












factors that affect virus attachment, entry, replication, packag-
ing, and assembly. Determinants for HCV entry into rodent
cells have been investigated previously (31, 50, 51, 59, 60, 76,
80), and many of the limiting entry factors necessary for the
uptake of the virus have been identified. Specifically, expres-
sion of the tetraspanin human cluster of differentiation 81

(CD81) and the tight-junction protein occludin (OCLN) can
overcome the receptor entry block of HCV particles into
mouse cells. Other entry factors, such as claudin 1 (CLDN1),
glycosaminoglycans (GAG), low-density lipoprotein receptor
(LDLR), and scavenger receptor class B member 1 (SR-BI),
are highly homologous to their mouse counterparts and still

FIG. 4. Liver-specific miR-122 promotes HCV replication in mouse fibroblasts. (A) Transient replication assay using the HCV SGR-Luc-JFH1
Pol� RNA with miR-122 or negative-control miRNA (Cntrl) in Huh-7 cells and WT, IRF-3-deficient (KO), and IRF-3/9-deficient (DKO) MEFs.
Cells were coelectroporated with the HCV RNA in combination with miR-122 or negative-control miRNA, harvested at the indicated time points,
and then assayed for luciferase activity. Data are plotted as in Fig. 1B, where each point represents the mean value for three independent
experiments, with error bars showing the SEM. Shown on the right of each panel is the TaqMan probe qPCR detection of the exogenously
introduced mature miR-122 sequence in comparison to control miRNA and mouse liver. Data from three independent experiments were plotted
on a log scale, with error bars showing SEM. (B) Colony formation assay using HCV SGR-Bsd-JFH1 Pol� RNA with miR-122 or control miRNA
(Cntrl) and Pol� RNA (GND) with miR-122 in WT and IRF-3-deficient (KO) MEFs. Cells were coelectroporated with the HCV RNA in
combination with miR-122 or control miRNA, seeded at a 1:10 dilution, and then selected with blasticidin for 2 to 3 weeks before being stained
with crystal violet. Representative images are from three independent experiments. (C) Transient replication assays using the nonreplicating HCV
SGR-Luc-JFH1 Pol� RNA (GND) with miR-122 or control miRNA (Cntrl) in IRF-3-deficient (KO) MEFs. Data are expressed as in panel A, with
each point representing the mean value for three independent experiments, with error bars showing the SEM.
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function in the rodent host (60). However, no infectious par-
ticles are released from rodent cell lines expressing human
CD81 and OCLN, indicating that other host and tissue restric-
tion factors prevail to inhibit virus replication and virion as-
sembly (52, 73).

Host innate immunity is a determining factor for permissive
infections and tropism in many viral systems (30, 53). Myxoma
virus infections are specific for rabbits, and this tropism is
mediated by interferon STAT-1-mediated type I IFN re-
sponses. Wild-type mice are normally resistant to myxoma
virus but succumb to infection if the STAT-1 gene is deleted
(74). Vaccinia virus virulence genes that target the antiviral
protein PKR, including E3L and K3L, can allow the virus to
replicate in HeLa and BHK21 cells, but these cells are non-
permissive to viruses in which these genes have been deleted
(11, 12). Another example of the importance of host innate
immunity in determining host resistance is the mouse model
for measles virus. Rodents are normally resistant to measles
virus, but transient infections can be achieved in mice express-
ing primate-specific receptors (CD46 and CD150) for the virus,
although these infections are limited due to the presence of an
intact innate immune system (17). However, greatly improved
replication of measles virus can be observed if the CD46/
CD150 mouse is bred into a STAT-1-deficient or interferon
receptor-deficient background (27, 77). The preceding exam-
ples provide a precedent for the importance of both receptors
and innate immunity in determining whether a particular host
is susceptible to virus infections.

It is known that HCV translation and genome replication
can be influenced by host-specific factors that have been elu-
cidated from experiments with nonliver and nonprimate cells
(2, 21, 52, 59, 73, 79, 80, 82). Although the growth and estab-
lishment of HCV replicons can be optimized for RNA synthe-
sis through adaptive mutations within the viral genome in the
host cell (15, 41, 47, 48), the presence or absence of these
host-specific factors significantly influences HCV replication in
a particular cell type (8, 9, 47). An appreciation for the impact
of the host cell environment on HCV replication is gained by
emphasizing the narrow range of cell lines that are susceptible
to viral replication. Through functional genetic and proteomic
approaches, exhaustive lists of host factors influencing the
HCV life cycle have been assembled (recently reviewed in
references 18, 56, and 61). Components related to immunity
(TRAF2, JAK1, cyclophilin A/B, and lymphotoxin �) and the
miRNA processing and effector system (miR-122, miR-199a,
DICER1, and RNA helicase) are some of the factors in these
lists. Our findings that IRF-3 and miR-122 act as independent
host factors influencing HCV RNA replication validate this
approach and suggest that they may have roles in regulating
HCV infections in a mouse genetic background.

The importance of host innate immunity in controlling HCV
is underscored by the IFN-
-based therapies currently used for
treatment of hepatitis C. It is also believed that the innate
immune response helps to determine the quality and strength
of adaptive immunity and its effect on the outcome of an
infection, i.e., resolution or establishment of a chronic persis-
tent infection (26, 30, 71). HCV is very adept at crippling the
host’s innate immune system. For instance, the HCV NS3/4A
protease cleaves the IFN-� promoter stimulator 1 (IPS-1) (49)
and Toll–interleukin-1 receptor-domain-containing adapter-

FIG. 5. HCV replicon RNA replicates efficiently in IRF-3-deficient
MEFs stably expressing miR-122, introduced into cells by lentivirus transduc-
tion. (A) Transient replication assay using the HCV SGR-Luc-JFH1 RNA in
IRF-3-deficient (KO) cells stably expressing human liver-specific miR-122
(IRF3KO-HmiR122 MEFs). The assay was performed as described in the
legend to Fig. 1B. Each point represents the mean value for three indepen-
dent experiments, with error bars showing the SEM. Pol � (solid triangles),
polymerase-active HCV RNA; Pol � (open squares), polymerase-defective
(nonreplicating; GND) control. The bar graph on the right is the TaqMan
probe qPCR detection of the mature miR-122 sequence in the IRF3KO-
HmiR122 MEFs in comparison to parental IRF-3-deficient (KO) MEFs and
mouse liver for three independent experiments, with the data plotted on a log
scale and error bars showing SEM. (B) Colony formation assay using HCV
SGR-Bsd-JFH1 RNA in IRF3KO-HmiR122 MEFs. The assay was per-
formed as described in the legend to Fig. 1C, with electroporated cells seeded
at a 1:2 ratio. The images shown are representative images from three inde-
pendent experiments. The established colonies express TurboRFP (bottom
panels) due to miR-122 expression. The photomicrographs were taken at a
magnification of �50. Bar, 200 �m. Pol �, polymerase-active HCV replicon
RNA; Pol �, polymerase-defective (nonreplicating; GND) replicon control;
mock, mock electroporation with buffer; RFP, red fluorescent protein; BF,
bright field. (C) Detection of HCV NS5A protein in IRFKO-HmiR122 MEF
colonies established with HCV SGR-Bsd-JFH1 RNA. The assay was per-
formed as described in the legend to Fig. 2, using primary mouse anti-NS5A
antibodies, alkaline phosphatase goat anti-mouse secondary antibodies, and
NBT/BCIP detection. Photomicrographs were taken at a magnification of
�200, and the insets showing colonies were photographed at a magnification
of �50. Bars, 100 �m. Representative images are from two independent
experiments.
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inducing IFN-� (TRIF) (45) adaptor proteins, thereby block-
ing and attenuating the RIG-I- and TLR3-mediated activation
of the IRF-3/type I IFN pathway (28, 29). Although HCV
possesses these immune evasion strategies, they may not be
efficient enough to escape innate immune surveillance in vitro.
We postulated that the relative potency of the host cell innate
immune system could determine the efficiency of HCV repli-
cation in vitro. The immune characteristics of Huh-7 (TLR3
deficient) (44) and Huh-7.5 (TLR3 and RIG-I defective) (70)
cells support this notion. Interestingly, defects in Huh-7 cell
lines leading to enhanced HCV replication all revolve around
inactivation of IRF-3, thus emphasizing IRF-3’s critical role in
controlling HCV (29, 64, 78). On the other hand, several stud-
ies indicated only limited participation of this transcription
factor in inhibiting the virus (1, 4) and in permissiveness of
Huh-7 cells to HCV replication (14). However, our results
clearly demonstrate that the IRF-3 pathway and the subse-
quent activation of type I IFN and induction of ISGs play a
principal role in controlling HCV in mouse cells. Deletion of
IRF-3 seemed sufficient for these outcomes, since an addi-
tional deletion of IRF-9 leading to decreased production of
IRF-7 in the IRF-3�/� IRF-9�/� MEFs did not further stim-
ulate HCV replication. Previous questions about the impor-
tance of IRF-3 in controlling HCV replication could be due to
host species-specific differences in the immune proteins and
alternative IRF-3/IRF-7-independent pathways that are
present in some cell types (22, 23, 44).

The positive effect mediated by miR-122 on the growth of
HCV is now widely accepted and was recently shown to be a
valuable therapeutic target for decreasing HCV loads in chim-
panzees (42). Indeed, from our transient assays or colony for-
mation studies, exogenous introduction of liver-specific miR-
122 into mouse fibroblasts created a permissive environment
for HCV replication, irrespective of whether IRF-3 was ex-
pressed or not. However, HCV replication was still enhanced
significantly in IRF-3-deficient mouse fibroblasts compared to
that of the same replicon in wild-type fibroblasts. The presence
of miR-122 and a crippled innate immune system likely explain
why Huh-7 cells and derivative cell lines (Huh-7.5 and Huh-
7.5.1) are the cell lines of choice for in vitro studies with HCV
(16, 47, 81). More specifically, we observed an effect of miR-
122 on HCV RNA replication only and found that it did not
appear to enhance translation and protein synthesis from a
nonreplicating subgenomic replicon. In this regard, the precise
mechanism by which miR-122 enhances HCV production is
still hotly debated. Both the regulation of viral RNA abun-
dance/amplification (19, 36, 37, 68) and the stimulation of viral
RNA translation (25, 32) have been proposed as possible tar-
gets of action for miR-122. However, the use of a bicistronic
replicon system could complicate the debate due to the pres-
ence of the picornavirus (encephalomyocarditis virus
[EMCV]) IRES that is used to control translation of the HCV
nonstructural proteins. The EMCV IRES is not recognized by
miR-122, and although the reporter gene or drug selection
marker is under the control of the HCV IRES, the foreign
IRES could prevent an enhancement of viral translation and
production of HCV proteins (57). Nevertheless, we did ob-
serve that miR-122 facilitates the synthesis of HCV sub-
genomic replicons in mouse fibroblasts. Further investigation
with a full-length HCV replicon solely under the control of the

HCV 5�-UTR IRES may clarify the controversy about the
enhancement of translation or replication. A recent report
examined this issue by using such a full-length replicon re-
porter, demonstrating that miR-122 promoted viral translation
to yield efficient virion production (35). However, the authors
concluded that miR-122 is likely involved in other aspects of
viral genome amplification.

Our study is an important step in overcoming the HCV
replication barrier in mice by use of a minimal number of
factors to drive HCV replication in rodent cells. The informa-
tion provided here could be a prelude to exploring viral pack-
aging steps in murine host cells. The next step would be to
express human-specific receptors for the virus (CD81 and
OCLN) in IRF-3-deficient MEFs expressing miR-122 or in
IRF-3-deficient hepatocytes and to study virion packaging, as-
sembly, and egress from the host cell. Additional host factors
derived from the liver may have to be identified to facilitate
understanding the complete life cycle of HCV in mouse cells.
These studies will eventually translate to the generation of
efficient small-animal models and will offer improvements over
existing in vivo HCV systems. Knowledge related to these pro-
cesses will also undoubtedly expose new targets for antiviral
therapy.
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