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Hepatitis C virus (HCV) causes chronic hepatitis, cirrhosis, and liver cancer. cis-acting RNA elements of the HCV genome are
critical for translation initiation and replication of the viral genome. We hypothesized that the coding regions of nonstructural
proteins harbor enhancer and essential cis-acting replication elements (CRE). In order to experimentally identify new cis RNA
elements, we utilized an unbiased approach to introduce synonymous substitutions. The HCV genome coding for nonstructural
proteins (nucleotide positions 3872 to 9097) was divided into 17 contiguous segments. The wobble nucleotide positions of each
codon were replaced, resulting in 33% to 41% nucleotide changes. The HCV genome containing one of each of 17 mutant seg-
ments (S1 to S17) was tested for genome replication and infectivity. We observed that silent mutations in segment 13 (S13) (nu-
cleotides [nt] 7457 to 7786), S14 (nt 7787 to 8113), S15 (nt 8114 to 8440), S16 (nt 8441 to 8767), and S17 (nt 8768 to 9097) resulted
in impaired genome replication, suggesting CRE structures are enriched in the NS5B region. Subsequent high-resolution muta-
tional analysis of NS5B (nt 7787 to 9289) using approximately 51-nucleotide contiguous subsegment mutant viruses having syn-
onymous mutations revealed that subsegments SS8195-8245, SS8654-8704, and SS9011-9061 were required for efficient viral
growth, suggesting that these regions act as enhancer elements. Covariant nucleotide substitution analysis of a stem-loop, JFH-

SL9098, revealed the formation of an extended stem structure, which we designated JFH-SL9074. We have identified new en-
hancer RNA elements and an extended stem-loop in the NS5B coding region. Genetic modification of enhancer RNA elements

can be utilized for designing attenuated HCV vaccine candidates.

H epatitis C virus (HCV) affects up to 170 million people
worldwide, and about 350,000 people die every year from
HCV-mediated liver ailments (1-4). Although some HCV-in-
fected patients clear their infections spontaneously, most become
chronic carriers, with a risk of serious complications, including
cirrhosis, liver failure, and hepatocellular carcinoma (HCC). Hep-
atitis C is the leading indication for liver transplants in developed
countries and is the major etiologic factor responsible for the re-
cent doubling of HCC (5). The current standard of care for the
treatment of HCV infection, HCV NS3/4A protease inhibitors in
combination with pegylated alpha interferon (PEG-IFN) and
ribavirin, has led to an increased sustained virological response
(SVR) rate of up to 75% for genotype 1 (GT1) HCV but has also
caused increased adverse events, including gastrointestinal symp-
toms and anemia (6, 7). There is no vaccine available against HCV.
Upon exposure, HCV replicates mainly in hepatocytes and a small
proportion in mononuclear cells, biliary epithelial cells, and
sinusoidal-lining cells (8). HCV, an enveloped virus, belongs to
the family Flaviviridae. HCV strains are clustered into six ma-
jor genotypes. The hepatitis C virion contains a 9.6-kb single-
stranded, positive-sense RNA genome (9). The genome codes
for a single polyprotein, which is mainly proteolytically pro-
cessed into 10 proteins having structural and nonstructural
(NS) functions (10-12). The polyprotein-coding region is
flanked by 5" and 3’ nontranslated regions (NTR). HCV sub-
genomic replicons have been predominantly used for studying
viral genome replication (13, 14). Genotype 2a JFH-1 strain-
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based viruses have been useful for studying various steps of
viral replication (15-17).

The 5" NTR contains RNA elements that are critical for viral
genomic RNA replication and cap-independent translation initi-
ation (18-21). The internal ribosomal entry site (IRES) in the 5’
NTR acts as the landing site for ribosomal subunits and other
cellular proteins involved in translation. MicroRNA-122 binds to
the 5" NTR and enhances viral genome translation and genome
replication by possibly preventing viral genome degradation (22,
23). Conserved stem-loop structures SL47 and SL87 in the core
protein-coding region have been shown to be required for HCV
genome translation and viral replication (24). The 3" NTR is com-
prised of three segments, a proximal variable region, a poly-
pyrimidine tract (polyU/UC), and a 3" X tail (25-28). Earlier stud-
ies proposed the presence of stem-loop structures in the 3’
terminus of the HCV genome (29-31). This region is critical for
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the initiation of negative-strand genome replication and stimulat-
ing translation through long-range RNA-RNA interaction (32—
34), as well as binding to cellular and viral proteins, including
PTBP1, ribosomal proteins, NS3, and NS5A (35-41).

NS5B, which codes for RNA-dependent RNA polymerase, is
critical for viral genome replication (42—49). Detailed thermody-
namic predictions and phylogenetic analyses, as well as experi-
mental analyses, revealed the presence of conserved stem-loop
structures in the NS5B-coding region across all the genotypes (50—
54). Smith and Simmonds described potential RNA structures at
the 3" end of the NS5B region (53), and this was later experimen-
tally tested by You and colleagues using a genotype 1b Conl1 sub-
genomic replicon system to designate the stem-loop structures
5BSL3.1, 5BSL3.2, and 5BSL3.3 (55). Earlier, Hofacker et al. pre-
dicted 5BSL1 and SL8828 using computational methods (52). Tu-
plin and colleagues presented a total of six potential RNA struc-
tures in the NS5B region, i.e., SL7730 (5BSL1), SL8376 (5BSL2),
SL8828, SL8926, SL9011 (5BSL3.1), and SLI118 (5BSL3.3) (50).
In an independent experimental analysis using a genotype 1b rep-
licon, Lee et al., described SL-V (5BSL3.3), SL-VI (5BSL3.2), and
SL-VII (5BSL3.1) in the NS5B region (56). Limited mutagenesis
analysis using a Conl replicon showed that 5BSL1, 5BSL2,
5BSL3.1, and 5BSL3.3 structures were not required for genome
replication (55). However, another report indicated that SL-V, or
5BSL3.3, was critical for genome replication of the genotype 1b
replicon (56). Several studies employed different methods to des-
ignate the stem-loop structures in the HCV genome, resulting in
multiple nomenclatures for the same structure. In this report, we
followed the recently adopted standardized system for naming the
stem-loop based on the genomic position of the first 5" paired base
of the RNA structure (57-60). We summarize all the homologous
stem-loop structures described in the NS5B coding region below.
cis-acting replication element (CRE) SL9266 (5BSL3.2, or SL-VI)
has been extensively characterized by mutagenesis studies and is
critical for viral genome replication. Reverse genetic analysis in the
genotype 1b Conl replicon system revealed that SL9266
(5BSL3.2) forms a long-range interaction with an unpaired se-
quence downstream of SL9033 and that the interaction is critical
for viral genome replication (57); however, a new study reported
that this interaction was not critical for viral production of an
intragenotype 2a chimeric virus, J6/JFH-1, in Huh-7.5 cells (60).
Furthermore, SL9266 forms a kissing-loop interaction with 3’
NTRSL2 (SL9571) (32, 34). These long-range interactions formed
by stem-loop structures have been shown to be critical for HCV
genome replication. It has been recently reported that the 5BSL3.2
CRE is involved in a long-range interaction with subdomain IIId
of the 5" NTRIRES region, and the resulting interaction negatively
influences the IRES-mediated translation (61, 62). It is postulated
that the 5BSL3.2 CRE could function as a switch modulating the
translation and genome replication of the sense-stranded HCV
genome (60). The RNA structure of 5BSL3.2 was determined by
both enzymatic primer extension analysis and selective 2'-hy-
droxyl acylation analyzed through primer extension (SHAPE)
methods (55, 60).

The structural proteins core, E1, and E2, as well as p7 and NS2,
are not required for HCV genome replication, whereas the NS3,
NS4A, NS4B, NS5A, and NS5B proteins are (13, 14). The C-ter-
minal domains of the NS4B and NS5A proteins can be trans-com-
plemented (63, 64). Since the genome replication functions of
most of these nonstructural proteins cannot be trans-comple-
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mented by exogenously expressing a functional protein, these
nonstructural proteins must act in a cis manner during genome
replication. This cis nature of the proteins limits the experimental
options for identifying cis-acting RNA structural elements present
in the coding region. HCV CRE structures have been identified
through computational phylogenetic analysis and thermody-
namic predictions. However, phylogenetically nonconserved se-
quences forming conserved RNA structures may not be predicted
by computational methods. We hypothesized that the coding re-
gions of nonstructural proteins harbor enhancer and essential cis-
acting replication elements. To test this hypothesis, we utilized an
unbiased approach to introduce synonymous mutations in the
NS3, NS4A, NS4B, NS5A, and NS5B coding regions. This muta-
tional approach preserved the amino acid sequence of the HCV
polyprotein but could alter the RNA structures. We studied the
effects of these synonymous mutations on HCV genome replica-
tion and de novo infection to identify new cis-acting RNA elements
in the coding region of HCV.

MATERIALS AND METHODS

Cells. The Huh-7.5.1 cell line (kindly provided by F. Chisari) was cultured
in complete Dulbecco’s modified Eagle’s medium (DMEM) containing
10% to 15% fetal bovine serum (FBS), 10 mM nonessential amino acids
(Invitrogen, Carlsbad, CA), 10 mM HEPES, penicillin (100 units/ml),
streptomycin (100 mg/ml), and 2 mM r-glutamine at 37°C with 5% CO,
(27).

Virus and plasmid constructs. An intragenotype 2a chimeric virus,
pJ6/JFH-C, and a monocistronic chimeric reporter virus, pPNRLFC, based
on the pJ6/JFH-C parental virus, were described previously (27). For the
current study, we used a chemically synthesized plasmid, pFNX-HCV,
and a pFNX-Rluc reporter (which have sequences similar to those of pJ6/
JFH-C and pNRLEC, respectively). In brief, the intragenotype 2a chimeric
virus pFNX-HCV, comprising the 5" NTR, structural regions, and part of
the nonstructural regions (p7 and partial NS2) of the J6CF strain (the
genomic region, nucleotides [nt] 1 to 2878; NCBI accession no.
AF177036) and the nonstructural regions of strain JFH-1 (NCBI accession
no. AB047639), was generated. The monocistronic chimeric reporter vi-
rus pFNX-Rluc, based on the pFNX-HCV parental virus, was generated
by inserting a Renilla luciferase gene between the 5 NTR and core gene.
The luciferase gene and core gene are joined by the foot and mouth disease
virus 2A (F2A) peptide gene sequence to serve as a cleavage signal. To
generate an envelope-null mutant virus, an in-frame deletion of nt 1040 to
2215 was engineered in the FNX-HCV genome. This deletion removed
most of the E1 and E2 coding regions. An RNA polymerase-null (Pol ™)
virus with a pFNX-HCV or pFNX-Rluc background was generated by
replacing the catalytic residues GDD with AAG amino acid residues.
pFNX-HCV and pFNX-Rluc plasmids were used for construction of re-
combinant viruses. The sequence information for the primers used for the
construction of mutant viruses is available upon request. The engineered
mutations in the plasmids were verified by sequencing.

Invitro transcription and RNA transfection. The viral plasmids were
first linearized with the Xbal restriction enzyme and treated with mung
bean nuclease (New England BioLabs, Beverly, MA) before being sub-
jected to in vitro transcription using the T7 Ribomax Express Large Scale
RNA Production System according to the manufacturer’s instructions
(Promega Corporation, Madison, WI). The DNase-treated RNA was
purified, quantified, and stored at —80°C in aliquots. To minimize the
variation in RNA quality, for each experiment, RNA production (tran-
scription, purification, quantification, and storage) for all the mutant and
wild-type viruses was done at the same time. To increase the survivability
of Huh-7.5.1 cells after electroporation, the cells were cultured in 15%
FBS. Before electroporation, the Huh-7.5.1 cells were briefly trypsinized
and washed twice with ice-cold Opti-MEM transfection medium (Invit-
rogen) and resuspended in Opti-MEM at 1 X 107 cells per ml. Ten micro-
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grams of in vitro-transcribed RNA was mixed with 400 pl of cells in
0.4-cm electroporation cuvettes. Electroporation was conducted by using
a Bio-Rad elecroporator at 270 V, 100 (), and 950 p.F. Subsequently, the
cells were resuspended in 40 ml of complete DMEM with 15% FBS and
plated in T-25 or T-75 flasks and 48-well plates. At 8 h posttransfec-
tion, media containing dead cell debris in the culture flasks and plates
were replaced with fresh complete DMEM with 10% FBS. The cells
were lysed for RNA (reverse transcription-quantitative PCR [RT-
qPCR]) and protein (Western blotting and luciferase assay) at the
indicated time points.

RT-qPCR. A two-step RT-qPCR was carried out to determine the
HCV RNA copy number. Briefly, 1 pg of total cellular RNA was reverse
transcribed by using Superscript III Reverse Transcriptase (Invitrogen)
and random hexamers. For qPCR, 100 ng of the resulting cDNA was used
as a template with HCV 5" UTR-specific primers (JFH RTQ F, 5'-CTGG
GTCCTTTCTTGGATAA-3', and JFH RTQR, 5'-CCTATCAGGCAGTA
CCACA) and a SYBR green qPCR SuperMix-UDG with Rox kit (Invitro-
gen). In vitro-transcribed JFH-1 genomic RNA (10" to 107 copies) was
reverse transcribed along with the samples and included as a standard for
copy number determination during qPCR. The reaction was run at 95°C
for 15 s and 60°C for 30 s (40 cycles) using a ViiA 7 real-time PCR system
(Applied Biosystems).

Multiple-cycle growth curve analysis. To assess virus growth, naive
Huh-7.5.1 cells were plated in a 48-well plate at a density of 1 X 10* per
well. At 4 h postplating, the cells were infected with each virus in duplicate
at a multiplicity of infection (MOI) of 0.1. At 6 h postinfection, the cells
were washed twice with PBS, and 500 .l of fresh medium was added to
each well. The cell-free supernatants collected at 2 days postinfection
(p.i.), 4 days p.i., and 6 days p.i. were assessed for virus titer.

Measuring virus titer. The virus titer was measured by calculating the
number of focus-forming units (FFU) of infectious viral particles per ml
of cell-free culture supernatant. The infected culture supernatant was 10-
fold serially diluted in complete DMEM and inoculated in triplicate onto
naive Huh-7.5.1 cells (3 X 10° cells/well) in 96-well plates. At 72 h p.i., the
cells were fixed and immunostained for HCV NS5A antigen. The NS5A
antigen-positive foci were counted at the highest dilution, and the average
number of focus-forming units per ml was calculated.

Renilla luciferase reporter assay for viral genome replication and
infectivity. For viral genome replication assays, the HCV RNA-electro-
porated cells were plated in triplicate in 48-well plates. The cells were
lysed with passive lysis buffer (Promega) at the indicated time points.
The culture plates were gently rocked at room temperature for 15 min
and then stored at —80°C. To determine the supernatant infectivity,
500 pl of cell-free supernatant obtained from HCV RNA-transfected
cells at the indicated time points was inoculated in triplicate onto naive
Huh-7.5.1 cells in 48-well plates. At 6 h p.i., the viral inoculum was
replaced with 500 pl of fresh medium per well. At 48 h p.i., the cells
were lysed and stored at —80°C. Ten microliters of lysate was used to
measure the Renilla luciferase activity using a Renilla Luciferase Assay
System kit (Promega).

Western blotting. For Western blotting, the cell lysates were resolved
by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked (5% skim milk, 0.2% Tween 20 in
PBS) and probed with mouse monoclonal antibody NS3 (clones 8G-2 and
H23 [Abcam]) and beta-actin (Sigma). Goat anti-mouse IgG secondary
antibody conjugated with horseradish peroxidase (HRP) (Amersham
Pharmacia Biotech) was detected by chemiluminescence (ECL Plus; Am-
ersham Pharmacia Biotech).

Immunofluorescence assay. The HCV-infected and -transfected cells
were fixed with methanol. Following three PBS washes, the cells were
blocked (10% fetal bovine serum, 3% bovine serum albumin [BSA], 0.1%
Triton X-100 in PBS) and incubated with rabbit polyclonal anti-NS5A
primary antibody (a kind gift from Asim Dasgupta, UCLA, Los Angeles,
CA) atadilution of 1:200 for 5 h to overnight at 4°C. The goat anti-rabbit
IgG polyclonal antibody conjugated to Alexa Fluor 594 was added as a
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secondary antibody (Invitrogen) at 1:1,000 dilution and incubated for 1 h
atroom temperature. Between antibody changes, the cells were washed
thrice with PBS. The nucleus was stained with Hoechst dye (Invitro-
gen).

Sequence analysis. For sequence alignment, we used the sequences of
genotype la H77 (GenBank accession no. AF009606), genotype 1b Conl
(AJ238799), genotype 2a JFH-1 (AB047639), genotype 3 (NC_009824),
genotype 4 (NC_009825), genotype 5 (NC_009826), and genotype 6
(NC_009827). In this study, unless otherwise stated, the numbering of
nucleotide positions is based on the JFH-1 (AB047639) reference se-
quence. For stem-loop nomenclature, according to current standard
practice, we numbered the stem-loops based on the first 5" paired base
position of genomic sequence (58).

RNA structure analysis. We utilized the mfold Web server (http:
//mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form) for RNA struc-
ture predictions using the default settings (65).

Statistical analysis. The error bars indicate standard deviations. P
values were determined by the unpaired  test.

RESULTS

Strategy for engineering silent mutations in the HCV genome.
Identification of cis elements in the nonstructural-protein-coding
region (about 6 kb) is limited by the inability to trans-complement
the functions of most nonstructural proteins. Existing computa-
tional programs have limitations in predicting nonconserved nu-
cleotide sequences forming conserved structures. To identify
HCV RNA elements involved in genome replication and viral de
novo infectivity, we utilized an unbiased approach to introduce
HCV genome scale silent mutations. Substitutions were made at
the wobble nucleotide positions of each tricodon. The mutations
change Watson-Crick base pairing of the single-stranded RNA
genome in the formation of higher-order structures. Thus, the
silent mutations affect the structure and function of RNA ele-
ments while preserving the protein sequence and function. To
minimize the introduction of suboptimal codons, the percentage
of codon use by HCV genotypes was taken into account. The
frequency of codon use by strain JFH-1 was calculated using an
online program (http://www.kazusa.or.jp/codon/countcodon
.html). Amino acids with more than four codons, such as leucine,
serine, and arginine, allowed more than one nucleotide substitu-
tion per codon. Single-codon-containing residues, methionine
and tryptophan, cannot be mutated. Both of the codons of amino
acids with two codons (asparagine, aspartic acid, cysteine, glu-
tamine, glutamic acid, histidine, lysine, phenylalanine, and ty-
rosine) are represented in the JFH-1 genome at a frequency of 5.3
to 29.7 per 1,000 codons. Once the parameters were set for intro-
ducing the silent mutations into the viral genome, we computa-
tionally modeled the generated silent mutations in the context of
previously well-characterized cis elements, and Fig. 1 shows an
example using CRE 5BSL3.2 (H77-SL9266 or JFH-SL9332). The
mutant JFH-SL9332 sequence had 22 nucleotide changes
(Fig. 1A). mfold analysis of predicted structures showed that the
introduced nucleotide substitutions clearly destabilized RNA
structures by forming mispaired stems and changing nucleotides
involved in kissing-loop interactions (Fig. 1B). The energy dot
blot analysis indicated that the synonymous mutations altered the
optimal energy from —20.1 kcal/mol to —12.7 kcal/mol and made
changes in the base pairing (Fig. 1C). Subsequently, we experi-
mentally tested this mutational approach in the HCV coding re-
gion. A summary list of previously described stem-loop structures
in the NS5B coding region, as well as homologous structures pres-
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A. JFH-SL9332 (5BSL3.2A or H77-SL9266)
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FIG 1 Computationally modeling the effects of synonymous mutations in a well-characterized CRE, 5BSL3.2a (H77-SL9266 or JFH-SL9332). (A) JFH-1 SL9332
wild-type (WT) and mutant sequences are shown. aa, amino acids. (B) Predicted stem-loop structures of wild-type and mutated sequences using RNA mfold
analysis. Note the altered Watson-Crick base pair interactions in the mutant structure and lowered folding energy, resulting in a destabilized RNA structure. The
folding Gibbs free energy (AG, in kcal/mol) for the predicted stem-loops is shown under each structure. (C) Energy dot plots for optimal and suboptimal folding
of stem-loop wild-type and mutant structures. The upper triangle displays possible base pair combinations at various energy levels. The nucleotide positions of
each base are displayed on the top axis and right axis of the upper triangle. The paired bases are shown as diamond dots in the plot. For example, wild-type base
46 (top axis) pairs with base 1 (right axis). The lower triangle shows the paired bases with optimal folding energy at 37°C to form a stem-loop structure.

ent in the genotype 1la H77 strain and genotype 2a JFH-1 strain, is
provided in Table 1.

Systematic mutational analysis of the HCV NS3-NS5B cod-
ing region to identify RNA elements. To identify RNA elements
present in the HCV nonstructural-protein-coding region (NS3 to
NS5B) covering nucleotides 3872 to 9097, we initially performed a
low-resolution screening experiment using reporter HCV. For
this study, we used an intra-genotype 2a chimeric virus, FNX-
HCV, and a monocistronic Renilla luciferase reporter virus, FNX-
Rluc (Fig. 2A). The reporter virus is useful for screening large
numbers of individual mutant viruses. The FNX-Rluc virus has a
Renilla luciferase gene fused in frame to the core gene through an
F2A cleavage signal sequence (Fig. 2A). We observed that the lu-
ciferease reporter HCV had a level of genome replication similar
to that of the wild-type parental virus but was 10- to 100-fold
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TABLE 1 Summary of stem-loop structures described in the NS5B
coding region

Stem-loop
You et al,,

Diviney et al., GT1- Tuplin et al. Lee et al.
GT2-JFH-1° GT1-H77 (57) Conl (55) (50) (56)
JFH-SL8001 5BSL1 SL7730
JFH-SL8647 5BSL2 SL8376
JFH-SL9098 H77-SL9033 SL8828
JFH-SL9198 H77-SL9132 SL8926
JFH-SL9283 H77-SL9217 5BSL3.1 SL9011 SL-VII
JFH-SL9332 H77-SL9266 5BSL3.2 SL-VI
JFH-SL9389 H77-SL9324 5BSL3.3 SL9118 SL-V

“ Present study.
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FIG 2 RNA cis element analysis of the HCV nonstructural-protein-coding region. (A) Schematic diagram of hepatitis C viruses used in this study. FNX-HCV is
a synthetic version of a genotype 2a J6CF and JFH-1 chimera (the J6CF strain region is shown in dark gray, including the 5" NTR, and the JFH-1 strain region is
shown in light gray). A monocistronic Renilla luciferase (luc) reporter virus (FNX-Rluc) based on the J6/JFH chimeric virus is shown. The luciferase gene is fused
in frame with the core gene through foot and mouth disease virus 2A sequence. (B) Schematic representation of the HCV genome showing the locations of 17
mutated segments in the nonstructural-protein-coding region. The stem-loop structures described in the NS5B region corresponding to the genome positions
of JFH-1 and H77 are noted. (C and D) Analysis of viral genome replication of mutant reporter viruses. Huh-7.5.1 cells were electroporated with 10 wg of in
vitro-transcribed genomic RNA of wild-type FNX-Rluc reporter virus and individual SI to S17 mutant reporter viruses. A control reporter virus with nonfunc-
tional polymerase activity (Pol ) is included. The transfected cells were lysed at 6, 48, and 96 h p.t. using Promega Renilla luciferase assay lysis buffer, and the
levels of Renilla luciferase were quantified. The experiment was performed in triplicate. The mean Renilla luciferase values (RLV) with standard deviations are
shown in log,, scale as a bar graph. The replication-deficient mutant S17 showed luciferase activity similar to that of the Pol™ control virus. At 96 h p.t., mutant

5682 jvi.asm.org Journal of Virology


http://jvi.asm.org

Systematic Analysis of HCV RNA cis Elements

TABLE 2 Summary of mutant segments and introduced nucleotide changes

No. of nt with:

JFH-1 genome Conserved Nonconserved Total no. of

Gene Segment location Size (nt) No change change (%) change (%) changes (%)
NS3 S1 38724156 285 170 85 (29.9) 30 (10.5) 115 (40.4)
NS3 S2 4157-4441 285 178 8(30.9) 19 (6.6) 107 (37.5)
NS3 S3 4442-4726 305 200 85 (27.9) 20 (6.5) 105 (34.4)
NS3 S4 4727-5011 285 171 86 (30.2) 28 (9.8) 114 (40.0)
NS3 S5 5012-5299 288 186 7 (30.2) 15 (5.2) 102 (35.4)
NS4A/B S6 5300-5650 351 225 97 (27.7) 29 (8.2) 126 (35.9)
NS4B S7 5651-6010 360 218 108 (30.0) 34 (9.4) 142 (39.4)
NS4B/5A S8 6011-6301 291 173 92 (31.6) 26 (8.9) 118 (40.5)
NS5A S9 6302—-6592 291 187 83 (28.5) 21(7.2) 104 (35.7)
NS5A S10 65936880 288 178 78 (27.1) 32 (11.1) 110 (38.2)
NS5A S11 6881-7168 288 168 73 (25.4) 47 (16.3) 120 (41.7)
NS5A S12 7169-7456 288 174 93 (32.4) 21(7.2) 114 (39.6)
NS5A/5B S13 7457-7786 330 199 73 (22.2) 58 (17.5) 131 (39.7)
5B S14 7787-8113 327 193 94 (28.8) 40 (12.2) 134 (41.0)
5B S15 8114-8440 327 202 91 (27.9) 34 (10.3) 125 (38.2)
5B S16 8441-8767 327 200 91 (27.8) 36 (11.0) 127 (38.8)
5B S17 8768-9097 330 201 91 (27.6) 38 (11.5) 129 (39.1)
Total 6,179 3,791 1,782 606 2,388

attenuated in infectious-particle production (27). The FNX-Rluc
virus is also very sensitive in detecting changes in viral genome
replication (27, 66, 67). The NS3-to-NS5B region was divided into
17 segments (S1 to S17) 285 to 360 nucleotides in size (Table 2 and
Fig. 2). A total of 34.4% to 41.7% of the nucleotides were substi-
tuted in each segment. On average, every third nucleotide was
mutated, except for methionine and tryptophan codons. The na-
ture of nucleotide substitutions engineered for each segment is
provided in Table S1 in the supplemental material. HCV NS3 (S1
t0 S5), NS4A/B (S6), NS4B (S7), NS4B/5A (S8), NS5A (89 to S12),
NS5A/5B (S13), and NS5B (S14 to S17) gene regions were indi-
vidually evaluated. No previously predicted RNA secondary struc-
ture was present in the segments tested, exceptin S14 and S16. The
S13 segment comprised the 3’ end of NS5A (nt 7457 to 7666) and
120 nucleotides from the 5" end of NS5B (nt 7667 to 7786). Seg-
ment S14 contains a predicted CRE, JFH-SL8001 (a homologue of
H77-SL7936), and segment S16 encompasses another predicted
CRE, JFH-SL8647 a (homologue of H77-SL8582).

To determine whether the engineered nucleotide substitu-
tion in the JFH-1 genome is conserved or nonconserved be-
tween HCV genotypes, we analyzed the sequence alignment
of a mutated segment with the corresponding regions from
six major genotypes (genotype la H77 [GenBank accession
no. AF009606], genotype 1b Conl [A]J238799], genotype 2a
JEH-1 [AB047639], genotype 3 [NC_009824], genotype 4
[NC_009825], genotype 5 [NC_009826], and genotype 6
[NC_009827]). If the substituted nucleotide in the JFH-1 ge-
nome was also represented in any of the genotypes, we consid-

ered the mutation a conserved change. The number of con-
served (natural) and nonconserved (arbitrary) mutations for
each segment is given in Table 2.

Individual mutant reporter viruses in the background of FNX-
Rluc were constructed in order to assess viral replication fitness.
The location of each mutant segment is shown in Fig. 2B, along
with previously described CRE structures. Genomic RNAs gener-
ated from the 17 mutant reporter constructs were individually
electroporated into Huh-7.5.1 cells in two batches. The wild-type
FNX-Rluc and Pol™ reporter viruses were included as controls.
The genome replication of each virus was measured by assaying
luciferase activity at 6 h posttransfection (p.t.), 48 h p.t.,, and 96 h
p.t. (Fig. 2C and D). Western blotting was performed to detect the
expression of viral antigen NS3 at 96 h p.t. (Fig. 2E and F). The
infectious viral particles produced by mutant viruses at 48 and 96
h p.t. were evaluated by infecting naive Huh-7.5.1 cells with cell-
free supernatant collected from transfected cells. Renilla luciferase
activity was measured from infected cells at 48 h p.i., and mean
values were plotted as a bar graph (Fig. 2G and H).

Our results indicate that the mutant S17 had a replicatory phe-
notype similar to that of replication-incompetent Pol ™~ reporter
virus, suggesting an essential role of the RNA elements in the S17
segment. Furthermore, we observed that the mutant viruses S13,
S14, S15, and S16 had exhibited reduced genome replication ki-
netics compared to that of wild-type FNX-Rluc virus. At 96 h p.t.,
S13, S14, S15, and S16 mutants had 3.4-, 13.7-, 9.3-, and 103.8-
fold reductions (P value < 0.0001 by unpaired ¢ test), respectively,
in genome replication compared to wild-type replication. The

viruses S14, S15, S16, and S17 had significant reductions in genome replication compared to that of wild-type virus (P value < 0.0001 by unpaired ¢ test). (E and
F) Western blot of the expression of HCV protein. The 70-kDa NS3 antigen was detected from the protein lysates obtained at 96 h posttransfection by primary
mouse monoclonal antibody and secondary goat-anti mouse IgG conjugated with HRP. As a loading control, 3-actin was included. (G and H) Infectivities of
mutant viruses. Naive Huh-7.5.1 cells were infected with the cell-free supernatants harvested at 48 and 96 h posttransfection. Renilla luciferase activities were
measured from the lysates harvested at 48 h postinfection. The mean RLV with standard deviations are depicted in the bar graph. Mutant reporter viruses S13,
S14, S15, S16, and S17 exhibited significant reductions in infectivity at 48 h p.t. (P value =< 0.005) and 96 h p.t. (P value < 0.005) compared to that of wild-type
virus. The experiment was repeated three times, and data from a representative experiment are shown.
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mutants S13, S14, S15, and S16 also exhibited 4.1-, 35-, 25-, and
202-fold reductions (P value < 0.005 by unpaired ¢ test), respec-
tively, in virus infectivity compared to the wild type at 96 h p.t. At
6 hp.t., these S13, S14, S15, and S16 mutants had luciferase values
similar to that of wild-type virus, indicating that there were similar
levels of translation of input-transfected viral genomes. For mu-
tants S1 to S12, which span NS3 to NS5A, we did not consistently
observe any significant growth difference from wild-type virus in
independent experiments despite the change of over 34% of nu-
cleotides in each segment. Since S13 to S17 are segments from the
NS5B coding region, our systematic experimental analysis sug-
gests that the HCV cis-acting replication elements are concen-
trated in this area. We reproduced this observation by three inde-
pendent experiments. During the first experiment, we tested two
sequence-verified independent plasmid clones per mutant and
obtained a consistent phenotype. For subsequent repetition of
experiments, we used a single sequence-verified clone for each
mutant. This redundant approach provided high-confidence re-
sults.

We focused on S13, S14, S15, S16, and S17 mutant reporter
viruses for further study involving their long-term replicatory
phenotypes (Fig. 3). The genome replication and infectivity of
these mutants were studied on days 2, 4, 6,9, 11, 15, and 18 post-
transfection. The mutants S13, S14, S15, and S16 were able to
establish persistent infection. S17 virus replication was critically
impaired and had similar phenotypes of replication-defective
Pol™ reporter virus at all the time points tested. The wild-type
FNX-Rluc virus reached peak genome replication at 11 days p.t.,
and at this time point, the S13, S14, S15, and S16 mutants exhib-
ited 1.6-, 3.5-, 3.6-, and 181.3-fold reductions, respectively, in
genome replication compared to that of the wild type. At 15 days
p-t., the genome replication levels of mutants S13, S14, and S15
had caught up with wild-type replication levels. The mutant virus
S16 showed an attenuated phenotype at all the time points studied
but maintained persistent infection. In parallel, we analyzed the
abilities of viral particles produced by the various mutant viruses
to establish de novo infection at the indicated time points. At 11
days p.t., the S13, S14, S15, and S16 mutants had 7.7-, 228.1-,
39.4-, and 4,666.1-fold reductions, respectively, in infectivity com-
pared to that of the wild type, which exhibited peak infectivity
(Fig. 3C). Mutant viruses S14 and S15 showed similar infectivity to
each other at days 2, 4, and 6 posttransfection but began to exhibit
different patterns from day 9 posttransfection on. In conclusion,
mutant viruses S13, S14, and S15 had delayed genome replication
kinetics and the S16 mutant exhibited attenuated replication ki-
netics during long-term culture.

The phenotypes of viruses containing mutant segments SI to
S17 were assessed in a Renilla luciferase reporter virus back-
ground. The reporter virus facilitated rapid screening of viral mu-
tants by measuring luciferase enzyme activity and indicated the
NS5B coding region for new CREs. Thus, independently, we ver-
ified the growth phenotypes of S13, S14, S15, S16, and S17 mutant
viruses in an FNX-HCV background (Fig. 4). We confirmed that
the S17 mutant was a replication-defective virus using both viral
backgrounds. Measuring genome copies by RT-qPCR revealed
that all the mutants showed reduced genome replication at 48 h
p.t. compared to that of the wild-type FNX-HCV (Fig. 4B). At 96
h p.t., S13 replicated its genome at levels similar to that of the
wild-type virus. At the same time point, S13, S14, S15,and S16 had
2.7-,7.2-, 14.4-, and 108.3-fold reductions of de novo infectivity,
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FIG 3 Genome replication and infectious virus production kinetics during
long-term culturing of CRE mutant reporter viruses. (A) Genome replica-
tion kinetics of wild-type reporter virus, as well as mutant reporter viruses
S13, S14, S15, S16, and S17, at the indicated time points posttransfection.
Cell lysates were harvested at various time points to measure Renilla lucif-
erase activity. The mean and standard deviation calculated from triplicate
RLV for each mutant are shown in the graph. (B) Western blots showing
the expression of NS3 antigen at 9 days p.t. and control B-actin. The Pol™
and S17 mutants lack NS3 expression. (C) Analysis of virus production
kinetics. Huh-7.5.1 cells were inoculated with the supernatant harvested
from each virus-infected culture at the indicated time points. The Renilla
luciferase activities of infected cells were measured. Mean values with stan-
dard deviations are depicted in the graph.

respectively, compared to that of the wild type, as determined by
using focus-forming units (Fig. 4D). As a further control for in-
fectivity, we included envelope-null (Env ™) virus (lacking E1 and
E2 genes), which is defective in producing infectious particles
(27). Immunofluorescence assays and Western blotting showed
that all the tested viruses except the Pol™ control and mutant S17
expressed various levels of HCV antigens NS5A and NS3 (Fig. 4A
and C). Taken together, we observed that silent mutations in seg-
ment S13 (nucleotides 7557 to 7786, the NS5A/5B junction re-
gion) resulted in mild attenuation, mutations in the S14 (nt 7787
to 8113) and S15 (nt 8114 to 8440) segments led to moderate
attenuation, mutations in segment S16 (nt 8441 to 8767) resulted
in severe attenuation, and silent mutations in S17 (nt 8768 to
9097) resulted in a lethal phenotype. S14 and S16 each have a
previously predicted CRE structure, while the S13, S15, and S17
regions have no known cis RNA elements.

High-resolution screening of the NS5B region for CRE iden-
tification. Our mapping study for identification of CRE structures

Journal of Virology


http://jvi.asm.org

Systematic Analysis of HCV RNA cis Elements

A. 48 hpt 96 hpt B.
107
< 106-
WT 5 —=\WT
2 10°1 Pol-
3 10 —4=S13
o
38 3 >=S14
2 1071 =515
Pol- S 1024 S16
] o' s17
100
4 hpt 48 hpt 96 hpt
S13
C. Pol- Env- WT S13 S14 S15 S16 S17 kDa
o -- Tr—————
D. 10* o 48 hpt
m 96 hpt
S15 = 10°1
£ 10
£
=g 24
5 °
2
S16 2 10"
=
10“ T T
Pol- Env- WT S13 S14 S15 S16 S17
S17

FIG 4 Confirming the growth phenotypes of CRE mutant viruses in the NS5B region. (A) Immunofluorescence assay to detect viral antigen. The in vitro-
transcribed RNA genomes of FNX wild-type virus and individual mutant viruses S13, S14, S15, S16, and S17 were electroporated into Huh-7.5.1 cells. At 48 and
96 h posttransfection, the cells were fixed and immunostained for HCV NS5A antigen (red). Hoechst staining was used to visualize cell nuclei (blue). (B) Genome
replication kinetics of mutant viruses. RNA was harvested from transfected cells at 4, 48, and 96 h posttransfection and subjected to RT-quantitative PCR. The
genome copy numbers per microgram of RNA were quantified and are depicted in the graph. The FNX-HCV mutant lacking polymerase activity was included
as a control for the genome replication-deficient phenotype. (C) Analysis of HCV antigen expression. Western blotting was performed to detect NS3 antigen and
B-actin. (D) Infectivities of various mutant viruses. The virus titer (focus-forming units/ml) was measured by infecting naive Huh-7.5.1 cells with the cell-free
supernatants collected at 48 and 96 h posttransfection from each mutant-virus-transfected cell culture. The mean values and standard deviations of the titers are
shown in the graph. All the mutants had significantly reduced infectivity at 96 h posttransfection compared to that of the wild type (P value < 0.05 by unpaired
ttest). To assess infectivity, we included an FNX mutant virus lacking envelope genes (Env-) as an additional control. The experiment was done three times, and

data from a representative experiment are shown.

in the HCV NS3-NS5B coding region indicated that NS5B likely
contains additional RNA elements. Silent mutations introduced
in the NS5B segments S14, S15, S16, and S17 resulted in moderate
to severe impairment of genome replication and de novo infectiv-
ity. Each of these segments spans about 327 nucleotides (Table 2).
In order to obtain a fine map of cis elements present in this NS5B
coding region (nucleotides 7787 to 9289), we further divided the
region into 28 subsegments (SS) approximately 51 nucleotides (17
codons) in size (Fig. 5A and B). Each subsegment was named
according to its genomic location in the JFH-1 strain reference
sequence. The NS5B segments (S14, S15, S16, and S17) corre-
sponding to each subsegment division are illustrated in Fig. 5A.
The details of the nucleotide substitutions for each segment are
available in Table S2 in the supplemental material. We also in-
cluded subsegments SS9170-9226 and S§9227-9289, which are
predicted to have critical CREs in the HCV genome. $59170-9226
(57 nucleotides; 19 codons) contains a conserved sequence, 5'-
CGGGC-3' (nt 9173 to 9177), between HCV genotypes and was
shown to base pair with a downstream stem-loop, Con1-SL9266
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(5BSL3.2, or JFH-SL9332), in the Con1 replicon system (57). This
subsegment is also part of a stem-loop structure, JFH-SL9198
(H77-SL9132) (Fig. 5A). SS9227-9289 (63 nucleotides; 21
codons) includes parts of both stem-loop structures, JFH-SL9198
and JFH-SL9283 (H77-SL9217).

For initial screening, Huh-7.5.1 cells were electroporated with
genomic RNAs of each mutant subsegment reporter virus. At 72 h
p-t., the cells were lysed and Renilla luciferase activity was mea-
sured. The mean luciferase values thus obtained indicated the ex-
tent of genome replication for each mutant (Fig. 5B). The infec-
tivity of each mutant in comparison to the wild-type virus was
assayed in Huh-7.5.1 cells as shown in Fig. 5C. As expected, Pol ™,
§S9170-9226, and S$9227-9289 mutants failed to replicate the ge-
nome and produce infectious particles. Interestingly, the subseg-
ment SS7991-8041 mutant containing a predicted stem-loop
structure, JFH-SL8001 (H77-SL7936), exhibited a replication
phenotype similar to that of wild-type FNX-Rluc virus (Fig. 5).
Modeling the engineered silent mutations in JFH-SL8001 revealed
that the mutations could lead to lack of or altered base pairing and
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FIG 5 High-resolution mutational analysis for identification of additional cis-acting replication elements in the NS5B protein-encoding region. (A) Schematic
diagram of HCV genome depicting the mutated subsegments in NS5B. JFH-1 CRE stem-loops present in and adjacent to the mutated subsegments are presented.
SL9332 and SL9389 are not shown. (B) Genome replication of mutant reporter viruses. A total of 28 contiguous mutant reporter viruses were constructed in
NS5B (covering nucleotide positions 7787 to 9289), and a full-length RNA genome was generated for each mutant reporter virus by in vitro transcription.
Huh-7.5.1 cells were electroporated with individual mutant RNA genomes, and 72 h posttransfection, cell lysates were harvested for Renilla luciferase assay.
Means of triplicate values were calculated and are presented in the bar graph with standard deviations. The nucleotide positions of each mutant are given below
the bar graph. FNX-Rluc wild-type and polymerase activity-null mutant reporter viruses were included as controls. (C) The corresponding infectivities of mutant
reporter viruses presented in panel B are shown in the bar graph as mean values with standard deviations. The Renilla luciferase activities were measured from
the Huh-7.5.1 cell lysates harvested 48 h postinfection. Mutants SS8195-8245, SS8654-8704, SS9011-9061, SS9062-9097, and SS9170-9226, exhibiting over 5-fold
reductions (P value < 0.005) in infectivity compared to that of the wild-type virus, were selected for detailed study. (D) Nucleotide sequence of subsegment
§§7991-8041. The nucleotide substitutions engineered in the mutant virus are depicted. The sequence forming the predicted stem-loop JFH-SL8001 is under-
lined. The screening experiment was done twice, and data from a representative experiment are shown.

loss of a stable, high-energy stem-loop structure. Furthermore, at
72 h p.t., we observed that compared to the genome replication
level of wild-type virus, the subsegment mutants S$8195-8245,
558654-8704, and SS9011-9061 exhibited mild reductions of 2.0-,
7.0-, and 8.0-fold, respectively, in genome replication. For the
same time point, mutants SS8195-8245, SS8654-8704, and
§S9011-9061 had 8.0-, 23.5-, and 13.0-fold reductions, respec-
tively, in infectivity or infectious virus production compared to
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that of the wild-type virus. Surprisingly, the S$9062-9097 mutant
virus showed replication deficiency, implying the presence of a
possible critical cis element in the region that might explain the
lethal phenotype exhibited by the S17 segment (Fig. 2, 3, and 4).
Based on this screening experiment, we followed up with selected
mutants that exhibited reductions in both genome replication and
infectivity. The mutant subsegments SS8195-8245, SS8654-8704,
§S9011-9061, and SS9062-9097 were selected, as they exhibited
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over 5-fold reduction (P value < 0.005 by unpaired f test) in in-
fectivity compared to that of wild-type virus.

Verification of functional RNA cis elements in NS5B subseg-
ments SS8195-8245, SS8654-8704, and $S9011-9061. The high-
resolution screening of NS5B region RNA elements described
above was carried out using mutant Renilla luciferase reporter
viruses. Hence, for subsequent detailed verification, we engi-
neered the silent mutations present in each of the mutant subseg-
ments SS8195-8245, SS8654-8704, and SS9011-9061 into the
FNX-HCV background (nonreporter wild-type virus) (Fig. 6).
The analysis of the viral genome replication, infectivity, and
growth curve of each subsegment is described below.

(i) Characterization of JFH-1 NS5B region subsegment 8195
to 8245. Mutational analysis of the S15 segment (nucleotides 8114
to 8440) revealed a moderately attenuated phenotype with signif-
icant reductions in both genome replication and de novo infectiv-
ity (Fig. 2, 3, and 4). Subsequent high-resolution screening of the
S15 region showed that silent mutations in subsegment SS8195-
8245 resulted in reduction in the infectivity level (Fig. 5). We
hypothesized that subsegment SS8195-8245 may contain a novel
RNA element. SS8195-8245 comprises 51 nucleotides (17 amino
acids), and 18 of the 51 nucleotides were replaced to form the
mutant FNX-HCV (Fig. 6A). Interestingly, the SS8195-8245 mu-
tant did not show statistically significant changes in the genome
replication level at 48 h p.t. and 96 h p.t. in Huh-7.5.1 cells com-
pared to the wild-type virus (Fig. 6B). However, compared to the
infectivity titers of wild-type virus at 48 h p.t. and 96 h p.t., the
mutant SS8195-8245 showed significant reduction in infectious
virus production (P value < 0.05 by unpaired ¢ test) (Fig. 6D). For
further confirmation, we performed a multistep growth curve
analysis using a multiplicity of infection of 0.1 as a starting point
for both the wild type and mutant SS8195-8245 (Fig. 6E). We
observed that at 4 days p.i. and 6 days p.i., the mutant SS8195-
8245 exhibited significant growth reduction compared to the wild
type (P values by unpaired ¢ test for 4 days p.i., <0.05, and 6 days
p.i., <0.0001). At 6 days p.i., the mutant SS8195-8245 had 2.3-fold
growth attenuation compared to wild-type viral growth (Fig. 6E).
We reproduced these results in three independent experiments.
Subsequently, we analyzed the SS8195-8245 region for the pres-
ence of any RNA secondary structures using the mfold computa-
tional prediction Web server (65). The JFH-1 genome sequence
was predicted to have a stem-loop at nucleotides 8222 to 8251 with
the folding Gibbs free energy (AG) of —13.0 kcal/mol (Fig. 6F).
Further mfold analysis of homologous sequences from other ge-
notypes revealed possible stem-loop structures in all the geno-
types in this region (data not shown). In all six genotypes, this
predicted RNA secondary structure contains a conserved se-
quence, 5'-AUGGG-3" (JFH-1, nt 8225 to 8229; H77, nt 8160 to
8164). This sequence may have a role in cis element function,
besides coding for conserved methionine and glycine amino acids.
Energy dot plots for possible optimal and suboptimal folding of
the predicted stem-loop JFH-SL8222 are shown in Fig. 7A. mfold
analysis of engineered nucleotide substitutions in mutant SS8195-
8245 sequence revealed that the mutations could destabilize the
predicted stem-loop SL8222 (Fig. 7A). Further study is required to
experimentally verify the JFH-SL8222 stem-loop structure. Alter-
nate RNA secondary and tertiary structures in this region (nucle-
otides 8195 to 8245) of the HCV genome are also possible. In
summary, the mutant SS8195-8245 reporter virus exhibited re-
ductions in both genome replication and infectivity (Fig. 5). The
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§$S8195-8245 mutant in the nonreporter FNX-HCV viral back-
ground showed significant reduction in infectivity, and thus, the
cis element present in the S§8195-8245 region is required for op-
timum virus growth and can act as an enhancer element. It is
possible that the effects of nucleotide changes in S$8195-8245 on
viral genome replication in the FNX-HCV background may be
very subtle, but the effects may be amplified during de novo infec-
tion. Moreover, the S§8195-8245 region cis element may have a
role in efficient packaging of the viral genome. Taken together, we
have identified a novel RNA cis element in the JFH-1 genome that
is required for optimum de novo infectivity.

(ii) Genetic analysis of the predicted stem-loop structure
JFH-SL8647 (H77-SL8582). Silent mutations in an engineered
S16 (nt 8441 to 8767) mutant virus exhibited stronger attenuation
of genome replication and de novo infectivity than in the S14 and
S15 mutants (Fig. 2, 3, and 4). Fine mapping of the S16 segment
with additional subsegment mutants showed that the SS8654-
8704 virus had reduced genome replication and infectivity
(Fig. 5). A previous study based on thermodynamic and phyloge-
netic prediction of RNA stem-loop structures in the HCV protein-
coding region revealed a conserved stem-loop structure, JFH-
SL8647 (H77-SL8582), in this region. The 17 nucleotide
substitutions we introduced in subsegment S$8654-8704 could
potentially destabilize this JFH-SL8647 structure (Fig. 6). For fur-
ther verification, we constructed a mutant HCV (SL8647 mutant)
that had 26 silent mutations spanning the entire JFH-SL8647 se-
quence (Fig. 6A). The SL8647 mutant virus exhibited a significant
reduction in genome replication in Huh-7.5.1 cells at 96 h p.t.
compared to that of wild-type virus (P value < 0.05 by unpaired ¢
test) (Fig. 6B). The mutant SS8654-8704 showed a trend of reduc-
tion in genome replication, but it was not statistically significant.
The expression of HCV antigen NS3 at 96 h p.t. was detected by
Western blotting (Fig. 6C). Both mutants showed significant re-
duction in infectivity at 48 h p.t. and 96 h p.t. compared to that of
the wild-type virus (P value < 0.0005 by unpaired ¢ test) (Fig. 6D).
At 96 h p.t., the SS8654-8704 and SL8647 mutants had 2.2- and
7.2-fold reductions in infectivity, respectively. The attenuated
phenotype of the mutants was also corroborated by multistep
growth curve results (Fig. 6E). Compared to wild-type viral
growth at 6 days p.i., the SS8654-8704 and SL8647 mutants had
6.7- and 11.5-fold reductions, respectively (P value < 0.0001 by
unpaired ¢ test). The SL8647 mutant exhibited stronger growth
attenuation than SS8654-8704, which corresponds to the fact that
the entire stem-loop sequence was mutated in the former virus.
The predicted JFH-SL8647 secondary RNA structure, along with
the introduced nucleotide changes, is depicted in Fig. 6F. These
results suggest that JFH-SL8647 is required for optimum levels of
viral genome replication, but its alteration still allows the virus to
grow, albeit at attenuated levels. Our study provides experimental
verification of the role of SL8647 during genome replication and
de novo infection.

(iii) Analysis of the RNA element in nucleotides 9011 to 9061.
High-resolution screening for potential CRE sequence in the S17
segment (nt 8768 to 9097) revealed that the RNA element in the
subsegment SS9011-9061 was required for genome replication
and efficient viral infectivity (Fig. 5). The S§9011-9061 mutant
virus contained 22 nucleotide substitutions (Fig. 6A). The mutant
§S9011-9061 viral genome replication level did not show a statis-
tically significant difference from that of the wild type (Fig. 6B).
Detailed analysis of infectivity at 48 h p.t. and 96 h p.t. revealed
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FIG 6 Detailed analysis of JFH-SL8647 (H77-SL8582) and RNA elements in nucleotide positions 8195 to 8245 and 9011 to 9061. (A) Nucleotide sequence
alignments of JFH-SL8647, various subsegments, and mutants. The nucleotide substitutions engineered in the individual FNX-HCV mutant viruses are depicted.
The underlined nucleotide sequence in JFH 9011-9061 forms part of JFH-SL9038. Mt, mutant. (B) Replication kinetics of mutant viral genomes. The in
vitro-transcribed RNA genomes were electroporated into Huh-7.5.1 cells. Total RNAs harvested at 4, 48, and 96 h posttransfection from cells were subjected to
RT-qPCR. The genome copy numbers are depicted in the graph. Mutant 3 (the SL8647 mutant) had significant reduction in genome replication at 96 h p.t. (P
value < 0.05 by unpaired ¢ test) compared to that of the wild-type virus. (C) Western blotting of HCV antigen expression. Protein lysates obtained at 96 h
posttransfection were used. HCV NS3 antigen and loading control B-actin are shown. (D) Titers of various mutant viruses at 48 and 96 h posttransfection. The
cell-free supernatants collected at the indicated time points were inoculated onto naive Huh-7.5.1 cells, and viral titers (focus-forming units/ml) were quantified
as described in Materials and Methods. Mean values and standard deviations of the titers are shown in the graph. All the mutants had significantly reduced
infectivities at 48 and 96 h posttransfection compared to that of the wild type (P value < 0.005 by unpaired ¢ test). (E) Growth kinetics of mutant viruses. For
multistep growth curve data, the Huh-7.5.1 cells were infected with the indicated viruses at an MOI of 0.1. Cell-free supernatants were harvested at 2, 4, and 6 days
postinfection, and the virus titers were measured. Mean values and standard deviations of the titers are shown in the line graph. Compared to wild-type virus
growth, all the mutants showed significantly attenuated growth at 4 days postinfection (P value < 0.05 by unpaired ¢ test) and 6 days postinfection (P value <
0.0001 by unpaired  test). (F) Predicted stem-loop structures of JFH-SL8222, JFH-SL8647, and JFH-SL9038. Each nucleotide substitution engineered in the
mutant viruses is shown beside the wild-type nucleotide sequence in the stem-loop. The folding Gibbs free energy (AG, in kcal/mol) for the predicted stem-loops
is depicted under each structure. The experiment was repeated three times, and data from a representative experiment are presented.
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that the SS9011-9061 mutant had significant reduction in infec-
tious virus production compared to the wild type (Fig. 6D) (P
value < 0.005 by unpaired ¢ test). The multistep growth curve
analysis also showed the important role of the cis element in
559011-9061 for optimum viral growth (Fig. 6E). mfold analysis
predicted a possible stem-loop structure at JFH-1 genome posi-
tions 9038 to 9063 with a AG of —6.8 kcal/mol (Fig. 6F). Extend-
ing the mfold computational analysis to the homologous regions
in other genotypes revealed a semiconserved RNA stem-loop sec-
ondary structure (data not shown). Energy dot blots of the pre-
dicted wild-type JFH-SL9038 and the mutant SL9038 revealed
that the synonymous mutations could destabilize the RNA struc-
ture by loss of base pairing (Fig. 7). Further structure-function
analysis is required for verification of stem-loop JFH-SL9038.
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Our validation study thus revealed that the mutant virus (the
SL8647 mutant) with 26 silent mutations spanning the entire JFH-
SL8647 sequence exhibited reductions in both genome replication
and virus growth, while the S58654-8704 mutant with 17 nucleo-
tide changes showed only attenuated virus growth. It has been
reported that genetic analysis of NS5B-SL2 (a JFH-SL8647 homo-
logue in the genotype 1b Conl strain) by introducing 6 silent
mutations in the tip of the stem-loop structure did not affect the
genome replication of the Conl replicon (55). These results imply
that in order to observe the effects of cis elements in S58195-8245,
5S8654-8704, and SS9011-9061 on genome replication in the con-
text of the FNX-HCV background, the nucleotide substitutions
need to be extended to flanking sequences. The FNX-Rluc re-
porter virus can be very sensitive for amplifying subtle alteration
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in genome replication due to increased length of the genome
caused by luciferase gene insertion. Taken together, the minor
RNA elements in NS5B regions SS8195-8245, SS8654-8704, and
§S9011-9061 are required for efficient de novo HCV infectivity
and may affect virus growth by subtle alteration of viral genome
replication. The predicted JFH-SL8647 plays an important role in
efficient viral genome replication and infectivity.

Identification of an extended stem structure in JFH-SL9098
(H77-SL9033). Our mutational analysis of NS5B locations 8768 to
9097 showed a replication-incompetent phenotype for S17 mu-
tant virus (Fig. 2, 3, and 4), indicating the presence of a critical
CRE structure. Our screening using the subsegment S59062-9097
mutant reporter virus (Fig. 5) further reinforced the notion thata
functional CRE is more than likely present in this locus; however,
this subsegment does not contain any previous experimentally
verified or predicted RNA secondary structure. We also observed
that the S§9170-9226 subsegment mutant exhibited a lethal phe-
notype, as the wild-type subsegment contained a conserved 5’'-
CGGGC-3' (nt9173t09177) sequence and a stem-loop structure,
JFH-SL9198 (H77-SL9132) (Fig. 5 and 8). A predicted stem-loop
structure, JFH-SL9098, homologous to genotype 1 H77-9033, is
located between the subsegments SS9062-9097 and SS9170-9226
(Fig. 8A). The search for additional RNA secondary structures in
the critical subsegment $§9062-9097 and flanking sequences using
mfold computational analysis revealed a possible extended stem
structure for the predicted stem-loop JFH-SL9098 (H77-9033)
(Fig. 8B). In order to experimentally characterize the extended
stem structure, we generated mutant HCV with covariant nucle-
otide substitutions. In the 5" end of the stem, nucleotide positions
9076 (C—U), 9079 (C—U), and 9085 (U—C) were changed, and
the resulting reporter virus was named the 5 UUC mutant. In the
3’ end of the stem, we mutated positions 9184 (A—G), 9190
(G—A), and 9193 (G—A) and named the virus the 3" GAA mu-
tant. mfold analysis showed that the silent covariant substituted
nucleotides in positions 9076 to 9193, 9079 to 9190, and 9085 to
9184 could form Watson-Crick base pair interactions and should
maintain the stem secondary structure. The UUC/GAA combina-
tion mutant virus was engineered with the complementing nucle-
otide changes at both the 5" and 3’ ends of the stem. Modeling the
5" UUCand 3" GAA nucleotide substitutions using the mfold Web
server showed that these mutations could destabilize the extended
stem structure (Fig. 8F).

The genomic RNAs generated from wild-type, Pol™, 5" UUC,
3’ GAA, and UUC/GAA combination reporter viral constructs
were individually electroporated into Huh-7.5.1 cells. At 6 h, 48 h,
and 96 h posttransfection, cells were harvested in order to measure
Renilla luciferase activity (Fig. 8C). Our results indicated that the
viruses having mutations in either the 5" end (5" UCC mutant) or
the 3’ end (3" GAA mutant) of the stem had defects in genome
replication, whereas the complementary mutation containing the
virus UUC/GAA combination had genome replication restored to
levels similar to that of the wild type. At 96 h p.t.,, the 3" GAA
mutant showed a low level of genome replication, which was
about 3.2-fold over that of the replication-incompetent Pol ™ mu-
tant. Both the 5 UUC and 3’ GAA mutant viruses had no detect-
able infectivity (Fig. 8D). The UUC/GAA combination virus had a
level of infectivity similar to that of the wild type. The production
of NS3 antigen by replication-competent UUC/GAA combina-
tion virus was verified with Western blotting (Fig. 8E). In conclu-
sion, our genetic analysis confirmed the presence of an extended
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stem structure in the JEFH-1 CRE SL-9098. Based on the position of
the first paired nucleotide at the 5’ end, the stem-loop structure is
named JFH-SL9074 (homologous structure in genotype 1, H77-
SL9005). mfold analysis of homologous sequences in all six geno-
types revealed conservation of extended stem structure across the
genotypes (Fig. 9).

DISCUSSION

This investigation describes an unbiased genome scale approach
to identifying RNA elements in the hepatitis C virus nonstructural
protein-coding region, which modulates genome replication. In
order to identify CRE structures, we engineered 2,388 (38.6%)
silent point mutations in the genomic region encoding the NS3 to
NS5B proteins (nt 3872 to 9097). This region is spanned by 17
contiguous mutant-segment-containing hepatitis C viruses. By
this approach, every third nucleotide in the NS3-to-NS5B region
was mutated except in the codons for methionine and tryptophan.
This is a powerful approach to destabilize the RNA secondary and
tertiary structures that form short- or long-range interactions
during the dynamic phases of viral growth: viral genome transla-
tion, replication, and packaging.

Based on our experimental conditions using Huh-7.5.1 cells
and infectious intra-genotype 2a chimeric hepatitis C virus, we did
not observe significant replication defects in the viruses that had
mutant segments from NS3, NS4A, NS4B, and NS5A, consistent
with previous computational studies (50, 52, 53). On the contrary,
introduction of silent mutations in the NS5B region resulted in
moderate to severe impairment of genome replication and infec-
tivity in the tested mutant viruses (Fig. 2, 3, and 4). Each of the 17
mutant viruses tested in the initial round had 34.4% to 41.7%
nucleotide substitutions (Table 2), but only the NS5B region mu-
tants exhibited a reduced genome replication phenotype. Of the
total nucleotide changes, 27.6% to 32.4% are conserved substitu-
tions, and the substitutions can be found in naturally occurring
HCV strains. The conserved changes may have less influence on
modifying RNA structures. However, the nonconserved (arbi-
trary) synonymous mutations could have major effects on RNA
structure and function. Most of the nonconserved changes were
introduced in the NS5A and NS5B region (Table 2), and under
our experimental conditions, the phenotypic effects of silent mu-
tations were observed only in the NS5B region. The growth-atten-
uated phenotype of NS5B mutants was independently verified by
using mutant viruses generated in the background of the FNX-
Rluc reporter virus, as well as the FNX-HCV wild-type virus
(Fig. 2 and 4).

Long-term culturing of mutant viruses (S13, S14, S15, and
S16) for up to 18 days revealed that all the mutants were able to
establish persistent infection under cell culture conditions, albeit
at reduced levels compared to wild-type viruses. Genome replica-
tion of S13, S14, and S15 mutants gradually reached that of the
wild-type virus on day 15 p.t., suggesting delayed genome replica-
tion kinetics (Fig. 3). The S16 mutant exhibited genome replica-
tion atlevels 1 to 2 log units lower than the wild type at all the time
points tested. This observation suggests that the cis elements pres-
ent in the S16 segment positively influence genome replication
during both short- and long-term infection. The RNA structures
present in S16 could modulate HCV persistent infection (54).
During long-term growth, the infectivities of S13 and S14 mutant
viruses were similar but began to differentiate between 9 days p.t.
and 15 days p.t. It is possible that the rates of accumulation of
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compensatory mutations influencing infectivity may be different
in the two mutants. Further investigation of the nature of com-
pensatory mutations accumulated by these RNA element mutants
during long-term growth could yield new mechanistic informa-
tion.

Segment S14 (NS5B nt 7787 to 8113) mutant HCV had mod-
erate growth attenuation, suggesting the presence of a cis-acting
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replication element. Interestingly, while screening for CRE struc-
tures in this segment using 51-nucleotide contiguous subsegment
mutant viruses (7 mutant viruses) (Fig. 5), we did not observe a
significant growth defect in genome replication and infectivity
even though previous studies predicted the presence of a CRE. A
previous study using thermodynamic predictions and phyloge-
netic analysis of major HCV genotypes reported a possible stem-
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loop secondary structure, 5BSL1, H77-SL7936, or JFH-SL8001, in
this region (50, 52). You et al., reported that introduction of 7
synonymous mutations in 5BSL1 did not affect genome replica-
tion of a genotype 1b Conl replicon (55). Consistent with this
report, in our screen, subsegment mutant S57991-8041 encom-
passing JFH-SL8001 (5BSL1) had levels of genome replication and
infectivity similar to those of the wild-type virus. Modeling the
silent mutations engineered in $§7991-8041 mutant virus showed
destabilization of the predicted stem-loop structure. These obser-
vations suggest that the segment S14 may have minor cis elements
embedded across the segment with a collective function during
genome replication. It is possible that the phenotype can be ob-
served only when most of the cis elements are mutated. Moreover,
since only the wobble nucleotide of the codon was mutated in our
approach, it is possible that RNA elements made up of nonwobble
nucleotides may be present in the coding region forming a func-
tional CRE structure.

Segment S15 in the NS5B region does not have any predicted or
experimentally verified CRE structures, but we observed that the
virus containing the SI5 mutant segment (nt 8114 to 8440)
showed reduced replication fitness. Further fine-mapping study
of this segment revealed that silent mutations in subsegment
558195-8245 resulted in lower genome replication and infectivity
of mutant reporter virus. However, the SS8195-8245 mutant in
the background of FNX-HCV (nonreporter virus) exhibited re-
duction only in de novo infectivity. Our results suggest that the
RNA cis element present in SS8195-8245 may have a very subtle
effect on viral genome replication, but during a de novo infectious
cycle, the impairment phenotype may be amplified. We consis-
tently observed that the S$8195-8245 mutant had impaired infec-
tious viral particle production and growth kinetics. A role of this
RNA cis element in viral genome packaging cannot be ruled out.
Since, the RNA elements located in this region are required for
efficient viral growth, they may function as enhancer elements.
Furthermore, computational mfold analysis of the SS8195-8245
region predicted a semiconserved stem-loop structure in all six
genotypes. The functional significance of this stem-loop structure
requires further genetic and biochemical investigation.

In our study, HCV with silent mutations in the segment S16
exhibited the strongest growth attenuation compared to all the
replication-competent segment mutant viruses (S1 to S15) tested.
The S16 mutant virus had an attenuated level of genome replica-
tion during both short-term infection and long-term persistent
infection. The S16 segment contains a previously predicted stem-
loop structure, JFH-SL8647, homologous to H77-SL8582 or
5BSL2 (50, 55). Subsequent high-resolution mapping of the S16
segment using contiguous short-segment mutant viruses showed
that the subsegment SS8654-8704 mutant containing substitu-
tions in JFH-SL8647 had replication impairment. The mutant
SL8647 virus with 26 synonymous mutations spanning the entire
stem-loop had significant reductions in both genome replication
and infectivity (Fig. 6). Interestingly, the SS8654-8704 mutant
with 17 nucleotide changes in this stem-loop structure exhibited
reduction only in de novo infectivity and did not show statistically
significant reduction in genome replication. A study reported by
You et al. revealed that 6 silent mutations introduced in the tip of
5BSL2 did not affect viral genome replication in a Conl sub-
genomic replicon system (55). These observations suggest that
more nucleotide substitutions create larger changes in RNA sec-
ondary and tertiary structures and ultimately result in greater
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growth inhibition. These observations imply that the JFH-SL8647
CRE is required for efficient genome replication and de novo in-
fectivity. This JFH-SL8647 CRE may have a possible enhancer role
by finely altering genome replication.

The S$9062-9097 mutant showed a replication-defective phe-
notype. This observation surprised us, as there was no predicted
stem-loop structure in this subsegment. Upon further investiga-
tion, a stem-loop structure, JFH-SL9098 (nt 9098 to 9170), ho-
mologous to the previously predicted stem-loop structure H77-
SL9033, was found downstream of subsegment $59062-9097. Our
experimental approach using covariant mutational analysis con-
firmed that JFH-SL9098 has an extended stem structure, and we
designated it JEH-SL9074. mfold analysis showed a conserved na-
ture of the extended stem formed by homologous stem-loop
structures in the other six genotypes. The extended JFH-SL9074
(nt 9074 to 9195) is flanked by the upstream enhancer CRE sub-
segment S59011-9061 (the predicted JFH-SL9038) and the down-
stream critical stem-loop structure JFH-SL9198. A previous study
using a genotype 1b Conl replicon demonstrated that Conl-
SL9033 downstream conserved nucleotides form a long-range in-
teraction with Conl-SL9266 (JFH-SL9332) (57). A follow-up
structure-function study by the same group showed that this long-
range interaction could be genotype specific, as they did not ob-
serve any defect in the growth of the intragenotype chimeric virus
J6/JFH-1 after genetically abolishing the long-range interaction
(60). The extended stem-loop structure JEH-SL9074 is critical for
optimum genome replication.

The significance of our study is underscored by the identifica-
tion of new cis-acting RNA replication elements with enhancer
roles and critical roles for genome replication. The enhancer cis
element identification required the introduction of multiple nu-
cleotide substitutions that facilitated the detection of a growth-
attenuated phenotype. Further study is needed to characterize the
minimum number of nucleotide changes required to identify the
phenotype. We found that the enhancer elements are enriched in
the NS5B coding sequence upstream of JEH-SL9074. In the ham-
merhead ribozyme, the tertiary interactions by loop-bulge or
loop-loop structures in nonconserved regions located far from the
active site can stabilize the active conformation of catalytic nucle-
otides (68). Thus, the HCV conserved and nonconserved en-
hancer elements may cooperatively function to form proper fold-
ing or maintain the alignment of major structural elements in
three dimensions for efficient viral genome replication. The addi-
tive or synergistic functional nature of the identified enhancer
CREs can be elucidated by using various combinations of en-
hancer mutant CREs. Further comparative structure-function
study is warranted to verify whether the identified enhancer ele-
ments are genotype specific or conserved across all the major ge-
notypes using available replicon systems.

The RNA viral genome forms higher-order structures during
genome translation and replication and in the encapsidated state.
The high-resolution structure of the identified enhancer and crit-
ical CRE can be elucidated by selective 2'-hydroxyl acylation an-
alyzed by primer extension (SHAPE) technology and by deep se-
quencing RNA fragments using the parallel analysis of RNA
structure (PARS) method (69, 70). Furthermore, long- and short-
range RNA-RNA interactions formed by CRE structures, as well as
RNA-protein interactions, are crucial for viral genome replica-
tion. The mutant CRE viruses can be used for identification of
proteins interacting with CREs through protein-RNA pulldown
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FIG 10 Schematic diagram of enhancer and critical RNA cis elements in the HCV genome. (A) HCV genome regions are color coded based on the nature of the
CREs. Both 5" and 3" NTRs and the 3’ end of NS5B (the red region) harbor essential CREs. The 5" end of NS5B (blue) contains cis elements with enhancer
functions. NS3, NS4A, NS4B, and NS5A coding regions (green) may not harbor RNA structures involved in viral genome replication. The C, E1, E2, p7, and NS2
coding regions (gray) are dispensable for genome replication. (B) The NS5B coding region harbors both enhancer (blue) and critical (red) RNA cis elements. The
enhancer elements are clustered in the 5" two-thirds of the NS5B coding region and may be involved in stabilizing RNA-RNA and RNA-protein interactions, as
well as efficient packaging of the viral genome. Predicted stem-loop structures in the NS5B enhancer subsegments $58195-8245 (JEH-SL8222) and SS9011-9061
(JFH-SL9038) are depicted. We observed that stem-loop JFH-SL8647 is required for efficient genome replication. The location of the extended stem-loop
JEH-SL9074 (homologous to H77-SL9005) is shown in the context of upstream enhancer structures and the downstream critical CREs. Not drawn to scale.

and mass spectrometry identifications. These experiments will
provide mechanistic insights into viral genome replication.

The current study characterizing the growth phenotypes of
various cis element mutant viruses was carried out in the human
hepatoma cell line Huh-7.5.1, which lacks the innate immune
sensor RIG-I (71). The RNA secondary and tertiary structures at
the genome level of HCV evolved to evade detection by PAMP
(pathogen-associated molecular patterns) recognizing cellular in-
nate immune sensors. HCV poly(dU) sequence at the 3" NTR has
been shown to act as an HCV PAMP (72). We engineered hun-
dreds of nucleotide substitutions in the NS3, NS4A/4B, NS5A, and
NS5B coding regions. Thus, this collection of hepatitis C viruses
with silent mutations can be tested in primary hepatocytes and
humanized mice with xenografted human primary liver cells and
immune cells to elucidate the role of the HCV genome structure in
immune evasion, persistent infection, and hepatitis C pathogene-
sis. These studies can provide vital information for developing
attenuated vaccine candidates by modifying HCV RNA structure.

In summary, we utilized an unbiased approach to identify cis-
acting RNA elements in the nonstructural-protein-coding region
of the HCV genome. We observed that the NS5B coding region is
enriched with RNA elements and that the coding region for NS3,
NS4A/4B, and NS5A does not have any critical RNA functional
elements (Fig. 10A). Though dispensable, the NS5B 5’ coding re-
gion contains RNA elements that are necessary for efficient ge-
nome replication and infectious progeny production and thus
have an enhancer function. We have identified new enhancer cis
RNA elements predicted to have conserved and nonconserved
stem-loop structures, JFH-SL8222 and JFH-SL9038 (Fig. 10B).
These RNA elements may play a role in genome packaging and the

5694 jviasm.org

assembly of viral particles. Furthermore, we have experimentally
verified the presence of a previously predicted stem-loop struc-
ture, JFH-SL8647, and demonstrated that this stem-loop is re-
quired for efficient HCV genome replication. We have identified
an extended stem structure, JFH-SL9074, that plays a critical role
during HCV genome replication and infectivity. We have eluci-
dated the roles of several cis-acting RNA elements in the protein-
coding region of the HCV genome during viral growth, and this
knowledge will further facilitate the understanding of the mecha-
nism of HCV replication and the design of attenuated vaccine
candidates.
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