23) RNA, and secreted GLuc activity was assessed
thereafter as a measure of its replication. Xrn1 knockdown re-
sulted in a twofold increase in GLuc activity at 48–72 h compared
with control siRNA, whereas PM/Scl-100 knockdown had no ef-
fect (Fig. 4B). Intracellular HCV RNA was similarly increased in
Xrn1 knockdown cells (Fig. 4C and Fig. S4), as was the abundance
of HCV core protein (Fig. 4A). Xrn1 knockdown also increased
the yield of infectious virus released into supernatant fluids (Fig.
4D). Collectively, these data show that Xrn1-mediated decay
competes with RNA synthesis directed by theHCV replicase to set
the level of viral RNA in infected cells. Previous efforts to in-
vestigate how Xrn1 influences HCV replication have produced
conflicting results, with two studies showing no effects of Xrn1
depletion (26, 27). Our results are consistent with those of Jones
et al. (28) and Ruggieri et al. (29) and provide a mechanism for
why Xrn1 depletion promotes HCV replication.
We next determined whether miR-122 supplementation en-

hances HCV replication in Huh-7.5 cells following knockdown of
Xrn1. If miR-122 acts only to stabilize the viral RNA, we reasoned
that there should be relatively little enhancement of replication, as
Xrn1 knockdown was as effective as miR-122 supplementation in
stabilizing a nonreplicating viral RNA (Fig. 3 A and B). We tested
this hypothesis by supplementing cells with miR-122 before

Fig. 2. Decay of HCV RNA in HeLa S10 lysate. (A) (Upper) miR-122 and
mutant miR-122p6 guide strand sequence; (Lower) 5′ terminal sequence of
HCV RNA (H77S.3/AAG) with S1 and S2 miR-122 seed sequence-binding sites
underlined. Point mutations (*) in the related S1-S2p6m mutant are shown
above. (B) H77S.3 RNA was incubated with HeLa S10 lysate containing the
indicated duplex miRNA (1 μM). RNAs were extracted at indicated time
intervals, stained with SYTO 62, and resolved in 1% agarose. Percent HCV
RNA remaining was quantified by the Odyssey Infrared Imaging System
relative to the 28S rRNA. Results are the means of three experiments ± SEM.
(C) Decay assays were carried out as in B with the H77S.3/S1-S2p6m mutant
RNA. (D and E) Decay assays were carried out as in B with lysates from (D)
HeLa cells transfected with control or Xrn1 siRNA (mean ± SEM from two
replicate experiments) or (E) lysates from HeLa cells stably expressing the
indicated shRNA (mean ± SEM from three replicate experiments).
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transfection of the H77S/GLuc2A RNA. Although Xrn1 knock-
down diminished the magnitude of the effect, miR-122 still effec-
tively boosted HCV replication, as determined by measurements of
GLuc expression (Fig. 4E, compare Left and Right) and viral
RNA abundance (Fig. 4F). To confirm that this was not due to
incomplete knockdown of Xrn1, we transfected cells with increasing
concentrations of siXrn1. This resulted in increasing depletion of
Xrn1, which was near maximal at 20 nM (Fig. 4G, Upper) and was
matched by increasing HCV RNA replication (GLuc expres-
sion), which plateaued at the same siXrn1 concentration (Fig.
4G, Lower). Despite this evidence for maximal knockdown of
Xrn1 expression, miR-122 supplementation resulted in a greater

increase in HCV replication (Fig. 4G, Lower). This increase was
associated with an increase in the number of large, NS5A-con-
taining replication complexes, which were visualized in micro-
scopic images of cells supporting replication of an HCV RNA in
which enhanced yellow fluorescent protein (EYFP) was fused in
frame with NS5A (30) (Fig. S5). Thus, whereas the enhanced level
of replication in Xrn1 knockdown cells confirms that Xrn1 medi-
ates viral RNA degradation in competition with RNA synthesis,
the continued ability of miR-122 to enhance replication in Xrn1-
depleted cells suggests that miR-122 plays a role in replication
beyond its ability to protect viral RNA from Xrn1 exonuclease.

Xrn1 Knockdown Does Not Rescue Replication of a miR-122 Binding
Mutant. To further assess this Xrn1-independent function of miR-
122 in HCVRNA replication, we asked whether Xrn1 knockdown
could rescue replication of a viral RNA containing the p6m mu-
tation in both S1 and S2 sites (Fig. 2A) that ablates miR-122
binding (HJ3-5/GLuc2A-S1-S2p6m RNA) (7). As expected (4),
this mutant RNA did not replicate when transfected into Huh-7.5
cells, generating only diminishing GLuc activity over the ensuing
72 h (Fig. 4H, Left). Also as expected, cotransfection of the
complementary miR-122p6 mutant (Fig. 2A) rescued its replica-
tion (Fig. 4H, Right), confirming that the lack of replication is due
to its inability to bind miR-122 (4). Significantly, although GLuc
expression was increased about twofold (consistent with greater
RNA stability), there was no evidence of replication of the mutant
RNA when it was transfected into Xrn1 knockdown cells in the
absence of miR-122p6m (Fig. 4 H, Left, and I). Thus, although
Xrn1 knockdown is able to fully substitute for miR-122 in stabi-
lizing the viral RNA in infected Huh-7.5 cells (Fig. 3 A and B), it is
not able to rescue replication of a miR-122 binding mutant. Con-
sistent with the absence of an effect of miR-122 on viral translation
after PSI-6130 arrest of RNA synthesis (Fig. 3C, Right), polysome
analysis demonstrated no differences in the loading of the WT and
miR-122 binding mutant RNAs on ribosomes (Fig. S6). The
absence of a difference in ribosome loading is strong evidence
that miR-122 has additional function(s) in viral genome amplifi-
cation beyond stabilization and translation of HCV RNA.

Discussion
Recognition that miR-122 slows the decay of HCV RNA through
a process involving recruitment of Ago2 to its 5′UTR (10), coupled
with the importance of miR-122 in the overall viral life cycle (3, 4),
led us to characterize how HCV RNA is degraded in cells. We
found the decay rates of transfectedHCVRNA,HCVRNA added
to HeLa S10 lysate, and viral RNA replicating within infected cells
were substantially different (Figs. 1–3). These results suggest dif-
ferent decaymechanisms or possibly differential access of theRNA
to decay pathways, despite the fact that miR-122 stabilizes the
RNA in each of these experimental systems (10). TransfectedRNA
is subject to both Xrn1 and exosome-mediated decay, with a t1/2 of
∼1.8 h, whereas RNA added to S10 lysate has a t1/2 of ∼17 min and
is mainly degraded by the exosome complex and not Xrn1. It is
interesting that miR-122 protects HCV RNA from decay in HeLa
lysate, as it does this by binding near the end of the 5′UTR (Fig.
2C). One possible explanation is that HCV RNAmay be degraded
by an unknown 5′ exonuclease (not Xrn1) present in S10 lysate. A
second possibility is that miR-122, or the Ago2 protein it recruits to
the 5′ UTR (10, 31), may prevent 3′ exosome degradation by
promoting circularization of HCV RNA, similar to how poly(rC)
binding protein 2 (PCBP2) promotes circularization and stabili-
zation of the poliovirus genome (32, 33). Such a hypothesis could
also explain the increased stability conferred on capped HCV
RNA in S10 lysate by miR-122 (Fig. S1C).
Replicating viral RNA appears to be subject to very different

decay pathways than transfected RNA or RNA added to HeLa
lysate. siRNA-mediated depletion of Xrn1 could have unintended
consequences on cellular mRNA abundance, thereby potentially

Fig. 3. Decay of replicating HCV RNA in Xrn1- and PM/Scl-100–depleted
cells following PSI-6130 arrest of viral RNA synthesis. (A) Huh-7.5 cells were
transfected with replication-competent genotype 1a H77S.3 RNA, and then
retransfected 48 h later with siRNAs specific for Xrn1 or PM/Scl-100 or
scrambled siCtrl. After an additional 48-h incubation (time = 0), the cells
were treated with 10 μM PSI-6130, with (Right) or without (Left) simulta-
neous miR-122 supplementation. Data shown represent percent HCV RNA
remaining following addition of PSI-6130. RNA was quantified by qRT-PCR
relative to the abundance of actin mRNA. Results are the means of three
experiments ± SEM. (B) Estimated half-life (t1/2) of HCV RNA ± 95% CI under
the conditions shown in A. The data were fit to a one-phase decay model
(R2 = 0.946–0.983). While the decay constant, k, differed significantly be-
tween siXrn1-, siPmScl-100–, and siCtrl-transfected cells in the absence of
miR-122 supplementation (P < 0.0001 by the extra sum-of-squares F test),
there was no significant difference in cells supplemented with miR-122 (P =
0.19). (C) GLuc expression from cells transfected with H77S.3/GLuc2A RNA,
followed by transfection of siXrn1 or siCtrl and PSI-6130 arrest of new viral
RNA synthesis as in A. Cells were supplemented with miR-122 or miR-124 at
the time of addition of PSI-6130, and media were replaced at 4-h intervals
thereafter. Data shown are the mean GLuc activity ± SD from four replicate
cultures and are representative of multiple experiments. (D) Confocal mi-
croscopy demonstrating the absence of colocalization of HCV RNA with
Xrn1. Huh-7.5 cells were transfected with H77S.3 RNA for 4 d and then
subjected to FISH for detection of HCV RNA (red). Xrn1 was visualized by
subsequent immunostaining (green) and is concentrated in P bodies (arrow
in center panel). Nuclei (N) are marked by the absence of HCV RNA and Xrn1.
Inset represents an enlarged view of a portion of the merged image. An
uninfected cell in the lower right quadrant provides an internal control
for FISH.
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altering the abundance of host cell proteins. Despite this caveat,
our data suggest that the decay of replicating RNA in infected cells
is mediated specifically by Xrn1 with no contribution from the 3′
exosome decay pathway (Fig. 3A). The slow rate of decay under
these conditions (t1/2 ∼11 h) is likely to reflect limited access of
Xrn1 to HCV RNA within the membranous web (34), a mem-
brane-associated complex containing multiple viral nonstructural
proteins that directs new viral RNA synthesis. If the membranous
web represents a sanctuary within which newly synthesized viral
RNA is protected from cytosolic Xrn1, it would explain the longer
t1/2 observed for replicating viral RNA than transfected, replica-
tion incompetent RNA (1.8 vs. 11 h). Larger replication complexes
constituting the membranous web are relatively static and stable
over many hours (35), consistent with the t1/2 we observed for
replicating viral RNA. Viral RNA may become subject to Xrn1
degradation during movement from the membranous web to sites
of virion assembly on the surface of cytoplasmic lipid droplets (36).
The decay rate may thus be more indicative of the turnover and
release of viral RNA from these complexes, rather than the rate of
Xrn1-mediated 5′→3′ exoribonucleolytic digestion per se.
Alternatively, the slow rate of decay of replicating RNA may

reflect the need for removal of a 5′ terminal triphosphate from
HCVRNA, as efficient degradation of RNA by Xrn1 requires a 5′
monophosphate (37). Proteins with pyrophosphatase activity on 5′
triphosphate RNA have been reported, including RppH in
Escherichia coli and Rai1p in yeast (38, 39). Whether proteins with
similar activity are necessary for HCV RNA degradation remains
to be determined. Other viruses in the family Flaviviridae express
subgenomic RNAs (sfRNAs) that are produced by Xrn1 degra-
dation of the viral genome and are important for pathogenicity

(40, 41). Unlike HCV, however, which does not express sfRNA,
these flavivirus genomes possess a 5′ cap, and details of their decay
pathway are thus likely to differ from HCV.
Although we show that miR-122 protects the viral RNA from

Xrn1-mediated decay (Fig. 3A andB), our data indicate that there
is an additional role for miR-122 in the viral life cycle beyond
stabilization of the RNA. The critical role that it plays as an HCV
host factor is demonstrated by the lack of replication of HCV
RNA with single base substitutions in S1 and S2 that ablate miR-
122 binding (Fig. 4H). We found that the binding of miR-122 to
the 5′UTR is essential for RNA replication even after knockdown
of Xrn1 (Fig. 4 H and I), conditions under which miR-122 sup-
plementation has no influence on the stability of the RNA (Fig. 3
A and B). Similarly, it does not appear that the requirement for
miR-122 is related to viral protein translation or the activity of the
HCV IRES. Previous studies indicate that miR-122 promotes viral
protein expression (4, 9), but it seems likely that this effect is due
to its ability to stabilize HCV RNA and increase its abundance
(10). Importantly, we observed no increase in viral protein ex-
pression following miR-122 supplementation in Xrn1-depleted
cells (Fig. 3C, Right), and no defects in ribosome loading by a
mutant HCV RNA defective in miR-122 binding (Fig. S6). Col-
lectively, these data argue strongly for a primary role of miR-122 in
HCV replication that is independent of its effects onRNA stability
or viral protein expression.
What other role might miR-122 play in the viral life cycle? Al-

though it is required for replication of infectious virus (4, 42), miR-
122 is also required for amplification of HCV RNA replicons (3)
and thus has an essential role independent of viral entry or as-
sembly and release. Absent an essential effect on viral protein

Fig. 4. Xrn1 knockdown enhances HCV replication in Huh-7.5 cells. Huh-7.5 cells were transfected with siRNAs specific for Xrn1 or PM/Scl-100 or scrambled
siCtrl and then 24 h later retransfected with H77S.3/GLuc2A RNA. (A) Immunoblots of Xrn1, PM/Scl-100, and HCV core protein 72 h after HCV RNA trans-
fection, with β-actin as a loading control. (B) GLuc activity in supernatant fluids from Huh-7.5 cells transfected with HCV RNA and the indicated siRNAs. (C)
HCV RNA was quantified by qRT-PCR 72 h after HCV RNA transfection relative to β-actin mRNA. (D) Infectious virus titer of supernatant fluids from Huh-7.5
cells transfected with HCV RNA for 48 or 72 h, determined by a fluorescent focus formation assay. (E) GLuc assays were carried out as in B with or without
cotransfection of miR-122 (50 nM) and the indicated siRNAs. (F) Cells in E at 72 h posttransfection were harvested, and HCV RNA was quantified by qRT-PCR
relative to β-actin mRNA. (G) Graded knockdown of Xrn1 (Upper) by transfection of increasing concentrations of siXrn1 results in proportionate increases in
GLuc expression (Lower) that plateaus at the highest siXrn1 concentrations significantly below the level of GLuc expression resulting from miR-122 sup-
plementation. Cells shown as transfected with 0 nM siXrn1 received 80 nM siCtrl. (H) Huh-7.5 cells were transfected with HCV RNA containing p6m mutations
in both miR-122 binding sites (HJ3-5/GLuc2A-S1-S2p6m) with cotransfection of the indicated miRNAs. GLuc activity in supernatant fluids was analyzed at
indicated time intervals. (I) Graded knockdown of Xrn1 (see G) results in increased transient expression of GLuc from HJ3-5/GLuc2A-S1-S2p6m (due to sta-
bilization of the transfected RNA) but fails to rescue replication of the miR-122 binding mutant. Results shown in G and I represent the mean ± range from
replicate cultures, whereas all other results represent the means of three replicate experiments ± SEM.
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translation or RNA stability in Xrn1-depleted cells, our data point
strongly toward a primary requirement for miR-122 in HCV RNA
synthesis. Despite this, previous efforts to demonstrate direct in-
volvement of miR-122 in viral RNA synthesis have not succeeded.
Short-term pulse-labeling experiments failed to show a diminution
in HCV RNA synthesis in vivo following transfection of an anti-
sense RNA targeting miR-122 (43), and we found that altering the
concentration ofmiR-122 had no effect on ex vivo synthesis of viral
RNA by isolated membrane-bound replicase complexes (44).
However, a requirement for miR-122 in initiation of viral RNA
synthesis, or for recruitment of host replication factors to the
replication complex, might be missed in short-term pulse-labeling
studies or in ex vivo studies of isolated replicase complexes (43,
44). Suchmodels are consistent with the clear-cut separation of the
effects of miR-122 on viral RNA stability and protein expression
versus viral genome amplification that we demonstrated in the
studies described herein and suggest new directions for future
efforts to elucidate the role of miR-122 in the HCV life cycle.

Materials and Methods
Viral RNA Stability in Transfected and Infected Cells. For transfection experi-
ments, RNA was transcribed in vitro from pH77S/GLuc2A-AAG (complete geno-

type 1a HCV sequence with GLuc2A placed in-frame within the polyprotein-
coding regionanda lethalGDD toAAGmutation inNS5B) andelectroporated
into cells together with duplex miRNA. Total RNAwas harvested at intervals,
and HCV RNA was measured by qRT-PCR. Stability of replicating viral RNAs
was assessed following arrest of new viral RNA synthesis with PSI-6130 as
described (10).

RNA Stability in HeLa S10 Lysate. Viral RNAswere incubated inHeLa S10 lysates,
prepared as previously described except for the deletion of RNase treatment
(32, 45), and preincubated with duplex miRNA as described previously. Reac-
tions were stopped at intervals, and RNAwas extracted, labeled with SYTO 62
dye, and then resolved by electrophoresis through a 1% Tris Borate EDTA-
agarose gel.

Statistical Methods. qRT-PCR data were fit to a one-phase decay model, and
decay constants were compared using the extra sum-of-squares F test.

Additional details can be found in SI Materials and Methods.
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