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Efficient Initiation of HCV RNA 
Replication in Cell Culture 

Keril J. Blight,' Alexander A. ~olykhalov,' Charles M. Rice1,'* 

Hepatitis C virus (HCV) infection is a global health problem affecting an 
estimated 170 million individuals worldwide. We report the identification of 
multiple independent adaptive mutations that cluster in the HCV nonstructural 
protein NS5A and confer increased replicative ability in vitro. Among these 
adaptive mutations were a single amino acid substitution that allowed HCV 
RNA replication in 10% of transfected hepatoma cells and a deletion of 47 
amino acids encompassing the interferon (IFN) sensitivity determining region 
(ISDR). Independent of the ISDR, IFN-a rapidly inhibited HCV RNA replication 
in vitro. This work establishes a robust, cell-based system for genetic and 
functional analyses of HCV replication. 

HCV (1) typically evades clearance by the 
host's immune system, allowing the establish- 
ment of a persistent infection in at least 70Y.0 of 
infected individuals. HCV-associated end-stage 
liver disease is now the leading cause of liver 
transplantation in the United States. Most pa- 
tients treated with IFN alone either fail to re- 
spond or do not mount a sustained response. In 
Japanese patients. the amino acid sequence in a 
defined region of NSSA, designated the ISDR. 
appears to correlate wit11 the effectiveness of 
IFN treatment. However. this association is 
substantially weaker or absent in patients infect- 
ed with genotype la  HCV strains or European 
patients infected with genotype I b strains. .41- 
though considerable genetic heterogeneity ex-
ists among different HCV isolates, genotypes 
I a and I b are the most prevalent worldwide (2). 

The single-stranded, positive-sense HCV 
RNA genome is -9.6 kb in length and compris- 
es a 5' nontranslated region (NTR) that contains 
an intenial ribosome entry site (IRES), a 
polyprotein coding region consisting of a single 
long open reading frame (OW),and a 3 '  NTR. 
Despite the availability of infectious cDNA 
clones [for examples. see (3. 4)]. efficient in 
vitro replication has not been obsened. Recent- 
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ly. HCV repl~cation was reported In the human 
hepatoma cell line. Huh7. after transfection of 
genotype Ib subgenom~c RNA replicons ex-
pressing a selectable marker (5) These replicons 
contalned (1) the HCV 5' NTR fused to 12 
amino acids of the caps~d coding region. (11) the 
neomycin phosphotransferase gene (Neo). 
which upon expression confers res~stance to 
G418. (111) the IRES from encephalomyocarditis 
x ~ rus  (EMCV), nhich d~rects translation of 
HCV protelns NS2 or NS3 to NSSB, and ( I \ )  

the 3' NTR Hou ex er. only 1 In 10' Huh7 cells 
supported HCV replication, n h ~ c h  the authors 
attributed to loll numbers of permissiLe cells 
(5) 

To extend thls system to other HCV geno- 
types, we constructed s ~ m ~ l a r  selectable repli- 
cons based on the HCV-H genotqpe I a infec- 
t~ous clone (3) In contrast to the earher study 
(5). we found that transfectlon of deoxynbonu- 
clease (DNase)-treated RNA repl~cons (6. 7) 
Into multiple human hepatoma cell lines (8)  
faded to confer ant~biot~c resistance The inabil- 
~ ty  of the HCV-H-deri~ed replicons to estab- 
lish efficient HCV replication could indicate 
that the earlier success (5) a as dependent on the 
particular genotype Ib consensus cDN4 clone 
studled As a p o s ~ t i ~ e  control. me synthesized 
the genotype I b rephcon, I;,, NS3-3' (5). uslng 
a polymerase cham reactlon (PCR)-based gene 
assembly procedure (Y) and transfected RNA 
transcnpts Into Huh7 cells (6. 7) G418-resis- 
tant colomes supporting autonomous HCV rep- 
l~cation (10) were obsened at low frequency 
(11 )  In contrast, colonies uere neLer obsened 
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for Huh7 cells electroporated in parallel with 
replicon RNA carrying a polymerase-defective 
lethal mutation in NSSB (pol ) (12). 

High-level replication may reflect a need for 
adaptation of the replicon to the host cell: 
hence, we sequenced uncloned reverse tran-
scriptase (RT)-PCR products amplified from 
five independent G4 18-resistant cell clones 
(13). Each cell clone contained replicons with 
mutations in a defined region of NS5A; four 
clones contained replicons encoding amino acid 
substitutions upstream of the putative JSDR, 
and the fifth clone harbored a replicon encoding 
an in-frame deletion of 47 amino acids encoln- 
passing the ISDR. In addition to an amino acid 
change in NS5A. one replicon also encoded an 
amino acid substitution in NS3 and another 
encoded amino acid substitutions in both NS3 
and NS4B (14).  Sequence analysis of the 
NS5A coding region revealed that 12 of 17 
additional cell clones had replicons with point 
mutations upstream of the ISDR (Fig. IA).  
Thus. we identified nine different NS5A suh- 
stitutions localizing to a region of about 30 
amino acids. and a deletion of 47 amino acids 
(Fig. I A). 

We next engineered each change back into 
the I,,,NS3-3' replicon. After transfection of 
mutant RNA transcripts into Huh7 cells and 
G418 selection (6, 7), each construct estab-
lished replication in 0.2 to 10Y.0 of transfected 
cells (Fig. IA), as compared with 0.0005Y.0 for 
the original I,,,.NS3-3' replicon. Hence. each 
of the 10 mutations in NS5A enhanced the 
ability of HCV replicons to replicate. Engineer- 
ing the 147aa and S1 I791 mutations into the 
HCV-H genotype la-derived replicon did not 
result in detectable replication in Huh7 cells. 
This suggests that different or additional adap- 
tive mutations may be required for RNA repli- 
cation of other isolates. 

To examine the abilitv of these mutant con- 
structs to replicate over a shorter time scale in 
the absence of G418 selection, we measured 
HCV-specific RNA amplification at different 
times after transfection. Replicons with the 
highest transduction efficiency displayed the 
greatest level of HCV RNA accumulation in 
this first cycle assay (Fig. I B). For the replicon 
S11791, HCV RNA levels increased to -20-. 
300-. and 400-fold relative to the p o l  negative 
control at 24, 48. and 96 hours, respectively 
(Fig. 1B). 
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Fig. 1. Features and relative replication efficien- A 
cies of HCV-selectable replicons. (A) (Top) Sche- 
matic of the complete HCV genome. The 5' and 
3' NTRs flank the ORF (open box) with the 
structural proteins located in the NH,-terminal C I - i El E2 7 NS2 (UIUC) 

portion of the polyprotein, and the remainder 
encodes the nonstructural proteins (NS2 to aa1184-1223 

NS5B). (Middle) Structure of the selectable rep- 
5' 

?> 
licon. I ,,/NS3-3', indicating the 5' NTR fused to NS3 14A14R I 5A (umc) 
a smalrportion of the capsid coding region (solid 
box), the Neo gene (shaded box), EMCV IRES 
(solid line), and NS3 to  NSSB coding region 

9 
(open box), followed by the 3' NTR structure. 
The locations of the ISDR (hatched box) and the aa number 1152 1164 1171 1172 1174 11791182 1229 
lethal mutation in NSSB (pol-) are illustrated. WT D R P S A 
(Bottom) The positions, frequencies, and relative 

~ 7 a a  

transduction efficiencies (30) of the adaptive 
J L  J. J. Y L  J J. 

Mutation H N C; S P C S T I 
mutations identified in NS5A. Overlapping RT- Y 

PCR products were sequenced (13) and the mu- Frequency 1 1 I I I 1 2 2 6 I 

tations observed in NSSA are illustrated, along Transduction eficiency ( W )  1.1 1.4 0.5 0.4 1.2 0.5 5.5 8 10 0.2 

with the frequency with which each arose. The 
amino acid number (Met at the beginning of NS3 represents amino acid number 1) B 
is indicated above the wild-type 13,,/NS3-3' replicon sequence (WT). The same I000 
transduction efficiency was obtained in five independent transfections for replicons 
511791 and A47aa. (8) Graphic representation of HCV RNA accumulation. One 
microgram of replicon RNA was transfected into Huh7 cells, and 2 X lo5  cells were 1377/NS3-3' 
plated into 35-mm dishes. After 24, 48, and 96 hours in culture, RNA was extracted 100 
and HCV-specific RNA was measured with the ABI PRISM 7700 sequence detection 

S1172P 

system (72). The fold increase of HCV RNA relative to  the p o l  replicon (signal) was S1172C 
plotted against the time after transfection. For each replicon, similar levels of HCV e, 
RNA were detected in cellular RNA extracted directly after electroporation. HCV RNA 

A1 174T 

accumulation was comparable in two independent experiments for replicons S1172P, 511791 
51 172C, and A1 174T; seven experiments for replicons 51 1791 and I,,,/NS3-3'; and 
four repetitions for the A47aa replicon. El A47aa 

Time (hours) 

The clustering of mutations in a defined 
region of NSSA was unexpected. The NSSA 
protein is phosphorylated primarily on serine 
residues by an unknown cellular kinase (15,16). 
At least two distinct forms of phosphorylated 
NSSA, p56 (basal phosphorylated form) and 
p58 (hyperphosphorylated form), have been ob- 
served. Hyperphosphorylation of NSSA, but not 
basal phosphorylation, usually requires NS3-5A 
expression in cis (1 7, 18). In addition, NSSA is 
thought to modulate the IFN-stimulated antiviral 
response, possibly through a direct interaction 
between the IFN-stimulated, double-stranded, 
RNA-dependent protein kinase (PKR) and the 
ISDR (19). NS5A also binds to several cellular 
proteins (20-22), but the functional significance 
of these interactions is unclear. Because most of 
the replicons contained a mutation in NSSA, we 
investigated the expression level and phospho- 
rylation pattern of NSSA in G418-resistant cells 
with the engineered adapted replicons. Cell 
monolayers, radiolabeled in the presence of 35S- 
methionine and 35S-cysteine or [32P]orthophos- 
phate, were lysed and subjected to imrnunopre- 
cipitation with antiserum to NSSA. Differences 
in the level of expression (23) and the degree of 
phosphorylation were apparent (Fig. 2). Three 
conserved serines, Serl Serl and Ser1L79, 
have been identified as putative sites of hyper- 
phosphorylation (24). In our study, Serl and 
Ser1I7' were sites of adaptive mutation, result- 

Fig. 2. NSSA expression lev- 
els and phosphorylation pat- p 6 8. % + +5@6%+6,?5 ,.? ,? ,? ,4 $ ,? ,? ,? ,? 29\b 2 'i)'i,+2 u* 
terns in cell lines s u ~ ~ o r t i n e  A + + 0 0 Q 5 8 k- V 6 b + 
HCV replication. ~ishbs (I 55 0 FP 1 1 41 111 a - t* - - 
mm) containing stable colo- 69 - 
nies harboring autonomous- - ~ 5 8  
ly replicating adapted repli- 1 -p56 A47aa 
cons were trypsinized and 46 , 
maintained as population 
cell lines in media containing B - - 

C418 (0.75 mglml). Two cell - - - - = - -  

clones containing replicons 69 
with wild-type NS5A (Huh.5 -p58 
and HuhB), the 10-cell pop- -p56 

] ~ 7 a a  
ulations, and the parental 46 
Huh7 cells were incubated 
with 70 pCi of E x ~ ~ ~ ~ ~ S ~ ~ S  
protein labeling mix (NEN) (A) or 200 $i of [3zP]orthophosphate (B) for 8 hours. Cell monolayers were 
lysed in 0.1 M sodium phosphate buffer (pH 7.0) containing 1% SDS and 80 pgof phenylmethylsulfonyl 
fluoride per milliliter, and 80 p g  of each lysate was immunoprecipitated with NSSA-specific antiserum. 
lmmunoprecipitates were separated on SDS-10% polyacrylamide gels and visualized by autoradiogra- 
phy. Positions of the molecular size standards (in kilodaltons) are shown on the left, and p56 and p58 
on the right. The diffuse and weak signal of NSSA expressed from the A47aa replicon may be influenced 
by antibody reactivity to determinants within the ISDR. 

ing in a reduction or the disappearance of p58, 
respectively (Fig. 2), suggesting that in this con- 
text NSSA hyperphosphorylation is not essential 
for HCV replication. 

Chronic hepatitis C infection is treated with 
IFN, but response rates are variable. Muta- 
tions within the ISDR have been associated 
with resistance to IFN, and the 13,,/NS3-3' 
replicon has an ISDR characteristic of IFN 

nonresponders (25). Consequently, we as- 
sessed the sensitivity of HCV replication to 
IFN-a. treatment in a cell clone harboring a 
replicon without any mutation in NS5A. In 
contrast to the predicted resistance, within 
24 hours of treatment, IFN inhibited HCV 
replication, and HCV RNA levels declined 
over time (Fig. 3A) (26). To determine 
whether the deletion encompassing the ISDR 
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Fig. 3. Effect of IFN-a A 
on HCV replication. 100 

B l oo  

(A) Huh.5 cells (4 X 
lo5), containing a 1 , 75 
replicon with a wild- B 2 - 75 
type NSSA sequence, 5 2 o 
were incubated in the u 0 

> - 
-" H 

absence of IFN-a or > 
with IFN-a at 10 and Y 25 2 5  u o 50 
100 IUIml. RNA was 5 
extracted from dupli- 0 I 
cate wells with Trizol 
reagent at 24,48, and Time (hours)  25 

72 hours after treat- 
ment. HCV-specific RNA was quantitated with the ABI PRISM 7700 sequence 
detection system (72), and the percentage reduction in HCV RNA levels relative 
to the No IFN-treated control (% control) was plotted against the time of O 

Huh.5 Huh.8 S1172P S11791 A47aa 

I 
treatment. (B) Cell clones Huh.5 and Huh.8, which had replicons without changes 
in NSSA, and cell lines harboring replicons with mutations in NSSA, S1172P. Cell line 
511791, and A47aa were treated with IFN-a (10 IU/ml), and at 24 and 48 hours 
after treatment, RNA was harvested from duplicate wells and HCV RNA was measured. The percentage decrease of HCV RNA relative t o  the No I 
IFN-treated control (% control) was plotted for each replicon-harboring cell line. 

or the amino acid changes in NSSA altered 
the ability of IFN to repress HCV replication, 
we treated the G418-resistant cells, harboring 
the engineered adapted replicons, with IFN- 
a. All cell lines were sensitive to IFN (Fig. 
3B), demonstrating that irrespective of the 
NS5A sequence, IFN inhibited HCV RNA 
replication. 

The striking convergence of mutations 
within a defined region of NS5A suggests 
that NSSA is important for the establishment 
of HCV replication in vitro. One possibility is 
that this region of NS5A mediates an inter- 
action with a host cell protein that inhibits 
HCV replication. The NS5A mutations iden- 
tified here may disrupt this interaction, there- 
by allowing HCV replication to proceed. 

In conclusion, our findings highlight an 
important constellation of adaptive mutations 
in NSSA, identify an ISDR deletion mutant 
that may represent a starting point for. the 
design of live, attenuated vaccines, and im- 
portantly, establish a robust system for future 
genetic and functional analyses of HCV rep- 
lication in vitro. 
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