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<ABSTRACT>

Effect of the reversion of NS5A S22041 mutation

on the replication of hepatitis C virus

Aeri Chung

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Sang Hoon Ahn)

Background & Aims: The nonstructural protein 5A (NS5A) of hepatitis C
virus is a phosphoprotein that is required for both RNA replication and virion
assembly. Differential phosphorylation has been proposed as a molecular switch
that modulates the two functions of NS5A protein. Efficient replication of H77
(genotype 1a) in Huh7.5 cells requires five cell culture-adaptive mutations,
including K2040R andS22041 in NS5A protein. However, replication of JFH1
(genotype 2a) in cell culture system does not require any cell culture-adaptive
mutations. Therefore in this study, we tested whether the reversion of K2040R
and S22041 cell culture-adaptive mutations of H77S NS5A to wild-type
sequence have any effect on viral RNA replication in diverse genotypic
backgrounds.

Method: We generated various JFH1-based H77 NS5A chimeras, including
both K2040R and S2204I cell culture-adaptive mutations (JFH1/H5A), single
amino acid substitution mutations (JFH1/H5A/RK andJFH1/H5A/IS), and a
wild-type sequence (JFH1/H5A/RKIS). Huh-7.5 cells were transfected with



in-vitro transcribed viral RNA from the respective recombinant plasmid DNA
and viral replication was evaluated by Gaussia luciferase reporter assay.
Results: The efficiency of viral replication was severely impaired in cells
transfected with JFH1/H5A. The reversion of S2204I to a wild-type sequence
(JFH/H5AV/1IS) restored viral RNA replication capacity. Similar levels of
replication efficiency was observed for the constructs bearing both R2040K and
12204S  substitution mutations (JFH1/H5A/RKIS). However, R2040K
substitution alone (JFH1/H5A/RK) did not affect the viral replication rate.
Focus-forming assay showed that no infectious virus particles were released
from cells transfected with the JFH1/H5A and JFH1/H5A/RK. In contrast,
infectious virus particles were efficiently released by cells transfected with the
JFH1/H5A/IS and JFH1/H5A/RKIS, the titer of which was comparable to that
of wild-type JFH1. Consistent with these results, immunoblot analysis
demonstrated no significant differences in the expression levels of NS5A
protein in cells transfected with JFH1/H5A/IS, JFH1/H5A/RKIS.

Conclusion: S22041 cell culture-adaptive mutation, conferring high viral
replication in H77 strains, had negative effect in the context of JFH1. This result
suggests that phosphorylation of serine residue at position 2204 in NS5A
protein is important for efficient replication of JFH1 RNA.

Key words: hepatitis C virus, HCV, NS5A, cell culture-adaptive mutation, viral

replication



Effect of the reversion of NS5A S22041 mutation
on the replication of hepatitis C virus

Aeri Chung

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Sang Hoon Ahn)

I. INTRODUCTION

Approximately 3% of the world’s population (130-170 million people)
is infected with hepatitis C virus (HCV). In most infected individuals, this RNA
virus establishes persistent infection that can lead to chronic liver disease,
including advanced fibrosis, cirrhosis, hepatocellular carcinoma®?. Current
standard therapy for HCV, consisting of pegylated alpha interferon typically
used in combination with ribavirin, is poorly tolerated and has low efficacy
against the most prevalent HCV variants®. A triple combination including
direct-acting antiviral (DAA) might increase cure rates but also bear risks of
side effects, viral resistance and different efficacy depending on HCV
genotypes™®.

HCV is an enveloped positive-sense, single-stranded RNA virus and
classified within the genus Hepacivirus of the Flaviviridae family, which
includes Flavivirus and Pestivirus. HCV isolates are classified into seven major
genotypes (1-7, ~30% sequence divergence) and numerous subtypes (a, b, etc,

~20% sequence divergence)’. Genotype 1 is the most prevalent in the world.



Many HCV patients in the United States (70%), Japan (75%), southern Europe
(70%), and northern Europe (50%) are infected with genotype 1 virus.

The 9.6-kb viral genome contains a single open reading frame (ORF)
flanked by 5’ and 3’ untranslated regions (UTRs). The ORF is translated via an
internal ribosome entry site (IRES) and the resulting polyprotein is cleaved co-
and post-translationally by both viral and cellular proteases to yield three
structural (core, E1 and E2) and seven nonstructural (p7, NS2, NS3, NS4A,
NS4B, NS5A, NS5B) proteins™®. Although NS5A is known as a
multi-functional protein that interacts with a variety of host cell proteins
involved in apoptosis, cell signaling, and lipid trafficking®'® during the viral life
cycle, its enzymatic activity and the mechanism of regulation are still poorly
understood. NS5A consists of three structural domains, separated by two
low-complexity sequences (LCSI and LCS 1I). Domain | is a highly structured
domain that contains a zinc-binding motif, and is indispensable for RNA
replication. The crystal structure shows that domain | is present as two distinct
dimer configurations with a putative RNA binding groove located at the dimer
interface™. Unlike Domain 1, Domains 11 and Il are poorly characterized and
less conserved. While domain 11 is essential for RNA replication, domain Il is
dispensable for RNA replication, but it is important for virion assembly***,

NS5A is a phosphoprotein that exists as two distinct forms according
to their apparent molecular weights as 56 kDa and 58 kDa by SDS-PAGE gels,
which correspond to the basally and hyperphosphorylated forms, respectively.
Basally phosphorylated NS5A (p56) is phosphorylated at one or more residues,
around the center and nearby C-terminus (amino acid 2200 to 2250 and 2350 to
2419) while hyperphosphorylated NS5A (p58) is believed to be phosphorylated
at conserved serine cluster within LCS | (S2197, S2201, S2204). Differential
phosphorylation has been proposed as a regulator modulating different
functions of NS5A in RNA replication and virion assembly™* ™.

The first selectable subgenomic replicon system allowing persistent



RNA replication in a human hepatoma cell line, Huh-7, was derived from the
Con 1 isolate (genotype 1b)". In this replicon system, cell culture-adaptive
mutations clustering in the NS5A were identified to confer robust RNA
replication through the selection and sequencing of G418-resistant cell clones.
When these mutations were introduced into the parental construct, replication
capacity was enhanced to 0.2-10% in transfected cells, as compared with
0.0005% for the original Con 1 replicon.

Among these mutations, S22041 mutation dramatically increased HCV
RNA levels to ~20, ~300, and ~400 fold relative to the negative control at 24,
48, and 96 hours post—transfectionls. This mutation has been demonstrated as
essential for efficient replication of H77 isolate (genotype 1a), as well as

genotype 3a and 4a in cell culture®®?

, and serine residue at position 2204 within
NS5A, a major site of hyperphosphorylation, is conserved throughout most
isolates of HCV. Taken together, these studies suggest S22041 mutation has an
important role in HCV RNA replication.

JFH1 isolate (genotype 2a) came from a Japanese patient with
fulminant hepatitis and is capable of very efficient RNA replication in

Huh-7-derived cell culture without adaptive mutation®*?#

. In contrast, H77
requires five cell culture-adaptive mutations, two within NS3 (Q1067R,
V16511), one in NS4A (K1691R), and two in NS5A (K2040R, S22041)".
Recently, two research groups have reported conflicting results for the
apparently similar NS5A chimeras. They carried out the same experiment by
replacing NS5A of JFH1 (genotype 2a) with NS5A of H77 (genotype 1a).
When the RNA transcribed from this chimeric DNA were transfected into
Huh-7-derived cell line, Okamoto et al®. showed a slightly reduced RNA
replication level, whereas Kim et al®*. showed a significant impairment in
replication capacity. A careful examination of these two studies found that the
former used a wild-type H77 sequence but the latter used H77 containing

K2040R and S22041 cell culture-adaptive mutations within NS5A.



Thus, we hypothesized that two adaptive mutations (K2040R, S22041)
are the main cause of the opposite results described above. To demonstrate this
possibility, we developed various JFH1-based recombinants, harboring NS5A
of H77, including R2040K and S2204l or wild-type sequence. Using these
recombinant viruses, we assessed the effects of the reversion of adaptive

mutations on HCV RNA replication and virus production.

Il. MATERIALS AND METHODS

1. Plasmids

pH77S, a cell culture-adapted infectious molecular clone of genotype
la HCV was described previously®. pH77S.3 is a modified version of this
plasmid that has an enhanced capacity for the production of infectious virus in
cell culture and that contains an additional N476D mutation in E2 and lacks the
Q1067R adaptive mutation in NS3%. pJFH1? and pH77S were used to generate
JFH1/H5A, which contains two cell-culture adaptive mutations, K2040R,
$22041 within NS5A™%. Arginine-to-lysine substitution mutation at position
2040 and isoleucine-to-serine (or threonine) substitution mutation at position
2204 were introduced into the JFH1/H5A, vyielding JFH1/H5A/RK,
JFH1/H5A/RKIS, and JFH1/H5A/RKIT, respectively. The substitution
mutations were generated by QuickChange Site-Directed mutagenesis kit
(Agilent Technology, Santa Clara, CA, USA) using the following mutagenesis
primers (Table 1). Proline-to-alanine substitution mutation at position 2004
glycine-to-alanine substitution mutation at position 2309 were introduced into
the JFH1/H5A/RKIS, vyielding JFH1/H5A/P2004A and JFH1/H5A/G2309A.
The substitution mutations were generated by QuickChange Site-Directed
mutagenesis kit (Agilent Technology, Santa Clara, CA, USA) using the

following mutagenesis primers (Table 1). For monitoring of RNA replication



efficacy, Gaussia luciferase (GLuc) reporter gene was inserted into the
JFH1/H5A recombinant DNA by Nsil and Xbal restriction enzyme. DNA
sequencing verified the integrity of the manipulated sequence and the presence
of the intended substitution mutations.

2. Cells

Huh-7.5, a subline of Huh7, was grown in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS),

penicillin and streptomycin at 37°C in a 5% CO, environment.
3. RNAtranscription and transfection

Plasmid DNAs were linearized by Xbal restriction digestion. Synthetic
RNA was transcribed with T7 MEGA-Script kit (Promega, Madison, WI, USA)
after linearizing plasmid with Xbal (New England Biolabs, Ipswich, MA, USA).
Following treatment with RNase-free DNase to remove template DNA and
precipitation of the RNA within lithium chloride, the RNA was transfected into
Huh-7.5 cells Twenty-four hours before transfection, 3 x 10° cells per well were
seeded in 6-well culture dishes. Briefly, 1.25ug of in vitro-transcribed RNAs
were mixed with TransIT-mRNA transfection reagent and boost reagent (Mirus
Bio LLC, Madison, WI, USA) in 250uL Opti-MEM (Gibco, Rockville, MD,
USA). The mixture were incubated for 3 min at room, and added dropwise into
the Huh-7.5 cells. Six hours after transfection, the culture medium was replaced
with fresh medium and the supernatant was collected at different time points (24,
48, 72 h).

4. Virus titration

Culture supernatants were collected 3 days after transfection, and the

titer of infectious virus was determined by the inoculation of onto naive



Huh-7.5 cells seeded 1 day previously in 48-well culture dishes (1 x
10°cells/well). Three days after inoculation, infected cells were stained for the
presence of intracellular HCV core protein by immunofluorescence microscopy,
as described below. The titer of infectious virus was determined from the
number of infected foci observed at each dilution and is expressed as

focus-forming unit (FFU) per ml.
5. Immunofluorescence detection of intracellular HCV antigen

For immunofluorescence, transfected cells were washed twice in PBS
and fixed in methanol : acetone (1:1) at room temperature for 8min. Cells were
then washed twice in PBS and incubated with anti-core antibody; 1:300
(Thermo scientific, Pittsburgh, PA, USA) diluted in 3% BSA for 1h 30min at
37°C. Cells were washed with PBS three times and incubated with goat
anti-mouse 1gG conjugated to Alexa Flour-488 diluted in 3% BSA; 1:200
(Invitrogen, Grand Island, NY, USA) for 1h at 37°C. Cells were washed 3 times
in PBS and then nucleus was counterstained with  DAPI
(4',6-diamidino-2-phenylindole), and the stained cells were examined under the

fluorescence microscope (Olympus America, Melville, NY, USA).
6. Immunoblots

To extract total proteins from transfected cells, 200 pL of 1X RIPA
buffer (Cell Signaling, Danver, MA, USA) with 0.1mM PMSF was added to
each well of the 6-well culture dishes. Cells were incubated on ice for 10 min
and the lysates were transferred to 1.5 ml tubes and centrifuged at 13,000 rpm
for 10 min. The supernatant was transferred to a new tube and stored at -20°C.
The extracted proteins were separated by 7.5% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred
to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Pittsburgh,
PA, USA). The membrane was incubated with 5% skim milk in TBST at room

8



temperature for 1 h for blocking and then probed with the 9E10 mouse
monoclonal anti- NS5Aantibody (kindly provided by Charles Rice). Actin was
also probed with anti-actin antibody (Cell signaling, Danver, MA, USA) as a
loading control.

7. Gaussia luciferase reporter assay

Following RNA transfection, cell culture supernatant fluids were
collected and fresh media added at 24h, 48h and 72h. Secreted Gaussia
luciferase (GLuc) activity in the supernatant was measured by a BiolLux
Gaussia Luciferase Assay Kit (New England Biolabs, Ipswich, MA, USA).
GLuc assay solution was prepared by adding BioLux GLuc Substrate to BioLux
GLuc Assay Buffer (1:100) and mix well by inverting. Luminescence was
measured after shaking (1 sec), delay (5 sec) and integration (10 sec). Twenty
microliters of collected supernatant were transferred into 96-well white plates.
Fifty microliters of GLuc assay solution were added to the supernatant and the

luminescence signal was promptly measured by using microplate reader.


https://www.google.co.kr/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&ved=0CDAQFjAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fe3300-biolux-gaussia-luciferase-assay-kit&ei=LbfcUvixCsaFiQfa74CQBw&usg=AFQjCNF9FG0L1-lG35jQJS9XU0N80WPeig&sig2=HS37w2vSKwXqejKZQbD1Hg&bvm=bv.59568121,d.aGc
https://www.google.co.kr/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&ved=0CDAQFjAA&url=https%3A%2F%2Fwww.neb.com%2Fproducts%2Fe3300-biolux-gaussia-luciferase-assay-kit&ei=LbfcUvixCsaFiQfa74CQBw&usg=AFQjCNF9FG0L1-lG35jQJS9XU0N80WPeig&sig2=HS37w2vSKwXqejKZQbD1Hg&bvm=bv.59568121,d.aGc

Table 1. Sequence of mutagenesis PCR primers for amino acid substitution

Forward Primer Sequence

Reverse Primer Sequence

Mutations (53" (5’53
GAT CAC TGG ACATGT CAA CCTCATCGTCCCGTTTTT
Re040K AAA CGG GAC GAT GAG G GAC ATG TCC AGT GAT C
CAG CTC CTC GGC TAG CCA GAG AGA TGG AGC GGA CAG
122045 GCTGTCCGCTCCATCTCTC CTG GCT AGC CGAGGAGCTG
CTATGG CCA GCT CCT CGG GAT GGA GCG GAC AGC TGG
12204T CTACCC AGCTGT CCG CTC GTA GCC GAG GAG CTG GCC
CATC ATA G
CAA GCT CAT GCCACAACT  GAC ACA AAG GGA ATC CCA
P2004A GGC TGG GAT TCC CCT TGT GCC AGT TGT GGC ATG AGC
GTC TTG
CAC CTG TGG TCC ATG CCT GGT GGT AGC GGG CAG GCA
G2309A GCCCGCTACCACC TGG ACC ACAGGT G

10



1. RESULTS

1. Effect of the reversion of NS5A cell culture-adaptive mutations on

RNA replication & virus production

We prepared a chimeric construct harboring the NS5A region of the
H77S (genotype 1a) in the JFH1 background (genotype 2a). This chimeric RNA
(JFH1/H5A) did not replicate and produce infectious virus in Huh-7.5 cells®.
This RNA also contained both K2040R and S22041 (K68R and S232I,
respectively based on NS5A protein sequence) cell culture-adaptive mutations,
which were shown previously to enhance replication of genotype 1a replicon'*%.
To test whether the substitution of K2040R and S22041 mutations in NS5A of
H77S with wild-type sequence recovers RNA replication capacity within the
JFH1 background, we generated JFH1/H5A/RK, JFH1/H5A/IS and
JFH1/H5A/RKIS constructs by introducing R2040K and 12204S substitution
mutations, singly or in combination, into JFH1/H5A chimera (Fig. 1A).

To determine the impact of NS5A swapping and the reversion
mutation (K2040R, S22041) on RNA replication, synthetic RNA transcribed
from these recombinant plasmid DNAs were transfected into Huh-7.5 cells, a
Huh-7-derived cell line”?®. The RNA replication efficiency of each
recombinant DNA was evaluated by Gaussia luciferase (GLuc) reporter assay.
The RNA replication of wild-type JFH1 RNA-transfected cells increased
efficiently up to 48h, but decreased after 48 h post-transfection. As expected,
the chimeric JFH1/H5A RNA, which contains the NS5A sequence of H77S
within the JFH1 background showed impaired RNA replication®. In contrast,
introduction of 12204S substitution mutation into JFH1/H5A (JFH/H5A/IS)
restored HCV RNA replication and a very similar replication level was
observed for construct bearing both R2040K and 12204S substitution mutations
(JFH1/H5A/RKIS) over 72 h post-transfection. However, R2040K substitution
alone (JFH1/H5A/RK) did not alter RNA replication (Fig. 1B, upper).

11



To assess the effect of NS5A swapping and substitution mutations on
the production of infectious viral particles, naive Huh-7.5 cells were inoculated
with the conditioned medium collected at 72 h post-transfection. The infected
cells were identified 3 days later by immunofluorescence of HCV core protein
and the titer of released virus was measured by focus-forming assay®®. No
infectious virus particle was released from cells transfected with the JFH1/H5A
or JFH1/H5A/RK, suggesting impairment in RNA replication. In contrast, the
titer of infectious virus released into the conditioned medium of JFH1/H5A/IS
or JFH1/H5A/RKIS-transfected cells was comparable to that of JFH1 (Fig. 1B,
lower). Interestingly, the replication kinetics of JFH1/H5A/IS, JFH1/H5A/RKIS
was similar to that of H77S.3 rather than that of JFH1 (Fig. 1C).

12
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Figure 1. Evaluation of replication and virus production of recombinant
constructs. (A) A schematic diagram of various recombinant constructs is
shown. The entire NS5A was exchanged between H77S (genotype la) and
JFH1 (genotype 2a) and the substitution mutations in NS5A are indicated with
arrows. “RK” refers to the R2040K; “IS” refers to the 12204S; “RKIS” refers
to the R2040K/12204S double mutations. The number of amino acid was
counted based on either H77 polyprotein sequence (K2040R, S22041) or NS5A
protein sequence (K68R, S232I). (B) Huh-7.5 cells were transfected with
in-vitro transcribed RNA from the recombinant plasmid DNAs and RNA
replication was evaluated by GLuc reporter assay (upper). Infectivity of virus
released into supernatant of transfected Huh-7.5 cells (lower panel). (C)

Comparison of RNA replication kinetics of recombinant constructs.
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2. Invitro replication fitness of IS & IT reversion mutants

Recently, a chimpanzee infected with cell culture-derived genotype 1a
virus (H77S.2) containing 6 cell culture-adaptive mutations showed that S22041
mutation in NS5A was replaced by threonine during 8 weeks of infection. After
62 week, the original S22041 adaptive mutation had completely reverted to the
wild-type serine®. Since isoleucine (ATC) was mutated to threonine (ACC)
first, not directly to wild-type serine (TCC), we hypothesized that threonine
may have some positive effect on RNA replication. To investigate this
possibility, isoleucine at position 2204 was substituted with threonine in
JFH1/H5A/RK (hamed as JFH1/H5A/RKIT) (Fig. 2A). The GLuc activity of
this recombinant construct was comparable to that of JFH1/H5A/IS,
JFH1/H5A/RKIS, suggesting a similar level of replication efficiency (Fig. 2B,
upper). We also examined the virus production of JFH1/H5A/RKIT. Consistent
with the RNA replication data, virus production was restored by introduction of
threonine at 2204 (Fig. 2B, lower).

16
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Figure 2. The effect of threonine at 2204 on RNA replication and virus
production. (A) A schematic presentation of JFH1/H5A/RKIT construct is
shown. “RKIT” refers to the R2040K/12204T double mutation. (B) Huh-7.5
cells were transfected with in-vitro transcribed RNA from JFH1/H5A/RKIT
and RNA replication was assessed by GLuc reporter assay (upper).
Infectivity of virus released into supernatant fluids of transfected Huh-7.5

cells by focus-forming assay (lower).
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3. Abundance of NS5A and ratio of basally& hyper-phosphorylated
form
We next analyzed whether the reversion of NS5A cell culture-adaptive
mutations and threonine substitution at 2204 affected expression and ratio of
basally phosphorylated (56 kDa) and hyperphosphorylated NS5A (58 kDa)
species by immunoblot. Consistent with RNA replication shown in Fig.1B and
2B, similar abundance of NS5A was observed for cells transfected with
JFH1/H5A/1S, JFH1/H5A/RKIS, and JFH1/H5A/RKIT. A much stronger NS5A
signal, appearing as two distinct bands (presumably basally and
hyperphosphorylated isoforms), was detected in the lysate of genotype 2a

JFH1-transfected cells than in lysates from the other recombinant constructs
(Fig. 3).
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Figure 3. NS5A expression in Huh-7.5 cells transfected with JFHL,
JFH1/H5A/1S, JFH1/H5A/RKIS, and JFH1/HS5A/RKIT RNAs. Immunoblot
analysis of cell lysates that were obtained at 72 h post-transfection was
performed with anti-NS5A (9E10). B—actin was used as a loading control. Using
7.5% SDS-PAGE gel allowed separation of basally (lower band) and
hyperphosphorylated (upper band) form of NS5A.
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4. Trans-complementation of NS5A

A replication-defective JFH1 replicon with S22041 substitution
mutation can be trans-complemented by co-transfection of a helper replicon
encoding a functional wild-type NS5A®. A recent study demonstrated that JFH1
replicon containing S22041 was efficiently intragenically trans-complemented
by replication-defective NS5A alleles, P32A and G337A (P2004A
andG2309A respectively based on HCV polyprotein sequence) (Fig. 4, adapted
from Fridell et al)®. These results prompted us to examine whether JFH1/H5A
and JFH1/H5A/RK, which showed impairment in RNA replication and
infectious virus production in Fig. 1B, could also be intragenically
trans-complemented by the P2004A or G2309A allele. To test this hypothesis,
we introduced two substitution mutations, proline-to-alanine at 2004 and
glycine-to-alanine at 2309 within the JFH1/H5A/RKIS background
(JFH1/H5A/RKIS/P2004A and JFH1/H5A/RKIS/G2309A) (Fig. 5A). Synthetic
RNA transcribed from these two recombinant constructs and JFH1/H5A,
JFH1/H5A/RK were co-transfected into Huh-7.5 cells, and RNA replication was
evaluated by GLuc activity. In agreement with the previous study,
JFH1/H5A/RKIS/P2004A or JFH1/H5A/RKIS/G2309A was severely impaired
in RNA replication (Fig. 5B). However, co-transfecting JFH1/H5A or
JFH1/H5A/RK with JFH1/H5A/P2004A or JFH1/H5A/G2309A did not make
any detectable change in replication, which is opposite to the results obtained by
Fridell et al** (Fig. 5B).
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Figure 4. Intragenic complementation of replication-null NS5A alleles.
Combinations of replication-null Rluc replicons with the indicated amino acid
substitutions in NS5A were transiently expressed in Huh-7.5 cells (adapted from
Fridell et al).
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Figure 5. Trans-complementation of replication-defective JFH1/H5A and
JFH1/H5A/RK. (A) A schematic presentation of JFH1/H5A/RKIS/P2004A and
JFH1/H5A/RKIS/G2309A constructs used for this study. The number of amino
acid was counted based on either H77 polyprotein sequence (P2004A,
G2309A) or NS5A protein sequence (P32A, G337A). (B) Combinations of
in-vitro transcribed RNA from replication-defective constructs were

transfected into Huh-7.5 cells.
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IV. DISCUSSION

In this study, we evaluated whether the reversion of K2040R and
S22041 cell culture-adaptive mutations of H77S NS5A to wild-type sequence
have any effect on HCV RNA replication in diverse genotype backgrounds.

First, we generated various JFH1-based recombinant plasmid in which
the RNA region encoding the NS5A harboring K2040R and S22041 mutations
was from the genotype la, H77S and the remainder was from genotype 2a,
JFH1 (JFH1/H5A). The combination of these two adaptive mutations enabled

robust RNA replication in H77*%

, while they completely abolished RNA
replication and infectious virus production in JFH1/H5A chimera (Fig. 1A). As
shown in Fig. 1B, the reversion of K2040R in JFH1/H5A to wild-type sequence
did not have any impact on RNA replication and virus production in cells
transfected with JFH1/H5A/RK. Although K2040R mutation, identified from
genotype la H77, permitted RNA replication in combination with other cell
culture-adaptive mutations, its single effect on different isolates of HCV
genotypes has not been reported. In contrast to JFH1/H5A/RK, the reversion of
S22041 to wild-type sequence (JFH1/H5A/IS) significantly enhanced both RNA
replication and virus production. When we introduced both reversion mutations
(JFH1/H5A/RKIS), there was no additional effect on RNA replication,
compared to JFH1/H5A/IS. Therefore, this result indicates that the reversion of
S22041 is a key determinant for RNA replication of NS5A recombinant chimera.
Although S22041 mutation is known to promote efficient viral RNA replication

in genotype 1a, 1b, 3a, and 4a viruses™?**

, it has a negative effect on the
replication of genotype 2a, JFH1. This finding is consistent with recent study
that JFH1 with S22041 amino acid substitution was severely impaired in both
hyperphosphorylation and RNA replication®. Therefore, phosphorylation of
serine-2204 and NS5A hyperphosphorylation are important for efficient JFH1
RNA replication. In support of this notion, other studies suggest that some

hyperphosphorylation may be required for replication, albeit reduction in
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hyperphosphorylation has generally been associated with robust replication of
Conl1®. We also found that replication of JFH1/H5A/IS and JFH1/H5A/RKIS
steadily increase up to 72 h post-transfection with a linear pattern, but JFH1
replication increased substantially up to 48 h then decreased after 48 h
post-transfection. Since the RNA replication kinetics of these recombinant
constructs were similar to that of H77S rather than that of JFH1, these data
suggest that NS5A may be responsible for RNA replication kinetics (Fig. 1C).
Since phosphorylation of NS5A is a conserved feature among different
HCV isolates and also among other members of the Flaviviridae (for NS5), it
has been proposed that phosphorylation of NS5A has an important role,
modulating multiple NS5Afunctions in viral life cycle'®*. During preparation
of this paper, another study was published describing a chimpanzee infected
with cell culture-derived genotype la virus (H77S.2) containing 6 cell
culture-adaptive mutations including S22041. This study showed that S2204I
cell culture-adaptive mutation in NS5A was partially substituted by threonine
(12204T) within 8 weeks of infection and then the original S22041 adaptive
mutation was completely reverted to the wild-type serine by 62 weeks®.
Intriguingly, NS5A is mainly phosphorylated on serine and to a much lesser
extent, on threonine residue®. Therefore, we investigated whether threonine
residue is able to support RNA replication and infectious virus production. Cells
transfected with synthetic JFH1/H5A/RKIT RNA showed similar level of both
RNA replication and infectious virus production, compared to those of
JFH1/H5A/RKIS (Fig. 2). These results suggest that phosphorylation at amino
acid 2204 of NS5A is important and also led us to conclude that there is no
difference in in-vitro viral replication fitness between threonine and serine
residue. A study by Ross-Thriepland et al. showed that a serine at residue 2204
is a phosphorylated amino acid by mass spectrometry analysis in JFH1 virus®™.
Although there is no biochemical evidence of phosphorylation at

threonine-2204, the replacement of isoleucine with threonine before its final
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reversion to serine in the H77S.2-infected chimpanzee suggests that
phosphorylation at this residue is important. Nonetheless, additional
biochemical experiments are required to answer whether phosphorylation
occurs at threonine 2204. Despite no distinguishable difference of in-vitro viral
fitness between serine and threonine at amino acid 2204 in JFH1/H5A chimeras,
serine seems to be more fit in-vivo models®. Consistent with this notion, a
previous study showed that cell culture-adaptive mutations including S2204I
promote replication of Conl in Huh7 cells while impairing its replication fitness
in-vivo®.

We also assessed the effects of the reversion mutations on NS5A
expression and the relative abundance of basally and hyperphosphorylated
NS5A. Immunoblot analysis showed that there was no significant difference in
expression of NS5A by introducing these mutations (Fig. 3). Some cell
culture-adaptive mutations in NS5A confer higher RNA replication efficiency

1836 However, other studies

by altering NS5A hyperphosphorylation status
indicate that HCV RNA replication was inhibited if hyperphosphorylation is
further reduced by introduction of additional adaptive mutation®” or by
treatment with NS5A hyperphosphorylation inhibitors®>. Collectively, these data
suggest that a critical ratio between basally and hyperphosphorylated NS5A is
important for productive HCV RNA replication. Interestingly, NS5A of H77S
virus, containing S22041 mutation, is expressed as a single band®. Given that
the hyperphosphorylation of NS5A is a highly regulated process, which requires

the expression of an intact NS3-5A polyprotein®**

, and interaction between
NS5A and the upstream structural proteins affect the NS5A phosphorylation
status®, NS5A in other genotypic backgrounds may have different
phosphorylation patterns. However, when NS5A of H77S was placed in the
JFH1 background (JFH1/H5AV/IS, JFH1/H5A/RKIS, and JFH1/H5A/RKIT),
NS5A was still expressed as a single band.

A recent study demonstrated that replication defect of the
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S22041-JFH1 replicon can be intragenically trans-complemented, by
co-transfecting of replication-defective replicon bearing P2004A or G2309A
substitution®*. We decided to investigate the effect of co-transfecting JFH1/H5A
or JFH1/H5A/RK, which showed severe RNA replication defect (Fig. 1), with
different replication-defective constructs containing P2004A or G2309A.
However, no RNA replication was observed in any combination of these
recombinant constructs (Fig. 5). The reason why trans-complementation did not

occur by P2004A and G2309A substitution mutations in our study is not known.
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V. CONCLUSION

S22041 cell culture-adaptive mutation, which enables robust RNA
replication in genotype 1 (Conl, H77) HCV strains, completely abolished
RNA replication in the chimeric context in the background of genotype 2a,
JFH1. However, the reversion of S22041 to wild-type sequence restored RNA
replication. These results suggest that phosphorylation of serine-2204 is
important for efficient JFH1 RNA replication. The effect of the reversion of
S$22041 on HCV RNA replication in JFH1 background should be taken into
account when designing new chimeric constructs using JFH1 and different
genotype isolates of HCV that contains a NS5A S22041 mutation.

29



REFERENCES

1.

N

10.

11.

12.

13.

14.

15.

Lemon SM, Walker CM, Alter MJ, Yi M. Hepatitis C Virus. In: Knipe
DM, Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B, et al.,
editors. Fields Virology. 5th ed. Philadelphia, PA: Lippincott Williams
and Wilkins; 2007. p.1253-304.

Alter MJ. Epidemiology of hepatitis C. Hepatology 1997;26:62s-5s.
Feld JJ, Hoofnagle JH. Mechanism of action of interferon and ribavirin
in treatment of hepatitis C. Nature 2005;436:967-72.

Jacobson IM, McHutchison JG, Dusheiko G, Di Bisceglie AM, Reddy
KR, Bzowej NH, et al. Telaprevir for previously untreated chronic
hepatitis C virus infection. N Engl J Med 2011;364:2405-16.

Poordad F, McCone J, Jr., Bacon BR, Bruno S, Manns MP, Sulkowski
MS, et al. Boceprevir for untreated chronic HCV genotype 1 infection.
N Engl J Med 2011;364:1195-206.

Foster GR, Hezode C, Bronowicki JP, Carosi G, Weiland O, Verlinden L,
et al. Telaprevir alone or with peginterferon and ribavirin reduces HCV
RNA in patients with chronic genotype 2 but not genotype 3 infections.
Gastroenterology 2011;141:881-9.e1.

Simmonds P, Bukh J, Combet C, Deleage G, Enomoto N, Feinstone S,
et al. Consensus proposals for a unified system of nomenclature of
hepatitis C virus genotypes. Hepatology 2005;42:962-73.

Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat
Rev Microbiol 2007;5:453-63.

Cordek DG, Bechtel JT, Maynard AT, Kazmierski WM, Cameron CE.
TARGETING THE NS5A PROTEIN OF HCV: AN EMERGING
OPTION. Drugs Future 2011;36:691-711.

Tellinghuisen TL, Rice CM. Interaction between hepatitis C virus
proteins and host cell factors. Curr Opin Microbiol 2002;5:419-27.
Tellinghuisen TL, Marcotrigiano J, Rice CM. Structure of the
zinc-binding domain of an essential component of the hepatitis C virus
replicase. Nature 2005;435:374-9.

Tellinghuisen TL, Foss KL, Treadaway JC, Rice CM. Identification of
residues required for RNA replication in domains Il and Il of the
hepatitis C virus NS5A protein. J Virol 2008;82:1073-83.

Tellinghuisen TL, Foss KL, Treadaway J. Regulation of hepatitis C
virion production via phosphorylation of the NS5A protein. PL0S
Pathog 2008;4:1000032.

Huang Y, Staschke K, De Francesco R, Tan SL. Phosphorylation of
hepatitis C virus NS5A nonstructural protein: a new paradigm for
phosphorylation-dependent  viral RNA  replication?  Virology
2007;364:1-9.

Ross-Thriepland D, Harris M. Insights into the complexity and
functionality of hepatitis C virus NS5A phosphorylation. J Virol

30



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

2014,88:1421-32.

Appel N, Pietschmann T, Bartenschlager R. Mutational analysis of
hepatitis C virus nonstructural protein 5A: potential role of differential
phosphorylation in RNA replication and identification of a genetically
flexible domain. J Virol 2005;79:3187-94.

Lohmann V, Korner F, Koch J, Herian U, Theilmann L, Bartenschlager
R. Replication of subgenomic hepatitis C virus RNAs in a hepatoma
cell line. Science 1999;285:110-3.

Blight KJ, Kolykhalov AA, Rice CM. Efficient initiation of HCV RNA
replication in cell culture. Science 2000;290:1972-4.

Yi M, Lemon SM. Adaptive mutations producing efficient replication of
genotype la hepatitis C virus RNA in normal Huh7 cells. J Virol
2004;78:7904-15.

Saeed M, Scheel TK, Gottwein JM, Marukian S, Dustin LB, Bukh J, et
al. Efficient replication of genotype 3a and 4a hepatitis C virus
replicons in human hepatoma cells. Antimicrob Agents Chemother
2012;56:5365-73.

Kato T, Date T, Miyamoto M, Furusaka A, Tokushige K, Mizokami M,
et al. Efficient replication of the genotype 2a hepatitis C virus
subgenomic replicon. Gastroenterology 2003;125:1808-17.

Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et al.
Production of infectious hepatitis C virus in tissue culture from a cloned
viral genome. Nat Med 2005;11:791-6.

Okamoto Y, Masaki T, Murayama A, Munakata T, Nomoto A,
Nakamoto S, et al. Development of recombinant hepatitis C virus with
NS5A from strains of genotypes 1 and 2. Biochem Biophys Res
Commun 2011;410:404-9.

Kim S, Welsch C, Yi M, Lemon SM. Regulation of the production of
infectious genotype la hepatitis C virus by NS5A domain 1ll. J Virol
2011;85:6645-56.

Shimakami T, Welsch C, Yamane D, McGivern DR, Yi M, Zeuzem S, et
al. Protease inhibitor-resistant hepatitis C virus mutants with reduced
fitness from impaired production of infectious virus. Gastroenterology
2011;140:667-75.

Yi M, Villanueva RA, Thomas DL, Wakita T, Lemon SM. Production of
infectious genotype 1a hepatitis C virus (Hutchinson strain) in cultured
human hepatoma cells. Proc Natl Acad Sci U S A 2006;103:2310-5.
Blight KJ, McKeating JA, Rice CM. Highly permissive cell lines for
subgenomic and genomic hepatitis C virus RNA replication. J Virol
2002;76:13001-14.

Sumpter R, Jr.,, Loo YM, Foy E, Li K, Yoneyama M, Fujita T, et al.
Regulating intracellular antiviral defense and permissiveness to
hepatitis C virus RNA replication through a cellular RNA helicase,

31



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

RIG-1. J Virol 2005;79:2689-99.

Yi M, Hu F, Joyce M, Saxena V, Welsch C, Chavez D, et al. Evolution
of a cell culture-derived genotype la hepatitis C virus (H77S.2) during
persistent infection with chronic hepatitis in a chimpanzee. J Virol
2014;88:3678-94.

Fridell RA, Qiu D, Valera L, Wang C, Rose RE, Gao M. Distinct
functions of NS5A in hepatitis C virus RNA replication uncovered by
studies with the NS5A inhibitor BMS-790052. J Virol 2011;85:7312-20.
Fridell RA, Valera L, Qiu D, Kirk MJ, Wang C, Gao M. Intragenic
complementation of hepatitis C virus NS5A RNA replication-defective
alleles. J Virol 2013;87:2320-9.

Neddermann P, Quintavalle M, Di Pietro C, Clementi A, Cerretani M,
Altamura S, et al. Reduction of hepatitis C virus NS5A
hyperphosphorylation by selective inhibition of cellular kinases
activates viral RNA replication in cell culture. J Virol
2004;78:13306-14.

Reed KE, Gorbalenya AE, Rice CM. The NS5A/NS5 proteins of
viruses from three genera of the family flaviviridae are phosphorylated
by associated serine/threonine kinases. J Virol 1998;72:6199-206.
Pawlotsky JM, Germanidis G. The non-structural 5A protein of hepatitis
C virus. J Viral Hepat 1999;6:343-56.

Bukh J, Pietschmann T, Lohmann V, Krieger N, Faulk K, Engle RE, et
al. Mutations that permit efficient replication of hepatitis C virus RNA
in Huh-7 cells prevent productive replication in chimpanzees. Proc Natl
Acad Sci U S A 2002;99:14416-21.

Evans MJ, Rice CM, Goff SP. Phosphorylation of hepatitis C virus
nonstructural protein 5A modulates its protein interactions and viral
RNA replication. Proc Natl Acad Sci U S A 2004;101:13038-43.
Lohmann V, Hoffmann S, Herian U, Penin F, Bartenschlager R. Viral
and cellular determinants of hepatitis C virus RNA replication in cell
culture. J Virol 2003;77:3007-19.

Koch JO, Bartenschlager R. Modulation of hepatitis C virus NS5A
hyperphosphorylation by nonstructural proteins NS3, NS4A, and NS4B.
J Virol 1999;73:7138-46.

Neddermann P, Clementi A, De Francesco R. Hyperphosphorylation of
the hepatitis C virus NS5A protein requires an active NS3 protease,
NS4A, NS4B, and NS5A encoded on the same polyprotein. J Virol
1999;73:9984-91.

32



<ABSTRACT(IN KOREAN)>

NS5A S22041 ¥ o]e] x| 3lo]

CH sl wholH =9 EHAlol nA= I&F

o
_0|L
)
[
A
K
ro
>,
i.‘l‘
24_,
oy
Lo
2
-
e
o
AV
&
Z,
0P
a
>
1o
—n
N
)
>
N
olr

=4S 9B 297 4L T A

AL
ox
=
it
k]
0,
i)
do
=
D)

o
g laol dF3sh= H77 Huh7.5 AlENAMe &34 EAS &
NS5A W9 K2040R, S220415 33t 5709] cell culture—adaptive
HolE daw g} Wk, FH24 2a0] sidsts JFHIS o gl
cell culture—adaptive o] Qlolx= Al Erjek oA EA 7} 7}s3s)ct.
Aol M= H77S9 NSH5AC] 91A& K2040R¥} S22041W 0] = of
AE MERE AN 49 s T4 A CH 1+ nHie]
2129 HAGHE oule JFE W A=A Folr izl i)

HFR: JFH19] NS5AE K2040R¥} S22041 cell culture—adaptive ¥ o]
£ Zra 9l H779 NSS5A= whrt JFHI/HSBA, ofv|=Aks &b
24120 JFHI/HS5A/RK, JFH1/H5A/IS9 of¥E MIS zhe

>~l

33



JFHI/HSA/RKISE #Al2Fskitt. 212kgk Aj29 EehAav|= DNAZS
Bl THE°{ % in-vitro transcribed RNAE Huh7.5 A3 transfection
A7l 3 (Gaussia lucifease reporter assaysS Z3] RNA EA|5HS
g8ttt

A3} JFH1/HS5AE transfection A|Z1 A|¥o A= RNA EA7} 43
dojubA] Stk S220415 kBT ME= A&AZ] JFH1/H5A/IS]
e RNA EAlsEo] 575911, K2040R¥ S220418 7 okA8F
ME=Z 23A171 JFHI/HS5A/RKIS oAM= v 528t 502 5471 o
oGS glskqltt. AR K2040RYE ©@5o2 XA S o=
ojw gk W3te dojupx] 9kt Focus—forming assays 33 23},
JFH1/H5A ¢} JFH1/H5A/RKE transfection A7l AlEo|M &= A
e e vl s dAE wlE s A &gkt vkl JFH1/H5A/IS
¢} JFH1/H5A/RKISE transfection A% Ao A& oFAl% JFH1%
23k From A S 2t vholds JAat wisH A ol
A5 -5 3kl immunoblotS- &3 JFH1/H5A/1S<}
JFH1/H5A/RKISE transfection AlZ1 A|3Zo|A] NSHA Tde| & Ak
o|7} gla= Flskdit.

A&: H77914 &E&2<Q RNA EAI7F 7FssbAl sk S22041 cell
culture—adaptive Wo]7} JFH1oIM+= HAZ e AdS vz o
A¥= JFH19 Z&4<1 RNAFA S 2do] NS5AW 22049 el $14]
gk AR QA T e skt S AlAI g

e

ke

34



PUBLICATION LIST

1. Kim BK, Choi SH, Ahn SH, Chung AR, Park YK, Han KH et al.
Pre-S mutations of hepatitis B virus affect genome replication and
expression of surface antigen. Journal of Gastroenterology and
Hepatology 29 (2014);843-50.

35



