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Hepatitis C virus (HCV) infection causes significant morbidity, and efficient mouse models would
greatly facilitate virus studies and the development of effective vaccines and new therapeutic agents. Entry
factors, innate immunity, and host factors needed for viral replication represent the initial barriers that
restrict HCV infection of mouse cells. Experiments in this paper consider early postentry steps of viral
infection and investigate the roles of interferon regulatory factors (IRF-3 and IRF-9) and microRNA
(miR-122) in promoting HCV replication in mouse embryo fibroblasts (MEFs) that contain viral sub-
genomic replicons. While wild-type murine fibroblasts are restricted for HCV RNA replication, deletion of
IRF-3 alone can facilitate replicon activity in these cells. This effect is thought to be related to the
inactivation of the type I interferon synthesis mediated by IRF-3. Additional deletion of IRF-9 to yield
IRF-37/~ IRF-97/~ MEFs, which have blocked type I interferon signaling, did not increase HCV repli-
cation. Expression of liver-specific miR-122 in MEFs further stimulated the synthesis of HCV replicons in
the rodent fibroblasts. The combined effects of miR-122 expression and deletion of IRF-3 produced a
cooperative stimulation of HCV subgenome replication. miR-122 and IRF-3 are independent host factors
that are capable of influencing HCV replication, and our findings could help to establish mouse models

and other cell systems that support HCV growth and particle formation.

Hepatitis C virus (HCV) is a blood-borne pathogen that
represents a serious public health burden and infects an esti-
mated 170 million people, or 3% of the global population (43).
This virus establishes chronic infections in about 80% of in-
fected individuals, which may lead to severe liver complica-
tions, including cirrhosis and hepatocellular carcinoma (13).
Current treatment options are suboptimal, and there are no
effective vaccines on the horizon. The differences in host re-
sponse between patients who spontaneously clear the virus and
those whose disease worsens are also not well defined. The
only other natural host for HCV, besides humans, is the chim-
panzee. A human liver xenograft model in severely immuno-
compromised (SCID) mice has been developed (54). However,
there is still an urgent need for development of an efficient
immunocompetent mouse model to facilitate drug and vaccine
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discovery and to better understand the virus-host interactions
(10).

The 9.6-kb HCV genome contains a single continuous open
reading frame (ORF) flanked by a 5’ internal ribosomal entry
site (IRES) and a 3’-untranslated region (3’ UTR). Transla-
tion of the viral genome yields a single polyprotein from the
OREF, which is processed by host and viral proteases to yield 3
structural proteins (C, E1, and E2), 1 ion channel protein (p7),
and 6 nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) during the viral life cycle (55). Numerous studies
modeling the HCV life cycle in vitro support the notion that
viral replication is dependent upon specific cellular factors.
The importance of the host is enunciated by the species and
cell type restriction of HCV replication in culture and the
limitation of virion production to the human hepatoma Huh-7
cell line (62), which supports the complete viral life cycle (7).
Genetic defects in the innate immune system have subse-
quently been identified as the factors affecting the efficiency of
HCYV replication in this cell line and its derivatives (44). More
specifically, during host cell innate immunity, pattern recogni-
tion receptors (PRRs) such as Toll-like receptor 3 (TLR3) and
retinoic acid-inducible gene I (RIG-I) recognize viral RNA
signatures and trigger the downstream interferon regulatory
factor 3 (IRF-3) transcription activator to induce beta inter-
feron (IFN-B) synthesis, which finally activates IFN-stimulated
genes (ISGs) of the antiviral defense program (40). Huh-7 and
Huh-7.5 cells, which support the replication and assembly of
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HCV, have been shown to be deficient in TLR3 and in TLR3
and RIG-I, respectively (9, 46, 70, 75, 81). IRF-3-deficient mice
also have a poor IFN response and are more susceptible to
virus infections in general (66).

The singular replication of HCV RNA in Huh-7 cells can
also be attributed to another host factor, the liver-specific
microRNA 122 (miR-122). MicroRNAs (miRNAs) are short
(~22 nucleotides), noncoding, evolutionarily conserved endog-
enous RNA species that normally regulate gene expression via
mRNA cleavage or translational repression through binding to
the 3" UTR of the target mRNA (6). The miRNAs are gener-
ated by two rounds of ordered cleavages, with primary tran-
scripts termed primary miRNAs (pri-miRNAs) being pro-
cessed first to yield short stem-loop structures known as
precursor miRNAs (pre-miRNAs), which are finally cropped
to produce functional mature miRNAs (6). Mature miRNAs
then associate with other proteins to form RNA-induced si-
lencing complexes (RISC), and through pairing with partially
complementary sites in the 3" UTRs of mRNAs, they initiate
the repression of their target mRNAs. Recent reviews have
revealed that miRNAs participate in various cellular biological
processes, including growth development, metabolism, cell
proliferation, hematopoiesis, and apoptosis, and are function-
ally associated with a number of human diseases and cancers
(3, 6,67). While the effects of miRNAs are generally inhibitory,
one particular miRNA, the liver-specific miR-122 (20), seems
to positively promote HCV replication in the host cell and has
been suggested to contribute to the liver tropism of this virus
(32, 37). Further evidence supporting this notion came with the
observation that miR-122 can enhance HCV replication in
nonhepatic human cells, suggesting that the presence of miR-
122 indeed plays an important role in sustaining the HCV life
cycle in hepatic cells (19).

While many of the host-specific factors for HCV replication
have been identified in the human liver, host components for
viral replication in rodents are largely unexplored. In an at-
tempt to facilitate HCV infection in small-animal models, ex-
aminations of specific intracellular determinants that support
HCYV infections have been initiated in several different mouse
systems, including fibroblasts and hepatocytes, yielding greatly
reduced replication compared to that in human hepatoma
Huh-7 cells (21, 50, 52, 73, 80, 82). Although the double-
stranded-RNA-binding protein kinase R (PKR) has been sug-
gested as a potential innate immune factor regulating HCV
replication in murine embryonic cells (21), the influence of
other components of innate immunity remain to be tested. In
order to clarify the host factors required to support HCV
replication in rodent cells, we focused on the roles of innate
immune transcription factors, including IRF-3 and IRF-9, and
the liver-specific miR-122 in influencing subgenomic viral
RNA synthesis within murine fibroblasts. We provide evidence
that both IRF-3 deletion and miR-122 expression, indepen-
dently or in combination, can promote increased HCV RNA
and viral protein production in mouse fibroblasts. Both tran-
sient luciferase reporter and drug-resistant subgenomic repli-
con assays corroborated these results. These observations
should provide insight into some of the postentry factors that
will have to be considered in generating a mouse model for
HCYV replication.
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MATERIALS AND METHODS

Cell culture and reagents. Human hepatoma Huh-7 cells were kindly provided
by Stanley M. Lemon (University of Texas Medical Branch, Galveston, TX) and
were maintained in Dulbecco’s modified Eagle’s medium (Wisent, St.-Bruno,
Quebec, Canada) supplemented with 10% fetal bovine serum (FBS; Wisent), 50
pg/ml gentamicin (Gibco-Invitrogen, Carlsbad, CA), and 0.5 wg/ml amphotericin
B (Gibco-Invitrogen). C57BL/6 mouse embryonic fibroblasts (MEFs) from wild-
type (WT), IRF-37/~ (IRF-3-deficient), and IRF-37/~ IRF-9~/~ (IRF-3- and
IRF-9-deficient) mice (66) (originally obtained from Tadatsugu Taniguchi, Uni-
versity of Tokyo, Tokyo, Japan) were grown in alpha minimal essential medium
(Wisent) supplemented with 10% FBS, 50 wg/ml gentamicin, and 0.5 pg/ml
amphotericin B. Cell lines carrying HCV replicons were maintained in the
presence of blasticidin (Invivogen, San Diego, CA). MEFs were checked for
deletion of IRF-3 and IRF-9 by standard reverse transcription-PCR (RT-PCR).
Mouse liver cell homogenate was kindly provided by Brent Johnston (Dalhousie
University, Halifax, Canada). miR-122 (miRIDIAN mimic hsa-mir-122;
C-300591-05) and negative-control miRNA (miRIDIAN mimic negative control;
CN-001000-01) were purchased from Dharmacon (Lafayette, CO).

Plasmids and replicons. The plasmid pSGR-Luc-JFH1 and its NS5B poly-
merase-inactive control, pSGR-Luc-JFH1/GND (72), were a generous gift from
John McLaughlin (MRC Virology Unit, Institute of Virology, Glasgow, United
Kingdom). To construct pSGR-Bsd-JFH1 and pSGR-Bsd-JFH1/GND, the plas-
mids pSGR-Luc-JFH1 and pSGR-Luc-JFH1/GND were digested with BglII and
Pmel to remove the firefly luciferase gene, and then the blasticidin S deaminase
(Bsd) gene, amplified from pcDNA6/V5-HisA (Invitrogen), was inserted by use
of Bglll and Pmel sites at the 5’ and 3’ termini. The constructs were verified by
sequencing.

In vitro transcription and RNA preparation. HCV replicon RNA was tran-
scribed in vitro by use of a MEGAscript T7 in vitro transcription kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. For pPSGR-JFH1 de-
rivatives, plasmid DNA was digested with Xbal, followed by a single treatment
with 1 unit/pg mung bean DNA nuclease (New England Biolabs, Pickering,
Ontario, Canada) as previously described (38). After RNA synthesis, the DNA
template was removed by three repeated digests with 0.2 unit/ul DNase I (Am-
bion), followed by standard phenol and chloroform purification. All RNA sam-
ples from cells were isolated using TRIzol reagent (Invitrogen), treated with
DNase I (Qiagen Inc., Mississauga, Ontario, Canada) for the removal of genomic
DNA, and purified by phenol-chloroform extraction according to the manufac-
turers’ protocols.

RNA electroporation. Cells were trypsinized, washed three times with cold
phosphate-buffered saline (PBS) (Wisent), and resuspended at a concentration
of 1 X 107 cells/ml in PBS. A total of 10 g in vitro-transcribed RNA was mixed
with 400 pl of 1 X 107 cells/ml in cell suspension in a 0.4-cm-gap cuvette
(Bio-Rad, Hercules, CA), alone or in the presence of 50 nM miRNA (miR-122
or negative control), and immediately pulsed with a Gene Pulser Xcell instru-
ment (Bio-Rad). The electroporation conditions used for Huh-7 cells were 270 V
and 960 wF, and those for MEFs were 400 V and 250 pF.

Transient replication assay using luciferase. The transient replication assay
was based on previously described methods (41, 72). Briefly, cells were trans-
fected by electroporation as described above, using 10 g of luciferase replicon
RNA in the presence or absence of 50 nM miRNA (miR-122 or negative
control). Following dilution of the cells with 8 ml of medium, 6-well plates were
seeded with 0.5-ml aliquots of the electroporated cells. At 4 h and each subse-
quent day postelectroporation, for up to 7 days, the cells were harvested and then
assayed for luciferase activity by using a luciferase assay system (Promega, Mad-
ison, WI) and a luminometer (Promega). The luciferase levels at 4 h postelec-
troporation were used to correct for transfection efficiency. Values are expressed
as fold changes in relative light units (RLU) with respect to the 4-h input (47).
All experiments were performed independently three times, and data were plot-
ted as means * standard errors of the means (SEM). Remaining cells from the
electroporation mixtures were also seeded into a separate dish for harvest of
RNA 3 days after electroporation for detection of miRNA (see below).

Colony formation assay by drug selection. Cells were electroporated with
HCV RNA as indicated above. Electroporated cells were diluted with 10 ml of
fresh medium and seeded into tissue culture dishes at various dilutions, depend-
ing on the experiment. After 24 to 48 h of recovery, and every 3 to 4 days
subsequently, the culture medium was replaced with fresh medium supple-
mented with 5 to 10 pg/ml blasticidin until colonies were visible (about 2 to 3
weeks, depending on the cell type). Colonies were then characterized for HCV
protein and genomic integration or fixed and stained with 0.1% crystal violet
(Sigma) for visualization. Colonies were also counted and expressed as CFU/ug
of input HCV RNA, with values presented as means = SEM in Table 1.
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Detection of HCV protein by immunohistochemical staining. Detection of
HCV protein by immunohistochemical staining was performed as previously
described (46), with some modifications. Briefly, naive cells or HCV RNA-
induced colonies were fixed and permeabilized by methanol, treated with 3%
H,O0, for 30 min to inactivate endogenous enzyme activity, and then blocked for
1 h with 3% bovine serum albumin (BSA). Immunostaining for NS5A was
performed using the mouse monoclonal anti-NS5A 9E10 antibody (generously
provided by Charles M. Rice, Center for the Study of Hepatitis C, The Rocke-
feller University, New York, NY) and goat anti-mouse-alkaline phosphatase
conjugate (Sigma), followed by development with 1-Step nitroblue tetrazolium
chloride-5-bromo-4-chloro-3-indolyphosphate p-toluidine salt (NBT/BCIP) so-
lution (Thermo Fisher Scientific/Pierce, Rockford, IL). Nuclei were then coun-
terstained with hematoxylin for photography. A mouse IgG2 isotype control
antibody (eBioscience, San Diego, CA) was also included in the experiments.

Innate immunity gene analysis by RT-PCR and VSV infection assay for anti-
viral response. WT and IRF-3-deficient MEFs were electroporated as indicated
above, using either 10 pg of luciferase replicon RNA (GND) or 10 pg of
poly(I:C) (Sigma), or were mock electroporated, followed by seeding into 6-cm
dishes for RNA extraction or into 12-well plates for vesicular stomatitis virus
(VSV) infection.

For innate immunity gene analysis by RT-PCR, total cellular RNA was ex-
tracted from the samples, after a recovery incubation of 6 h, as described above.
The purified RNA (2 pg) was then subjected to cDNA conversion by use of a
first-strand cDNA synthesis kit (GE Healthcare/Amersham Biosciences, Piscat-
away, NJ) according to the manufacturer’s protocol. Murine innate immunity
genes were then PCR amplified with 10% of the resulting cDNA, using the
following primers: mISG15 (432 bp) (58); mISG54 forward primer, 5'-GGAGA
GCAATCTGCGACAGC-3'; mISG54 reverse primer, 5'-GCTGCCCTGAGGA
GTGTATC-3" (720 bp); mISG56 forward primer, 5'-GAGCCAGAAAACCCT
GAGTA-3'; mISG56 reverse primer, 5'-CCTCAGTTGGGAGATTTGTTG
C-3" (381 bp); mIFN-B forward primer, 5'-GCGTTCCTGCTGTGCTTC-3';
mIFN-B reverse primer, 5'-CCATCCAGGCGTAGCTG-3" (454 bp); murine
IFN-inducible protein 10 (mIP-10) forward primer, 5'-ATGAACCCAAGTGC
TGCCGT; mIP-10 reverse primer, 5'-CTGGGTAAAGGGGAGTGATG (379
bp); murine glyceraldehyde-3-phosphate dehydrogenase (mGAPDH) forward
primer, 5'-GTGAAGGTCGGTGTGAACGG-3’; and mGAPDH reverse
primer, 5'-GTGGCAGTGATGGCATGGAC-3' (542 bp). All PCRs were car-
ried out with standard PCR techniques.

For VSV infection assay, the electroporated cells were allowed to recover for
24 h prior to infection with a green fluorescent protein (GFP)-tagged VSV
(VSV-GFP, Indiana serotype; a gift from Brian Lichty, McMaster University,
Hamilton, Ontario, Canada) (69). As a control, mock-electroporated cells were
also treated with 100 U/ml murine IFN-B (Sigma) for 24 h. Following recovery,
the cell monolayers were infected at a multiplicity of infection (MOI) of 0.01 for
1 h before overlay with medium containing 2% fetal calf serum (FCS) and 2%
methylcellulose. Pictures were taken between 24 and 48 h postinfection, at a
magnification of X100 (Leica Microsystems, Wetzlar, Germany).

Establishment of murine cells stably expressing miR-122. IRF-3-deficient
MEFs were transduced by use of a lentivirus expression system (Thermo Fisher
Scientific, Waltham, MA) with a vector (pLemiR) expressing human primary
miR-122 (pri-miR-122) transcripts under the control of the cytomegalovirus
(CMV) promoter (Open Biosystems, Huntsville, AL). Expression of the
pri-miRNA transcripts allowed interaction with the endogenous microRNA pro-
cessing/regulatory pathways, which would first yield pre-miRNAs and, subse-
quently, mature miRNAs. The pre-miRNA was coexpressed with TurboRed
fluorescent protein (TurboRFP) and a puromycin resistance selectable marker
which allows monitoring of miRNA-expressing cells and generation of stable cell
lines. The pLemiR pri-miR-122 vector was transfected into 293T cells by use of
a Trans-Lentiviral GIPZ packaging system (Open Biosystems) to produce a VSV
glycoprotein (VSV-G)-pseudotyped virus according to the manufacturer’s pro-
tocol. Puromycin selection and TurboRFP marker expression were used to ex-
clude any nontransduced cells, and the successfully established cell lines that
stably expressed miR-122 were termed “IRF-3-deficient (KO)-HmiR122 MEFs.”

TagMan probe real-time qPCR detection of miR-122. To detect the presence
of miRNA, total cellular RNA was extracted from the different cells as well as
from samples in the transient replication assays, as described above. The purified
RNA (10 ng) was then subjected to cDNA conversion by use of a TagMan
microRNA reverse transcription kit (ABI, Foster City, CA) according to the
manufacturer’s protocol. The cDNA product was then assessed by real-time
quantitative PCR (qPCR), using TagMan microRNA assays with primers and
probes specific only for the mature sequences of miR-122 and the control
miRNA miR-16 (ABI). Samples were run on an ABI 7900HT sequence detec-
tion system, and results were analyzed using SDS software (ABI). All assays were
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done in triplicate. Data from three independent experiments were normalized
against the control miRNA miR-16 and then plotted with respect to the control
group as means = SEM in bar graphs.

RESULTS

Deletion of IRF-3 supports transient and drug-selected rep-
lication of subgenomic HCV JFH1 RNA. The HCV JFH1 rep-
licon is a robust RNA that requires minimal adaptation to
replicate in either liver or nonhepatic cells (38, 39, 46) and has
previously been shown to multiply in some mouse cells (21, 73).
We used two subgenomic constructs based on this backbone to
assess HCV replication, with one engineered with the firefly
luciferase reporter gene (SGR-Luc-JFH1) for transient repli-
cation assays and the other engineered with the blasticidin S
deaminase gene (SGR-Bsd-JFH1), which confers resistance to
blasticidin (Fig. 1A), for drug selection and cell colony forma-
tion assays. As expected, the HCV subgenomic RNA repli-
cated robustly in Huh-7 cells (Fig. 1B and C), with a colony
formation efficiency of 6.02 X 10° = 0.32 X 10°> CFU/ug RNA
(Table 1). In contrast, WT MEFs were nonpermissive for tran-
sient HCV replication, with no difference in luciferase reporter
activity from either the replication-competent or mutated con-
trol replicon (Fig. 1B). Similarly, subgenomic replicons ex-
pressing the Bsd resistance gene produced limited colony for-
mation in WT MEFs grown in the presence of blasticidin (Fig.
1C and Table 1). Importantly, IRF-3-deficient MEFs were
more supportive of HCV RNA replication in transient replicon
luciferase reporter assays conducted at 7 days postelectropo-
ration (Fig. 1B). In addition, HCV replicons in IRF-3 null cells
had a significantly higher replication activity (9-fold) in colony
formation assays than those in WT MEFs (Fig. 1C and Table
1). These observations indicated that deletion of the innate
immune factor IRF-3 in mouse fibroblasts can favor HCV
RNA replication.

Following binding of IFN to its cell surface receptor, phos-
phorylated signal transducer and activator of transcription
(STAT) proteins interact with IRF-9 to promote the expres-
sion of ISGs. These include IRF-7, which activates the synthe-
sis of more type I IFN (33). To determine whether deletion of
IRF-9 in the IFN signaling pathway could further contribute to
HCYV replication, we assayed replicon activity in murine fibro-
blasts doubly deficient for IRF-3 and IRF-9 (IRF-3~/~ IRF-
97/~ MEFs). Type I IFN production in these cells is greatly
diminished, and they are highly susceptible to viral infections
(66). Surprisingly, IRF-37/~ IRF-9~/~ MEFs exhibited no fur-
ther increase in HCV replication compared to that in IRF-
37/ cells (Fig. 1B). Thus, it appears in considering the type I
IFN signaling pathway that IRF-3 deficiency alone is sufficient
to promote HCV RNA replication in mouse fibroblasts. Inter-
estingly, in both IRF-37/~ and IRF-37/~ IRF-9~/~ cells, the
NS5B polymerase-defective mutant usually took longer (6 to 7
days) to produce baseline luciferase values than the same rep-
licon in WT MEFs (4 to 5 days), an observation likely due to
diminished antiviral RNase L activity present in the defective
type I IFN system.

To further validate HCV replication in the cells used in the
above experiments, colonies obtained in the dishes were as-
sessed for HCV NS5A expression by immunohistochemical
staining (Fig. 2). NS5A protein could be detected in the cyto-
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FIG. 1. IRF-3 deficiency facilitates replication of HCV replicon RNA in mouse fibroblasts. (A) Schematic representation (not to scale) of HCV
JFH1 RNA genome, subgenomic luciferase reporter JFH1 construct (SGR-Luc-JFH1), and subgenomic blasticidin resistance-conferring JFH1
construct (SGR-Bsd-JFH1). EMCV, EMCV IRES; Luc, firefly luciferase gene; Bsd, blasticidin S deaminase gene conferring resistance to
blasticidin. (B) Transient replication assays using the HCV SGR-Luc-JFH1 RNA in Huh-7 cells and in WT, IRF-3-deficient (KO), and
IRF-3/9-deficient (DKO) MEFs. Cells were electroporated with the HCV RNA, harvested at the indicated time points, and assayed for luciferase
activity. The luciferase reporter activity is indicative of HCV RNA replication. Bioluminescence is expressed on a logarithmic scale as the fold
change in RLU normalized to the light emitted from input RNA at 4 h postelectroporation. Each point represents the mean value for three
independent experiments, with error bars showing the SEM. Pol + (solid triangles), polymerase-active HCV RNA; Pol — (open squares),
polymerase-defective (nonreplicating; GND) control. (C) Colony formation assay using HCV SGR-Bsd-JFH1 RNA in Huh-7 cells and WT and
IRF-3-deficient (KO) MEFs. Cells were electroporated with the HCV RNA, seeded onto culture plates at a 1:2 dilution, and then selected with
blasticidin for 2 to 3 weeks before being stained with crystal violet. Representative images from three independent experiments are shown. Pol +,
polymerase-active HCV RNA; Pol —, polymerase-defective (nonreplicating; GND) control; mock, mock electroporation with buffer.

plasmic and perinuclear regions of replicon cells. Mouse fibro- using genomic DNA from the pooled MEF colonies. None of
blasts containing the HCV replicons were also stained with an the cells containing HCV RNA or proteins yielded PCR sig-
IgG control antibody or compared with control cells that did ~ nals that could be attributed to genomic integration of the
not contain HCV RNA. To rule out genomic integration of  pjasticidin resistance gene or viral cDNA, indicating that the
cDNA from the template for the HCV replicon, PCR analysis  MEFs were authentic replicon cell lines (data not shown).
was performed to amplify the Bsd gene and the HCV 5" UTR,  The jmmunochemical staining and PCR results provided a
correlation between the colony formation assays and transient
luciferase reporter assays. The preceding results further dem-
TABLE 1. Colony-forming efficiencies induced by onstrated that HCV RNA could replicate in rodent cells and
HCV SGR-Bsd-JFH1 RNA that the replication efficiency was enhanced by deletion of the

Cell line Col?rg};f[c}zrr;nl% Isf;ienw gene for IRF-3.
HCV RNA cannot induce an antiviral state in IRF-3-defi-

HUR-T oo 6.02 X 10? f 032 X 10‘: cient MEFs. The induction of type I IENs and the ISGs can
TREA RO i A0 L o X A0, dramatically inhibit the replication capacity of HCV RNA
WT MEF + miR-122 ....oooooomrerreeceeneeeeeee. 1.72 X 10° + 0.34 x 10° (34). We postulated that the enhanced ability of HCV RNA to
IRF-3 KO MEF + miR-122......cccccvvevirnnene. 4.43 x 10° = 0.58 X 10° replicate in IRF-3-deficient murine cells was due to a dimin-
IRF3KO-HmiR122 MEF .......coovviereiereesrnnnn 4.05 X 10° = 0.51 x 103

ished antiviral response. To validate this hypothesis, we exam-
“ Values given are means + SEM for three independent experiments. ined the expression of IFN-B and several IRF-3-associated
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FIG. 2. Detection of NS5A protein in HCV replicon colony formation assays. Colonies obtained by blasticidin drug selection of HCV
SGR-Bsd-JFH1 RNA in Huh-7 cells and WT and IRF-3-deficient (KO) MEFs were fixed and immunostained for NS5A with anti-NS5A or IgG
control primary antibody. Antibody binding was determined with a goat anti-mouse secondary antibody conjugated to alkaline phosphatase.
Binding of the secondary antibody was revealed by incubating the cells with NBT/BCIP substrate, which formed a brown precipitate. Nuclei were
counterstained with hematoxylin. Naive cells (mock) of each cell type were stained as a control. Magnification, X200 or X50 (insets showing
colonies). Bars, 100 wm. Representative images from two independent experiments are shown.

ISGs, including ISG15, ISG54, ISG56, and IP-10 (5), in WT
and IRF-3 null MEFs in the presence of HCV RNA. HCV
RNA is recognized by RIG-I, through the single-stranded-
RNA 3’-poly(U/UC) region (63), which subsequently triggers
hepatic innate immunity through activation of IRF-3 (65). The
nonreplicative, in vitro-transcribed, single-stranded HCV GND
RNA was used in our experiment, and poly(I:C) was included
as a control in experiments designed to trigger the antiviral
response. HCV GND RNA or poly(I:C) was introduced into
WT MEFs and IRF-3-deficient MEFs by electroporation, and
the presence of ISG15, ISG54, ISG56, IFN-B, and IP-10
mRNAs was assessed 6 h later by RT-PCR. The induction of
an ISG response was completely absent in IRF-3-deficient cells
(Fig. 3A). To determine whether the induction of IFN-B and
ISGs reflected the establishment of a true antiviral state within
the MEFs, we performed a VSV interferon bioassay by inoc-
ulating mouse cells with VSV-GFP after they had been in-
duced for 24 h with either electroporated HCV GND RNA or
poly(I:C). As expected, the antiviral response triggered by
HCV GND RNA was sufficient to block VSV infection in WT
MEFs but not in IRF-3 null cells (Fig. 3B). Interestingly, the
presence of poly(I:C) established an antiviral state in both WT
and IRF-3-deficient MEFs, which confirms recent reports in
the literature that poly(I:C) can trigger an IRF-3-independent
antiviral response (24). In summary, our results suggest that
HCV RNA can trigger an antiviral state in WT MEFs and that
IRF-3, type I IFN, and activation of downstream ISGs prevent
the establishment of HCV replicons in these cells. Deletion of
IRF-3 alleviates this situation and permits the synthesis of
HCV RNA and expression of viral proteins.

Liver-specific miR-122 promotes subgenomic HCV replica-
tion in WT and IRF-37/~ MEFs. While we observed that

deletion of a host innate immune factor such as IRF-3 con-
tributed to permissive HCV RNA replication, we speculated
that other human liver-specific host factors could affect HCV
RNA production in mouse cells. We therefore examined the
effects of miR-122, which is known to promote HCV propaga-
tion in nonhepatic human cells (19). The mature sequence of
the liver-specific miR-122 is actually conserved between hu-
mans and mice (20). We used miR-122 in both transient lucif-
erase and cell colony formation assays by coelectroporating
cells with HCV replicon RNA and miRNA into the different
mouse fibroblasts. The presence of exogenously introduced
miR-122 in mouse fibroblasts was verified by TagMan probe
qPCR, and miR-122 levels in mouse liver cells were assayed
and included as a positive control. miR-122 was detected only
in the transfected MEFs or in the mouse liver cells, with levels
in both cell types being comparable (Fig. 4A, bar graphs on the
right of each panel).

In transient assays, input of miR-122 into Huh-7 cells, which
normally express high levels of endogenous miR-122, did not
further enhance HCV replication, suggesting that the stimula-
tory effect of miR-122 was saturated (Fig. 4A). However, our
data demonstrated that introduction of miR-122 into mouse
fibroblasts could promote HCV RNA synthesis even when
IRF-3 was present in the cell (Fig. 4A). This enhancement of
HCV replication by miR-122 appeared stronger than the stim-
ulation elicited by IRF-3 deletion (Fig. 4A versus Fig. 1B). The
same results were evident when HCV replicon activity was
measured in MEF colony formation assays performed in the
presence or absence of exogenously introduced miR-122 (Fig.
4B and Table 1). Furthermore, the combination of the pres-
ence of miR-122 and the deficiency of IRF-3 was cooperative
in MEFs and produced even higher HCV replication levels in
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FIG. 3. HCV RNA does not induce an antiviral state against VSV
in IRF-3-deficient (KO) MEFs. (A) RT-PCR analysis of IRF-3-asso-
ciated ISGs in WT and IRF-3-deficient (KO) MEFs following mock
electroporation with buffer or electroporation with 10 g of nonrep-
licating subgenomic HCV GND RNA or poly(I:C). Total RNA was
harvested at 6 h postelectroporation and subjected to RT-PCR for the
indicated genes, using gene-specific oligonucleotide primers. Repre-
sentative data from two independent experiments are shown. (B) VSV
interferon bioassay on WT and IRF-3-deficient (KO) MEFs that were
mock electroporated or electroporated with 10 wg of HCV GND RNA
or poly(I:C). Twenty-four hours following electroporation, a VSV-
GFP infectivity assay (MOI = 0.01) was carried out, and images were
taken between 24 and 48 h postinfection, at a magnification of X 100.
An IFN-B-positive control on mock-electroporated cells was also in-
cluded. GFP, green fluorescent protein; BF, bright field. Bars, 200 pm.
Representative images are from two independent experiments.

luciferase reporter and colony formation assays. Again, dele-
tion of IRF-9 did not enhance HCV replication due to IRF-3
deficiency, even in the presence of miR-122 (Fig. 4A). The
levels of HCV replication obtained in the IRF-3-deficient
MEFs containing miR-122 approached those obtained in
Huh-7 cells, which seems to confirm that miR-122 expression
and defects in innate immunity likely account for the robust
replication of HCV in Huh-7 cells.

We also sought to clarify whether the enhancement of HCV
replicon activity resulting from the presence of miR-122 was
due to its effects on replication or the translation of the viral
RNA. When we compared replicon luciferase activities from
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nonreplicating HCV GND subgenomic RNA in IRF-3-defi-
cient MEFs either containing or not containing miR-122, we
observed no difference (Fig. 4C). Similarly, IRF-3-deficient
MEFs containing nonreplicating HCV GND subgenomic
RNA did not form any replicon colonies in the presence or
absence of miR-122 (Fig. 4B). These results seemed to indicate
that miR-122 impacted viral RNA replication in order to in-
crease replicon luciferase activity and colony formation. How-
ever, a role for miR-122 in translation and HCV protein syn-
thesis cannot be ruled out completely.

Overall, our results suggest that the liver-specific miR-122
constitutes an important host factor for HCV replication in
mouse fibroblasts, which also implies that the effect of miR-122
on HCV propagation in the liver is conserved in both humans
and mice. Furthermore, while miR-122 can independently pro-
mote HCV RNA production, its effects are even more pro-
nounced in the absence of the innate immune factor IRF-3.

Efficient replication of HCV replicon RNA in IRF-3-defi-
cient fibroblasts that stably express miR-122. Based upon the
previous observations, we attempted to establish HCV repli-
cation in IRF-3-deficient MEFs that stably expressed the
human primary transcript for miR-122 (pri-miR-122). The pri-
miR-122 transcript was introduced into these cells with a VSV-
G-pseudotyped pLemiR lentivirus expression vector from
Open Biosystems. Expression of the processed mature miR-
122 was validated by TagMan probe real-time qPCR specific
only for the mature sequence of miR-122. In addition, expres-
sion of TurboRFP, which is also encoded in the lentivirus
expression vector, and of puromycin resistance indicated suc-
cessful transduction into the target cells. We could detect the
mature miR-122 sequence in the transduced cells, demonstrat-
ing that the human precursor (pre-miR-122) was cleaved in the
mouse system. Although the levels of lentivirus-expressed
miR-122 levels were lower than those detected in transfected
cells (Fig. 4A versus Fig. 5A, bar graphs), the transduced
miR-122 effectively stimulated transient HCV RNA replica-
tion and replicon colony formation in these cells (IRF3KO-
HmiR122 MEFs). Specifically, the IRF3KO-HmiR122 MEFs
produced a firefly luciferase activity profile with a magnitude
that more closely resembled that observed in Huh-7 cells than
that in the parental miR-122-negative IRF-3-deficient fibro-
blasts (Fig. SA versus Fig. 1B). Similarly, the number of cell
colonies obtained with the IRF3KO-HmiR122 MEFs was 10-
fold higher than that obtained with IRF-3-deficient fibroblasts
alone and, again, approached the levels seen in Huh-7 cells.
The result obtained was also comparable to that observed
previously during the transient introduction of exogenous miR-
122 (Fig. 5B and Table 1). Authentic HCV replication and
NSS5A protein production were also verified in these miR-122-
expressing fibroblast colonies (Fig. 5C), and genomic integra-
tion of the Bsd gene or HCV ¢cDNA was not detected (data not
shown). This cell model validates our observations that the
deficiency of IRF-3 and the presence of liver-specific miR-122
provide a favorable environment for replication of HCV sub-
genomic replicon RNA in mouse fibroblasts.

DISCUSSION

Restriction of HCV replication in mouse cells can be attrib-
uted to the presence or absence of primate- or organ-specific
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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 TagMan 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.

factors that affect virus attachment, entry, replication, packag-
ing, and assembly. Determinants for HCV entry into rodent

(CDS81) and the tight-junction protein occludin (OCLN) can
overcome the receptor entry block of HCV particles into

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

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
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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 TagMan
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-JFHI 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 X50. Bar, 200 pm. 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
X200, and the insets showing colonies were photographed at a magnification
of X50. Bars, 100 um. Representative images are from two independent
experiments.
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function in the rodent host (60). However, no infectious par-
ticles are released from rodent cell lines expressing human
CDS81 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, JAKI, cyclophilin A/B, and lymphotoxin ) and the
miRNA processing and effector system (miR-122, miR-199a,
DICERI, 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-a-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-8 promoter stimulator 1 (IPS-1) (49)
and Toll-interleukin-1 receptor-domain-containing adapter-
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inducing IFN-B (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-37/~ 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
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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 (CDS81 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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