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The hepatitis C virus (HCV) contains a plus-strand RNA genome. The 5� noncoding region (NCR) of the
viral genome functions as an internal ribosome entry site, and its unique 3� NCR is required for the assembly
of the replication complex during initiation of HCV RNA replication. Lohmann et al. (V. Lohmann, F. Korner,
J.-O. Koch, U. Herian, L. Theilman, and R. Batenschlager, Science 285:110-113, 1999) developed a subgenomic
HCV replicon system, which represents an important tool in studying HCV replication in cultured cells. In this
study, we describe a cell-free replication system that utilizes cytoplasmic lysates prepared from Huh-7 cells
harboring the HCV subgenomic replicons. These lysates, which contain ribonucleoprotein complexes associ-
ated with cellular membranes, were capable of incorporating [�32P]CTP into newly synthesized RNA from
subgenomic replicons in vitro. Replicative forms (RFs) and replicative intermediates (RIs) were synthesized
from the endogenous HCV RNA templates. Consistent with previous observations, RFs were found to be
resistant to RNase A digestion, whereas RIs were sensitive to RNase treatment. The radiolabeled HCV RF-RI
complexes contained both minus and plus strands and were specific to the lysates derived from replicon-
expressing cells. The availability of a cell-free replication system offers opportunities to probe the mecha-
nism(s) of HCV replication. It also provides a novel assay for potential therapeutic agents.

The hepatitis C virus (HCV), a hepacivirus of the family
Flaviviridae, contains a single positive-strand RNA genome of
9600 nt (15). The genome consists of a 5� noncoding region
(NCR) (341 nucleotides [nt]), a region encoding a 3,010-ami-
no-acid polyprotein, and a 3� NCR. The 3� NCR is composed
of a short variable region, a U/(UC) motif, and a terminal 3� X
tail (98 nt) (17). The 5� NCR and the 3� X are the most
conserved (�97%) elements of the HCV RNA genome. These
cis elements have been shown to fold into stable secondary and
tertiary structures that function as promoters of HCV gene
expression (32). The 5� NCR serves as an internal ribosome
entry site (IRES) and directs translation initiation of the viral
genome (32, 34, 35). The polyprotein is processed cotransla-
tionally into three structural (C, E1, and E2) and six nonstruc-
tural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) polypeptides
(for reviews, see references 2, 15, and 32 and references there-
in).

The NS5B protein has been shown to possess structural and
functional similarities to other viral RNA-dependent RNA
polymerases (29). The X-ray structure of NS5B revealed sev-
eral unique structural features that are characterized by the
presence of two loops from the finger and a thick thumb in a
right-hand structure model (1, 7, 20). Bacterially expressed
HCV NS5B has been used by a number of investigators to test
various biochemical properties of this enzyme (21, 22, 25, 28,
38). These studies revealed that recombinant NS5B polymer-
ase showed a lack of template specificity, and replication prod-
ucts of various lengths were produced. In cultured cells, how-
ever, NS5B not only forms ribonucleoprotein (RNP)
complexes with viral NS proteins and 3� cis elements (2) but is

also capable of forming homo-oligomeric complexes (31).
These RNP complexes play important roles during HCV rep-
lication, a process that leads to productive infection.

During the initiation of HCV replication, an RNP complex
is formed at the HCV 3� NCR of the viral genome. The HCV
polymerase within the initiation complex serves as a catalytic
subunit and synthesizes minus-strand RNA. The 3�-terminal
region of this RNA (which is complementary to the 5� NCR or
IRES) promotes the assembly of the replication initiation com-
plex to produce plus-strand viral RNA in an asymmetric fash-
ion. At present, the identity of the viral and/or cellular factors
that make up the replication initiation complex and the regu-
latory pathways that control the translation-replication molec-
ular switch are not known. It is believed that HCV replication
occurs on the endoplasmic reticulum (ER) membrane (2),
consistent with the schemes utilized by other RNA viruses
(19). ER-associated HCV gene expression induces ER stress
and a cascade of signal transduction pathways. These pathways
ultimately activate transcription factors that alter cellular me-
tabolism (11, 33).

Studies on the mechanism of replication have been ham-
pered due to the lack of an efficient animal model or tissue
culture system. However, the development of subgenomic
HCV replicons and their derivatives (23) has offered opportu-
nities to study HCV gene expression and its effects on intra-
cellular events. The HCV replicon is a bicistronic RNA mol-
ecule, which contains an HCV IRES in front of the neomycin
phosphotransferase gene. The second cistron in the RNA mol-
ecule contains an encephalomyocarditis virus IRES, followed
by the HCV nonstructural proteins (NS3 through NS5B) and
terminating with the HCV 3� NCR (Fig. 1) (6, 23). Replicon
RNA molecules are maintained during numerous passages
after hepatocyte-derived Huh-7 cells are transfected with the
in vitro-synthesized replicon RNAs. However, during this pe-
riod, a number of adaptive mutations accumulate in the sub-
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genomic replicon. The most frequent among these mutations
were found to occur in NS3- and NS5A-coding sequences (6,
18, 24). A number of such tissue culture-adapted replicons
acquire the ability to replicate at a significantly higher effi-
ciency than the parent strain. In this manner, they disguise
their original sequence identity that once represented HCV
isolates extracted from infected patients. Despite their appar-
ent usefulness, there are limitations in using the present system
for addressing mechanistic questions relating to HCV RNA
replication. Here, we describe a cell-free HCV replication sys-
tem that utilizes cytoplasmic lysates prepared from Huh-7 cells
harboring subgenomic replicons. Replicative intermediates
(RIs) or replicative forms (RFs) that are specific to the HCV
subgenomic replicon sequences are produced. The cell-free
system described here opens up new avenues to investigate
biochemical and molecular features of HCV replication. The
system will permit further investigation of the functional roles
of viral and/or cellular factors in mediating this process.

MATERIALS AND METHODS

Plasmids and in vitro RNA transcription. The plasmid SP1/DS BM4-5 con-
tains HCV subgenomic replicon sequences derived from HCV-1b genotype and
an upstream T7 promoter for in vitro RNA synthesis (Fig. 1). This replicon
(BM4-5) contains an adaptive mutation in the NS5A region (13). The plasmid
was linearized with ScaI and purified by elution from an agarose gel. The
linearized plasmid was transcribed by using an AmpliScribe T7 transcription kit
(Epicentre Technologies) according to the manufacturer’s instructions. The plas-
mid pCNS5A-M3 encodes the N terminus of the HCV NS5A (amino acids 1973
to 2135) cloned between T7 and SP6 promoters (11). The plasmid was linearized
with HindIII or XbaI and gel purified. The XbaI-linearized plasmid was tran-
scribed as described above by T7 polymerase to produce plus-strand HCV RNA,
whereas SP6 RNA polymerase was used to synthesize minus-strand HCV RNA
from the HindIII-cut template DNA. The pSPX plasmid was linearized with FspI
and transcribed by SP6 polymerase to produce a 450-nt-long hepatitis B virus
(HBV) X RNA, which was used here as a negative control. All of the RNAs were
checked for purity and integrity by standard procedures.

Preparation of cellular lysates and HCV replication assay. The FCA4 cell line
is derived from Huh-7 cells selected in the presence of G418 after RNA trans-
fection with a subgenomic HCV replicon. These cells stably express the HCV
replicon at a high efficiency and contain adaptive mutations (13). The cytoplas-
mic fraction of these cells was prepared by a modified protocol of Chandrika et
al. (8). Briefly, FCA4 cells were grown in the standard Dulbecco’s modified Eagle
medium (Invitrogen) containing 10% fetal bovine serum, 100 U of penicillin per
ml, 100 �g of streptomycin sulfate per ml, and 500 �g of G418 per ml in
100-mm-diameter petri dishes. The cells were washed with cold washing buffer
(150 mM sucrose, 30 mM HEPES [pH 7.4], 33 mM ammonium chloride, 7 mM
KCl, 4.5 mM magnesium acetate), followed by treatment with lysolecithin buffer
(250 �g/ml of washing buffer) for 1 to 2 min. Three milliliters of washing buffer
was added to each culture plate. The buffer was removed by aspiration. The cells
were collected by scraping in 120 �l of incomplete replication buffer (100 mM
HEPES [pH 7.4]; 50 mM ammonium chloride; 7 mM KCl; 1 mM spermidine; 1
mM [each] ATP, GTP, and UTP; 10 �M CTP), transferred to a new tube, and
lysed gently by pipetting at least 15 times. The cell suspension was centrifuged at
1,600 rpm in a microcentrifuge (Eppendorf) for 5 min at 4 C. The cytoplasmic
fraction (supernatant) was aliquoted and stored at �70°C until used. The cyto-
plasmic extract (60 to 70 �l for each reaction) was incubated with [�-32P]CTP (30

�Ci; 800 Ci/mmol) for 1 to 1.5 h at 30°C or as indicated in the figure legends. The
replication reaction was terminated by adding sodium dodecyl sulfate (SDS)-
containing STE buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 150 mM NaCl,
0.5% SDS), followed by phenol-chloroform-isoamyl alcohol (25:24:1) extraction
twice and water-saturated ether extraction two additional times. The RNAs were
precipitated in ethanol. The centrifuged pellet was washed with 70% ethanol and
resuspended in RNase-free water. The replication products were analyzed by
native, denaturing formaldehyde, or denaturing methylmercury agarose gel elec-
trophoresis followed by autoradiography as indicated. To visualize the RIs and
RFs, native agarose gel electrophoresis was carried out, whereas the molecular
sizes and the integrity of replication products were determined by formaldehyde
or methylmercury agarose gel electrophoresis (5).

For transient-transfection experiments, the BM4-5 HCV replicon RNA (10
�g) was electroporated into Huh-7 cells as described by Lohmann et al. (24). The
medium was changed at 24 h after electroporation to standard Dulbecco’s mod-
ified Eagle medium supplemented with 10% fetal bovine serum, 100 U of
penicillin per ml, 100 �g of streptomycin sulfate per ml, and 500 �g of G418
(Invitrogen) per ml. The culture was supplemented with fresh medium every
other day for 3 to 4 weeks, and total G418-resistant colonies were harvested to
prepare replication lysates as described above.

RNase sensitivity of the HCV replication products. The replication assays were
carried out as described above. The RNA products from the reactions were
dissolved in 20 �l of RNase digestion buffer (10 mM Tris-HCl [pH 7.4], 1 mM
EDTA, 150 mM NaCl) and digested with 140 ng or 1 �g of RNase A (DNase and
protease free) per ml. The digestion was carried out for 0, 1, 2.5, and 8 min at
room temperature. Similar RNase digestion reactions were also carried out in
buffer containing 300 mM NaCl. The control samples (untreated) were treated
similarly but without RNase A. The reaction mixtures were extracted twice and
precipitated as described above. The RNA preparations were dissolved in
RNase-free water, fractionated by native agarose gel electrophoresis, dried at
50°C and autoradiographed.

To determine the stability of the replicon in the cell-free replication system, in
vitro-transcribed BM4-5 RNA (3 �g) was added to the FCA4 replication lysates
and incubated at 30°C for 0 to 15 min. The reactions were terminated and the
products were extracted as described above. The RNA samples were analyzed by
native agarose gel electrophoresis and visualized by ethidium bromide staining.

Actinomycin D and micrococcal nuclease treatment. The effect of actinomycin
D, an inhibitor of DNA-dependent RNA polymerases in HCV RNA replication,
was determined by the addition of 225 �g of actinomycin D per ml directly to the
FCA4 lysates during the replication assay. Similarly, HCV RNA replication was
also carried out in the presence of micrococcal nuclease. Sixty-microliter lysates
were treated with 1 U of micrococcal nuclease (Sigma) at 20°C for 20 min in the
presence of 1 mM CaCl2. The reaction was stopped by adding 2 mM EGTA, and
the products were subjected to replication assay as described above.

LiCl fractionation of HCV replication products. Replication assays were car-
ried out as described above. The RNA samples were adjusted to 2 M LiCl and
incubated overnight at 4°C. Double-stranded RNA (RFs) is soluble in 2 M LiCl
and was separated from insoluble single-stranded genomic RNA and partially
single-stranded RI RNA molecules by centrifugation. The RF RNA was recov-
ered by precipitation in ethanol. The samples were analyzed by native agarose gel
electrophoresis.

Northern blot hybridization. The replication products were synthesized in 400
�l of FCA4 lysates and fractionated by native agarose gel electrophoresis. The
RF-RI radiolabeled bands were eluted from the agarose gel by using a QIAquick
gel extraction kit (Qiagen Inc.) and used as hybridization probes. Ten micro-
grams of each of the RNAs was fractionated by formaldehyde–1% agarose gel
electrophoresis. The RNAs were visualized by ethidium bromide staining and
transferred to a nylon membrane overnight in 10� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) buffer. The membrane was treated with 40 ml of
blocking buffer (50 mM sodium phosphate [pH 6.5], 50% deionized formamide,

FIG. 1. Genetic organization of the HCV subgenomic replicon. The bicistronic RNA molecule contains the HCV IRES and a few core-coding
sequences, which are followed by neomycin phosphotransferase gene (Neor). These sequences are followed by the encephalomyocarditis virus
IRES placed in front of HCV sequences encoding nonstructural protein NS3 to NS5B, terminating at the HCV 3� NCR as described by Lohmann
et al. (23).
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5� SSC, 2.5� Denhardt’s solution, 1% SDS, and 100 �g of salmon sperm DNA)
for 4 h at 42°C. The eluted probe was hybridized with the blot overnight at 42 C
in 10 ml of blocking buffer. The blot was washed in 2� SSC–0.2% SDS buffer and
subjected to autoradiography.

RESULTS AND DISCUSSION

Cell-free HCV replication. The cell-free replication system
provides an excellent tool to study viral gene expression. A
HeLa cell lysate-based coupled translation-replication (CTR)
system that supports poliovirus gene expression (translation
and replication) and allows de novo maturation of infectious
viral particles has been previously described (4, 5, 26). We
investigated whether similar CTR lysates would also support
replication of in vitro-synthesized full-length or truncated
HCV RNAs representing different genotypes. Interestingly,
these lysates and those supplemented with Huh-7 cytoplasmic
fractions were able to translate the HCV RNA but failed to
support HCV RNA replication (data not shown). These results
suggested that the CTR lysates possibly lacked factors and
conditions required for HCV replication. Therefore, we fo-
cused on a liver-derived Huh-7 cell line (designated FCA4
cells) that harbored HCV replicons (13). We reasoned that
FCA4 cytoplasmic lysates containing endogenous HCV repli-
cation complexes might permit detection of ongoing replica-
tion in vitro. To initiate these studies, we prepared FCA4 and
Huh-7 (control) lysates with a modified protocol that has been
previously described (8). The lysates were incubated in reac-
tion mixtures containing [�32P]CTP, and the synthesis of RNA
was monitored by the incorporation of radioactivity into newly
synthesized RNA (Fig. 2A). HCV RNA synthesis was detected
by the appearance of slowly migrating RNA species that re-

sembled RFs. The intensity of radiolabeled RNA bands in-
creased considerably by 90 min (lanes 2 to 5). These RNA
bands were not observed in Huh-7 lysates that were prepared
in a similar manner (lanes 6 to 9). In all cases, the prominent
RNA bands migrated much slower than the positive-sense
single-stranded replicon RNA marker (lane 1). Further anal-
ysis of the HCV replication products was carried out by dena-
turing methylmercury agarose gel electrophoresis. These re-
sults show that the major labeled replication products migrate
similarly to that of HCV replicon single-stranded RNA (ss-
RNA) that was synthesized in vitro by T7 polymerase (Fig. 2B).
Since the denatured products have the same molecular mass as
the ssRNA marker, it can be safely assumed that predominant
labeled RNA bands shown in Fig. 2A represents HCV RFs and
are synthesized by de novo synthesis in the cell-free FCA4
extracts. In fact, other investigators have also found that HCV
NS5B alone is capable of initiating RNA synthesis by a de novo
mechanism in vitro (25, 38). Similar RNA products have been
characterized as RIs or RFs for poliovirus and flaviviruses (3,
4, 9, 10, 12). Based on these assessments, we conclude that the
RNA species observed here are synthesized from endogenous
replicon RNA template and represent both RFs and RIs.

Characterization of the replication products. We examined
the RNase A sensitivity of the putative HCV RFs and com-
pared it to the sensitivity of 28S rRNA present in the same
reaction mixture. The RF complexes were found to be sensitive
to the RNase A treatment at a higher concentration (1 �g/ml)
of the enzyme (Fig. 3B). At lower concentrations of RNase A
(0.14 �g/ml), however, the HCV RF exhibited moderate resis-
tance to the RNase treatment (Fig. 3A). A radiolabeled RNA
(marked ssRNA) that migrated similarly to the replicon RNA

FIG. 2. (A) Cell-free HCV replication assay. FCA4 (lanes 2 to 5) or Huh-7 (lanes 6 to 9) lysates were incubated with [32P]CTP for 10, 30, 60,
or 90 min as indicated. The RNAs from these lysates were purified and fractionated by agarose gel electrophoresis in Tris-acetate-EDTA buffer.
The gel was stained with ethidium bromide to visualize the RNA bands. The band intensities of rRNAs in each lane were found to be similar. Lane
1, in vitro-transcribed replicon that was labeled with the [�32P]CTP and used as an RNA marker. The labeled products are indicated as replicative
forms (RI/RF). ssRNA, position of replicon. The gel was dried and exposed to X-ray film for 14 h. (B) Determination of the molecular weight of
the HCV replication products synthesized in the FCA4 lysates. The replication assay was carried out with FCA4 lysates as described above, and
the migration of replication products was compared with that of the in vitro-labeled BM4-5 RNA marker. The samples were denatured and
electrophoresed on a methylmercury agarose gel, and the gel was dried and autoradiographed.
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marker (lane 1) was found to be highly sensitive (lanes 2 to 5).
This sensitivity was similar to that of rRNA (not shown). In
most experiments, this form is visible only as a faint band after
a longer exposure to X-ray film.

To characterize the stability of HCV ssRNA in replication
lysates, the in vitro-transcribed single-stranded replicon RNA
was incubated in FCA4 lysates (Fig. 3C). Interestingly, within
5 to 10 min, the replicon RNA was completely degraded and
the RNA bands could not be detected by ethidium staining,
whereas 28S rRNA remained fully intact under these condi-
tions (Fig. 3C). These results further confirmed the instability
of replicon in the ssRNA form.

Next, we conducted a series of experiments to investigate the
specificity of HCV RNA synthesis in the cell-free replication
system. Huh-7 cells were transiently transfected with the in
vitro-transcribed HCV subgenomic replicon RNA (BM4-5) in
the presence of Geneticin (G418). The cytoplasmic lysates
derived from a pool of G418-resistant transfected Huh-7 cells,
untransfected Huh-7 cells, and FCA4 cells were subjected to
the replication assay (Fig. 4A). As expected, the labeled RNA
products were detected only in the transiently transfected
Huh-7 (lane 2) and FCA4 (lane 3) lysates and not in the
untransfected lysates (lane 1). These observations further sup-
port the view that the replicon RNA is being used as the
template for RNA synthesis. The rationale of using transient
transfection is to rule out any concern that the HCV replica-

tion system we have developed is specific only to FCA4 lysates,
which are derived from one clone.

The FCA4 lysates were treated with actinomycin D at a
concentration that inhibits DNA-dependent RNA synthesis.
Actinomycin D treatment had no inhibitory effect on the syn-
thesis of RFs or RIs (Fig. 4B, lane 3), suggesting that the HCV
polymerase is responsible for the synthesis of RFs. The minor
band present in lane 2 (below the major labeled product) is
occasionally observed in some of the samples because of the
partial degradation of the major products during the extraction
procedure. The FCA4 lysates were also treated with micrococ-
cal nuclease in the presence of CaCl2. The micrococcal nucle-
ase activity in the FCA4 lysates was then quenched by the
addition of EGTA (Fig. 4A, lane 4). Although micrococcal
nuclease degrades both DNA and RNA, these lysates were still
competent for RF synthesis (lane 5), similar to the untreated
sample (lane 4). This result suggests that the replicon RNA in
FCA4 lysates is present in a nuclease-resistant replication com-
plex. To test this possibility, we separated the FCA4 lysates
into an RNP-containing pellet and a soluble supernatant. This
approach has been successfully employed to pellet crude po-
liovirus replication complexes from the HeLa CTR system.
Such complexes were shown to be efficient in RNA synthesis
(5). With this strategy, the pellets prepared from FCA4 lysates
were resuspended in the incomplete replication buffer and
subjected to the replication assay. Under these conditions, the

FIG. 3. RNase A sensitivity of the replication products. (A) RNA replication reactions, performed using FCA4 lysates. RNA products from the
reactions were purified and resuspended in 20 �l of buffer containing 150 mM NaCl. The samples were treated with RNase A (DNase and protease
free; 140 ng/ml) for 0, 1, 2.5, or 8 min at room temperature. The digestion was terminated by phenol extraction as described in Materials and
Methods. The final products were resuspended in water and fractionated by 1% agarose gel electrophoresis to visualize RFs and RIs. The gel was
dried and subjected to autoradiography. (B) Determination of the RNase A sensitivity of the replication products was carried out as described for
panel A except that the RNase A concentration was raised to 1 �g/ml in this assay. (C) Determination of the stability of the HCV replicon in the
cell-free replication system. In vitro-transcribed BM4-5 RNA (3 �g) was incubated in FCA4 replication lysates (lanes 2 to 7) for 0, 1, 2.5, 5, 10,
and 15 min. The RNA was extracted from each of the samples and analyzed on a native (1%) agarose gel.
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resuspended RNP complexes were able to synthesize RFs and
RIs but with lower efficiency than for the standard FCA4
reaction. However, when a similar reaction mixture was sup-
plemented with heterologous HeLa S10 lysates, RF and RI
synthesis resumed efficiently (unpublished results). These re-
sults further indicate that soluble cellular factors and the rep-
licon RNP complexes are important for HCV RNA synthesis.

Double-stranded RNA replication products (RFs) have
been shown to be soluble in 2 M LiCl and can be separated
from insoluble ssRNA molecules by centrifugation. We em-
ployed this technique to further characterize the nature of
HCV replication products synthesized in the FCA4 lysates.
Most of the labeled RNAs were found to be partitioned in the
soluble fraction (supernatant) after treatment with 2 M LiCl
(Fig. 4C, lane 4). However, the insoluble fraction (lane 6)
contains very little of the labeled RNA, which was visible only
after prolonged exposure. In the control Huh7 samples, similar
labeled RNA products were not detected in either soluble or
insoluble fractions (lanes 3 and 5). These results suggest that
majority of the HCV products synthesized in the cell-free sys-
tem were in double-stranded RNA forms.

RNA products contain both positive- and negative-strand

HCV RNA. Northern blot hybridization analysis was carried
out to determine the composition of RFs. The in vitro radio-
labeled replication products were eluted from an agarose gel
and used as a probe for hybridization in a Northern blot which
included the following RNAs (Fig. 5): in vitro-transcribed plus-
strand full-length replicon RNA (lane 1), an N-terminal por-
tion of the NS5A-coding region representing either plus
(NS5A�)- or minus (NS5A�)-polarity RNA (lanes 2 and 3,
respectively), RNA derived from the HBV X gene of similar
length (lane 4), and Huh-7 cytoplasmic RNAs (lane 5). The
HCV replicon RNA (lane 1) but not the control RNAs (lanes
4 and 5) displayed hybridization with the radiolabeled replica-
tion products. Interestingly, both the NS5A� and NS5A�
RNAs also exhibited hybridization with the probe. This inter-
action appears to be highly specific to the HCV RNA, because
cellular and HBV RNAs failed to hybridize with the radiola-
beled replication products. These results demonstrate the pres-
ence of plus and minus strands of HCV RNA within the rep-
lication products. In the present assay system, it is not possible
to measure the ratio of plus to minus strands present in the RF
complex due to the limitations of the experimental system and
the instability of ssRNAs in the lysates (see below). These

FIG. 4. Effects of actinomycin D and micrococcal nuclease on HCV replication. (A) HCV replication assay of lysates from transiently
transfected Huh-7 cells with HCV subgenomic replicon RNA (BM4-5) and FCA4 cell lysates treated with micrococcal nuclease. Agarose gel
electrophoresis of the products of a replication assay carried out as described in Materials and Methods with lysates prepared from Huh-7 cells
(lane 1), Huh-7 cell lysates transiently transfected with BM4-5 RNA subgenome (lane 2), FCA4 cell lysates (lane 3), FCA4 lysates treated with
Ca2� and subsequently with EGTA in a mock reaction (lane 4), and FCA4 cell lysates treated with micrococcal nuclease and Ca2� and
subsequently with EGTA (lane 5) is shown. (B) Replication of HCV RNA is resistant to actinomycin D. Agarose gel electrophoresis of the
products of a replication assay with Huh-7 cell lysates (lane 1), FCA4 cell lysates (lane 2), and FCA4 cell lysates in the presence of actinomycin
D (Act. D) (lane 3) is shown. (C) Analysis of the products synthesized in the replication assay. The RNAs labeled in Huh-7 (lane 1) or FCA4 (lane
2) cell lysates were fractionated with 2 M LiCl as described in Materials and Methods. The insoluble and soluble fractions were analyzed by native
agarose gel electrophoresis. Lanes 3 and 4, LiCl-soluble forms of the replication assay products; lanes 5 and 6, nucleic acid products that are
insoluble in LiCl.
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results demonstrate that both strands are synthesized in repli-
cation lysates as evidenced by Northern blot hybridization.

Attempts to demonstrate trans-replication were unsuccessful
when replication was assayed from the full-length HCV RNA
or truncated subgenomic replicons containing 5� IRES and 3�
NCR elements. We observed an immediate degradation of
exogenously added HCV RNA in both the FCA4 and Huh-7
lysates. This was not surprising, because Han and Barton (14)
have recently reported the degradation of HCV genomic RNA
due to the RNase L activity present in the HeLa cell lysates.
Attempts to overcome such problems are under way. The same
problem was also encountered when 5� IRES or 3� NCR RNA
molecules were used as competitors at various concentrations
in trans-replication assays.

The presence of faint single-stranded subgenome-length
RNA only in some replication assays (Fig. 3A) (3, 9) suggests
that FCA4 lysates are competent for asymmetric replication.
The fact that these ssRNAs are barely visible may reflect their
highly unstable nature in the absence of structural proteins in
the lysates. HCV subgenomic replicons are devoid of se-
quences encoding structural proteins. Chu and Westaway ob-
served a similar decrease of ssRNA during in vitro replication
of Kunjin virus, a flavivirus (9). The HCV core protein, for
instance, which has been shown to bind the 5� NCR (37) and
initiate events in packaging and assembly of HCV particles,
may offer protection against cellular RNase. Viral RNA rep-

lication, packaging of genomic RNA, and maturation and as-
sembly of viral particles are viewed as continuous processes
(19, 27). The replication system described here obviously lacks
these crucial components and steps necessary for packaging
and assembly. Therefore, it is possible that the lysates prepared
from cells expressing a full-length replicon (16, 30) producing
core and envelope proteins may alleviate this problem.

Replication of other flaviviruses (Kunjin virus and dengue
virus type 2) has been extensively studied in cell-free systems
by using either extract from virus-infected cells or a crude
membrane-bound replicase complex (3, 9, 10, 36). Those stud-
ies have also provided evidence for the synthesis of three RNA
species, similar to the data presented here, i.e., a minor ge-
nome-length RNA, a partially nuclease sensitive heteroge-
neous RI, and an RF that appears to migrate as a compact
band just below the heterogeneous radiolabeled products (Fig.
3A). In our experiments the radiolabeled products in the
FCA4 lysates were composed of several species. The gel mo-
bility of these products was increased when replication was
carried out for a longer time (Fig. 2A). Future work will focus
on characterizing these multiple RNA forms resulting from
RNA replication. These data suggest that the predominant RF
species synthesized in the cell-free system may represent a
mixture of HCV RNAs that contains both positive- and nega-
tive-strand RNAs.

In summary, our results demonstrate that lysates prepared
from stably expressing subgenomic HCV replicons are capable
of RNA synthesis in vitro. The prominent products of HCV
replication are RFs consisting of both positive- and negative-
strand RNAs. The in vitro replication system will be useful for
characterizing the biochemical properties of the HCV repli-
case complex and for addressing mechanistic aspects of HCV
replication. The system further offers opportunities to screen
antiviral compounds with inhibitory actions during RNA rep-
lication.
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