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Subgenomic selectable RNAs of the hepatitis C virus (HCV) have recently been shown to self-replicate to
high levels in the human hepatoma cell line Huh-7 (V. Lohmann, F. Kérner, J. O. Koch, U. Herian, L. Theil-
mann, and R. Bartenschlager, Science 285:110-113, 1999). Taking advantage of this cell culture system that
allows analyses of the interplay between HCV replication and the host cell, in this study we characterized two
replicon-harboring cell lines that have been cultivated for more than 1 year. During this time, we observed no
signs of cytopathogenicity such as reduction of growth rates or ultrastructural changes. High levels of HCV
RNAs were preserved in cells passaged under continuous selection. When selective pressure was omitted rep-
licon levels dropped, but depending on culture conditions the RNAs persisted for more than 10 months. A tight
coupling of the amounts of HCV RNA and proteins to host cell growth was observed. Highest levels were found
in exponentially growing cells, followed by a sharp decline in resting cells, suggesting that cellular factors required
for RNA replication and/or translation vary in abundance and become limiting in resting cells. Studies of polypro-
tein processing revealed rapid cleavages at the NS3/4A and NS5A/B sites resulting in a rather stable NS4AB5A
precursor that was processed slowly into individual products. Half-lives (¢,,,s) of mature proteins ranged from
10 to 16 h, with the exception of the hyperphosphorylated form of NS5A, which was less stable (t,,,, ~7 h).
Results of immunoelectron microscopy revealed an association of the majority of viral proteins with mem-
branes of the endoplasmic reticulum, suggesting that this is the site of RNA replication. In summary, replicon-
bearing cells are a good model for viral persistence, and they allow the study of various aspects of the HCV life cycle.

The hepatitis C virus (HCV) is a major leading cause of
chronic liver disease (reviewed in reference 45). Infections with
HCV are usually subclinical, and most patients do not develop
acute hepatitis or have only mild symptoms. However, most
infected individuals are unable to eliminate the virus, resulting
in a persistent infection in ~80% of all cases, and these pa-
tients are at high risk to develop liver fibrosis, liver cirrhosis, or
hepatocellular carcinoma.

HCV was classified as the distinct genus Hepacivirus in the
family Flaviviridae (38). Other members of this family are the
pestiviruses, to which the Classical swine fever virus (CSFV)
belongs, and the flaviviruses, with the prototype member Yel-
low fever virus. These viruses have in common a plus-strand
RNA genome carrying a single long open reading frame
(ORF) that is flanked at both termini by nontranslated regions
(NTRs). In case of HCV, the 5" NTR has a length of 341
nucleotides and carries an internal ribosome entry site (IRES)
permitting the binding of ribosomes in close proximity of the
start codon of the ORF (57, 58). The 3" NTR has a tripartite
structure composed of a variable region following the stop
codon of the ORF, a polyuridine tract of variable length, and
a 98-nucleotide sequence, designated the X-tail, that is highly
conserved among all HCV genotypes and that is essential for
replication in vivo (31, 32, 52, 53, 61). The ORF encodes a
polyprotein of ~3,000 amino acid residues and it is cleaved
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into at least 10 different products: core (C), envelope proteins
E1 and E2, p7, and nonstructural proteins NS2, NS3, NS4A,
NS4B, NS5A, and NS5B (reviewed in references 9 and 47). C,
El, and E2 are the structural proteins that are processed by
host cell signal peptidases (22). The function of the small
hydrophobic polypeptide p7 so far is not known. NS2 and the
amino-terminal domain of NS3 constitute the NS2-3 protein-
ase responsible for cleavage between NS2 and NS3 (20, 23).
NS3 harbors three different enzymatic activities. The amino-
terminal ~180 residues constitute a chymotrypsin-like serine
proteinase responsible for cleavage of the NS3-5B region (7,
21). The carboxy-terminal remainder possesses nucleoside
triphosphatase and helicase activities (29, 51). NS4A is an NS3
proteinase cofactor forming a stable complex with this enzyme
and enhancing its proteolytic activity (10, 16, 33, 54). The
function of NS4B is currently unknown. NS5A is a highly
phosphorylated protein that at least with some genotypes is
produced in two phosphorylation states: a basal and a hyper-
phosphorylated form that can be separated because of their
different apparent molecular weights (27, 48, 55). The require-
ments for hyperphosphorylation appear to differ with respect
to HCV genotypes. For instance, in case of the genotype 1b
HCV-J isolate NS5A hyperphosphorylation is increased upon
coexpression of NS4A, and this increase depends on complex
formation between both proteins (1). Recently, two groups
have reported independently for two other genotype 1b iso-
lates that a continuous NS3-5A region is required for hyper-
phosphorylation (30, 40). Whether NS5A is directly involved in
RNA replication is not known. A more indirect role could be
the inhibition of the effector proteins of the antiviral state



FIG. 1. Lack of ultrastructural changes in cells with HCV replicons.
Analysis of ultrathin sections obtained from cultures of Huh-7 control
cells (A) or replicon cell line 5-15 (B). Both cultures display a similar
cellular architecture with a variable number of vesicles (v) of various
sizes. The vesiculation was dependent on the cell density of the cul-
tures and not on the expression of HCV proteins. No specific mor-
phological alterations could be detected in the replicon-bearing cells.

induced in the cell after stimulation with alpha interferon. It
was shown that NS5A of at least some HCV isolates can
interact with the double-stranded RNA activated protein ki-
nase R (18, 19). This enzyme normally induces a reduction of
translation via the phosphorylation of translation initiation fac-
tor eIF-2a. Upon interaction of NS5A with protein kinase R,
kinase activity is blocked, allowing continued translation in
cells in the presence of alpha interferon. However, the in vivo
relevance of this observation is not known (17). The most
carboxy-terminal domain of the polyprotein is the RNA-de-
pendent RNA polymerase NS5B (11, 34, 60).

Despite great progress in understanding the genomic or-
ganization of the virus and the functions of viral proteins,
fundamental aspects of HCV replication, pathogenesis, and
persistence remain unknown. A major barrier in gaining ex-
perimental access to these issues is the lack of an efficient cell
culture system allowing production of infectious virus particles.
Although infection of primary cell cultures and certain human
cell lines has been reported, the amounts of virus produced in
these systems and the levels of HCV replication have been too
low to permit detailed studies (for review, see reference 9). As
a first step towards establishing a more productive system, we
have recently described the construction of selectable sub-
genomic HCV RNAs that replicate to high levels in the human
hepatoma cell line Huh-7 (35). These replicons were derived
from a cloned full-length HCV consensus genome of genotype
1b by removing the C-p7 or C-NS2 region and insertion of the
neomycin phosphotransferase gene (neo) downstream of the
HCV IRES. Translation of the HCV NS2-5B or NS3-5B re-

Control
— 5
o © ~ o= N M AN D AN © ©
o o o 32 T ~ O = MO N O M © O A 1 ® days
- ~ ~ T O N B O ~ ~ ~ A AN N NN O M ™
— HCV
- — 28S

28 08 1821 1011 08 16 05 09 1112 12 14 108

B-act.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

FIG. 2. Stability of HCV replicon in cell line 9-13 passaged under continuous G418 selection. Cells were regularly passaged three times a week in the
presence of G418 (1 mg/ml) and total RNA was isolated from cells at given time points. After denaturing agarosegel electrophoresis, HCV- and
B-actin-specific RNAs were detected by Northern bloting using *?P-labeled riboprobes complementary to the HCV IRES and neo or a B-actin-specific
antisense RNA, respectively, and quantified by phosphorimaging. The number of replicon RNA molecules was determined by comparison with the serial
dilution of in vitro transcripts (lanes 1 to 3). B-Actin RNA served as a control to correct for the amount of total RNA loaded in each lane of the gel (~2
ng). The result obtained with total RNA from the parental Huh-7 cells is shown in lane 4. Numbers between both panels refer to the number of replicon
RNA molecules (10%) contained in 1 pg of total RNA of the respective sample. Note that the control RNA is a mixture of given numbers of in vitro
transcripts and 2 pg of total RNA from the parental Huh-7 cells that was used as carrier. The positions of HCV RNA, 28S rRNA, and pB-actin mRNA
(B-act.) are given to the right. Analogous results were obtained with cell line 5-15 (not shown).
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FIG. 3. Stability of HCV replicons in cells passaged in the absence of selection. (A) Cells were passaged three times a week in a way that two-fifths
of the cells were harvested for RNA preparation and three-fifths of the cells were seeded in a new culture flask. (B) Cells were passaged three times a
week at a dilution of 1:5; i.e., four-fifths were harvested and one-fifth was seeded in a new culture flask. Total RNA was prepared from harvested cells
and 4 pg of each preparation was analyzed for the amount of HCV RNA by Northern blotting as described in the legend to Fig. 2.

gion was directed by the IRES of the encephalomyocarditis
virus (EMCV) inserted downstream of neo. After transfection
of Huh-7 cells only those supporting HCV RNA replication
amplified neo and developed resistance against the drug G418.
Cell lines derived from such G418-resistant colonies contained
high levels of replicon RNAs and viral proteins (35).

Since the availability of such a system for the first time
allowed an analysis of the interplay between an autonomously
replicating subgenomic HCV RNA and the host cell, we per-
formed a detailed characterization of two of these cell lines
carrying an NS3-5B replicon (cell lines 9-13 and 5-15 [35]). We
analyzed the stabilities of HCV RNAs under different condi-
tions of cell passage, polyprotein processing kinetics, the half-
lives of the cleavage products, and their subcellular localiza-
tion. A strong dependence of HCV RNA replication on cell
growth was found, suggesting that cellular factors are limiting
in resting cells. Finally, no ultrastructural changes or alter-
ations of growth properties were found in cells with a replicon,
suggesting that these HCV RNAs and the viral NS3-5B pro-
teins are not cytopathogenic.

MATERIALS AND METHODS

Cell culture. Cell monolayers of the human hepatoma cell line Huh-7 (39)
were routinely grown in Dulbecco’s modified mininal essential medium (Life
Technologies GmbH, Karisruhe, Germany) supplemented with 2 mM L-glu-

tamine, nonessential amino acids, 100 U of penicillin, 100 wg of streptomycin,
and 10% fetal calf serum (complete DMEM). In case of cell lines carrying HCV
replicons, various concentrations of G418 (Geneticin; Life Technologies GmbH)
were added to the medium as given in the Results section. These concentrations
refer to the amount of total substance and are not corrected for the percentage
of active substance as given by the manufacturer. Unless otherwise stated cells
were passaged three times a week at a dilution of 1:3 to 1:4, depending on
confluency.

Northern blot analysis. Total RNA was prepared by a single-step isolation
method (13) from cell pellets that had been washed once with phosphate-
buffered saline (PBS), and RNA was quantified by measuring the optical density
at 260 nm. Total RNA (2 to 15 pg) was denatured by treatment with 5.9% glyoxal
in 50% dimethyl sulfoxide and 10 mM sodium phosphate buffer (pH 7.0) and
separated by denaturing agarose gel electrophoresis. RNA was transferred to
positively charged nylon membranes (Hybond-N"; Amersham Pharmacia Bio-
tech, Freiburg, Germany) with 50 mM NaOH using a vacuum manifold and, after
drying, cross-linked to the membrane by UV irradiation. Hybridization was done
using standard procedures (2). Prior to hybridization, RNA bound to the mem-
brane was stained with 0.03% methylene blue in 0.3 M sodium acetate for 5 min
and briefly destained with water, and the membrane was cut 1 cm below the 28S
rRNA band. The upper strip, which contained the HCV replicon RNA was
hybridized with a 3*P-labeled negative sense riboprobe complementary to the
HCV IRES and neo. The lower strip was hybridized with a B-actin-specific
antisense riboprobe. HCV- and B-actin-specific bands were quantified by phos-
phoimaging using a BAS 2500 scanner (Fuji), and the number of replicon mol-
ecules was determined by comparison with a serial dilution of in vitro transcripts
loaded in parallel onto the gel. B-Actin was used to correct for different amounts
of total RNA loaded in each lane of the gel.

Western blot and immunofluorescence analysis. Cells were washed twice
with PBS and detached from the plate by treatment with 0.05% trypsin—
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FIG. 4. Fluctuations of HCV RNA replication levels during cell
passage. Cells of cell line 9-13 that had been regularly passaged under
continuous selection were seeded in multiple culture dishes and har-
vested at regular intervals between 1 and 11 days postseeding. Har-
vested cells were counted, and each half of these cells were used to
prepare total RNA or a total lysate for protein analysis. (A) Total
RNA was analyzed by Northern blotting as described in the legend to
Fig. 2. (B) Quantification of HCV RNA and the number of cells at the
time of harvest. The amounts of replicon RNA (left y axis) were
determined by phosphorimaging using the Northern blot shown in
panel A. The numbers of cells are given in a log scale (right y axis). (C)
Proteins contained in 8 X 10° cells were loaded in each lane of the gel,
and NS5B was detected by Western bloting To demonstrate compa-
rable amounts of proteins in each lane, a gel was loaded in parallel and
stained after electrophoresis with Coomassie brilliant blue. A portion
of this gel is shown in the lower panel. The result obtained with the
parental Huh-7 cells is shown in the left lane. d, day.

0.02% EDTA. Cells contained in a small aliquot of the suspension were
counted, whereas the remaining cells were lysed by a 1-min sonification in
denaturing protein sample buffer (200 mM Tris-HCI [pH 8.8], 5 mM EDTA,
0.1% bromophenol blue, 10% sucrose, 3.3% sodium dodecyl sulfate [SDS],
and 2% 2-mercaptoethanol). Aliquots of cell lysates corresponding to 10°
cells were loaded onto SDS-10% polyacrylamide gels and after electrophore-
sis transferred to a polyvinylidene difluoride membrane (PolyScreen; NEN
Life Science Products, Zaventem, Belgium) using a semidry blotter (Bio-Rad,
Munich, Germany) according to the instruction of the manufacturer. Mem-
branes were incubated overnight in blocking buffer (PBS containing 0.5%
Tween 20 and 2% milk powder [wt/vol]), and an NS5B-specific monoclonal
antibody (kindly provided by Darius Moradpour) was added thereafter at a
dilution of 1:1,000 for 1 h. After being washed three times with 0.5% Tween

HCV REPLICON-BEARING CELL LINES 1255

20 in PBS, the membrane was incubated with a mouse-specific antibody
conjugated with peroxidase (Sigma, Deisenhofen, Germany) in blocking
buffer for 1 h and washed three times as described above, and bound anti-
bodies were detected by chemiluminescence using luminol and a specific
enhancer (SuperSignal West Dura Extended Duration Substrate; KMF
Laborchemie, St. Augustin, Germany). For immunofluorescence, cells were
grown on glass coverslips for various times and fixed after being washed three
times with PBS in an ice cold mixture of acetone and methanol (90 and 10%,
respectively). After 10 min of incubation at —20°C, cells were washed three
times with PBS and incubated for 1 h in IF buffer (PBS, 3% bovine serum
albumin, 0.1% Triton X-100) at 4°C. An NS5B-specific mouse monoclonal
antibody was added at a dilution of 1:100 in IF buffer, and after 1 h cells were
washed three times with PBS followed by incubation with a mouse-specific
antibody conjugated with fluorescein isothiocyanate (Sigma) in IF buffer.
Coverslips were washed three times with PBS and mounted on glass slides
with Permafluor (Immunotech, Marseille, France), and cells were examined
under a fluorescence microscope (Zeiss, Jena, Germany).

Metabolic radiolabeling of proteins and immunoprecipitation. A total of
2 X 10° cells of cell line 9-13 or parental Huh-7 cells were seeded in a
3-cm-diameter culture dish in complete DMEM supplemented with G418 (1
mg/ml). About 60 h later, cells were washed three times with PBS and
incubated in methionine-free DMEM for 60 min. Medium was replaced by
methionine-free DMEM supplemented with Express labeling mix (150 to 250
rCi/ml; NEN Life Science Products) followed by incubation of cells for
various times. Cells were lysed either directly or, for pulse-chase analysis,
washed several times and incubated in complete DMEM for time periods
given in the Results section. Cells were harvested by lysis in NPB (50 mM
Tris-Cl [pH 7.5], 150 mM NacCl, 1% Nonidet P-40, 1% sodium deoxycholate,
and 0.1% SDS) supplemented with 1 mM phenylmethylsulfonyl fluoride, 40
ng of leupeptin per ml and 0.001 Units of aprotinin per ml (all proteinase
inhibitors from Sigma), and cell lysates were cleared by centrifugation at
13,800 X g for 15 min at 4°C. The cleared lysate was used for immunopre-
cipitation using rabbit polyclonal antisera monospecific for NS3, NS4B,
NSS5A, or NS5B (8). The NS4B-specific antiserum was obtained by immuniz-
ing rabbits with a purified recombinant full-length NS4B protein carrying a
carboxy-terminal hexahistidine affinity tag. This protein was expressed in
insect cells by using a recombinant baculovirus and purified from supernatant
2 as described recently for the NS5B protein (34). Details of immunoprecipi-
tation are given in reference 8. Immunocomplexes were analyzed by SDS-
10% polyacrylamide gelelectrophoresis (SDS-10% PAGE), and separated
proteins were detected by autoradiography using a low-energy intensifying
screen (TransScreen LE; Kodak).

Electron microscopy. Cells were seeded as described above and after 3 to
4 days prepared for electron microscopy. After being washed two times with
ice-cold PIPES buffer [100 mM piperazine-N,N’-bis(2-ethane sulfonic acid),
pH 6.9] cells were fixed in petri dishes in 2.5% glutaraldehyde for 30 min.
Fixed cells were washed three times with PIPES buffer, scraped off the plates,
and collected by low-speed centrifugation. Cell pellets were embedded in
melted agarose (low-gelling temperature), cut into small blocks, and fixed in
1% osmium tetroxid in PIPES buffer for 30 min at 4°C. After extensive
washing in PIPES buffer cells were treated with 1% tannic acid in water,
washed again, dehydrated in ethanol, and embedded in ERL resin in gelatin
capsules (50). Silver-gray sections were stained with lead citrate and uranyl
acetate and examined under a Philips CM120 electron microscope at 60 kV.
For immunoelectron microscopy, cells were washed twice with ice cold PIPES
buffer and fixed in petri dishes for 30 min in a mixture of 4% formaldehyde,
0.25% glutaraldehyde, and 0.2% picric acid in PIPES buffer. Cells were
embedded in agarose as described above, and small blocks were stained in 1%
uranyl acetate dissolved in water for 30 min at 4°C. The material was further
dehydrated in ethanol and embedded in London resin white (41) in gelatin
capsules. Polymerization was initiated by the addition of 0.5% benzoinmeth-
ylether, and the reaction was incubated under UV for 2 days at 4°C. Specimen
blocks were cut with an ultratome, and silver sections were mounted on nickel
grids without supporting film. All labelings were conducted on grids accord-
ing to the method of Sparkman and White (49). After 15 min of etching the
grids with 1% sodium periodate in water, they were washed three times with
water and blocked for 30 min in TCG (150 mM NaCl, 20 mM Tris-HCI [pH
7.5], 0.5% casein, and 0.2% gelatin). Grids were incubated overnight at 4°C
with a mixture of rabbit polyclonal antisera directed against NS3, NS4B,
NS5A, and NS5B (8) diluted 1:1,000 in TCG. After being washed five times
in TCG, sections were treated for 1 h at room temperature with goat anti-
rabbit antibodies conjugated with colloidal gold (12-nm diameter). Grids
were rinsed first with TCG and then with distilled water and finally were



1256 PIETSCHMANN ET AL.

D4 A

D7 v

J. VIROL.

D5 A D6 A
D9

\/ Huh-7/D5 v

FIG. 5. Fluctuations of NS5B expression in a growing culture of cell line 9-13. Cells were seeded on coverslips and harvested at given times
postseeding (days [D]). NS5B was detected by indirect immunofluorescence. A representative section of each sample is shown both by phase-
contrast microscopy and immunofluorescence. All pictures were taken at a magnification of X 180. The smaller size of the older cells is due to

confluency (compare, e.g., day 4 with day 7). Bar, 50 pm.

stained with 4% aqueous uranyl acetate and Reynold’s lead citrate. After air
drying, samples were examined as described above.

RESULTS

Absence of cytopathic effects in HCV replicon-harboring
cells. It has been suggested that liver cell damage is caused
by the immune response targeted against HCV-infected
cells rather than by virus replication itself (discussed in
reference 43). However, owing to the lack of an efficient cell
culture system this aspect could not be studied in detail thus
far. To further clarify this important question, we took ad-
vantage of several cell lines which carry subgenomic self-
replicating HCV RNAs (35). Two of these cell lines (desig-
nated 9-13 and 5-15) harbor NS3-5B replicons, whereas the
cell line 8-1 carries only the neo gene and was therefore used
as a negative control in addition to the parental Huh-7 cells.
A comparison of the growth rates of these cell lines revealed
no significant differences (Table 1). When cells were exam-

ined by light microscopy, no obvious differences in morphol-
ogy were found (not shown). Cells with the replicon occa-
sionally had some vacuoles, but this was also the case with
control cells (see below). To identify potential ultrastruc-
tural alterations in replicon-harboring cells, they were fur-
ther analyzed by electron microscopy. Cultures that had
been seeded 5 days earlier were fixed with glutaraldehyde
and osmium tetroxide and embedded in ERL resin as de-
scribed in Materials and Methods. Under these conditions a
strong cytoplasmic vesiculation of all cultures (9-13, 5-15,
8-1, and parental Huh-7 cells) was found (Fig. 1).2 The
vesicles were heterogenous in size and showed a gray stain-
ing. Since the frequency of these cytoplasmic vesicles and
their distribution did not depend on the presence of the
replicon but rather on the time the cells had been kept in
culture since the last passage, we concluded that this was a
normal structural feature of Huh-7 cells. Further examina-
tion of replicon-harboring cell lines did not reveal morpho-
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FIG. 6. Processing kinetics of the NS3-5B polyprotein as determined by pulse labeling. 9-13 cells were seeded 60 h prior to metabolic
radiolabeling of proteins with 100 wCi of labeling mix per ml for the time periods indicated above the lanes. Cells were lysed, and HCV-specific
proteins were isolated by immunoprecipitation using antisera monospecific for NS3, NS4B, NS5A, or NS5B. HCV proteins and the positions of
protein molecular weight standards (in kilodaltons) are specified in each panel. Results obtained with the parental Huh-7 cells radiolabeled for
90 min are shown in the right lane of each panel. Only the upper and lower portion of the gel is shown in case of the immunoprecipitations with

the NS4B-specific antiserum.

logical differences to control cells. These data show that the
HCYV replicons did neither influence growth properties of
the cells nor induce a cytopathogenic effect.

Stability of HCV replicons in the presence or absence of
G418. To assess the stability of HCV RNAs in cells kept under
continuous selection, cells were passaged at regular intervals in
the presence of G418, and the amount of replicon RNA was
quantified by Northern blot analysis. As shown in Fig. 2, no
significant reduction of replicon RNA was found even after 1
year of culturing. A different picture was seen with cells pas-
saged in the absence of selective pressure. In this case we
found a gradual reduction in the amount of replicon RNA over
time, with the kinetics of the drop being determined by the
frequency of cell passage and the density of cells prior to
splitting. When cells were kept in a confluent state for a rather
long time prior to passage a rapid reduction of replicon RNA
was found. As exemplified in Fig. 3A when cells were passaged
three times a week at a dilution of 3:5, RNA levels dropped by
more than 90% within the first ~50 days of culture and after 70
days were at the limit of detection by Northern blotting. In
contrast, when cells were passaged at a much higher dilution

(1:5) at the same interval, replicon RNA levels were much
more stable (Fig. 3B). In this case no significant reduction of
HCV RNA was found within the first ~80 days of culture, with
the levels declining slowly thereafter down to 10% of the orig-
inal one after ~135 days.

To substantiate this observation cells were passaged for 10
months in the absence of G418 at a dilution of 1:3 to 1:5,
depending on confluency. After this time RNA could no longer
be detected by Northern blotting (not shown). To analyze
whether these cells still contained the replicon, they were sub-
jected to a reselection with G418. Owing to the low levels of
HCV RNA, selection was performed with only a 100-pg/ml
concentration of the drug which is 1/10 of the concentration
regularly used for selection. Under these conditions ~10% of
selected cells formed colonies (Table 2), demonstrating that
even after such a long time in the absence of selective pressure,
replicon RNAs were present in a significant percentage of
cells. From this result we concluded that replicon-bearing cells
may be a good reflection of viral persistence in vivo.

Influence of cell growth on HCV RNA replication. During
the course of the analysis of cell lines harboring the replicon,
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TABLE 1. Growth rates of Huh-7 cell lines with or
without HCV replicons®

Mean doubling time
+ SD (h)

Cell line

“ Growth rates were determined by daily counting of regularly passaged cells
during a 3-week observation period.

we observed significant fluctuations in the amounts of HCV
RNAs that appeared to depend on the conditions of cell
growth. To analyze this observation in detail, a time course
experiment was performed. Cells that had been passaged three
times a week in the presence of G418 were seeded in multiple
cell culture plates, and cells were harvested regularly to deter-
mine the number of viable cells and the amounts of HCV RNA
and proteins. In addition, cells seeded in parallel on glass
coverslips were processed for immunofluorescence. As shown
in Fig. 4, the level of replicon RNA increased approximately
twofold during the first 4 days of culture but dropped sharply
thereafter to ~1/40 of the original amount (6.6 X 10® replicon
molecules per ug of total RNA on day 4 versus 0.17 X 103
replicon molecules per pg of total RNA on day 10). The same
kinetic was found in the NS5B-specific Western blot (Fig. 4C).
A correlation was observed between the level of replicon RNA
and cell growth (Fig. 4B). While cells in the early logarithmic
phase of growth carried the highest amounts of HCV RNA,
the level dropped drastically with cells in the late logarithmic
and the stationary phase. This fluctuation of HCV RNA rep-
lication and protein expression, in particular the sharp decline
in resting cells, suggested that the amounts or activities of host
cell factors required for RNA translation and replication var-
ied during cell growth and became limiting in resting cells.
To analyze whether the fluctuations in RNA replication and
protein levels occurred in all cells of a culture or only a fraction
thereof, cells from the same experiment were analyzed by
immunofluorescence. In agreement with the previous results,
NS5B was clearly detected at day three postseeding (Fig. 5).
The amounts of the HCV protein increased thereafter up to
day 5 and then gradually declined. At the time of the peak
nearly all cells were positive for immunofluorescence, but the
expression levels differed between the cells. As exemplified
with the sample stained on day 5 postseeding, a nest of strongly
positive cells was found surrounded by cells containing less
antigen. This difference in the expression levels of individual

TABLE 2. Percentage of replicon-harboring 9-13 cells after 10
months of passage in the absence of selective pressure®

No. of seeded cells No. of G418-resistant cells % Resistant cells

1,000 114 11.4
1,250 144 115
1,500 160 10.6
1,750 208 11.9
2,000 259 13
2,250 272 12

“ Given numbers of 9-13 cells passaged in the absence of G418 for 10 months
were seeded in 3-cm-diameter cell culture dishes and subjected to selection with
G418 (100 pg/ml). After ~3 weeks drug-resistant colonies were stained and counted.
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FIG. 7. Kinetics of generation of NS5A proteins. (A) 9-13 cells
were seeded 60 h prior to radiolabeling with [*>S]methionine-cysteine
(200 pCi/ml) for 10 min followed by incubation with nonradioactive
medium for the times given above the lanes. Cells were lysed, and
NS5A proteins were analyzed by immunoprecipitation, SDS-PAGE, and
autoradiography. (B) Quantification of NS5A-specific bands by phos-
phorimaging. Values obtained at time point zero were set at 100%.

cells was found throughout the experiment. For instance, in the
case of the sample stained on day 3 postseeding, strongly and
weakly positive cells were found simultaneously, and the same
was true with resting cells (e.g., day 9). Since HCV RNA
replication and protein expression most likely are dependent
on host cell factors that may vary in abundance or activity
during cell growth, the heterogeneity observed in the immu-
nofluorescence with individual cells probably reflected differ-
ences between the cells in the availability of these factors.
Based on these observations, all subsequent analyses were per-
formed with regularly passaged cells that had been seeded 2 to
3 days prior to the experiment.

Kinetics of polyprotein processing and NS5A hyperphos-
phorylation. In the past few years numerous studies have been
performed to analyze processing of the HCV polyprotein as
well as stabilities and modification of cleavage products. How-
ever, these studies had to rely on recombinant expression sys-
tems, most often the Vaccinia virus/T7 hybrid system. There-
fore, it is still unclear whether polyprotein processing and
modification of cleavage products, in particular hyperphospho-
rylation of NS5A, follows the same kinetics in vivo. Since the
cells carrying a self-replicating HCV RNA to some extent
mimic an infected cell, we performed a series of experiments to
analyze the kinetics of polyprotein cleavage and NS5A phos-
phorylation.
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FIG. 8. Half-lives of HCV proteins. (A) Cells of cell line 9-13 were pulse-labeled for 30 min with [**S]methionine-cysteine, followed by
incubation with nonradioactive medium for various times as given above each lane (hours). Cells were lysed, and HCV proteins were analyzed by
immunoprecipitation, SDS-PAGE, and autoradiography. (B) Pulse-chase experiments were performed as in panel A, but cells were lysed at shorter
intervals during the chase period. HCV-specific bands are identified to the right of each panel; the positions of molecular weight standards (in
kilodaltons) are given to the left. (C) The fully processed NS5A and its hyperphosphorylated form shown in panel B were quantified by
phosphorimaging, and the values (given in photo-stimulated light units) are plotted against the chase time.

Processing kinetics were determined by pulse labeling. Cells
were incubated for various times with [*>S]methionine-cys-
teine, and HCV proteins were analyzed after immunoprecipi-
tation by SDS-PAGE (Fig. 6). The first cleavage products
detectable after a 10-min labeling period were NS3, NS5B, and
an NS4ABSA precursor. Generation of NS4B and the basal
phosphorylated form of NS5A was delayed, and they were
detectable simultaneously after 20 min of labeling (10 min with
films exposed longer). The hyperphosphorylated NS5A (5AF)
was generated last and became detectable after the basal phos-
phorylated form (Fig. 6, lower right panel). Thus, we con-
cluded that the NS3-5B polyprotein was rapidly cleaved at the
NS3/4A and NS5A/B sites, whereas processing of the NS4ABSA
precursor was delayed.

To clarify the kinetics of NS5A hyperphosphorylation, a
pulse-chase experiment was performed (Fig. 7). In agreement

with the previous results, both the NS4ABSA precursor and
the basal phosphorylated NS5A were detected first (Fig. 7A,
lane 2). During the chase period, the amounts of the precursor
decreased in parallel with an initial increase in the amount of

TABLE 3. Half-lives of HCV nonstructural proteins as
determined by pulse-chase analysis

Mean half-life

Protein® + SD (h)

145+ 25
..10.8 = 0.8
.16 1.6

“ NS5SP, hyperphosphorylated form of NS5A.
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FIG. 9. Subcellular localization of HCV proteins. Cells of cell line 5-15 were processed 4 days postseeding for immunoelectron
microscopy without osmium fixation as described in Materials and Methods. The sections were probed with a mixture of polycional antisera
directed against NS3, NS4B, NS5A, and NS5B, followed by 12-nm-diameter colloidal gold particles conjugated to anti-rabbit antibodies. (A)
The cell in low magnification overview displays a strong vesiculation and a couple of gold-labeled areas (boxed). (B and C) Enlargements
of the areas indicated by rectangles in panel A. (B) Accumulations of gold label in elongated structures representing cisternae of the ER
(arrowheads). Note the scarcity of gold particles on vesicles (v), on mitochondria (m), or outside the labeled cisternae. (C) Gold-labeled
cisternae are easily identified (arrowhead). Additional antibody binding could be seen on numerous submembranous structures around small

vesicles (V).

basal phosphorylated NS5A (up to 30 min of chase). The
hyperphosphorylated form of this protein was barely detect-
able after the 10 min of labeling, but its level increased con-
stantly during the 60-min chase period, concomitant with a
decrease in the amounts of basal phosphorylated NS5A after
45 and 60 min of chase (Fig. 7). These results suggest that the
basal phosphorylated form of NS5A was generated from the
NS4ABS5A and perhaps also from the NS4B5A precursors and
that SAF was derived from the basal phosphorylated form with
rather slow kinetics. However, the possibility that a certain
fraction of SA” was directly produced from one of the precur-
sors cannot be excluded. We noted an additional shift towards
higher molecular weights for both NS5A phosphoproteins af-
ter the 60-min chase, indicating additional phosphorylation
events late after polyprotein processing (Fig. 7A, lane 7, and
Fig. 8A; see below).

Half-lives and subcellular localization of HCV proteins. Us-
ing pulse-chase experiments we also determined the half-lives
of the polyprotein cleavage products and of the differentially
phosphorylated NS5A forms. As shown in Fig. 8 and summa-
rized in Table 3, all but one of the HCV proteins had similar
half-lives ranging from ~10 to 16 h. The exception was SAF,
with a half-life of only ~7 h, which was much shorter than that
of the basal phosphorylated NS5A form (half-life, ~16 h [Fig.
8A]). Although not directly tested, the fact that NS4A exists
intracellularly as a very stable NS3/4A proteinase complex 10,
16, 33, 54) suggests that the half-lives of both proteins are
similar.

In order to determine the subcellular localization of HCV
proteins, cells of cell line 5-15 were fixed in a paraformal-
dehyde-glutaraldehyde solution as described in Materials
and Methods. A postfixation step with osmium tetroxid was
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FIG. 9—Continued.

avoided to preserve the antigenicity of the proteins. In a first
set of experiments, antisera monospecific for NS3, NS4B, NS5A,
or NS5B were used, but under these conditions the staining was
generally weak and difficult to interpret (G. Rutter, unpub-
lished results). However, when we applied a mixture of all four
antisera, a clear and specific signal was found, revealing an
exclusive cytoplasmic distribution of HCV proteins (Fig. 9B).
Within a cell, several small intensively stained areas could be
found distributed between vesicles. Within these areas the gold
label was usually bound to cytoplasmic elongated structures
representing cisternae of the endoplasmic reticulum (ER)
(Fig. 9B and C). In addition, a more compact staining pattern
was found in a few areas that were probably derived from
smooth ER. In cells embedded for immunostaining, vesicular
structures were devoid of contrast, suggesting that part of their
contents were lipids. Most of the immunogold label detected
was associated with the ER and not with the surface of these
vesicles as described for the HCV core protein (3). The label-
ing of the nonstructural proteins was specific, because sections
of control cells prepared in parallel were negative (not shown).
Furthermore, only a few gold particles were found associated
with the vesicles or mitochondria or outside the labeled areas.

DISCUSSION

In this study we have characterized two HCV replicon-har-
boring cell lines that have been cultured for more than 1 year.
During this time, we did not observe signs of cytopathogenicity
such as a reduced growth rate or structural alterations. Al-
though this lack of cytopathic effects is consistent with the
majority of evidence suggesting that liver cell damage is pri-
marily due to the immune reaction targeted against infected
cells rather than to a direct cytotoxicity of HCV (43), it does
not necessarily exclude this possibility. Since the cell lines can
only survive when HCV RNA replication is not cytotoxic, we
might have selected for mutations in the replicon leading to a
reduction or loss of cytopathogenicity. It must also be noted
that the replicons used in this study lack the coding region for
the structural proteins that appear to be cytotoxic when ex-
pressed at high levels (38). An experimental examination of
these questions requires the development of a transient-repli-
cation assay that does not depend on selection of stable cell
lines and that allows expression of all viral proteins.

The replicons were found to be very stable when cells were
passaged under continuous selection pressure. Interestingly,
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even when selection was omitted the RNAs persisted for sev-
eral months, albeit at low levels. This reduction of HCV RNA
strongly depended on the way cells were passaged. When cells
were kept confluent for extended periods, replicon levels
dropped rapidly, whereas a rather constant amount of HCV
RNA was found in cells passaged regularly. Based on the result
that replicon RNA levels dropped in confluent cells (Fig. 4),
the most likely explanation is that replication in senescent cells
stops and, therefore, RNA degradation is no longer compen-
sated by de novo synthesis. Consequently, the drop in the
amount of viral RNA is highest in cells that are left in a
confluent state for prolonged times. When these cells are pas-
saged, the replicon amplifies again in growing cells but the
RNA level in these cells is lower than it was in cells of the
previous passage. Upon successive repetition of this passage
scheme, HCV RNA is rapidly lost. In contrast, when cells are
passaged regularly around the time of confluency and are not
left for prolonged times in a confluent or senescent state, RNA
amounts drop much less and amplify again to high levels in
passaged cells at the time of exponential growth. Under these
conditions, the replicon can be preserved for prolonged times
even in the absence of selective pressure, demonstrating that
HCYV replicons have an intrinsically high propensity for per-
sistence. This property is not unique to HCV. In fact, we have
generated an analogous selectable replicon of the pestivirus
CSFV (V. Lohmann, R. Devos, J.-D. Tratschin, and R. Bar-
tenschlager, unpublished observation). When cells harboring
this replicon RNA were passaged for 7 months in the absence
of selective pressure and then cultured again in G418-contain-
ing medium, 5 to 10% of the cells formed colonies, demon-
strating that comparable to what we show for HCV, the CSFV
replicon persists in a significant fraction of the cells, too (V.
Lohmann et al., unpublished observation).

In our view the most interesting finding was the dependence
of HCV RNA replication and/or translation on host cell
growth. This observation could be explained by the availability
of host cell factors being high in exponentially growing cell
cultures but low in resting cells. One potential candidate is
PTB, which has been found to specifically interact with se-
quences at the 3" NTR (14, 26, 56). Another host cell factor
may be glyceraldehyde-3-phosphate dehydrogenase binding to
the poly(U) sequence (44). Finally, cellular proteins tentatively
designated p87 and p130 were identified by UV—cross-linking
experiments with the X-tail sequence, but the nature of these
proteins remains to be determined (25). It is unclear whether
these factors are required for RNA replication, but if they are,
a reduction of their expression levels in resting cells would lead
to an analogous reduction of HCV RNA replication.

The variations in the amounts of replicon RNA could also be
explained by fluctuations in the efficiency of RNA translation.
In this respect it should be kept in mind that the replicons we
used to generate the cell lines carry two functional IRES ele-
ments: the HCV IRES, which directs translation of neo, and
the EMCYV IRES, which is required for translation of the HCV
nonstructural region. Owing to this bicistronic design, fluctu-
ations in the amounts of host cell factors required for transla-
tion from the EMCV IRES rather than the HCV IRES might
lead to variations in the amounts of replicase proteins. How-
ever, at least some of them are required for activity of both
IRES elements. These are conventional translation factors

J. VIROL.

such as eIF-2 and -3 as well as noncanonical translation factors
like PTB (reviewed in reference 42). Therefore, the availability
of these factors might affect production of both neomycin
phosphotransferase and the replicase proteins.

Studies of processing kinetics of the nonstructural polypro-
tein expressed from the replicon RNA revealed results very
similar to the ones obtained with heterologous expression sys-
tems (reviewed in reference 6). Rapid cleavages take place at
the NS3/4A and the NS5A/B sites, resulting in a rather stable
NS4ABSA precursor that is processed slowly by alternative
pathways. Most remarkable were the slow generation of 5A”
and the very different ¢, ,s of the two phosphoprotein variants,
suggesting that they serve different functions. The role NS5A
may play in RNA replication and the importance of its phos-
phorylation state for this process so far are not known. How-
ever, the conservation of this biochemical property among
members of the Flaviviridae indicates an important function
(46). Furthermore, for several RNA viruses phosphoproteins
have been shown to be important regulators of replication. For
instance, in the case of dengue virus, NS5 is found in two
phosphorylated forms: a nuclear hyperphosphorylated form
and a cytoplasmic hypophosphorylated NS5 that was found to
interact with NS3 (28). Based on these observations, a model
was suggested in which hyperphosphorylation of NS5 at a late
stage of replication leads to disruption of the NS3/5 interac-
tion, allowing NS5 to be transported to the nucleus. Regulation
of replication by phosphorylation of viral proteins has also
been described for several other viruses, such as vesicular sto-
matitis virus, parainfluenza virus, or human respiratory syncy-
tial virus (4, 5, 15, 36). Based on HCV’s analogies to these
viruses one might speculate that HCV RNA replication is
linked to the phosphorylation state of NS5A. Since phosphor-
ylation is mediated by a cellular kinase(s) (24, 48) that may
vary in abundance or activity during the cell cycle, NS5A might
couple HCV RNA replication to host cell growth.

Using immunoelectron microscopy we observed a clear
association of HCV proteins with membranes derived from
the ER, similar to what was described by other groups when
using recombinant expression systems (9, 47). This observa-
tion is in keeping with the notion that RNA replication
occurs in membrane-associated replicase complexes, as is
the case with several other plus-strand RNA viruses, such as
poliovirus or flaviviruses (12, 59). The most obvious benefits
of this property are the possibility of coupling functions
residing in different polypeptide chains and the sequestra-
tion of viral proteins and nucleic acids in a distinct cytoplas-
mic compartment with high local concentrations of viral
components.

In summary, we provide the first characterization of cell
lines carrying autonomously replicating HCV RNAs. Rep-
lication of these RNAs was stable over an extended period
of time even without selective pressure, suggesting that rep-
licon-harboring cells are a good model system for persis-
tence. Most notably, we found that HCV replication and/or
RNA translation depended on host cell growth. It will cer-
tainly be an important and challenging task to identify the
cellular factors and to unravel the mechanisms responsi-
ble for the tight coupling of HCV replication to the host
cell.
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