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High rates of genetic variation ensure the survival of RNA viruses. Although this variation is thought to
result from error-prone replication, RNA viruses must also maintain highly conserved genomic segments. A
balance between conserved and variable viral elements is especially important in order for viruses to avoid
“error catastrophe.” Ribavirin has been shown to induce error catastrophe in other RNA viruses. We therefore
used a novel hepatitis C virus (HCV) replication system to determine relative mutation frequencies in variable
and conserved regions of the HCV genome, and we further evaluated these frequencies in response to ribavirin.
We sequenced the 5’ untranslated region (5' UTR) and the core, E2 HVR-1, NS5A, and NS5B regions of
replicating HCV RNA isolated from cells transfected with a T7 polymerase-driven full-length HCV ¢cDNA
plasmid containing a cis-acting hepatitis delta virus ribozyme to control 3’ cleavage. We found quasispecies in
the E2 HVR-1 and NS5B regions of untreated replicating viral RNAs but not in conserved 5" UTR, core, or
NS5A regions, demonstrating that important cis elements regulate mutation rates within specific viral seg-
ments. Neither T7-driven replication nor sequencing artifacts produced these nucleotide substitutions in
control experiments. Ribavirin broadly increased error generation, especially in otherwise invariant regions,
indicating that it acts as an HCV RNA mutagen in vivo. Similar results were obtained in hepatocyte-derived
cell lines. These results demonstrate the potential utility of our system for the study of intrinsic factors
regulating genetic variation in HCV. Our results further suggest that ribavirin acts clinically by promoting
nonviable HCV RNA mutation rates. Finally, the latter result suggests that our replication model may be useful

for identifying agents capable of driving replicating virus into error catastrophe.

Genetic variation provides a selective advantage for RNA
virus populations, promoting escape from immune selection
and rapid adaptation to novel environments (8). The absence
of proofreading-repair mechanisms in RNA replicases and
transcriptases is thought to contribute to mutation rates in the
range of 10> to 10~ substitutions per nucleotide per round of
RNA replication (32). However, two factors exert a counter-
balancing pressure against excessive genetic variation. A high
degree of conservation of viral genomic sequences must be
maintained for interactions with specific cellular proteins, as in
the case of internal ribosomal entry. Excessive error rates can
also contribute to net loss of fitness by leading to “error catas-
trophes” that threaten the viability of populations of quasispe-
cies present in viral swarms. While the RNA genome of hep-
atitis C virus (HCV) contains hypervariable regions that are
thought to contribute to immune escape, little is known about
their intrinsic origins or their control in the absence of immune
or drug selection.

The extraordinary genetic diversity of HCV is reflected in its
in vivo generation of quasispecies, which occur throughout the
coding regions of its genome. In contrast, the 5’ and 3’ un-
translated regions (5’ and 3’ UTRs) display exceptional se-
quence conservation, likely a consequence of the critical roles
these regions play in translation and RNA replication initiation
(12). The most-variable regions of the genome are situated in
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regions associated with B-cell epitopes (3, 9), strongly suggest-
ing that immune selection pressure plays a significant role in
quasispecies diversity. In general, the outcome of acute HCV
infection may be controlled by the results of a race between the
evolution of viral sequences in the E2 hypervariable region and
the expansion of cytotoxic T-cell responses mounted by in-
fected persons (10, 18). Nevertheless, the absence of in vitro
HCV replication systems has precluded analysis of intrinsic
mutation rates that might explain some of the clinical variabil-
ity found in this region (22, 29, 31).

Genetic variation in any specific viral segment results from a
combination of the general infidelity of the RNA replicase,
local nucleotide signals, and two major constraints: first, con-
straints on viral proteins related to both structure and function,
and second, constraints on the RNA sequence itself. Sequence
constraints might appear in regulatory regions such as the 5’
and 3’ UTRs but could also exist in coding regions. While both
drugs and the immune system have been studied extensively as
selective factors, little attention has been given to potential
intrinsic control mechanisms that might regulate the variability
of regions of HCV. The error rate of the HCV RNA-depen-
dent RNA polymerase (RdRp) is largely unknown (26). Al-
though local nucleotide structures including RNA stem-loops,
polyadenosine stretches, and open regions with little intramo-
lecular base pairing favor localized mutations in human immu-
nodeficiency virus (7, 14, 16, 17), none of these structures have
been evaluated in the HCV genome. Conservation of both
positive charges and conformation has been found in E2 hy-
pervariable region protein sequences, which argues for a con-
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vergence of sequence variability on a limited number of struc-
tures compatible with the postulated role of the E2 protein in
cell attachment (28). Examination of all of these factors is
required for better understanding of the clinical variations
found in patients.

Viral genetic variation would be of special interest if viral
mutation rates could be therapeutically increased to a range
where error catastrophe broke the infectivity cycle of RNA
viral populations (5). One postulated mechanism for the oth-
erwise unknown efficacy of ribavirin (RBV) in HCV infection
is its ability to act as an RNA virus mutagen and contribute to
this kind of error catastrophe (5, 6). RBV has been shown to
induce error-prone replication of the related GB virus (GBV)
(15). Although HCV replicon systems demonstrate genetic
variation after model infections, their mutations are likely to
result from very specialized selection for the antibiotic resis-
tance markers used to maintain the replicons (2, 19). We have
recently demonstrated successful HCV RNA replication in a
novel binary full-length expression system (4). This system also
generates quasispecies corresponding to E2 hypervariable re-
gion 1 (HVR-1). Our culture system is uniquely capable of
revealing sequence variability during early HCV replication
because it starts with a single introduced viral sequence, and
mutant viral genomes can be detected within hours to days. We
therefore used this culture system to determine whether we
could detect local variation in mutation rates throughout the
HCV genome and to directly test the possible role of RBV in
further driving error-prone replication of HCV.

MATERIALS AND METHODS

Cell lines. CV-1 and HepG2 cells (American Type Culture Collection, Man-
assas, Va.) were maintained in Dulbecco’s modified Eagle medium containing
10% (vol/vol) fetal bovine serum.

Drugs. RBV and alpha interferon 2b (IFN-a2b) were both obtained from
Schering Plough (Kenilworth, N.J.)

Plasmids and transfection-infection. Our binary replication system has been
described previously and is capable of successful HCV protein, negative-strand
RNA, and positive-strand RNA synthesis (4). Briefly, a plasmid containing the
infectious full-length genotype 1a H77 cDNA sequence (35) was adapted at its 5’
and 3’ termini with the T7 promoter and a hepatitis delta virus ribozyme se-
quence, respectively, to yield pT7HHCV-Rz, referred to below as H77. As a
negative control, we removed a Bg/II-Bg/II fragment from pT7-lHCV-Rz to
create an in-frame deletion mutant, pT7-HCVABg/II-Rz (referred to below as
ABgIII), lacking the critical NS5B RdRp. H77 and ABg/II were used to transfect
subconfluent CV-1 cells. At 24 h following transfection, T7 polymerase was
delivered by using a recombinant vaccinia virus vector, v-T7 (referred to below
as T7) (11).

RBV (50 or 400 pM) or IFN-a2b (100,000 IU) was added to selected trans-
fected-infected CV-1 cells 20 h prior to the introduction of vv-T7. Twenty-four
hours post-vv-T7 introduction, cells were lysed, and RNA was extracted by use of
TRIzol (GIBCO/BRL, Rockville, Md.), DNase I treated (Roche Molecular
Biochemicals, Indianapolis, Ind.), and phenol-chloroform extracted.

RT-PCR. Reverse transcription (RT)-PCR was performed for the 5" UTR,
core, E2 HVR-1, NS5A, and NS5B regions by using region-specific primers
derived from the parent H77 sequence. For the 5" UTR, the sense primer was nt
41 to 60, 5'-CCCCTGTGAGGAACTACTGT-3', and the antisense primer was
nt 360 to 341, 5'-GGTGCACGGTCTACGAGACC-3’; for the core, the sense
primer was nt 266 to 297, 5'-GGGTCGCGAAAGGCCTTGTGGTACTGCCT
GAT-3', and the antisense primer was nt 838 to 809, 5'-GTTGCATAGTTCAC
GCCGTCTTCCAGAACC-3'; for E1/E2, the sense primer was nt 802 to 841,
5'-GCGTCCGGGTTCTGGAAGACGGCGTGAACTATGCAACAGG-3', and
the antisense primer was nt 1639 to 1600, 5'-AGGCTTTCATTGCAGTTCAA
GGCCGT GCTATTGATGTGCC-3'; for NS5A, the sense primer was nt 6853 to
6872, 5'-TGACGTCCATGCTCACTGAT-3’, and the antisense primer was nt
7176 to 7157, 5'-GAGACTTCCGCAGGATTTCT; and for NS5B, the sense
primer was nt 8245 to 8275, 5'-TGGGGATCCCGTATGATACCCGCTGCTT
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TGA-3’, and the antisense primer was nt 8645 to 8616, 5'-GGCGGAATTCCT
GGTCATAGCCTCCGTGAA-3" (13, 33). RT was carried out on extracted
RNA by using avian myeloblastosis virus reverse transcriptase (Perkin-Elmer,
Branchburg, N.J.) and standard conditions. Thirty cycles of PCR were carried
out using 25 pmol each of the relevant sense and antisense primers, 0.5 uM each
deoxynucleoside triphosphate, 1.5 mM MgCl,, and 0.5 U of Tag polymerase
(Perkin-Elmer) under the following cycling conditions: 95°C for 30 s, 45°C for
20 s, and 72°C for 60 s.

RNase protection assay. Negative-strand HCV RNA was detected as de-
scribed by Chung et al. (4). Detection of B-galactosidase RNA transcripts from
the T7-dependent reporter plasmid OS8 was carried out as described by Chung
et al. (4).

Immunoblotting. Western blot analyses of HCV core protein and B-galacto-
sidase were carried out as described by Chung et al. (4).

HCV RNA quasispecies analysis. Amplicons were cloned by using the TOPO-
PCR system (Invitrogen, Carlsbad, Calif.). Eleven to 20 individual transformants
corresponding to each region were sequenced bidirectionally by the ABI Prism
automated sequencer using primers flanking the insert. Synonymous and non-
synonymous substitutions at variance with the parental H77 and ABg/II se-
quences were determined, and error generation rates were calculated as the
number of nucleotide substitutions divided by the total number of nucleotides
sequenced. Sequences were aligned, and quasispecies diversity rates were com-
pared between groups by using the SPSS 9.0 statistical package.

RESULTS

HCV quasispecies generation is template dependent. We
used our binary HCV expression system previously to demon-
strate the successful synthesis of HCV positive- and negative-
strand RNA and protein in the presence of T7 and full-length
infectious H77, whereas the presence of T7 and the mutant
construct ABg/II, lacking critical RNA polymerase sequences,
was associated with HCV protein and positive-strand, but not
negative-strand, synthesis (4). In addition, we observed the
generation of quasispecies corresponding to E1/E2 HVR-1 in
cells treated with wild-type T7/H77 but not in cells treated with
the mutant T7/ABglII. These data provided strong evidence for
the action of the low-fidelity NS5B RdRp on the viral RNA
template. We therefore asked whether the generation of qua-
sispecies extended to other portions of the HCV genomic
template.

In addition to E1/E2 HVR-1, we examined sequences from
the 5" UTR and from the core, NS5A, and NS5B regions.
Table 1 and Fig. 1 demonstrate the locations and frequencies
of nucleotide substitutions corresponding to these regions.
While we observed nine nucleotide substitutions (four nonsyn-
onymous) in four independent clones for E1/E2 HVR-1 and
five substitutions (four nonsynonymous) in NS5B, we found no
substitutions in the 5" UTR, the core region, or NS5A. In
contrast, in the control samples, we observed no substitutions
corresponding to the T7/ABglll-infected-transfected cells in
the 5" UTR, core region, or E1/E2 HVR-1, and two substitu-
tions in NS5B, one in the core region, and one in E1/E2
HVR-1 corresponding to amplicons generated directly from
the DNA template H77. The DNA template was used as a
control for 7Taq and sequencing errors for the nonstructural
regions (NS5A and NS5B) not amplifiable from the deletion
mutant ABg/II. Thus, quasispecies generation is dependent on
the template region selected. Furthermore, quasispecies gen-
eration is not confined to E1/E2 HVR-1, although this region
displayed the greatest variability. Specifically, the error gener-
ation rate (number of substitutions per total number of nucle-
otides sequenced) was greatest for E1/E2 HVR1 (1.7 X 1073
[P < 0.001 relative to T7/ABgIII and H77 by Fisher’s exact
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TABLE 1. Comparison of mutation rates and synonymous and
nonsynonymous nucleotide substitutions in five genomic regions
between replicating HCV RNAs, transfected DNA only, and
nonreplicating HCV RNAs

. Nonsynonymous/ Error
Region and No. of No. (%) of generation
condition” clones  mutant clones Synonymous rate
substitutions 1073y

5" UTR

T7MH77 11 0 0 0

H77 11 0 0 0

T7/ABgll1 14 0 0 0
Core

T7/MH77 20 0 0 0

H77 11 1 1/0 0.1

T7/ABgll1 11 0 0 0
E1/E2

T7MH77 11 4(36) 4/5 1.7%

H77 11 1 1/0 0.1

T7/ABgll1 11 0 0 0
NS5A

T7MH77 14 0 0 0

H77 12 0 0 0
NS5B

T7/H77 17 4(17) 4/1 0.7

H77 12 2 2/0 0.4

“T7/HT77, replicating HCV RNAs; H77, transfected DNA only; T7/ABgIII,
nonreplicating HCV RNAs.
b, P < 0.001 for comparison with T7/ABgIII and with H77 by the x test.

test]), followed by NS5B (0.7 X 10~ [not significantly different
from that for H77]).

RBYV increases the HCV RNA mutation rate in vivo. We
examined the effects of RBV at a clinically relevant dose and
an additional, higher dose to determine whether this agent acts
as an RNA mutagen. Both doses inhibited herpes simplex virus
type 1 (HSV-1) plaque formation in CV-1 cells (4).

We found that RBV induces mutations across all regions of
the HCV genome tested (Table 2; Fig. 1A and B). At the lower
dose (50 pM), we found 15 nucleotide substitutions, 1 inser-
tion, and 1 deletion in HVR-1 in 12 of 20 clones examined
(error generation rate, 1.5 X 1073%). Of greater interest, we
found significant or near-significant increases in error genera-
tion in the 5 UTR and the core, NS5A, and NS5B regions
(Table 2; Fig. 1) over that in untreated T7/H77 HCV-replicat-
ing cells. For instance, in the core region, we found 12 substi-
tutions (leading to 2 stop codons) and 4 insertions (leading to
2 stop codons) in 7 of 14 clones sequenced, whereas no errors
were seen in untreated T7/H77 cells (P < 0.0006). The most-
significant differences were seen in regions that had previously
demonstrated no sequence variation (5 UTR, core, and
NS5A). These differences were even more prominent when
compared to a composite nonreplicating negative control con-
sisting of RT-PCR amplicons from T7/ABg/II (to encompass
the 5" UTR and structural regions of the template) and PCR
amplicons from the control plasmid H77 itself (to encompass
nonstructural regions of the template not transcribed by T7/
ABgIIT) (data not shown).

At higher doses of RBV (400 pM), we continued to observe
error generation throughout the viral genome, but to a lesser
degree than at the lower dose (Table 2). The degree of vari-
ability was evenly balanced across all regions (error generation
rate, 0.6 X 1072 to 1.2 X 107?). Again, at this RBV dose, the
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most significant changes relative to untreated replicating HCV
RNA were observed in the core region (P < 0.05).

To confirm that the mutations observed in the presence of
RBV were dependent on HCV replication, we examined re-
gion-specific mutation rates in viral RNA produced by the
ABgIII deletion mutant. At mutagenic doses of RBV, only 2
mutations, encompassing the 5’ UTR, core, and E1/E2, were
observed among 28 clones (Fig. 1C and D; Table 3). This did
not differ significantly from the RNA sequences characterized
for untreated T7/ABglll, indicating that the RBV-associated
mutations observed were dependent on HCV RNA replica-
tion.

To address the effects of RBV on vaccinia virus-mediated T7
delivery, we compared T7-initiated replicating HCV to expres-
sion of a T7-dependent control B-galactosidase reporter (Fig.
2). Interestingly, we saw no RBV effect on HCV negative-
strand synthesis at doses up to 50 uM (Fig. 2A). At 400 .M we
found modest inhibition of HCV negative-strand RNA synthe-
sis (data not shown). Importantly, we observed a significant
reduction in T7-dependent B-galactosidase transcription and
protein synthesis at 50 uM RBV, implying that RBV inhibits
the vaccinia virus delivery system (Fig. 2B). Thus, although
RBYV significantly decreased T7 delivery, HCV negative-strand
synthesis was preserved, suggesting strongly that HCV RNA
replication is autonomously maintained in our system. We also
found that HCV core expression was decreased by RBV, sug-
gesting that RBV may specifically inhibit HCV core translation
rates without disturbing viral replication.

To address whether these findings were applicable to hepa-
tocyte-derived cell lines, we performed similar analyses with
HepG?2 cells. RBV exhibited similar effects on T7-dependent
B-galactosidase transcription and protein synthesis as well as
HCYV negative-strand RNA synthesis in HepG2 and CV-1 cells
(Fig. 2). For quasispecies analysis, we examined sequences
from three regions: core, E1/E2, and NS5B (Table 4). Under
untreated conditions, the T7/H77 construct displayed variabil-
ity only in the E1/E2 region, at a rate lower than that observed
in CV-1 cells. However, in the presence of RBV at doses
mutagenic in CV-1 cells, a significant and broad increase in the
mutation rate was observed across all regions. Thus, the effects
of RBV are observed in cells of both hepatocyte and nonhepa-
tocyte origin.

IFN-« increases the HCV RNA error generation rate. We
examined the effects of IFN-a on replicative HCV RNA se-
quences generated by our system. When a dose of IFN
(100,000 TU) sufficient to inhibit HCV RNA synthesis (4) was
administered to cells in the presence of T7 and H77, we ob-
served an increase in error generation in four of the five re-
gions sequenced (Table 2; Fig. 1). This dose, while in excess of
doses used clinically, was selected because it overcomes the
known inhibitory effects of vaccinia virus on downstream IFN
effectors. The HCV core region, E1/E2 HVR-1, NS5A, and
NS5B all showed increased rates of mutation. For the core
region and E1/E2 HVR-1, this difference was statistically sig-
nificant relative to mutation rates in untreated cells expressing
wild-type full-length HCV sequences. Only 5" UTR sequences
remained invariant in the presence of IFN. Overall, the muta-
tion rates attributable to RBV and IFN treatment were signif-
icantly different from those in untreated T7/H77 transfected-
infected CV-1 cells (by the x* test with Yates’ correction).
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FIG. 1. Sequence alignments for replicating RNA sequences corresponding to selected HCV genomic regions under untreated and treated
conditions. RNAs were harvested, reverse transcribed, cloned, and independently sequenced. (A) Alignment of cDNA sequences of E1/E2 HVR-1
and NS5B (the only variant regions) following T7/full-length H77 transfection under untreated conditions. (B) Alignment of 5" UTR, core, E1/E2
HVR-1, NS5A, and NS5B cDNA sequences under treatment with RBV at 50 or 400 wM or with IFN-« at 100,000 IU. Alignments were performed
and compared with the parent H77 sequence. Nonsynonymous and synonymous nucleotide substitutions are indicated. (C and D) Alignment of
5" UTR, core, and E1/E2 HVR-1 sequences following T7/ABglII transfection under untreated conditions (C) or under treatment with 50 M RBV
(D). Alignments were performed and compared with the parent H77 sequence.
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NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
1
MSTNPKP QRKTKRNTNRRPQDVKFPGGGQ IVGGVYL LPRRG PRLGVRATRKTSER SQPRGRRQPI PKARR PEGR

--- R e e Rt R bkt one
———————————————————————————————————————————————————————————————————— one
150
TWAQPGY PWPLY GNEGC GWAGW LLSPRGSRPSWGPT DPRRR SRNLGKVIDT LTCGFADLMGYIPL VGAPLGGAARAL
________________________________________________________________ P--------D---
NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
275
SALYVGDLCGSVFLVGQLFTFSPRREWTTQDCNCSI YPGHI TGHIT GHRMAWDMMMNWSPTAALV VAQLLRIPQAIMDMI A
one
one
one
one
one
one
HVR-1
430
GAHWG VLAG IAY FSMVGNWAKVLVVLLLF AGVDAETHV TGGNAGRTTAGLVGL LT PGAKQNI QLINTNGSWHINSTALN
NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
2172 ISDR 2250
TSMLTDP SHITAEAAGRRLARGSPPSMASSSASQLSAPSLKATCTANHDSPDAELIEANLLWRQEMGGNI TRVES ENKV
_____________ L e e e e i
———————————————————————————————————————————————————————————— Qrmwmrrm e one
______________ -
NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
2641
RCFDSTVTESDIRTEEAIY QCCDMDPQARVAIKS LTERLYVGGPLTNS RGENCGYRRCRASGVLTTSCGNTLTCYIKA
one

2765

FIG. 1—Continued.
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c. T7/ABglIIl

Untreated
5'UTR
62
CTTCACG CAGAAAGCGT CTAGC CATGGAGTTAGTAT GAGTGTCGTG CAGCCTCCAGGACCCCCCCTCCCGGGAGGAG
Clone 1 -14 @ s s s s s oo m oo m e o e e e e e e e e e e e
AGCCATAGTGGTCTGCGGAACCGGTGAGTACACCGGAATTG CCAGGACGACCGGETCCTTTCTTGGATAAACCCGCTCAATGCCTGGAGATTT
Clone 1-14  mo s s oo e e e oo R
320
GGGCGTG CCCCCGCAAGACTGC TAGC CGAGTAGTGT TGGGT CGCGAAAGGC CTTGTGGTACTGCC TGATAGGGTG CTTGC GAGTGCCCCGGGA
Clone 1 -14 | s oo s oo s e s oo e o e e e e e e e e e e
CORE NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
1
MSTNPKP QRKTKRNTNRRPQDVKFPGGGQIVGGVYL LPRRGPRLGVRATRKTSER SQPRGRRQPI PKARR PEGR
Clone 114 e e e e e e e e e e e e e e e e o oo

150
TWAQPGY PWPLY GNEGCGWAGWLLSPRGSRPSWGPT DPRRR SRNLGKVIDTLTCGFADLMGYIPLVGAPLGGAARAL
Clone 1-14 = —ccm e e e e m e A e e Em R e e e f e e e e m m e e m e .- —— o

E1/E2 NONSYRONYMOUS SUBSTITUTIONS SYNONYMOUS
275
SALYVGD LCGSVFLVGQLFTFS PRRHWTTQODCNCSI YPGHI TGHIT GHRMAWDMMMNW SPTAALV VAQLLRIPQAIMDMI A
Clomne 1 =14 e e e e e e e oo
HVR-1 430
GAHWGVLAGIAY FSMVGNWAKVLVVLLLFAGVDAET HVTGGNAGRT TAGLVGLLT PGAKQNIQLI NTNGS WHINS TALN
Clone 1 -14  mmemm oo oo o e e e e e e e e e e e e o o oo mmee oo oo

D. T7/ABgliI

RBV 50 uM
5/UTR
62
CTTCACG CAGAAAGCGT CTAGC CATGGAGTTAGTAT GAGTG TCGTG CAGCC TCCAGGACCCCCCC TCCCGGGAGGAG
Clone 1
Cleone 2-8
Clone 1
Clone 2-8
Clone 1
Clone 2-8
CORE NONS YNONYMOUS SUBSTITUT IONS SYNONYMOUS
1
MSTNPKP QRKTKRNTNR RPQDVKFPGGGQIVGGVYL LPRRGPRLGVRATRKTSERSQPRGRRQPI PKARR PEGR
Clone 1 -10 s o e s e m oo o e o e e e e e oo
150
TWAQPGY PWPLYGNEGCGWAGWLLSPRGSRPSWGPT DPRRRSRNLGKVIDT LTCGFADLMGYIPL VGAPL GGAARAL
Clone 1 -10 @ oo m oo s o oo o e e e e e e e e oo
El/E2 NONSYNONYMOUS SUBSTITUTIONS SYNONYMOUS
275
SALYVGD LCGSVFLVGQLFTFS PRREWTTQDCNCSI YPGHI TGHIT GHRMAWDMMMNW SPTAALV VAQLLRIPQAIMDMI A
Clone 1 = s e e o e e e e e
Clone 2 -10 s oo oo s oo oo e e e e e oo oo
HVR-1 430
GAHWGVL AGIAY FSMVGNWAKV LVVLLLFAGVDAET HVTGGNAGRT TAGLVGLLT PGAKQONIQLI NTNGS WHINS TALN
[ o) + T il e it T PR
CIlone 2 -10 s oo o oo o e e e e e o e e oo oo oo

FIG. 1—Continued.
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TABLE 2. Comparison of mutation rates in five genomic regions
between untreated replicating HCV RNAs” and replicating RNAs
treated with RBV or IFN

) N No. of No. (%) of Nonsynonymous/ gelir:;rion
Region and condition ) ) mutant synonymous "
clones clones substitutions rag
(1072
5" UTR
T7/H77 11 0 0 0
+ RBV (50 uM) 15 3(20) 0/3 0.7
+ RBV (400 puM) 14 3(21) 0/3 0.7
+ IFN (100,000 IU) 13 0 0 0
Core
T7/H77 20 0 0 0
+ RBV (50 uM) 14 7 (50) 8/4 1.9°
+ RBV (400 pM) 20 4 (20) SN 0.6¢
+ IFN (100,000 IU) 11 4 (36) 3/2 1.0¢
E1/E2
T7/H77 11 4(36) 4/5 1.7¢
+ RBV (50 uM) 20 12 (60) 11/4 1.5
+ RBV (400 pM) 20 7 (35) 9/4 1.2
+ IFN (100,000 IU) 12 10 (83) 10/6 2.8
NS5A
T7/H77 14 0 0 0
+ RBV (50 pM) 20 5(20) 12/0 2.5"
+ RBV (400 pM) 14 2 (14) 3/0 0.9
+ IFN (100,000 IU) 18 3 (16) RJA 14
NS5B
T7/H77 17 4(17) 4/1 0.7
+ RBV (50 uM) 18 7(39) 9/4 1.7
+ RBV (400 M) 17 6 (35) 5/2 1
+ IFN (100,000 IU) 11 2 (18) 21 0.7

“T7/MT77.

® Four nucleotide insertions (2 stop codons). P < 0.00006 relative to untreated
T7/M77.

¢ P < 0.05 relative to untreated T7/H77.

4P < 0.01 relative to untreated T7/H77.

¢ P < 0.04 relative to untreated T7/H77.

/ One nucleotide insertion (one stop codon); one nucleotide deletion.

& Four nucleotide insertions. P < 0.03 relative to untreated T7/H77.

" P < 0.06 relative to untreated T7/H77.

Similarly, the proportions of mutant clones from each treated
group were similar (about 30%), but the number of variant
nucleotides per clone differed. When the error generation rate
was averaged across all regions examined, we found an overall
mutation rate of 0 to 2.8 X 10~ ¥/site.

Synonymous- to nonsynonymous-mutation ratio and G—A
or C—U transition mutations. Under untreated replicative
conditions (T7/H77), we observed a d,/d, (nonsynonymous/
synonymous mutation ratio) of 1.33 (8:6) for all regions tested
(Table 5; Fig. 1A and B). This ratio increased modestly to 2.67
with RBV at 50 uM, to 2.2 with RBV at 400 uM, and to 2.0
with IFN-a (Table 5; Fig. 3). We observed a large number of
transition mutations in the presence of RBV at both doses
(Table 6), including G-to-A and C-to-U transitions, which
would be predicted by in vitro RBV incorporation experiments
(6). However, C-to-U transitions were also observed in the

J. VIROL.
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FIG. 2. (A) RNase protection assay and Western blot analysis of
RBV dose effects (in micromolar concentrations) on HCV negative-
strand (top panel) and core protein (bottom panel) synthesis under con-
ditions of HCV RNA replication in CV-1 and HepG2 cells. RBV at 400
M produced moderate inhibition of HCV negative-strand RNA synthe-
sis in both cell types (data not shown). (B) RNase protection assay and
Western blot analysis of RBV dose effects (in micromolar concentrations)
on T7-dependent B-galactosidase RNA (top panel) and protein (bottom
panel) synthesis under conditions of HCV RNA replication in CV-1 and
HepG2 cells. pOS8, B-galactosidase expression plasmid.

absence of treatment in E1/E2 HVR-1. We also observed a
number of transition mutations with IFN treatment, although
there were fewer absolute and relative G-to-A and C-to-U
transitions under these conditions. These differences were not
statistically significant. Characterization of the direct effects of
the observed substitutions, insertions, and deletions revealed
that at least five mutations (three insertions [Table 2] and two
substitutions [Fig. 1]) led to premature stop codons within the
directly sequenced regions. These data directly demonstrate
that a large proportion of these mutations would be predicted
to result in nonviable proteins.

DISCUSSION

Using a novel HCV RNA replication system capable of
recapitulating the early steps in the HCV life cycle, we found

TABLE 3. RBV does not induce mutations in nonreplicating HCV RNA

Condition Total no. of No. (%) of mutant Total no. of mutations Nonsynonymous/synonymous Error generation rate
clones clones (all regions) substitutions (ratio) (1073) (all regions)
Untreated T7/ABglIl 42 0 (0) 0 0/0 0
+ RBV (50 pM) 28 2 (6) 2 1/1 (1.0) 0.16*

“ Not significantly different from the rate for untreated T7/ABg/II.
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TABLE 4. RBV induces mutations in replicating HCV RNA in HepG2 cells

. . Total no. of No. (%) of mutant Total no. of Nonsynonymous/synonymous Error generation
Region and condition clones ( cl)ones mutations s}ilbsti};utions }(]ratig) rateg(10’3)
Core

T7/H77 14 0 0 0 0

+ RBV (50 uM) 11 4(36) 9 7/2 (3.50) 1.8¢
E1/E2

T7/H77 12 2(17) 2 1/1 (1.00) 0.33

+ RBV (50 uM) 14 7 (50) 15 10/5 (2.00) 2.1°
NS5B

T7/H77 10 0 0 0 0

+ RBV (50 uM) 12 3(25) 4 2/2 (1.00) 0.79¢
All regions

T7/H77 36 2(5.5) 2 1/1 (1.00) 0.1

+ RBV (50 uM) 37 14 (38) 284 19/9 (2.11) 1.6

“ One nucleotide deletion (one stop codon). P < 0.001.

b P <0.01.

¢ Two nucleotide deletions (one stop codon).

4P < 0.0001 relative to untreated T7/H77 by the x> test with Yates’ correction.

that RNA quasispecies generation is observed in regions of the
HCV genome in addition to HVR-1 but that mutation gener-
ation rates are highly variable. Specifically, significant error
generation above that observed with the control plasmid lack-
ing critical nonstructural region sequences necessary for RNA
replication was most frequently observed in HVR-1 but was
also seen in the NS5B region. However, no mutations were
observed in three other, more conserved regions: the 5" UTR,
core, and NSSA. These findings, in the complete absence of
immune selection pressure, have a number of implications for
the HCV NS5B RdRp.

First, the finding of variable error generation suggests that
the low fidelity attributable to the NS5B enzyme is template
dependent. The fact that the highest error frequency occurred
in aregion (E1/E2 HVR-1) exhibiting the greatest quasispecies
diversity from in vivo isolates suggests that, in addition to
immune selection pressure, there is intrinsic quasispecies gen-
eration as a result of impaired template copying. This misco-
pying is likely to be a result of a complex RNA template
secondary structure, such as that observed in E1/E2 HVR-1.
Hence, additional cis-acting mechanisms appear to underlie
the observed hypervariability of this region. It is also notewor-
thy that the accumulation of mutations in this region in natu-
rally occurring HCV infection does not appear to be random
(28), suggesting that there are specific cis-acting determinants
of error generation. We also found variability in the NS5B
region; in this regard, it is notable that modeling and physical
analyses have demonstrated significant RNA secondary struc-
ture in this region as well (34; J. Wood, A. Tuplin, A. H. Patel,
and P. Simmonds, presented at the 8th International HCV
Conference, 2001; A. Branch, personal communication). Our

data raise the intriguing possibility that the mutations observed
in NS5B may be adaptive for replication. Further functional
study of these sequences is warranted.

Second, the finding of quasispecies in a short-term expres-
sion system suggests that the regional accumulation of muta-
tions is likely to be very high. Hence, it is very likely that a
significant fraction of the observed substitutions, insertions,
and deletions lead to nonviable polyprotein. Thus, the muta-
tion rates reported here can offer estimates of the NS5B error
generation rate but not of the true viable quasispecies gener-
ation rate.

Using our replication system, we found that RBV increases
error generation, especially in otherwise invariant regions, sug-
gesting that it acts as an RNA mutagen in vivo. Our findings
confirm in principle those of Crotty et al. that RBV acts as an
RNA mutagen in poliovirus (6). Our findings differ in several
respects, however. First, the RNA mutation rate observed did
not approach those described by Crotty et al. (6). Second, we
found a decrease in HCV negative-strand RNA synthesis at-
tributable to the use of RBV only at the highest dose tested,
despite observation of its activity against HSV-1 at all doses in
the same cell line (4). Third, there was no demonstrable dose-
responsiveness of mutation rates. We speculate that RBV in-
creases the HCV RNA mutagenesis rate, perhaps just to the
brink of error catastrophe described for poliovirus and thus
with minimal inhibitory effects on actual viral RNA synthesis in
our short-term assay. RBV seems to function against HCV in
a manner more comparable to its action against the related
flavivirus GBV-B. GBV-B virions from cultured primary hepa-
tocytes treated with RBV have reduced infectivity, but RBV
does not directly inhibit GBV replication in vivo (15). It is also

TABLE 5. Comparison of mutation rates across all regions tested for untreated, RBV-treated, and IFN-treated replicating HCV RNA in

CV-1 cells
Conditi Total no. of No. (%) of mutant Total mutations Nonsynonymous/synonymous Error generation rate pa
ondition clones clones (all regions) substitutions (ratio) (1073) (all regions)
T7/H77 (untreated) 73 8 (11) 14 8/6 (1.33 ) 0.09
+ RBV (50 pM) 87 29 (33) 55 40/15 (2.67) 0.33 <0.001
+ RBV (400 pM) 85 25 (30) 32 22/10 (2.2 ) 0.20 <0.008
+ IFN 65 19 (30) 30 20/10 (2.0 ) 0.23 <0.01

“ Significantly different from untreated T7/H77 by the x? test with Yates’ correction.
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FIG. 3. Numbers of mutations from all tested regions of the HCV
genome (5" UTR, core, E1/E2, NS5A, and NS5B) for T7/H77 RNAs
that were either left untreated (T7 no tx) or treated either with RBV
at 50 or 400 wM or with IFN. Numbers of synonymous (solid) and
nonsynonymous (open) nucleotide substitutions are shown for each
condition.

possible that demonstration of direct inhibition of HCV RNA
synthesis by RBV will require long-term studies. We speculate
that the failure to observe a linear RBV dose-response effect
on HCV RNA mutation rates may reflect threshold effects
obtained at the lower dose used.

The activity of RBV on replicating HCV RNA was also seen
in hepatic cells. The lower quasispecies variability seen in rep-
licating HCV RNA in HepG?2 cells may reflect the presence of
host cell factors in the replication complex that are less per-
missive for nucleotide misincorporation. We speculate that
these factors may help account for observations of quasispecies
compartmentalization in infected persons (24). The finding
that RBV appears to increase mutation rates of HCV RNA in
multiple cell types supports its direct interaction with the HCV
replication complex.

We also observed an increase in quasispecies generation
across all coding regions by treatment of our system with IFN.
We found this of interest, since we and others have previously
demonstrated a direct inhibitory effect of IFN on HCV RNA
and protein synthesis (2, 4, 19). The finding of decreased viral
RNA synthesis at doses that generate mutations raises the
possibility that in addition to its well-described effects on RNA
synthesis, IFN may also increase the generation of nonviable
RNA species. This might occur not through RNA mutagenesis
per se, but rather indirectly, via alteration of the availability of
template and host factors critical to successful HCV RNA
polymerization. These factors may be directly sensitive to the
downstream effectors of IFN signaling, which are activated in
CV-1 cells and other cell types (23). The observation that IFN
increases viral heterogeneity in persons who fail to respond to
therapy may be explained in part by this observation. These
findings also raise the possibilities that IFN and RBV act
synergistically to drive error-prone replication toward catastro-
phe and that in patients who fail to respond to IFN and RBV,
error generation is increased but not to a level deleterious to
virus survival.

J. VIROL.

TABLE 6. Transition mutations recorded for all genomic regions
for untreated, RBV-treated, and IFN-treated replicating HCV RNA

No. of transition mutations

Condition
G—A A—G U—C C-U
T7/H77 (untreated) 0 3 1 6
+ RBV (50 pM) 5 7 10 5
+ RBV (400 uM) 4 7 4 4
+ IFN 2 5 12 2

It has been hypothesized that nonsynonymous mutations are
a reflection of exogenously applied selection pressure rather
than the result of enzymatic activity (30). However, in our
system we consistently observed a moderate excess of nonsyn-
onymous over synonymous mutations. This finding would not
be predicted to occur by chance, given the increased likelihood
that a random mutation would be predicted to produce syn-
onymous substitutions. One possible explanation for these
findings is that there are structural constraints imposed by the
existence of cryptic alternate open reading frames, such as that
described within the core region (34). However, a more plau-
sible explanation for the excess of nonsynonymous mutations is
the lack of conservative constraints imposed by our replication
system generally. Indeed, the finding of similar d,/d, ratios
across the genome (Fig. 1) argues that no single region is
subjected to positive selection pressure. It should also be noted
that not all of the RNA species generated by our system are
destined to become viable quasispecies. Indeed, those produc-
ing true nonsynonymous substitutions have a significantly
higher likelihood of being nonviable (some directly encode
stop codons) and are thus never incorporated into mature
virions. The RNA species identified in our system do not dis-
tinguish between viable and nonviable sequences and thus do
not necessarily reflect the balance of circulating quasispecies in
vivo.

Because our system relies exclusively on cultured epithelial
cell lines and thus does not introduce immune selection pres-
sure, our findings may reflect the in vivo fidelity and species
generation of wild-type NS5B RdRp. They suggest not only
that the RNA template may be susceptible to miscopying but
also that this susceptibility is enhanced in regions where mis-
copying is likely to lead to amino acid substitutions. These
findings could reflect an evolutionary template strategy for
further generation of sequence diversity, even at the cost of
increased generation of nonviable species. The fragile balance
between viral strategies to generate increased sequence diver-
sity and viral strategies to maintain functions critical for the
viral life cycle can thus be upset by RNA mutagenic agents. It
is noteworthy that the mutations observed could also reflect
viral protein constraints related to interactions with cellular
factors (e.g., enzymes or RNAs) that may induce region-spe-
cific mutation by frans mechanisms, thus resulting in selection
for viral mutants. These trans-acting factors may be cell line
specific, so that qualitative differences may exist between in-
fected hepatocytes in vivo and the transfected CV-1 cells used
in these studies.

A number of studies have examined the longitudinal muta-
tion rate of HCV sequences from infected humans and chim-
panzees. Estimates have ranged from 0.4 X 1072 t0 1.9 X 1073
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bases per site per year (1, 20, 25, 27). The findings in our study
suggest that the mutation rate attributable to NS5B miscopying
is substantially higher, leading to generation of quasispecies in
some regions over a short term. It is thus likely that the com-
bination of nonviability and host immune clearance narrows
the range of circulating species to the more modest numbers
observed over time in infected hosts.

Because it can detect viral RNA mutations, our HCV rep-
lication system offers an assay for the study of intrinsic factors
that regulate the origins of genetic variation in HCV. It will
permit identification of cis-acting sequences responsible for
driving regional RNA and amino acid mutation rates. In ad-
dition, it will facilitate identification of trans-acting factors con-
tributing to error generation. Among these factors is not only
the NS5B polymerase but also other viral and cellular proteins
likely to interact with NS5B in the multiprotein RNA replica-
tion complex. Finally, the finding of increased error generation
induced by RBV suggests that our replication model may be of
special interest for identifying other inhibitors of HCV capable
of driving replicating virus into error catastrophe. This will be
especially true of compounds with affinity for the NS5B RdRp,
including agents of the nucleoside analogue class. The recent
finding that RBV exerts its effects on HCV replication through
the NS5B polymerase provides further support for the validity
of this approach (21).
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