JOURNAL OF VIROLOGY, Nov. 2005, p. 13778-13793
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.21.13778-13793.2005

Vol. 79, No. 21

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Dissecting the Interferon-Induced Inhibition of Hepatitis C Virus

Replication by Using a Novel Host Cell Linef

Marc P. Windisch,! Michael Frese,' Artur Kaul," Martin Trippler,” Volker Lohmann,’
and Ralf Bartenschlager'*

Department of Molecular Virology, Hygiene Institute, University of Heidelberg, Im Neuenheimer Feld 345,
D-69120 Heidelberg, Germany," and Department of Gastroenterology and Hepatology,
University of Essen, Virchowstrasse 171, D-45147 Essen, Germany*

Received 10 June 2005/Accepted 6 August 2005

The Hepatitis C virus (HCV), a member of the family Flaviviridae, is a major cause of chronic liver disease.
Patients are currently treated with alpha interferon (IFN-o«) that is given alone or in combination with
ribavirin. Unfortunately, this treatment is ineffective in eliminating the virus in a large proportion of individ-
uals. IFN-induced antiviral activities have been intensively studied in the HCV replicon system. It was found
that both IFN-« and IFN-vy inhibit HCV replicons, but the underlying mechanisms have not yet been identified.
Of note is that nearly all of these studies were performed with the human hepatoma cell line Huh-7. Here, we
report that genotypes 1b and 2a replicons also replicate in the human hepatoblastoma cell line HuH6. Similar
to what has been described for Huh-7 cells, we observed that efficient HCV replication in HuH6 cells depends
on the presence of cell culture-adaptive mutations and the permissiveness of the host cell. However, three
major differences exist: in HuH6 cells, viral replication is (i) independent from ongoing cell proliferation, (ii)
less sensitive to certain antiviral compounds, and (iii) highly resistant to IFN-y. The latter is not due to a
general defect in IFN signaling, as IFN-vy induces the nuclear translocation of signal transducer and activator
of transcription 1 (STAT1), the enhanced transcription of several IFN-regulated genes, and the inhibition of
unrelated viruses such as influenza A virus and Semliki Forest virus. Taken together, the results establish

HuH#6 replicon cells as a valuable tool for IFN studies and for the evaluation of antiviral compounds.

The Hepatitis C virus (HCV) belongs to the genus Hepacivi-
rus within the family Flaviviridae (52). At least six different
HCV genotypes exist which show specific geographical distri-
butions. For each genotype, a series of more closely related
subtypes have been described that differ from one another by
20 to 25% in their nucleotide sequence. HCV has an ~9.6-kb
single-stranded RNA genome of positive polarity (for a review,
see reference 4). The genome is flanked by highly structured
nontranslated regions (NTRs) important for both RNA trans-
lation and replication. Within the 5" NTR, an internal ribo-
some entry site (IRES) has been identified that permits ex-
pression of the viral proteins in the absence of a cap structure
(44). The HCV genome encodes a large, single polyprotein of
approximately 3,000 amino acids that is co- and posttransla-
tionally cleaved by cellular and viral proteinases into 10
polypeptides (core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B). The production of an additional viral protein by
ribosomal frameshift has also been reported (53, 57), but its
function remains to be defined.

Worldwide, about 170 million individuals have been infected
with HCV; in >80% of all cases, the virus establishes a per-
sistent infection (56) which frequently leads to chronic liver
disease with liver fibrosis, cirrhosis, and eventually hepatocel-
lular carcinoma (24, 50). The most advanced therapy for hep-
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atitis C patients currently consists of polyethylene glycol-con-
jugated alpha interferon (IFN-a) and ribavirin, but this
treatment has its limitations (37). One problem is the relatively
poor response of patients infected with certain HCV genotypes.
For example, only 50% of patients infected with genotype 1
mount a sustained viral response, whereas 80 to 90% of those
infected with genotype 2 and genotype 3 viruses can do so. The
correlation between therapy success and the infecting genotype
suggests the involvement of viral factors, but the underlying
molecular mechanism(s) is not yet understood.

IFNs are a rather diverse class of cytokines with key func-
tions in the innate immune response to viruses (18, 43, 47).
Two types of IFNs can be distinguished that have partially
overlapping biological properties. Type I IFNs are secreted by
most virus-infected cells and by a highly specialized leukocyte
population, termed natural IFN-producing cells (8). The hu-
man genome contains several IFN genes including 12 IFN-a
subtypes and IFN-B. In contrast, the expression of the only
type II IFN, IFN-vy, is restricted to immune cells, such as
activated T lymphocytes and natural killer (NK) cells. IFNs
bind to highly specific cell surface receptors, which trigger the
phosphorylation and nuclear translocation of certain latent
transcription factors, known as signal transducers and activa-
tors of transcription (STATSs). Type I IFNs bind to the IFN-«
receptor, which leads to the formation of IFN-stimulated gene
factor 3 (ISGF-3), a heterotrimer consisting of STATI,
STAT2, and IFN response factor 9/p48 that activates gene
transcription via binding to the IFN-stimulated response ele-
ment. A similar signaling pathway has been described for
IFN-y. In this case, the gamma activation factor, a phosphor-
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ylated STAT1 homodimer, is translocated to the nucleus where
it enhances gene expression by binding to the gamma activa-
tion site (GAS). Besides these well-established pathways, al-
ternative pathways have been described, but their contribution
to the antiviral activity of IFN remains to be further elucidated
(43).

Type I IFNs execute their antiviral activities through the
induction of proteins such as the MxA guanosine triphos-
phatase, the double-stranded RNA-activated protein kinase
(PKR), or the 2’-5" oligoadenylate synthetase (OAS). These
effector proteins may interfere with distinct steps in viral rep-
lication or trigger the degradation of viral RNAs. By contrast,
IFN-y predominantly induces the expression of proteins with
systemic functions such as those involved in antigen processing
and presentation (e.g., major histocompatibility complex class
II). In addition, IFN-y induces the expression and release of
chemokines that activate and orchestrate the adaptive immune
response (e.g., inducible protein 10 [IP10]). However, IFN-y
may also contribute to the establishment of an antiviral state by
the induction of proteins with direct antiviral activities (19).

By using Huh-7 cells that contain selectable, self-replicating
HCV RNAs (replicons), it has been shown that recombinant
IFN-v inhibits HCV replication (9, 14). The idea that IFN-y
enforces the critical first line of defense in the HCV-infected
liver was further elaborated by Li and coworkers, who demon-
strated in a coculture experiment that NK cells blocked HCV
replication in Huh-7 cells through the secretion of IFN-y (31).
Clinical data are limited, and whether or not hepatitis C pa-
tients benefit from IFN-y administration is still controversial
(17). Nevertheless, it is interesting to note that type I and type
I1 IFNs inhibit HCV RNA replication in Huh-7 cells in a highly
synergistic manner (30, 42). Given the power of combination
therapies in the treatment of persistent virus infections, it
might be rewarding to elucidate the mechanism(s) responsible
for the observed synergistic antiviral effects of IFN-o/f and
IFN-v, e.g., whether IFN-a and IFN-vy induce the expression of
type-specific effector proteins that may interfere with different
steps of the HCV life cycle.

Here, we report on a new host cell line for HCV replication.
We show that the human hepatoblastoma cell line HuH6 sup-
ports persistent replication of Conl (genotype 1b) and JFH-1
(genotype 2a) replicons. In line with previous studies in which
Huh-7 cells were used as hosts for HCV replicons (5, 32, 34),
we show that HCV replication in HuH6 cells depends on the
presence of cell culture-adaptive mutations and host cell per-
missiveness. Compared with Huh-7 cells, however, HCV rep-
lication in HuH®6 cells is independent from ongoing cell pro-
liferation, less sensitive to certain NSS5B-specific antiviral
compounds, and highly resistant to IFN-y. These differences
make HuHG6 cells an interesting new tool for HCV research.

MATERIALS AND METHODS

Cells and viruses. The human liver cell lines HuH6 and Huh-7 were originally
described by Doi (12) and Nakabayashi et al. (41), respectively. Some back-
ground information on these cell lines including the human leukocyte antigen
(HLA) type is given in Table 1. Naive HuHG6 cells were kindly provided by Brent
E. Korba (Division of Molecular Virology and Immunology, Georgetown Uni-
versity Medical Center, Rockville, MD). Naive Huh-7 cells and the Huh-7 cell
clone 9-13 (containing the subgenomic HCV Conl replicon I3,,/NS3-3") have
been described previously (33). Cells were grown in Dulbecco’s modified mini-
mal essential medium (Life Technologies, Karlsruhe, Germany) supplemented
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TABLE 1. Background information on HuH6 and Huh-7 cells

Cell line
Feature
HuH6 Huh-7

Origin

Race Japanese” Japanese®

Age 1 year 57 years

Sex Male Male

Organ Liver Liver

Case history Hepatoblastoma Hepatocellular carcinoma
HLA type® A*02, 24; B*35,40  A*11, —; B*54, 55
Genome stability High Low
JCRB* 0401 0403

“ Data are from reference 12.

® Data are from reference 41.

¢ HLA genotyping was done by the PCR-SSP technique.

4 Chromosomal deletions, duplications, and translocations were quantified by
microsatellite analysis (this paper).

¢JCRB, Japanese Collection of Research Bioresources Bank accession
number.

with 10% fetal calf serum, 2 mM L-glutamine, nonessential amino acids, 100 U
of penicillin G/ml, and 100 pg of streptomycin/ml. For cells with HCV replicons,
the culture medium was additionally supplemented with 500- to 1,000-pg/ml
G418 (Life Technologies).

The mammalian cell-adapted variant FPV-B of the influenza A virus
(FLUAV) strain A/FPV/Dobson/34 (H7/N7) has been described previously (25).
The prototype strain of Semliki Forest virus (SFV) was kindly provided by Georg
Kochs (Department of Virology, University of Freiburg, Freiburg, Germany).
FLUAYV and SFV stocks were grown on Vero cells and contained 2.0 X 107
PFU/ml and 2.0 X 10® 50% tissue culture infective doses/ml, respectively (virus
concentrations were determined with Vero cells).

The HCV replicons I54,PI-Luc/NS3-3'/Con1/ET and 154, PI-Luc/NS3-3'/Conl/
GND and the corresponding pFK plasmids were described previously (32). The
nucleotide exchanges T3472C, A4531G, C5474G, and C7754T were introduced
into pFK-I54,PI-Luc/NS3-3'/Conl1/ET and pFK-I330ne0/NS3-3'/Con1/ET by site-
directed mutagenesis. JFH-1 replicons with a genome organization identical to
that of the Conl replicons I330Neo/NS3-3'/wt and I530Neo/NS3-3'/AGDD were
transcribed by using plasmids pSGR-JFH1 and pSGR-JFH1/AGDD, respectively
(26). Both plasmids were kindly provided by Takaji Wakita (Department of
Microbiology, Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan).
The newly constructed plasmids pFK-I54,PI-Luc/NS3-3'/JFH1 and pFK-I34,
PI-Luc/NS3-3'/JFH1/AGDD contain the T7-promoter sequence fused to the 5’
NTR of the JFH-1 consensus sequence, followed by the poliovirus IRES (PI), the
firefly luciferase gene, the encephalomyocarditis virus IRES, the NS3-to-5B
coding sequence and the 3’ NTR of JFH-1, the hepatitis delta virus ge-
nomic ribozyme, and the T7 terminator sequence. Plasmid pFK-154,PI-Luc/NS3-
3'/JFH1 was constructed by replacing the Conl and EMCV sequences of
pFK-PI-Luc/NS3-3'/ET (32) by corresponding sequences derived from pSGR-
JFHI1. Plasmid pFK-I54,PI-Luc/NS3-3'/JFH1/AGDD has an in-frame deletion of
10 amino acids (MLVCGDDLVV) encompassing the GDD motif of NS5B
(underlined) and was generated by replacing the sequence between the KpnI and
Ascl restriction sites in pFK-I5,4,PI-Luc/NS3-3'/JFH1 by a corresponding frag-
ment derived from pSGR-JFH1/AGDD.

Interferons and other chemicals. Recombinant human IFN-a2 and IFN-y
were purchased from Roche Molecular Biochemicals (Basel, Switzerland).
Roscovitine was obtained from Sigma-Aldrich (Deisenhofen, Germany). Nucleo-
sidic and nonnucleosidic NS5B-specific inhibitors were kindly provided by
Gerhard Pirstinger (Institute of Pharmacy, University of Innsbruck, Innsbruck,
Austria) and Piet Herdewijn and Johan Neyts (both from the Laboratories of
Medicinal Chemistry and Virology, Rega Institute for Medical Research, Leu-
ven, Belgium).

Generation and transfection of HCV RNAs. The generation of HCV RNAs
by in vitro transcription and conditions of electroporation have been described
previously (33).

Virus plaque assay. Cell monolayers in six-well microplates were infected for
1 h at 37°C with serial 10-fold dilutions of FLUAYV and SFV stocks in medium
containing 2% fetal calf serum and 20 mM HEPES (pH 7.3). The virus inoculum
was removed, and medium containing 2% fetal calf serum, 20 mM HEPES (pH
7.3), and 0.4% SeaPlaque GTG agarose (BioWhittaker Molecular Applications,



13780 WINDISCH ET AL.

Walkersville, ME) was added. Plates were further incubated for 3 days, agarose
was removed, and cells were stained with a solution of 1% crystal violet, 3.6%
formaldehyde, 1% methanol, and 20% ethanol.

Western blot analysis. Total cell extracts were prepared, samples were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins
were transferred to microporous polyvinylidene difluoride membranes (Perkin
Elmer, Boston, MA). HCV nonstructural proteins were specifically immuno-
stained by the use of polyclonal rabbit antisera directed against NS3 (2), NS4B
(35), NS5A (2), and NS5B (3).

Northern blot analysis. Details of this method have been described previously
(34). Replicon and B-actin RNAs were detected by using a **P-labeled negative-
sense riboprobe complementary to the neo gene and a riboprobe complementary
to B-actin mRNAs, respectively. HCV- and B-actin-specific signals were quanti-
fied, and HCV signals were corrected for total RNA amounts loaded in each lane
of the gel.

Immunofluorescence analysis. Cells grown on glass coverslips were fixed with
3% paraformaldehyde and permeabilized with 0.5% Triton X-100. Immunostain-
ing was performed according to standard protocols. NS4B was detected by using
a specific rabbit antiserum (35), and STAT1 was immunostained with a mouse
monoclonal antibody recognizing the C terminus of the protein (BD Biosciences,
San Diego, CA). Bound antibodies were visualized by using goat antibodies
conjugated to the cyanine dye Alexa 488 (Molecular Probes, Eugene, OR).
Cellular DNA was stained with 4,6-diamidino-2-phenylindol dihydrochloride
(DAPI; Molecular Probes).

Luciferase assays. Transient HCV RNA replication was determined by quan-
tification of luciferase reporter activities as described previously (29). Briefly,
4 % 10° cells were transfected with 5 pg in vitro-transcribed RNA and resus-
pended in 12 ml culture medium, and 2-ml aliquots were seeded per well of
a six-well plate for the determination of 4- and 24-h luciferase values. In case of
48- and 72-h values, only 1-ml aliquots were seeded to prevent the cells from
becoming confluent before the time of harvest (subsequently, luciferase values
were multiplied by a factor of 2).

RNA quantification by reverse transcription-PCR (RT-PCR). The HCV Conl
and JFH-1 RNA concentrations were determined by using the ABI PRISM 7000
Sequence Detector system (Applied Biosystems, Foster City, CA) essentially as
described previously by Vrolijk et al. (54) and Wakita et al. (55), respectively.

IFN-induced changes in the concentration of 15 different mRNA populations
were quantified with the Rotor-Gene 2000 real-time amplification system (Cor-
bett Research, Mortlake, Australia) and the QuantiTect SYBR Green RT-PCR
kit (QIAGEN, Hilden, Germany). Briefly, total RNA was isolated by using the
reagent Trizol (Invitrogen, Karlsruhe, Germany), following the manufacturer’s
protocol. RNA was further purified with the RNeasy Mini Kit and the RNase-
free DNase Set (both from QIAGEN). For each PCR, 2 pl of total RNA (20 to
200 ng) was added to a 23-pul RT-PCR mixture containing a final primer and
Mg>* concentrations of 0.5 and 2.5 wM, respectively. Reactions were performed
under the following conditions: 30 min at 50°C for reverse transcription; 15 min
at 95°C for RT denaturation and activation of the Tag polymerase; 35 to 40
cycles, each consisting of 20 s at 95°C, 20 s at 55°C, 40 s at 72°C, and 15 s at 78°C.
For each effector mRNA population, copy numbers were normalized to the
number of B-actin transcripts. Note that treatment with IFN-a and IFN-y did not
change the activity of the B-actin gene in human hepatoma cells (data not
shown).

Database accession numbers. Effector gene-specific PCR primers were selected
with the following database accession numbers: AI337069 (cig5), NM_005101.1
(G1P2), NM_022873.1 (G1P3), NM_002053.1 (GBP1), NM_004120.2 (GBP2),
NM_005532.1 (IFI27), NM_001549.1 (IFIT4), NM_012420.1 (IFIT5), NM_
001565.1 (IP10), NM_002462.1 (MxA), NM_002534.1 (OAS1), NM_002535.1
(OAS2), NM_002759.1 (PKR), NM_007315.1 (STAT1), and BC002704.1 (sim-
STAT1).

RESULTS

HuH6 cells support persistent HCV RNA replication. In an
attempt to identify new host cells for HCV replication, we
transfected Hep-3B, Hepal-6, HepG2, HuH6, PLC/PRF/5,
and HeLa cells with the following mixture of in vitro-tran-
scribed Conl replicons (cell culture-adaptive mutations are
specified in parentheses): I;50/NS3-3'/wt, I540/NS3-3'/ET
(E1202G, T1280I, and K1846T), 1,4,/NS3-3'/5.1 (E1202G,
T12801L, and S2197P), and I555/NS3-3'/5B (R2884G). Although
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this approach was repeated several times, an increased number
of G418-resistant colonies was only observed with HuH6 cells
(for comparison, cells were also transfected with replication-
defective HCV RNAs). Because we experienced difficulties in
expanding G418-resistant HuH6 cell colonies, all cell clones
(six clones) were pooled, further propagated, and subjected to
Northern blot analysis. As shown in Fig. 1A, we detected pos-
itive-strand HCV RNAs of the expected size in HuH6 Conl
replicon cells. Subsequently, we used Western blotting to dem-
onstrate the expression of NS3, NS4B, NS5A, and NS5B in
these cells (Fig. 1B). Furthermore, the expression of NS3 and
NS4B was confirmed by indirect immunofluorescence (data
not shown and Fig. 1, respectively). Note that the punctate
staining pattern of NS4B is very similar to what has previously
been described as an indicator of the formation of the mem-
branous web, which is the site of viral RNA replication (39).
Taken together, these results demonstrate that HuH6 cells
support persistent replication of HCV Conl RNAs.

Cell culture-adaptive mutations enhance HCV Conl repli-
cation in HuH6 cells. A mixture of four different Conl repli-
cons was used to establish the HuH6 Conl replicon cell line.
We reasoned that the replicon with the highest replication
efficiency in HuH6 cells would become the dominant RNA
species during colony formation and subsequent propagation
of the cell pool. To address this hypothesis, total RNA was
prepared from HuH6 Conl replicon cells, and the HCV coding
sequence was amplified by RT-PCR, cloned, and sequenced.
All amplicons contained the so-called ET combination of cell
culture-adaptive mutations (E1202G, T1280I, and K1846T)
that has previously been identified to most efficiently enhance
HCV Conl replication in Huh-7 cells (32). This finding sug-
gests that the ET mutations boost HCV RNA replication not
only in Huh-7 but also in HuH6 cells. To verify this hypothesis,
a transient replication assay was performed in which we ana-
lyzed a set of mutations known to enhance HCV replication in
Huh-7 cells (32). To that end, we used HuH6 Conl replicon
cells that had been treated (cured) with IFN-a2 (for details,
see below). As with Huh-7 cells, we found that individual cell
culture-adaptive mutations and a combination of two muta-
tions in the NS3 coding region only slightly enhanced HCV
replication (Fig. 2A, gray columns), whereas certain combina-
tory substitutions in NS3 and NS4B (ET) or NS3 and NS5A
(5.1) had a much stronger stimulatory effect (black columns).
Interestingly, the order of efficiency by which these adaptive
mutations enhance HCV replication in HuH6 cells exactly
reflects the one previously observed with Huh-7 cells (32). To
further corroborate our findings, we analyzed the efficiency by
which ET and 5.1 mutations enhanced HuH6 cell colony for-
mation under the selective pressure of G418. We calculated
that the transfection of 5 pg of the Conl replicon I;4o/NS3-
3'/ET and I554/NS3-3/5.1 resulted in the formation of approx-
imately 75 to 150 and 50 to 100 cell colonies, respectively (data
not shown). For comparison, we also transfected the cells with
the JFH-1 replicon I1,30Neo/NS3-3'/wt, a genotype 2a replicon
that has been shown to replicate in a variety of cell lines (see
below). This time, the transfection of 1 pg of in vitro-tran-
scribed replicon RNA yielded 600 to 700 colonies (data not
shown), suggesting that as with Huh-7 cells, JFH-1 replicons
replicate more efficiently than Con-1 replicons (26).

To analyze whether efficient HCV Conl replication in
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HuHG6 cells requires the accumulation of additional, cell-type-
specific mutations, we cloned and partially sequenced replicons

A

& e % from HuH6 Conl cells. However, owing to a very high degree

= § g of sequence diversity, no firm conclusions about adaptive mu-

; . 8 o ] tations could be drawn (data not shown). Therefore, we cloned

R —— .g g £ % and sequenced replicons from a single HuH6 cell clone that
108 107 108 E § E (] had been selected after transfection of the Conl replicon 1554/

NS3-3'/ET. This time, we encountered a much lower degree of
sequence diversity, which enabled us to identify four conserved
mutations within the coding sequence of NS3, NS4A, and
NS5B. When individually tested by a colony formation assay
(which is the most sensitive assay for evaluating the effect of
viral mutations on HCV replication and the metabolism of the
host cell), none of these mutations was found to significantly
enhance HCV replication (Fig. 2B). On the contrary, the
11044T mutation slightly reduced HCV replication. Thus,
these mutations seem not to represent true cell culture-adap-
tive mutations. We cannot, however, exclude cooperative ef-
fects because combinations of these mutations were not tested.

Increased permissiveness of cured HuH6 cells. Huh-7 cells
that once hosted HCV replicons but later lost them due to
antiviral treatments may more readily support HCV replica-
tion than naive cells (6, 15, 40). This observation prompted us
to propagate HuH6 Conl replicon cells for a period of 4 weeks
with 100-IU/ml IFN-a2, which was followed by an additional
incubation period of 2 weeks without the cytokine (to enable
the cells to restore normal gene expression). As a consequence,
HCV RNA levels dropped below Northern hybridization de-
tection limits (data not shown), but residual amounts of HCV
RNAsS could be detected by a more sensitive assay (see below).
Nevertheless, we analyzed the permissiveness of cured HuH6

HCV o

28S

:
1
t

L]

N
w
IS
3]

HuH6 Con1
replicon cells
HuHB6 cells
HuH6 Con1
replicon cells
HuH6 cells

Naive
Naive

NS3
ars

< z . . .
3 g cells to newly transfected HCV RNAs in a series of experi-
2 @ ments. We first performed transient replication assays. Cured
HuH6 Conl replicon cells and naive control cells were trans-
fected with in vitro-transcribed Conl replicons encoding a lu-
ciferase reporter, which allows a sensitive and precise quanti-
fication of HCV RNA replication (16). At several time points
C after transfection, cells were harvested and lysed, and lucif-
2 erase assays were performed. Based on the data shown in
8 Fig. 3A, we calculated the ratios between luciferase activities in
5 cells with replication-competent and -incompetent replicons.
2 >
i
i -4
= 7]
8 5 FIG. 1. HCV RNA and protein synthesis in HuH6 Conl replicons
pret cells. Naive HuHG6 cells were transfected via electroporation with a
- mixture of subgenomic in vitro-transcribed Conl replicons and sub-
é‘ jected to G418 selection (for details, see the text). Six cell clones were
pooled and further passaged. (A) HCV RNAs were detected by North-
ern hybridization to a neo gene-specific riboprobe (lane 5). Different
amounts of in vitro transcripts were used as standards (lanes 1 to 3).
2 RNA isolated from naive HuH6 cells served as a negative control
2 > (lane 4). The positions of replicon RNA and 28S rRNA are indicated.
© .E. (B) Detection of HCV protein expression by Western blotting. Equal
:E‘ ¥ amounts of total cell lysates of HuH6 Conl replicon cells (lane 1) and
T Z naive control cells (lane 2) were separated by sodium dodecyl sulfate-
@ g polyacrylamide gel electrophoresis and analyzed by using antibodies
% w with given specificities. (C) Detection of NS4B protein expression by
z indirect immunofluorescence in HuH6 Conl replicon cells (top) and

naive control cells (bottom). Cells were seeded onto glass coverslips,
cultured for 24 h, fixed, permeabilized, and stained for NS4B (red) and
DNA (turquoise) by using a specific antibody and DAPI, respectively.
Bars, 25 pm.
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Throughout the time course of the experiment, we found sig-

nificantly higher values with cured HuH6 Conl replicon cells

than with naive control cells. Furthermore, significantly higher

HCV replication in luciferase activities were measured with cured HuHG6 cells after

cured HuH6 replicon cells the transfection of replication-incompetent replicons than with

30 naive control cells. Interestingly, this was also observed with

Huh-7 cells that had been cured by IFN-a2 or an NS5B-

25 specific antiviral compound (data not shown), suggesting that

HCV RNAs are more readily translated and/or less rapidly
degraded in cured cells.

To corroborate our findings, we transfected cured HuH6
Conl cells with a genotype 2a replicon that has been derived
from the JFH-1 consensus sequence (28). Subgenomic JFH-1
replicons have previously been reported to replicate efficiently
10 ~ in a variety of cell lines including Huh-7, HepG2, IMY-NO,
293, and HeLa (10, 26, 27). To analyze the replication effi-
5 - ciency of JFH-1 replicons, we constructed a second generation

of subgenomic JFH-1 replicons that contain the firefly lucif-

] I_I 1 erase gene under the control of the poliovirus IRES element
é? é”v & 4?' (for details, see Materials and Methods) and transfected these
<« ‘.o“f 055‘ replicons along with Conl replicons of the same design into
N cured HuH6 Conl cells. Based on the luciferase data shown in

Fig. 3B, we calculated that JFH-1 replication in HuH6 cells is
almost 3 orders of magnitude more efficient than that of the
most adapted Conl replicon, I5,,/PI-luc/NS3-3'/ET. For com-
parison, we also transfected naive HuHG6 cells with the JFH-1
replicon and observed that this replicon replicated almost as
efficiently in these cells as in cured HuH6 cells (data not

>

20 A

15 -

Luciferase activity (% 48h/4h)

FIG. 2. Effect of viral mutations on HCV RNA replication in
HuH6 cells. (A) Effect of cell culture-adaptive mutations known to
enhance Conl replication in Huh-7 cells. Cured HuH6 replicon cells
were transfected with in vitro-transcribed RNAs of 15,,PI-luc/NS3-3’
Conl replicons and seeded into multiple cell culture dishes. After 4
and 48 h, cells were lysed and replication was quantified by measuring
the luciferase activities. To correct for different transfection efficien-
cies, the 4-h values were set to 100%, and percentages of correspond-
ing 48-h values were calculated. Column colors indicate the absence of
cell culture-adaptive mutations (white), their presence in the coding
sequence of a single (gray), or two different viral proteins (black). wt,
wild-type Conl sequence; GND, replicon with an inactivating mutation
in the GDD motif of NS5B; NS3, replicon with E1202G and T12801
mutations in the protease domain of NS3; NS4B, replicon with K1846T
mutation in the center of NS4B; NS5A, replicon with the S22041
mutation in NS5A; NS3+4B, replicon with the ET combination
of mutations in NS3 and 4B (E1202G, T12801, and K1846T); NS3+5A,
replicon with the 5.1 combination of mutations in NS3 and 5A
(E1202G, T1280I, and S2204I). The result of a single representative
experiment is shown. (B) Colony formation assay to analyze the effect
of conserved mutations that had been identified in HuH6 cells after the
transfection of the Conl replicon I330Neo/NS3-3'/ET. Naive HuH6
cells were electroporated with in vitro-transcribed replicons that con-
tained either the ET combination of adaptive mutations, an inactivat-
ing mutation in the GDD motif of NS5B, or the ET combination of
adaptive mutations plus one of the newly identified nucleotide substi-
tutions: T3472C (11044T in NS3), A4531G (K1397R in NS3), C5474G
(A1712V in NS4A), or C7754U (silent mutation in NS5B). After the
transfection, cells were seeded in 10-cm dishes, cultured for 4 weeks in
the presence of 800-pg/ml G418, cultured for 2 additional weeks in the
presence of 500-pg/ml G418, fixed, and stained with Coomassie blue.
The positions of nucleotide/amino acid exchanges cited above refer to
those in the Con1 consensus genome (EMBL database accession num-
ber AJ238799).

Con1/ET/A1712V Con1/ET/C7T754T*
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FIG. 3. Effect of host cell determinants on HCV RNA replication. (A) Transient Conl replication in naive HuH6 cells and those cells that once
contained Conl replicons but later lost them due to a treatment with IFN-a2 (triangles and squares, respectively). Naive and cured cells were
transfected with the replication-competent Conl replicon 15,4, PI-luc/NS3-3'/ET (closed symbols) or the inactive Conl mutant I5,,PI-luc/NS3-3'/
GND (open symbols). After 4, 24, 48, and 72 h, cells were lysed and luciferase activities were determined. Values were corrected for different
transfection efficiencies by using the 4-h measurements. The result of a single representative experiment is shown. RLU, relative light units.
(B) Transient replication of JFH-1 and Conl1 replicons in cured HuH6 cells. Cells were transfected with the in vitro-transcribed JFH-1 replicons
I540Neo/NS3-3" and I;3,Neo/NS3-3'/AGDD (closed and open circles, respectively) or the Conl replicons I, PI-luc/NS3-3'/ET and 154, PI-luc/
NS3-3'/GND (closed and open squares, respectively). The result of a single representative experiment is shown. RLU, relative light units. (C) Cell
colony formation after transfection of Conl replicons into naive and cured HuH6 cells (top and bottom, respectively). Cells were transfected with
in vitro-transcribed RNAs of the Conl1 replicons I530Neo/NS3-3'/ET and I;330Neo/NS3-3'/AGDD or with total RNA of HuH6 Conl cells containing
the replicon I350Neo/NS3-3'/ET. In all cases, similar numbers of HCV RNAs were transfected (10° replicon molecules, as quantified by Northern
hybridization). For comparison, cells were also transfected with total RNA from naive HuH6 cells. Transfected cells were seeded in 10-cm dishes,
cultured for about 4 weeks in the presence of 500-wg/ml G418, fixed, and stained with Coomassie blue.

shown). These results confirm previous findings, which indicate
that the JFH-1 genome has an unusually high rate of replica-
tion. Furthermore, the results established cured HuH6 cells as
a new host cell line for those HCV genomes that replicate less
efficiently than the JFH-1 genome. It should, however, be
noted that the increased susceptibility of cured cells to HCV

replicons is a rather unstable phenotype which wears off with
increasing passage numbers (data not shown).

Next, we performed a colony formation assay in which
naive and cured HuH6 cells were transfected with in vitro-
transcribed RNAs of the Conl replicon I;30Neo/NS3-3'/ET
or a replication-incompetent mutant. Furthermore, cells
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FIG. 4. HCV RNA replication in nondividing HuH6 cells. (A) Detection of positive-stranded HCV RNAs in a growing culture of HuH6 Conl
replicon cells. Equal numbers of cells were seeded in multiple 10-cm cell culture dishes and harvested at given time points. Total RNA was
prepared, and samples of 5 g (each) were analyzed by Northern hybridization to a riboprobe complementary to the neo gene or to B-actin mRNAs
(lanes 5 to 12). Different amounts of in vitro transcripts were used as standards (lanes 1 to 3). RNA isolated from naive HuH6 cells served as a
negative control (lane 4). The positions of replicon RNA, 28S rRNA, and B-actin are indicated. (B) Comparison between the number of HCV
RNAs (squares) and cell number at the time of harvest (diamonds). Prior to RNA preparation, HuH6 Conl replicon cells were trypsinized and
counted, and the number of cells per 10-cm cell culture dish was calculated. Hybridization signals of positive-stranded HCV RNAs and B-actin
mRNAs shown in panel A were quantified and HCV RNA copy numbers were corrected for loading differences. Note that HCV copy and cell
numbers are given in different log scales. The dotted line indicates the transition from the exponential to the stationary growth phase of the cell
culture. (C and D) Detection of positive-stranded HCV RNAs in roscovitine-treated HuH6 Conl1 cells and Huh-7 cells of clone 9-13, respectively.
Equal numbers of cells were seeded in multiple 10-cm cell culture dishes, treated with 20 M roscovitine, and harvested at given time points. Total
RNA was prepared, and samples of 5 ug were analyzed by Northern hybridization as described above. The positions of replicon RNA and B-actin

are indicated.

were transfected with total RNA from HuH6 Conl replicon
cells (containing primarily I;3,Neo/NS3-3'/ET progenies).
Note that in all cases, similar numbers of HCV RNA mol-
ecules were used. As a control, we also transfected equiva-
lent amounts of RNA that were isolated from naive control
cells. About 24 h after transfection, cells were subjected to
G418 selection; 4 weeks later, colonies were fixed and
stained (Fig. 3C). The unexpected finding that cured HuH6
replicon cells formed G418-resistent colonies after the
transfection of replication-defective replicons and total
RNA from naive HuH6 cells indicated the presence of HCV
RNAs that had survived the previous treatment with IFN-
a2. To exclude that the observed G418 resistance of cured
HuH6 replicon cells was due to the integration of residual
template DNA into the host cell genome, we performed a
neo-specific PCR. In a pool of >200 G418-resistent HuH6
replicon cell colonies, we could not detect any neo DNA

(data not shown), suggesting that G418 resistance in these
cells was indeed conferred by surviving HCV replicons. This
is remarkable because a similar IFN-« treatment was suffi-
cient to almost completely cure Huh-7 cells from HCV
RNAs (data not shown).

With naive HuHG6 cells, we observed similar numbers of cell
colonies after transfection of I;3oNeo/NS3-3'/ET replicons,
irrespective of whether the replicon RNAs were synthesized in
vitro or in replicon cells. The colony size, however, was signif-
icantly larger after the transfection of total RNA from HuH6
Conl replicon cells. The same was observed with cured HuH6
Conl replicon cells but not when HuHG6 cells were transfected
with total RNA from Huh-7 replicon cells (data not shown).
The transfection of HepG2 cells with total RNA from HuH6
replicon cells also resulted in the formation of unusually large
colonies (data not shown). It is therefore tempting to speculate
that cotransfected host cell mRNAs present in HuH6 Conl
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FIG. 5. Inhibition of HCV RNA replication by antiviral compounds. (A and B) Effect of a nucleosidic, NS5B-specific inhibitor on the
maintenance of HCV RNAs in HuH6 Conl cells and Huh-7 cells of clone 9-13, respectively. Cells were seeded into multiple cell culture dishes;
on the following day, the culture medium was supplemented with 1 M 2’'-C-methyladenosine. At given time points, cells were harvested, total
RNA was prepared, and the number of HCV RNA copies was determined by quantitative, real-time RT-PCR. The result of a single representative
experiment is shown. (C and D) Antiviral effect of a nonnucleosidic, NS5B-specific inhibitor of HCV replication. The experiment was performed

and analyzed as described above.

replicons cells but not (or to a much smaller number) in naive
HuH®6 cells may have caused this effect. Alternatively, cell-
type-specific adaptive mutations may exist only in a small pro-
portion of replicons that escaped our attempt to identify such
mutations through the sequencing of cDNA clones (see
above). Finally, we cannot exclude the possibility that the HCV
replication machinery produced replicon RNAs which initiated
viral replication more efficiently than in vitro-transcribed
RNAs.

HCYV RNA replication in HuHG6 is not cell growth dependent.
A peculiarity of Huh-7 replicon cells is that viral RNA con-
centrations drop dramatically when cells become confluent
(20, 45), a phenomenon that has been ascribed to a cell cycle-
dependent activation of the HCV IRES (22). To determine the
efficiency of HCV replication in nondividing HuH6 cells, we
performed a time course experiment in which we followed
HCV RNA concentration in a growing cell culture over the
point of confluence. The Northern blot analysis shown in
Fig. 4A and B revealed that subconfluent and confluent HuH6
Conl replicon cells contained similar amounts of HCV RNAs.
In an additional experiment, we blocked cell growth by rosco-

vitine, a potent and selective inhibitor of cdc2 and certain other
cyclin-dependent kinases (11, 38). As expected, a treatment
with 20 pM roscovitine largely blocked proliferation of both
HuH6 and Huh-7 replicon cells (data not shown). Further-
more, we observed that HCV RNA levels in HuHG6 cells did
not change during the experiment, whereas roscovitine-treated
Huh-7 cells quickly lost their replicons (Fig. 4C and D, respec-
tively).

The findings suggest an unhindered HCV replication in non-
dividing HuH®6 cells, an increased stability of HCV RNAs in
HuHG6 cells compared to Huh-7 cells, or a combination of both.
To discriminate between these possibilities, we blocked HCV
replication by using highly specific NS5B inhibitors and deter-
mined the effect of the antiviral treatment on RNA stability by
quantitative, real-time RT-PCR. First, we incubated HuH6
and Huh-7 replicon cells with 2'-C-methyladenosine, a nucle-
oside analogue that functions as a chain terminator of newly
synthesized HCV RNAs (7, 51). The results shown in Fig. SA
and B demonstrate that 1 pM of the drug inhibits HCV rep-
lication in both cell lines. As a consequence, we observed a
decrease in the amount of replicon RNA in HuH6 and Huh-7
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FIG. 6. IFN-induced inhibition of HCV RNA replication in HuH6 cells. (A and B) Antiviral effect of different IFN-a and IFN-y concentrations.
HuH6 Conl replicon cells were seeded into multiple cell culture dishes, cultured for 24 h, and incubated with different IFN concentrations (0, 0.5,
1,25,5,7.5, 10, 25, 50, and 100 IU/ml). After 72 h, total RNA was prepared and the number of HCV RNA copies was determined by quantitative,
real-time RT-PCR. Mean values and standard deviations of six different quantifications are given. (C and D) Northern blot analysis of HCV RNA
levels in IFN-treated HuH6 Conl replicon cells and Huh-7 cells of clone 9-13. Cells were seeded into multiple cell culture dishes, cultivated for
24 h in normal culture serum, and further cultivated in the presence of 1,000-IU/ml IFN-y. Total RNA was prepared at given time points, and 5-pg
samples (lanes 1 to 5) were analyzed by using a riboprobe complementary to the neo gene (top) or to B-actin mRNAs (bottom). Different amounts
of in vitro transcripts were used as standards (lanes 7 to 9). RNA isolated from naive cells served as a negative control (lane 6). The positions of
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cells to approximately 18 and 22%, respectively (compared to
the amount of viral RNA in mock-treated control cells). A
similar inhibition profile was observed with higher drug con-
centrations (data not shown). The fact that this nucleosidic
inhibitor was at least as potent in HuH6 cells as in Huh-7 cells
indicates that HuHG6 cells do not have an increased HCV RNA
stability.

To confirm that the half-life of HCV RNA is comparable in
HuH6 and Huh-7 cells, we treated both replicon cell lines with
a nonnucleosidic inhibitor of NS5B. Again, the antiviral treat-
ment reduced the amount of replicon RNA in both cell lines,
but this time, we observed a 24-h delay in HuH®6 cells. Of note,
a similar delay was found with another nonnucleosidic NS5B
inhibitor (data not shown). We cannot exclude that the ob-
served differences in the kinetic of virus inhibition are a con-
sequence of differing drug uptake and/or metabolism, but it is
also conceivable that these nonnucleosidic inhibitors interfere
with the activity of newly formed replication complexes rather
than affecting the activity of existing ones. This hypothesis is in
line with recent findings of Ma et al., who reported that three
different nonnucleosidic, NS5B-specific inhibitors failed to in-
hibit RNA synthesis by native replicase complexes isolated
from replicon cells at concentrations 1,000-fold higher than the
concentrations required for half-maximal inhibition of recom-
binant NS5B (36). Nevertheless, after a 24-h treatment with
these nonnucleosidic inhibitors, the amount of replicon RNA
decreased with a similar slope in both cell lines, which confirms
our earlier finding that HCV RNAs have a comparable degree
of stability in HuH6 and Huh-7. Taken together, these data
support the idea of ongoing HCV RNA replication in nondi-
viding HuH6 cells.

IFN-vy does not block HCV RNA replication in HuH6 cells.
The fact that replicons could be removed from HuH6 replicon
cells by IFN-« already implied that HCV replication in these
cells is sensitive to type I IFNs. To further substantiate this
finding, we determined the IFN-a sensitivity of HCV replica-
tion in HuH6 in comparison to Huh-7 cells. To that end, we
incubated HuH6 Conl replicon cells with various IFN-a2 con-
centrations ranging from 0.5 to 100 IU/ml. Three days later,
total RNA was prepared and replicon RNA copy numbers
were determined by quantitative, real-time RT-PCR. As ex-
pected, IFN-a2 reduced the amount of HCV RNAs in a dose-
dependent manner with a 50% inhibitory concentration (ICs)
of about 5 to 10 IU/ml (Fig. 6A), which is similar to what has
previously been described for Huh-7 cells (5). Next, we treated
HuH6 Conl replicons cells with IFN-y. Surprisingly, even
doses of up to 100 U/ml did not affect the HCV RNA copy
number (Fig. 6B). This observation is at variance to the strong
inhibitory activity of IFN-y in Huh-7 cells (9, 14). To deter-
mine whether higher doses of IFN-y or longer incubation pe-
riods with the cytokine were required to block replication in
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HuH6 cells, we first performed a time course experiment.
HuH6 Conl replicon cells and Huh-7 cells of clone 9-13 (con-
taining the Conl replicon I5,,Neo/NS3-3") were incubated
with 1,000-IU/ml IFN-v; at several time points after the start of
treatment, the number of replicon RNAs was determined by
Northern hybridization (Fig. 6C and D). A quantification of
the hybridization signals revealed that the HCV RNA copy
number in HuH6 cells hardly changed during the course of the
experiment, whereas IFN-vy reduced viral RNA levels in Huh-7
cells by >90% (Fig. 6E). Analogous results were obtained
when HCV RNA levels were quantified by real-time RT-PCR
and cells were incubated for 96 h with IFN-y (data not shown).

Next, we addressed the question whether the observed
IFN-v resistance is a property of Conl replicons only or holds
true for replicons of different genotypes. A genotype 2a repli-
con cell pool was established after transfection of JFH-1 rep-
licon I;4,Neo/NS3-3'/wt into naive HuH6 cells and the selec-
tion of ~600 cell clones. As expected, an IFN-a treatment
purged the majority of JFH-1 replicons from HuH6 cells (data
not shown). However, when we incubated HuH6 JFH-1 repli-
con cells with 1,000-IU/ml IFN-v, we found that this treatment
did not result in significantly lower HCV RNA levels, even
after a 192-h treatment (Fig. 6F). In contrast, an almost 2-log
difference was observed between the HCV RNA copy numbers
of Huh-7 replicon cells that had been treated with IFN-y and
those that had been mock treated. The results demonstrate
that the resistance of HCV replicons in HuH6 to IFN-y is not
a short-term phenomenon and does not depend on the viral
genotype.

Antiviral response to IFN-y is not generally impaired in
HuH6 cells. IFNs exert most of their biological functions
through Jak/STAT signaling pathways. A key element in the
pathway elicited by IFN-vy is the phosphorylation and nuclear
translocation of STAT1. In line with this, we found that en-
doribonuclease-prepared small interfering RNA-mediated si-
lencing of STAT1 expression restores HCV replication in
Huh-7 cells treated with IFN-y (U. Zeuge and M. Frese, un-
published data). Therefore, defective Jak/STAT signaling
might well explain the incompetence of HuH6 cells in inhibit-
ing HCV replication upon IFN-y stimulation. To analyze the
integrity of the Jak/STAT signaling pathway, naive HuH®6 cells
were treated for 24 h with 1,000-IU/ml IFN-v, fixed, and ana-
lyzed by STAT1-specific immunofluorescence staining. Clearly,
the IFN-vy treatment led to an enhanced expression of STATI,
accumulating almost exclusively in the nucleus (Fig. 7A), as
was the case with Huh-7 cells (Fig. 7B). In a side-by-side
experiment, we treated both replicon cell lines with 1,000-
1U/ml IFN-a2, which in both cases also led to a nuclear accu-
mulation of STAT1 (data not shown). These results indicate
that both HuH6 and Huh-7 cells possess functional Jak/STAT
signaling pathways.

replicon RNA and B-actin mRNA are indicated. (E) Hybridization signals of HCV RNAs and B-actin mRNAs shown in panels C and D were
quantified, and HCV RNA copy numbers were corrected for loading differences. (F) Long-term antiviral effects of IFN-y on HCV RNA replication
in HuH6 JFH-1 replicon cells (circles) and Huh-7 cells of clone 9-13 (triangles). Cells were seeded into multiple cell culture dishes, cultivated for
24 h in normal culture serum, and further incubated with or without 1,000-IU/ml IFN-y (closed and open symbols, respectively). At given time
points, cells were harvested, total RNA was prepared, and the HCV RNA copy number was determined by quantitative, real-time RT-PCR. Means
and standard deviations of triplicate measurements are shown. The arrow indicates the time of cell splitting.
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FIG. 7. Effect of IFN-y on STAT1 expression and localization in HuH6 and Huh-7 cells. Naive HuH6 (A) and Huh-7 (B) cells were seeded
onto glass coverslips, cultivated for 16 h in normal culture medium, and further incubated for 24 h in the absence of cytokines (left) or in the
presence of 1,000-IU/ml IFN-vy (right). After fixation and permeabilization, cells were immunostained for STAT1. Bars, 25 pm.

A hallmark of IFNs is their ability to upregulate the expres-
sion of specific genes (18, 47). To check whether HuH6 cells
respond to IFNs not only by the nuclear accumulation of
STAT1 but also by a selective enhancement of gene expres-
sion, we stimulated the cells with 1,000-1U/ml of either IFN-a2
or IFN-v for 24 h and measured the effect of this treatment on
the transcript concentrations of 15 IFN-regulated genes by
quantitative, real-time RT-PCR. Among these were genes en-
coding constituents of intracellular signaling pathways (e.g.,
STATT1), effector proteins with antiviral activities (e.g., MxA,
OAS, and PKR), and a cytokine signaling at the interface
between the innate and adaptive immune system (IP10). In
agreement with the enhanced expression of STAT1 in IFN-
treated HuH®6 cells (Fig. 7), we found that both IFNs enhanced
the synthesis of STAT1 mRNAs and those of several other
IFN-regulated genes (Table 2). In addition, we analyzed Huh-7

cells for their cellular response to IFN-a and IFN-y. A com-
parison of the IFN-induced changes in the gene expression of
HuH6 and Huh-7 cells revealed that both cell lines showed a
very similar response to IFNs, although some differences ex-
isted (Table 2). For example, the number of MxA and IP10
mRNAs was relatively low in HuH6 cells, whereas the same
cells contained an increased number of IFI-27 transcripts.
Given the different origin and history of both cell lines
(Table 1), such differences are not unexpected and do not
necessarily relate to the inability of HuHG6 cells to block HCV
replication in response to IFN-y (see Discussion for further
information).

The experiments described so far were performed only with
naive cells. To exclude the possibility that HCV replicons com-
promise IFN signaling in HuH6 cells, we analyzed the IFN-
induced gene expression in HuH6 Conl and JFH-1 replicon

TABLE 2. Quantification of IFN-induced gene expression in naive HuH6 and Huh-7 cells

G Signal®< Fold change< Signal® Fold change®
ene’

Mock IFN-a IFN-y IFN-a IFN-y Mock IFN-a IFN-y IFN-a IFN-y
cig5 0.0 96 3.7 2,462 95 0.1 209 5.8 2,887 81
G1P2 137 6,934 762 51 5.6 66 5021 914 77 14
G1P3 2.9 657 41 224 14 0.9 945 75 1,043 84
GBP1 0.8 52 1,152 6.2 1,362 9.3 184 4,046 20 435
GBP2 12 13 1,082 1.1 89 390 665 2,672 1.7 6.9
IFI-27 76 7,991 1,522 106 20 7.6 787 101 104 13
IFI-T4 24 825 449 34 19 16 797 646 48 39
IFI-TS 1.5 265 80 175 53 41 506 197 12 4.8
1P10 0.3 3.6 256 11 755 67 1,089 8,702 16 131
M=xA 42 340 20 80 4.6 46 24,896 2,763 540 60
OAS1 0.76 983 21 1,288 27 7.0 1,391 102 198 15
OAS2 2.4 2,384 180 987 75 1.9 1,154 97 599 50
PKR 33 9.6 4.6 2.9 14 5.1 12 10 2.4 2.0
STAT1 176 1,667 2,749 10 16 180 2,151 1,695 12 9
simSTATI 16 209 293 13 18 19 253 242 14 13

“ Database accession numbers are given in the Materials and Methods.

® mRNA copy number/100,000 B-actin mRNA copies 24 h after the IFN treatment.

¢ Signal in IFN-treated cells per signal in mock-treated cells.
4 Values are for naive HuHG6 cells.
¢ Values are for naive Huh-7 cells.
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TABLE 3. Quantification of IFN-induced gene expression in HuH6
cells with and without HCV replicons

Signal® Fold change®
Gene“ and cell line
Mock IFN-a IFN-y IFN-a IFN-y
HuH6 Conl replicon cells
GBP1 2.4 18 933 7.6 395
1P10 0.7 19 106 26 147
M=xA 14 183 38 13 2.7
OAS1 1.3 1,641 15 1,291 12
STAT1 321 2267 3312 7.1 10
HuH6 JFH-1 replicon cells
GBP1 1.8 40 223 23 126
1P10 0.5 330 39 648 77
MxA 18 3973 71 224 4.0
OAS1 3.8 4553 37 1,211 9.7
STATI1 222 4278 1,366 19 6.2
Naive HuHG6 cells
GBP1 0.8 3.7 586 49 768
1P10 0.1 55 176 105 3,325
M=xA 29 563 18 196 6.3
OAS1 1.0 1,943 22 2,041 23
STAT1 349 3467 3,565 9.9 10

“ Database accession numbers are given in Materials and Methods.

®mRNA copy number per 100,000 B-actin mRNA copies 24 h after IFN
treatment.

¢ Signal in IFN-treated cells per signal in mock-treated cells.

cells. In this experiment, we followed the transcript levels of
five genes that are preferentially induced either by IFN-a
(MxA and OAS1), by IFN-y (GBP1 and IP10), or by both IFN
types (STAT1). Cells were treated with IFNs, and mRNA
levels were quantified 24 h later as described in the previous
paragraph. We observed that both replicon cell lines displayed
an IFN response very similar to that of naive cells (Table 3). In
HuH6 cells with HCV replicons, however, we measured a
slightly increased baseline mRNA concentration for four out
of five genes, indicating that the presence of virus RNA and/or
proteins did not completely escape the attention of the cell’s
innate immune system. Since the concentrations of some IFN-
induced mRNAs peaked earlier than 24 h after IFN stimula-
tion, we performed an additional quantitative, real-time RT-
PCR analysis in which we determined the concentration of
GBP1, G1P2, IFI-T4, OAS1, and STAT1 mRNAs in HuH6
and Huh-7 cells with and without Conl1 replicons. After 8 h of
IFN treatment, we measured sometimes higher concentrations
of IFN-induced mRNAs than we had detected after 24 h of
treatment (for details, see the supplemental material). Never-
theless, the outcome of this experiment confirms that HuH6
cells possess intact IFN signaling pathways.

To test the capability of HuH6 cells of establishing a protective
antiviral state in response to IFNs, we treated naive cells with
either IFN-a2 or IFN-y (each, 1,000 IU/ml) and challenged them
with different concentrations of variant FPV-B of FLUAV (fam-
ily Orthomyxoviridae) or SFV (family Togaviridae). Virus plaque
inhibition assays revealed that both IFNs inhibited the multipli-
cation of these viruses in HuH6 cells, with IFN-a2 being more
potent than IFN-y (Fig. 8A and B). Huh-7 cells that were also
included in the experiment were found to be generally more
susceptible to viral infections, and their IFN-induced antiviral
response to viruses unrelated to HCV was less effective than that
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of HuHG6 cells (Fig. 8C and D). To corroborate these findings, we
analyzed the induction of an antiviral state by IFN-a2 and IFN-y
in HuH®6 replicon cells. Similar to what has been described for
naive cells, both IFNs largely inhibited the multiplication of SFV
(data not shown). Taken together, the findings indicate a partic-
ular defect in the IFN-induced antiviral response of HuH6 cells,
which allows an unhindered replication of HCV RNAs in the face
of a seemingly otherwise-uncompromised antiviral state.

DISCUSSION

Initially, only Huh-7 cells were found to support HCV RNA
replication (5, 20, 33) but in subsequent work, other cell lines
were identified that may also serve as suitable hosts for HCV
RNAs. For example, Zhu et al. demonstrated persistent Conl
RNA replication in HeLa cells and in cells of the mouse hep-
atoma cell line Hepal-6 (58). Furthermore, it has been shown
that Conl1 replicons replicate in 293 cells (1). By using a JFH-1
replicon that replicates efficiently in Huh-7 cells without the
need for adaptive mutations, even more cell lines with persis-
tent HCV replication could be established (10, 26, 27). In this
study, we show that both Conl and JFH-1 RNAs replicate in
the human hepatoblastoma cell line HuH6 with an efficiency
that is high enough to allow transient replication assays. This is
a remarkable finding, because the detection of transient HCV
replication in a cell line other than Huh-7 has not yet been
reported.

In Huh-7 cells, adaptive mutations are an important prereq-
uisite for efficient replication of Conl RNAs (5, 34). Here, we
show that the same is true for HuH6 cells. Wild-type Conl
replicons replicated poorly in HuHG6 cells, but HCV replication
could be enhanced by the introduction of mutations known to
increase replication in Huh-7 cells. Even the order of efficiency
by which these mutations enhanced HCV replication in HuH6
cells exactly reflects the one previously observed in Huh-7 cells
(32). These findings suggest that HuH6 and Huh-7 cells pro-
vide a similar environment for HCV replication, a hypothesis
that is in line with the fact that we failed to detect any cell-
type-specific adaptive mutations in HuH6 Conl cells.

On the other hand, remarkable differences exist in the ability
of HuH6 and Huh-7 cells to support HCV replication in rest-
ing cells. It has previously been shown that HCV RNA levels
rapidly decrease in confluent Huh-7 replicon cells (20, 45). In
this paper, we report that subconfluent Huh-7 replicon cells
which had been arrested in the G, phase of the cell cycle also
rapidly lost their HCV RNAs (Fig. 4C and D). These findings
are consistent with the earlier observations of Honda and col-
leagues who reported that the HCV IRES activity in Huh-7
cells varied during the cell cycle (22). By using stably trans-
fected cells that expressed a bicistronic reporter construct, the
authors showed that HCV translation was greatest in the syn-
thetic and mitotic phase of the cell cycle and lowest in the
quiescent G, phase of resting cells. These findings are in line
with the more recent observation that an enhanced expression
of the La protein or the polypyrimidine tract binding protein
may not only correlate with regeneration of hepatocytes in
chronic hepatitis C patients but may also stimulate HCV trans-
lation (23). Furthermore, it has been noted that confluent
HeLa cells contain amounts of HCV RNAs similar to the
amounts found in subconfluent ones (58), which has led to the
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FIG. 8. IFN-induced inhibition of FLUAV and SFV multiplication in HuH6 and Huh-7 cells. FLUAV (A) and SFV (B) plaque formation in
HuHB6 cells is shown. Semiconfluent monolayer cultures were incubated with 1,000-IU/ml IFN-« or IFN-y or were left untreated. After 24 h, cells
were infected with serial 10-fold dilutions of stock virus, plaques were allowed to develop for 72 h under soft agar, and remaining cells were fixed
and stained with crystal violet. For FLUAV (C) and SFV (D) plaque formation in Huh-7 cells, the experiment was performed as described above.

hypothesis that HCV is able to replicate in resting cells. How-
ever, antiproliferating drugs have not been used to substantiate
this speculation. Our finding that HCV RNA levels do not
decrease in confluent HuH6 cells (which show a strong degree
of contact inhibition) or those that have been arrested in G,
phase of the cell cycle strongly indicates that the persistence of
HCV RNAs does not always require ongoing cell proliferation.
It is generally assumed that hepatocytes are resting cells, rais-
ing the question of how HCV replication can be maintained if
it is dependent on host cell growth. Since replication of HCV
RNAs in HuH6 cells is cell growth independent, this cell line
may reflect the in vivo situation more accurately than with
Huh-7 cells. One might speculate that confluent HuH6 cells
have larger nucleoside triphosphate pools than Huh-7 cells,
which would imply that low nucleoside triphosphate concen-
trations restrict HCV RNA replication. It has indeed been
demonstrated that high CTP and UTP levels are critical pa-
rameters for efficient HCV replication in Huh-7 cells (47a).
Future experiments addressing the molecular basis for the
observed difference between Huh-7 and HuH6 cells might
reveal requirements for HCV RNA replication and mainte-
nance that may provide us with new approaches for interviral
intervention.

Another striking difference between HuH6 and Huh-7 cells
relates to an apparent gap in the innate defense of HuH6 cells.

It has previously been demonstrated that both IFN-«/B and
IFN-y efficiently terminate HCV replication in Huh-7 cells
(5,9, 13, 14, 42, 46). It is widely assumed that IFNs exert most,
if not all, of their direct antiviral activities through the induc-
tion of effector proteins. Some of these are preferentially in-
duced by IFN-a/B (e.g., Mx proteins), IFN-y (e.g., GBP pro-
teins), or by all IFNs (e.g., PKR). In several publications, it has
been suggested that PKR plays a prominent role in IFN-in-
duced inhibition of HCV replication, but these reports are
controversial (4). Furthermore, it has been reported that HCV
RNAs are sensitive to the OAS/RNase L degradation pathway
(48) and to RNA editing performed by an adenosine deami-
nase acting on RNA (49), but details have not yet been eluci-
dated.

Based on the present finding that IFN-a but not IFN-y
inhibits HCV RNA replication in HuH6 cells, one might spec-
ulate that the innate immune response against HCV relies on
more than one effector protein. According to the model de-
picted in Fig. 9, IFN-o/B and IFN-y would induce the expres-
sion of different effector genes. While Huh-7 cells would pos-
sess a full set of functional effector genes, mutations in the
genome of HuHG6 cells may account for the inability of these
cells to reduce the number of HCV RNAs in response to
IFN-y. For instance, mutations within a critical effector gene
may have destroyed its promoter sequence, changed its coding



VoL. 79, 2005

&

IFNAR1

@
D N
=&

——=

G@ ISGF-3
@?‘B \

L) other ) g

IFNGR1 || | IFNGR2

D) (2
G 7

IFNAR2

Nucleus

FIG. 9. Model for the IFN-induced effector gene expression of
HuH6 cells. The binding of IFN-a and IFN-y to their corresponding
cell surface receptors (IFN-a receptor [[FNGR] and IFN-y receptor
[IFNAR], respectively) results in the phosphorylation and nuclear
translocation of latent transcription factor complexes (IFN-stimulated
gene factor 3 [ISGF-3] and gamma activation factor [GAF], respec-
tively). In the case of IFN-a, a heterotrimer consisting of STATI,
STAT2, and p48 activates gene promoters containing one or more
IFN-stimulated response elements ISREs. In the case of IFN-y, a
STAT1 homodimer activates gene transcription by binding to the
gamma activation site (GAS). Crosses indicate potential mutations in
the genome of HuH6 cells (see the text for further details).

sequence, or caused mRNA instability. In this context, it is
interesting to note that IFN-y induces >100 fold the number
of MXA mRNAs in Huh-7 than in HuH6 cells (Table 3). MxA
is a cytoplasmic GTPase with strong antiviral activities against
a variety of positive- and negative-stranded RNA viruses (21).
However, it has been shown that constitutive expression of
MxA does not inhibit subgenomic HCV replicons and that the
expression of a dominant-negative MxA mutant does not re-
store HCV replication during IFN-o treatment (13). These
earlier observations are in line with the present finding that
IFN-« inhibits HCV replication in Huh-7 and HuH6 cells with
a similar ICs, (3 to 5 and 5 to 10 IU/ml, respectively), although
the former synthesizes nearly 75-fold-more MxA mRNAs in
response to IFN-a than the latter (Table 3).
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Although we favor the idea that IFN-a and IFN-vy induce the
expression of different effector proteins, it is also possible that
the innate immune response in humans relies on a single HCV-
specific effector that is expressed in response to both types of
IFNs. In this case, however, it must be postulated that the
genome of HuHG6 cells carries a mutation in the promoter
region of that effector gene which would specifically affect its
responsiveness to IFN-y. According to another model, HuH6
and Huh-7 cells may express a similar or even identical set of
IFN-induced effector proteins, targeting at least two different
steps of the viral life cycle. Such a scenario would imply that
IFN-y targets a viral replication step that somehow is less
accessible to effector proteins. Interestingly, HuH6 replicon
cells showed a delayed response to two different nonnucleo-
sidic, NS5B-specific antiviral compounds, which might be a
consequence of highly compact or otherwise shielded viral
replication complexes. Further studies are required to deter-
mine why HuHG6 cells cannot purge themselves from HCV
RNAs in response to IFN-y. To determine whether the cells
are impaired in the expression of a pivotal IFN-induced effec-
tor gene, we performed a detailed transcriptome analysis by
using cDNA microarrays. The data are currently being
screened for effector transcripts that are differentially ex-
pressed in HuH6 and Huh-7 cells.

Taken together, HuHG6 cells represent a valuable new host
cell line for HCV replicons. Compared to Huh-7 cells, HCV
RNA replication in HuH6 cells follows some unexpected rules.
First, viral RNA levels do not decrease in confluent cells or in
those that had been treated with a cell cycle inhibitor. Second,
HCV replication is less sensitive to certain antiviral com-
pounds, which may enable critical drug reevaluations. Third,
IFN-y does not inhibit HCV replication. Thus, HuH6 cells
provide an environment in which HCV RNAs can persist de-
spite drastic changes in host cell metabolism. In this context, it
is interesting to mention that HuHG6 cells are not the only ones
unable to inhibit HCV replication in response to IFN-y. We
recently established persistent JFH-1 replication in Hela,
HepG2, and WRL-68 cells (WRL-68 cells are a human em-
bryonic hepatocarcinoma cell line). In a first series of experi-
ments, we found that HeLa and HepG2 cells were unable to
inhibit HCV replication after IFN-y stimulation, whereas
WRL-68 cells behaved like Huh-7 cells and efficiently blocked
HCYV replication in a dose-dependent manner with an ICs, of
approximately 1 IU/ml (unpublished data). Experiments to
determine the molecular basis for the observed differences in
the IFN-v sensitivity of HCV replication in the different cell
lines are under way.
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