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Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is involved in regulating viral replication through its direct interac-
tion with the HCV RNA-dependent RNA polymerase. NS5A also alters infected cell metabolism through complex interactions
with numerous host cell proteins. NS5A has furthermore been suggested to act as a transcriptional activator, although the im-
pact on viral replication is unclear. To study this, HCV NS5A variants were amplified from hepatic tissue from an HCV-infected
patient, and their abilities to activate gene transcription were analyzed in a single-hybrid yeast (Saccharomyces cerevisiae)
model. Different variants isolated from the same patient displayed different transactivational activities. When these variants
were inserted into the HCV subgenomic replicon system, they demonstrated various levels of RNA replication, which correlated
with their transactivational activities. We showed that the C-terminal fragment of NS5A was localized to the nucleus and that a
functional NS5A nuclear localization signal and cellular caspase activity were required for this process. Furthermore, nuclear
localization of NS5A was necessary for viral replication. Finally, we demonstrate that nuclear NS5A binds to host cell promoters
of several genes previously identified as important for efficient HCV RNA replication, inducing their transcription. Taken to-
gether, these results demonstrate a new mechanism by which HCV modulates its cellular environment, thereby enhancing viral

replication.

epatitis C virus (HCV) infection is characterized by a high

frequency of chronicity and is responsible for chronic infec-
tion of approximately 130 million carriers—i.e., 2.2% of the
worldwide population (1). Chronic HCV infection is responsible
for chronic hepatitis, a major risk factor in the development of
cirrhosis and hepatocellular carcinoma (HCC) or primary liver
cancer, which occurs in 1 to 4% of cirrhotic patients every year (2,
3). Chronic HCV infection has become the principal cause of
HCC in Japan, and modeling of the ongoing epidemics predicts a
similar trend in Europe (4, 5).

HCV is an enveloped, positive-strand RNA virus with a cyto-
plasmic life cycle. HCV replication is catalyzed by an RNA-depen-
dent RNA polymerase (RdRp). It takes place within a membra-
nous web (replication complex) located close to perinuclear
membranes, in close association with the nonstructural HCV pro-
teins and a number of host cell factors that play an important role
in this process (6, 7). The precise functions of HCV nonstructural
protein 5A (NS5A) remains largely unclear. However, it has been
shown to be a pleiotropic serine phosphoprotein, involved in the
regulation of RARp function as well as in a number of interactions
with host cell mechanisms (8). Studies have also suggested a role
for NS5A in the establishment of chronicity of HCV infection and
in procarcinogenic events (9).

Among its numerous properties, the HCV NS5A protein has
been shown to bear transcriptional activation properties in yeast
(Saccharomyces cerevisiae) and mammalian cells (10-13). These
properties are borne by a transcriptional activation domain, com-
prised of two acidic regions followed by a proline-rich region
spanning amino acids 2135 to 2331 of the protein (reference strain
HCV-J) (11). In an infected individual, HCV exists as a quasispe-
cies, i.e., a complex mixture of genetically distinct but closely re-
lated variants (14, 15). We previously demonstrated that different
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NS5A variants isolated from serum samples of HCV-infected pa-
tients carry different levels of transcriptional activation in a yeast
single-hybrid model (16, 62).

In infected cells, HCV NS5A is localized predominantly in the
cytoplasm and the perinuclear region, despite the presence of a
functional nuclear localization signal (NLS) in its C-terminal re-
gion (17, 18). Studies have shown that a small amphipathic a-he-
lix at the N terminus of NS5A acts as an endoplasmic reticulum
(ER) membrane retention signal (19). Accordingly, experimental
NS5A mutants lacking the N-terminal region almost exclusively
localize in the nucleus. It has also been demonstrated in vitro that
cellular caspases can cleave the full-length NS5A to produce N-
terminally deleted products that translocate to the nucleus and
function as transcriptional activators (18, 20, 21). A recent study
using the infectious HCV clone JFH1 has demonstrated that N-
terminally truncated forms of NS5A are produced during viral
infection and translocate to the nucleus (22). However, the phys-
iological relevance of caspase-mediated cleavage and nuclear lo-
calization of NS5A fragments remains unknown.

The goal of this study was to assess the role of NS5A transcrip-
tional activation in HCV replication and the influence of NS5A
cleavage and translocation into the nucleus in this process.
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MATERIALS AND METHODS

Human liver tissue sample. The human liver biopsy specimen used in
this study was obtained from our local liver tissue repository (Plateforme
de Ressources Biologiques, Hopital Henri Mondor). The patient had
given written informed consent in accordance with French legislation. A
material transfer agreement was signed between our laboratory and the
repository. The biopsy specimen was from an 82-year-old male with un-
treated chronic HCV genotype 1b infection. The METAVIR inflamma-
tory activity/fibrosis score was A3F3.

Cells. NG cells were obtained from Abbott Laboratories (Abbott Park,
IL). This cell line, highly permissive to HCV RNA replication, was derived
from Huh-7 cells carrying a stably maintained replicon treated with alpha
interferon, as previously described (23). These cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum, 100 IU/ml penicillin, and 100 pg/ml streptomycin.

Antibodies. Mouse anti-NS5A antibody OBT 1222 was purchased
from AbD Serotec (Kidlington, United Kingdom); mouse anti-NS5A an-
tibody Ab 11.1 was a gift from Darius Moradpour (University of Laus-
anne, Switzerland), rabbit anti-NS5A antibody was a gift from Eberhard
Hildt (Robert Koch Institute, Berlin, Germany); sheep anti-NS5A anti-
body was a gift from Mark Harris (University of Leeds, United Kingdom).
Anticalnexin and anti-ASH2L antibodies were purchased from Cell Sig-
naling (Beverly, MA). Alexa Fluor-conjugated secondary antibodies were
purchased from Molecular Probes (Life Technologies, Ltd., Paisley,
United Kingdom). The antiactin antibody was purchased from Sigma-
Aldrich (St. Louis, MO).

Plasmid construction. (i) HCV subgenomic replicon shuttle vector.
A subgenomic replicon shuttle vector (genotype 1b, strain Conl) was
obtained from Abbott Laboratories (24, 25). This shuttle vector contains
two unique restriction sites to facilitate the cloning of patient-derived
NS5A sequences: a single Notl site present within NS4B, 97 nucleotides
(nt) upstream of NS5A, and a PacI site present within NS5A, 18 nt up-
stream of NS5B. NS5A originating from pHCV-N (genotype 1b, accession
no. AF139594) was cloned into this vector to create SGR-Nim. Cloning of
NS5A sequences isolated from patients was performed as described pre-
viously (24).

(ii) Isolation and cloning of quasispecies variants. Total hepatic
RNA was isolated from a single liver biopsy specimen from a patient
infected with HCV genotype 1b using the PARIS kit (Ambion, Austin,
TX), according to the manufacturer’s protocol. cDNA was synthesized
from isolated RNA using a Superscript III reverse transcription kit (Life
Technologies, Carlsbad, CA). Five NS5A quasispecies variants were am-
plified from the patient’s cDNA using a nested PCR technique described
previously (24). Flanking restriction sites NotI and PacI, together with the
adaptive mutation S22041, were introduced by PCR into all of the ampli-
fied NS5A sequences. Variants were cloned into the NotI-PacI site of the
subgenomic replicon shuttle vector and verified by sequencing.

(iii) NS5A AR2 region swapping. AR2 regions from strong and weak
transactivation NS5A variants were swapped using a PCR-based swapping
strategy adapted from Deminie et al. (26). Primers were named A to F
according to Deminie et al.: A-NS5A-swap (TAGCGGCCGGGAGCAGC
AAACGACGTCCTC), B-NS5A-swap (CAAAGAAGGCGCAGACAACT
GGCTAGC), C-NS5A-swap (TTCCCCCCAGCGATGCCCATATGG),
D-NS5A-swap (GGAAGCTTGTCCGGCTCGTGGCTAAGG), E-NS5A-
swap (GCTATCCAGTTGTCTGCGCCTTCTTGT), and F-NS5A-swap
(CCCATATGGGCATCGCTGGGGGGA).

(iv) Site-directed mutagenesis. Site-directed mutagenesis was per-
formed using QuikChange IT XL (Agilent Technologies, Santa Clara, CA),
according to the manufacturer’s instructions. The NS5A NLS was invali-
dated by mutagenesis as previously described by Yeh et al. (27) using the
following primers: CCCCTCCAATACCACCTCCAGGGGGAATGGGG
ACGGTTGTCCTAACAG (forward) and CTGTTAGGACAACCGTCCC
CATTCCCCCTGGAGGTGGTATTGGAGGGG (reverse). Using this ap-
proach, the nuclear localization signal was mutated (boldface) from PPP
RRKRTVVLTESTL to PPPGGMGTVVLTESTL. Similarly, site-directed
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mutagenesis was performed to introduce D154E, D154A, or D154S mu-
tations to invalidate the caspase cleavage site in NS5A, as described by
Kalamvoki et al. (28). The following primers, adapted to the HCV geno-
type 1b sequence, were used: D154E, ATTCTTCACAGAGGTGGAAGG
GGTGCGGC (forward) and TAAGAAGTGTCTCCACCTTCCCCAC
GCCG (reverse); D154A, TTCACAGAGGTGGCTGGGGTGCGGCTG
(forward) and CAGCCGCACCCCAGCCACCTCTGTGAA (reverse);
and DI154S, ATTCTTCACAGAGGTGAGTGGGGTGCGGCTGCAC
(forward) and GTGCAGCCGCACCCCACTCACCTCTGTGAAGAAT
(reverse).

Lentiviral vector production. NS5A variants bearing the adaptive
mutation 522041 were cloned into pLenti6.3/V5-TOPO (Life Technolo-
gies), and the nucleotide sequence of all constructs was verified by DNA
sequencing. Recombinant lentiviral vector particles were synthesized by
using the ViraPower HiPerform lentiviral expression system (Life Tech-
nologies), according to the manufacturer’s instructions. Briefly, lentiviral
vector particles were produced by transient transfection of 5 X 10° 293FT
cells with pLenti vectors containing different NS5A sequences and the
ViraPower packaging mix using Lipofectamine 2000 (Life Technologies).
The titers of the particles produced were determined on Huh7.5 cells
according to the manufacturer’s instructions.

Transient replication assay. Replicon shuttle vector DNA was linear-
ized and purified by phenol-chloroform extraction. One microgram of
purified DNA was used as a template for RNA synthesis using the T7
Megascript kit (Life Technologies), according to the manufacturer’s in-
structions. Synthesized RNA was purified using RNeasy minikit (Qiagen,
Hilden, Germany).

Monolayers of NG cells seeded in 48-well plates (2 X 10* cells/well)
were transfected with 0.25 pug RNA/well using TransIT-mRNA reagent
(Mirus Bio LLC, Madison, WI) in Opti-MEM reduced serum medium
(Life Technologies) containing 5% fetal calf serum. Transfected cells (6
wells per construct) were divided into two equal samples: 3 wells harvested
at 4 h posttransfection and 3 wells harvested at 96 h posttransfection. Cells
were washed and then lysed in cell culture lysis buffer (Promega Corpo-
ration, Madison, WI), and the resultant luciferase activity was measured
with a Mithras LB940 luminometer (Berthold Technologies, Bad Wild-
bad, Germany) in conjunction with luciferin substrate (Promega Corpo-
ration). All luciferase activity measurements were done in triplicate. The
replication efficiency for each replicon clone was calculated as described
previously (24).

trans-complementation assays. Monolayers of NG cells seeded in 48-
well plates (10* cells/well) were transduced with lentiviral particles at a
multiplicity of infection (MOI) of 1.0. Forty-eight hours later, cells were
transfected with replicon RNA using TransIT-mRNA reagent as described
above. Cells were harvested at 4 h and 96 h posttransfection, and luciferase
activity was measured. Replication efficiency was calculated for each rep-
licon clone as described previously (24) and normalized to the protein
concentration at 96 h.

Yeast simple hybrid assay. Nucleotide sequences encoding the NS5A
transactivation domain (nt 6405 to 6981 of the subgenomic replicon) of
selected variants were amplified by PCR as described previously by Pel-
lerin etal. (16) and cloned into the BamHI-EcoRTI sites of the yeast expres-
sion vector pGBT9 (Clontech, TaKaRa Bio, Inc., Shiga, Japan) to generate
a fusion protein consisting of the NS5A transcriptional activation domain
and the GAL4 DNA-binding domain. The resulting plasmids were trans-
formed into Y187 yeast using a Yeast Maker yeast transformation kit
(Clontech). Transformants were grown on tryptophan-deficient (Trp~)
synthetic dropout plates for 3 days at 30°C and screened by PCR.

Transcriptional activation of NS5A-GAL4 fusions was measured by a
quantitative luminescent [3-galactosidase assay based on the Galacto Star
kit (Tropix, Bedford, MA), according to the manufacturer’s protocol us-
ing an automated Mithras LB940 luminometer. All assays were repeated
with three independent transformants for each construct, each analyzed
in duplicate.
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Immunofluorescence. For indirect immunofluorescence studies us-
ing confocal microscopy, NG cells (0.5 X 10° cells/well) cultured in
LabTek 4-chamber slides (Thermo Fisher Scientific, Inc., Waltham, MA)
were transduced with lentivirus particles at MOI of 1.5. Forty-eight hours
postransduction, cells were fixed with ice-cold methanol at room temper-
ature for 5 min, washed with phosphate-buffered saline (PBS), and incu-
bated for 2 h at room temperature with rabbit anti-NS5A polyclonal an-
tibody (29). Bound antibody was detected with antirabbit fluorescein
isothiocyanate (FITC)-conjugated secondary antibody (Sigma-Aldrich),
and cellular DNA marked with 1 uM To-Pro-3 DNA stain (Life Technol-
ogies). Samples were analyzed with a confocal laser-scanning microscope
(Leica DMRE-7/TCSSP2; Wetzlar, Germany) in conjunction with a 63X
oil immersion objective and 633-nm HeNe and 488-nm argon lasers.
Confocal image z-stacks were obtained using optical slice intervals of 0.2
pm from the bottom to top of the cell, with three scans made per slice. The
mean of the signal was recorded, and Imaris software (Bitplane AG, Zur-
ich, Switzerland) was used to reconstruct three-dimensional (3D) image
projections. 3D objects were counted in order to measure the proportion
of NS5A in the nucleus of 20 randomly chosen cells per condition in
duplicate experiments.

For indirect immunofluorescence studies and proximity-dependent
DNA ligation studies using epifluorescence microscopy, transduced NG
cells or cells harboring the stable subgenomic replicon 1389-neo/NS3-3'/
5.1 (30) were fixed with 2% paraformaldehyde in PBS for 10 min and
permeabilized using ice-cold methanol at —20°C for 10 min, washed with
PBS, and incubated for 1 h at room temperature with 10% normal goat
serum—0.3% Triton X-114 in PBS. The primary antibody was diluted in a
mixture of PBS, 1% bovine serum albumin (BSA), and 0.3% Triton X-114
and incubated for 1 h at room temperature. For regular indirect immu-
nofluorescence studies, bound antibodies were detected with an Alexa
Fluor-conjugated secondary antibody (Life Technologies), and cellular
DNA was stained with 1 uM To-Pro-3 (Life Technologies) or DAPI (4',6-
diamidino-2-phenylindole) dilactate (Life Technologies). Slides were
mounted using an antifading solution (Prolong Gold; Life Technologies),
and images were captured using a Zeiss Axioskop 40 microscope in con-
junction with a Zeiss MRm Axiocam and Axiovision V40 4.7 software. For
proximity-dependent DNA ligation studies, the Duolink in situ assay
(Olink Bioscience, Uppsala, Sweden) was used according to the manufac-
turer’s instructions. Briefly, after primary antibody incubation, the PLA
probe anti-mouse Plus and PLA probe anti-rabbit Minus were diluted in
PBS containing 1% BSA and 0.3% Triton X-114 and added to the cells for
1 hat 37°C. Cells were incubated with a ligase for 30 min at 37°C and then
incubated with a polymerase and green fluorescent-labeled nucleotides
for 100 min at 37°C. Cellular DNA was stained with 1 uM To-Pro-3, and
slides were mounted using the antifading agent provided in the kit. Images
were captured using a Zeiss Axioskop 40 microscope in conjunction with
a Zeiss MRm Axiocam and Axiovision V40 4.7 software.

Immunoblotting. Cells were lysed with Promega cell culture lysis re-
agent, separated by SDS-PAGE, and immobilized onto Hybond ECL ni-
trocellulose membrane (GE Healthcare, Chalfont St-Giles, United King-
dom). Bound polypeptides were detected using sheep anti-NS5A
antibody (kindly provided by Mark Harris, University of Leeds, United
Kingdom), rabbit anti-GAPDH (anti-glyceraldehyde-3-phosphate dehy-
drogenase) (Abcam, Cambridge, United Kingdom), or mouse antiactin
antibody (Sigma-Aldrich, St. Louis, MO). Immunodetection was
achieved by enhanced chemiluminescence (GE Healthcare) in conjunc-
tion with horseradish peroxidase-conjugated anti-sheep or anti-mouse
antibodies (Sigma-Aldrich). Chemiluminescent signals were detected and
quantified using an Image Quant Las 4000 miniscanner and Image Quant
software (GE Healthcare).

Caspase inhibition assays. NG cells were treated with the pan-caspase
inhibitor z-VAD-fmk (R&D Systems, Inc., Minneapolis, MN) at 10 uM or
20 wM final concentrations 2 h prior to transfection with replicon RNA.
Four hours posttransfection, culture medium was changed and fresh
z-VAD-fmk was added at the appropriate concentrations.
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Real-time quantitative gene expression assay. Total RNA was ex-
tracted from NG cells transduced with the appropriate lentiviral expres-
sion vector particles (72 h postransduction) using a PARIS RNA isola-
tion kit (Ambion). RNA quality and quantity were determined using a
2100 Bioanalyser and RNA Nano Chips (Agilent Technologies, Santa
Clara, CA). RNA integrity number was calculated using the Agilent
software, and samples displaying an RNA integrity number below 6
were discarded.

c¢DNA was synthesized using a high-capacity cDNA synthesis kit (Ap-
plied Biosystems, Life Technologies). Quantitative PCR (qPCR) was per-
formed on pooled cDNA from two independent experiments using Ap-
plied Biosystems 7300 Thermal Cycler and TagMan reagents (Applied
Biosystems) (see Table 1 for primer information).

ChIP. For chromatin immunoprecipitation (ChIP), NG cells were
transduced with lentiviral vector particles at an MOI of 1.5. Forty-eight
hours postransduction, cells were fixed with 1% formaldehyde and lysed
in a mixture of 10 mM HEPES, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
dithiothreitol (DTT), and 0.1% NP-40 containing protease inhibitors
(Roche Applied Science, Indianapolis, IN). The nuclei were recovered and
lysed in a mixture containing 50 mM Tris-HCI (pH 8), 10 mM EDTA, and
1% SDS, with protease inhibitors, and DNA was sheared by sonication.
Sheared chromatin was precleared by incubation with protein G Mag
Sepharose beads (GE Healthcare) and incubated with rabbit anti-NS5A
antibody. The precipitated DNA was purified by phenol-chloroform ex-
traction and amplified by PCR using the following primers: interleukin-8
(IL-8), 5'-GTTGTAGTATGCCCCTAAGAG-3’ (forward) and 5'-CTCA
GGGCAAACCTGAGTCATC-3' (reverse); lymphotoxin B (LTB), 5'-TA
CGGGCCTCTCTGGTACAC-3' (forward) and 5'-ATATTCCCTCACC
CCACCAT-3’ (reverse); NUAK2, 5'-CCTGAAGTTGCTGCTGTGAA-3'
(forward) and 5 -CCTGAAGGCCTAGAGAACACA-3’' (reverse);
MAP2K7, 5 -AACGAGGTTCCAGGAATGC-3' (forward) and 5'-GAAG
GATGACGCCACCTAGA-3" (reverse); TRAF2, 5'-GGGAAGGGACCC
AATTAGC-3' (forward) and 5'-CAGCCCTCAGGAAGCTGTAG-3’ (re-
verse); and FBXL2, 5'-TGGGGTGAGTGTCGTTTTATC-3" (forward)
and 5'-CGTATCTGGTCCATCCTCTCA-3" (reverse). DNA immuno-
precipitated from cells not expressing NS5A was used as a negative con-
trol.

Statistics. Statistical comparisons of the data were performed using a
Mann-Whitney test where appropriate. P values of <0.05 were consid-
ered statistically significant. All error bars indicate standard errors of the
mean (SEM).

RESULTS

Naturally occurring NS5A variants are associated with different
transcriptional activation capacities in vitro. To examine the
transcriptional activation properties of different NS5A quasispe-
cies variants within the same patient, five NS5A full-length vari-
ants were amplified from the liver of a patient infected with HCV
genotype 1b. Their sequences are shown in Fig. 1. Amino acid
differences were observed over the full NS5A sequence, but were
more frequent between amino acids 210 and 450, a region span-
ning the NS5A transactivation domain. In order to verify our pre-
vious findings that naturally occurring NS5A variants are associ-
ated with different transcriptional activation capacities in vitro
(16), the NS5A transactivation domain (underlined in Fig. 1) was
reamplified by PCR. The amplified domains, which were con-
firmed to be identical in sequence to the full-length variants, were
subsequently cloned into the pGBT9 yeast expression vector to
generate fusion proteins consisting of the NS5A transcriptional
activation domain fused to the GAL4 DNA-binding domain
(Fig. 2A). The capacity of each fusion protein to activate lacZ
transcription (and thus -galactosidase expression) was assayed
in yeast. As shown in Fig. 2B, the five tested variants (v1 to v5)
exhibited markedly different transcriptional activities in vitro,
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TABLE 1 RT-qPCR TagMan probes for gene expression analysis

Primers Gene accession no. Assay identification no. Gene product or function

GAPDH NM_002046.3 Hs99999905_m1 Glyceraldehyde-3-phosphate dehydrogenase

CDC42 NM_001791.3 Hs03044122_gl Cell division cycle 42 (GTP binding protein, 25 kDa)

COPZ1 NM_016057.1 Hs00255433_m1 Coatomer protein complex, subunit zeta 1

CSK NM_001127190.1 Hs01062579_g1 c-src tyrosine kinase

CYP1Al NM_000499.3 Hs01054797_g1 Cytochrome P450, family 1, subfamily A, polypeptide 1

DDX3X NM_001356.3 Hs00606179_m1 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked

DICER1 NM_030621.3 Hs00998582_g1 Dicer 1, RNase type III

EIF2S3 NM_001415.3 Hs00831673_gH Eukaryotic translation initiation factor 2, subunit 3 gamma, 52 kDa
FBXL2 NM_012157.3 Hs00247211_m]1 F-box and leucine-rich repeat protein 2

HAMP NM_021175.2 Hs01057160_gl Hepcidin antimicrobial peptide

JAK1 NM_002227.2 Hs01026996_m1 Janus kinase 1

LTB NM_009588.1 Hs00242739_m1 Lymphotoxin beta (TNF superfamily, member 3)

MAP2K7 NM_145185.2 Hs00178198_m]1 Mitogen-activated protein kinase kinase 7

NFKB2 NM_001077493.1 Hs00174517_m1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100)
NUAK2 NM_030952.1 Hs00388292_m1 NUAK family, SNF1-like kinase, 2

PI4KA NM_058004.2 Hs00176931_m1 Phosphatidylinositol 4-kinase

PI4KB NM_002651.1 Hs00356327_m1 Phosphatidylinositol 4-kinase, catalytic, beta

PPIA NM_021130.3 Hs99999904_m1 Peptidylprolyl isomerase A (cyclophilin A)

RELA NM_001145138.1 Hs00153294_m1 v-rel reticuloendotheliosis viral oncogene homolog A

SLCI12A4 NM_001145961.1 Hs00957122_m1 Solute carrier family 12 (potassium/chloride transporters), member 4
SLC12A5 NM_001134771.1 Hs00221168_m1 Solute carrier family 12 (potassium-chloride transporter), member 5
TBXA2R NM_201636.2 Hs00169054_m1 Thromboxane A2 receptor

TRAF2 NM_021138.3 Hs00184186_m1 TNF receptor-associated factor 2

TXNIP NM_006472.3 Hs01006900_g1 Thioredoxin interacting protein

VAPA NM_194434.2 Hs00427749_m1 VAMP (vesicle-associated membrane protein)-associated protein A, 33 kDa
VAPB NM_004738.3 Hs00191003_m1 VAMP (vesicle-associated membrane protein)-associated protein B and C
VRK1 NM_003384.2 Hs00177470_m1 Vaccinia related kinase 1

IL-8 NM_000584.2 Hs99999034_m]1 Interleukin 8

PLK1 NM_005030.3 Hs00983233_gl Polo-like kinase 1

with the weakest activator (NS5A-v5) exhibiting transcriptional
activities approximately 1 log below the activity of the strongest
activator (NS5A-v1).

Naturally occurring NS5A variants are associated with dif-
ferent HCV RNA replication efficiencies in vitro. To test the
hypothesis that NS5A mutations naturally occurring in vivo could
be associated with different replication capacities of the corre-
sponding variants, the five distinct NS5A variants described above
(v1 to v5) were cloned into a subgenomic replicon shuttle vector
(24) containing a luciferase reporter gene, and the replication ca-
pacity of the corresponding replicons was measured (Fig. 3A).
Western blotting revealed that at 96 h posttransfection, cells trans-
fected with the different constructs exhibited different levels of
NS5A expression, suggesting that different NS5A variants could
be associated with different replication capacities of the corre-
sponding replicons (Fig. 3B). To rule out a loss of affinity of the
anti-NS5A antibody related to sequence differences, we analyzed
NS5A expression of v3, v4, and v5 4 h posttransfection by Western
blotting (Fig. 3C). We also demonstrated identical stability of
NS5A protein from v1 and v5 (Fig. 3D). Thus, we confirmed that
the absence of NS5A signal observed at 96 h in Fig. 3B was solely
due to the lower replication level of the corresponding replicons.
To assess the replication efficiencies of replicons harboring the
different NS5A variant sequences, we quantified the luciferase ac-
tivity from replicon-transfected cell extracts (Fig. 3E). Different
replication levels were observed, including higher (v1), nearly
identical (v2 and v3), and lower (v4 and v5) replication efficiencies
compared to the wild-type (wt) subgenomic replicon (Fig. 3E). In
the latter variants, the replication level was close to that of a rep-
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licon containing a deficient RNA polymerase. We further demon-
strated that, in contrast to vl, v5 was unable to overcome the
degradation of input RNA at 48 h, although it expressed luciferase
and NS5A at4 h (Fig. 3F). Together, these results demonstrate that
naturally occurring NS5A variants are associated with different
RNA replication efficiencies in vitro.

HCV RNA replication efficiency in vitro correlates with
NS5A variant transcriptional activation capacity. As shown in
Fig. 3G, we found a statistically significant correlation (R* =
0.985, P < 0.01) between the transactivation capacities of NS5A
variants in vitro and the in vitro replication efficiency of the cor-
responding replicons. In order to assess whether the relationship
between NS5A transactivation and RNA replication is causal, and
not just the result of the requirement for identical clusters of
amino acidic residues or posttranslational modifications, we ex-
pressed NS5A-v1 in trans in cells harboring the replication-defi-
cient variant SGR-NS5A-v5. Such expression significantly in-
creased SGR-NS5A-v5 replication efficiency 3-fold (P = 0.016),
whereas SGR-NS5A-v5 replication efficiency remained un-
changed when the putative caspase target site mutated at position
154 (NS5A-v1/D154E) was coexpressed in trans (Fig. 4). Since it
has been shown previously that NS5A expressed alone does not
restore RNA replication (31, 61), this result suggests that the ob-
served rescue is due to NS5A transactivation.

NS5A transactivation properties and the resulting effect on
RNA replication are borne by NS5A acidic region 2. Sequence
analysis of the NS5A transactivation domains from vl to v5
showed no relationship between specific amino acid residues and
the transactivation capacities of the corresponding variants
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FIG 1 Amino acid sequence alignment of isolated NS5A variants. Amino acid sequences of NS5A quasispecies variants (v1 to v5) isolated from the liver of a
patient infected with HCV genotype 1b aligned with the SGR-Nim NS5A sequence used as a reference sequence. Numbers represent amino acid positions within
NS5A. The underlined sequence represents the NS5A transactivation domain; the shaded sequence represents the NLS. Lowercase letters in the consensus
sequence denote variability among variants; capital letters represent conserved amino acids among variants.

(Fig. 1). We assessed the role of the global charge of the NS5A
protein, which has been shown to influence its transcriptional
activation capacities (16). Strong transactivation capacities were

ilar charge difference was observed in the AR2 sequence (—9.2
versus —8.5, respectively, whereas the charge in NS5A acidic re-
gion 1 (—6.5) and the number of proline residues within the pro-

associated with a lower charge than weak transactivation capaci-
ties (average of —13.2 for vl to v3 versus —12.3 for v4 and v5). The
difference was greater when analyzing the sequence of the trans-
activating domains only (—7.2 versus —5.5, respectively). A sim-

line-rich region did not differ among the different variants. This
observation suggested that AR2 is the main driver of NS5A trans-
activation and its effect on HCV replication.

To experimentally confirm this hypothesis, we swapped the
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FIG 2 Transactivation properties of NS5A variants. (A) Schematic representation of yeast one-hybrid constructs encoding NS5A-v1 to -v5. The NS5A
transcriptional activation domains (NS5A TrD) were amplified from the patient’s cDNA and cloned into plasmid pGBT9, in order to generate fusion proteins
containing the GAL4 DNA-binding domain (BD) (pGBT9-NS5A-v1 to -v5). (B) Yeast one-hybrid vectors pGBT9-NS5A-v1 to -v5 were transfected into yeast
strain Y187. The ability of the hybrid proteins to activate transcription of the LacZ gene was analyzed by quantification of 3-galactosidase activity. The results are
expressed as mean = standard error of the mean (SEM) transactivation levels obtained from at least three independent experiments. AU, arbitrary units.
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FIG 4 trans-complementation of a replication-deficient replicon with a
strong transactivator NS5A sequence. trans-complementation assays were
performed on cells harboring the SGR-NS5A-v5 replication-deficient repli-
con. trans-complementation was tested with pLenti-NS5A-v1 and pLenti-
NS5A-v1/D154E. Values are expressed as the percentage of replication effi-
ciency, with 100% obtained with SGR-NS5A-v1 used as the reference.

AR2 region sequences of strongly and weakly transactivating
NS5A variants (v1 and v5, respectively). Transcriptional activa-
tion by these chimeras was measured using the yeast single-hybrid
system, and the replication capacity of the corresponding sub-
genomic replicons was assessed (Fig. 5). As shown in Fig. 5, both
transcriptional activation and HCV RNA replication were
strongly reduced when the AR2 region of the strong transactivator
variant was replaced by that of the weak transactivator variant.
Conversely, transactivation was significantly enhanced when the
AR2 region of the weak transactivator was replaced by that of the
strong transactivator, but the replication capacity of the corre-
sponding variant was only modestly affected. Together, these ob-
servations suggest that the NS5A AR2 region plays an important,
although not exclusive, role in the transactivation properties of
the N'S5A protein and in HCV replication.

A subset of HCV NS5A protein translocates to the nucleus.
Immunofluorescence analysis of cells harboring the stable sub-
genomic replicon 1389-neo/NS3-3'/5.1 (30) by means of confocal
microscopy and 3D reconstruction showed that on average
11.6% = 2.2% of NS5A protein localized to the nucleus (Fig. 6A).
To confirm these results in the absence of viral replication, we
cloned NS5A-v1 or NS5A-v5 into a lentivirus vector (Fig. 6B) and

Regulation of HCV Replication by NS5A Transactivation

observed that 14.0% * 2.8% and 16.3% = 3.1% of NS5A proteins
localized to the nucleus in cells transduced with these lentiviruses,
respectively (Fig. 6C). In addition, we used a proximity-depen-
dent DNA ligation assay (32) to demonstrate that the presence of
NS5A was less than 40 nm from the nuclear protein ASH2L
(Fig. 7A), a component of the nuclear Setl histone methyltrans-
ferase complex (33), in NG cells harboring the stable subgenomic
replicon (Fig. 7B). Using this assay (Fig. 7C to F), we observed that
NS5A colocalized with this nuclear protein, thus confirming thata
proportion of NS5A resides in the nucleus.

HCV RNA replication efficiency in vitro is dependent upon
nuclear translocation of NS5A, as a result of cellular caspase
activity and NLS-driven nuclear import. We next assessed the
previously documented respective roles of caspase activity and the
NLS on NS5A translocation to the nucleus and HCV RNA repli-
cation. Mutation of the putative caspase recognition site at posi-
tion 154 (D154E) (Fig. 8A) completely abolished nuclear translo-
cation of NS5A (Fig. 8B and Fig. 9F). In order to investigate the
importance of caspase cleavage of NS5A in HCV replication, cells
harboring subgenomic replicons were treated with the pan-
caspase inhibitor z-VAD-fmk and replication capacity was ana-
lyzed. As shown in Fig. 8C, inhibition of cellular caspase activity
substantially reduced, but did not abrogate, replicon replication.
To verify that this result was not due to a nonspecific effect of
caspase activity inhibition, we analyzed the replicative capacity of
an SGR mutated in the putative N-terminal caspase cleavage site
(D154E, D154A, or D154S) of NS5A (Fig. 8C). These mutations
resulted in the complete loss of subgenomic replicon replication
(Fig. 8C).

To assess the role of the NS5A NLS in NS5A nuclear transloca-
tion, we invalidated the NLS by site-directed mutagenesis, as pre-
viously described (27) (Fig. 10A). After verifying that the con-
structs expressed similar amounts of NS5A (data not shown),
immunofluorescence analyses showed that abolition of the NLS
reduced NS5A translocation to the nucleus by 2.5-fold (down to
5.61% = 0.9%) (Fig. 10B). This result was confirmed by the prox-
imity ligation assay in cells expressing the NLS-mutated NS5A
(Fig. 9D). These results indicate that the NLS of NS5A is func-
tional and plays an important role in NS5A translocation to the
nucleus; however, passive nuclear translocation of NS5A could
also occur in this system.

To investigate whether NLS-mediated NS5A nuclear localiza-
tion is important in HCV RNA replication, we analyzed the im-
pact of NS5A NLS invalidation on replication of the subgenomic
replicons. Replicons encoding two different NS5A variants asso-
ciated with high replication levels (vl and v2) in which the NLS of

mutation in the NS5B RNA-dependent RNA polymerase. SGR-NS5A-vX are subgenomic replicons carrying NS5A variant sequence vX; SGR-Nim is the wt
replicon (24); SGR-GND is the nonreplicative control replicon. NTR, nontranslated region; EMCV, encephalomyocarditis virus; IRES, internal ribosome entry
site; HDV, hepatitis delta virus. (B) NS5A protein expression in NG cells transfected with subgenomic replicons encoding different NS5A variants as analyzed by
Western blotting at 96 h posttransfection. Actin expression was used as a loading control. Bands corresponding to 56-kDa NS5A or 42-kDa actin are indicated.
(C) NS5A protein expression in NG cells transfected with subgenomic replicons encoding NS5A-v3, -v4, and -v5 was analyzed by Western blotting at 4 and 96
h posttransfection. Actin expression was used as a loading control. Bands corresponding to 56-kDa NS5A or 42-kDa actin are indicated. (D) NG cells transduced
with NS5A-v1 and -v5 lentiviral vectors were treated with cycloheximide (CHX) and analyzed for NS5A expression by Western blotting at 0 and 96 h
posttreatment. (E) Replication efficiency of HCV subgenomic replicons carrying different NS5A variants was analyzed in the cell lysates as detailed in panel B.
Luciferase activities were assayed in transfected cells, and the replication efficiency was calculated as a percentage of that obtained with replicon SGR-Nim
(represented by the dashed line). The data are indicative of mean *= SEM replication efficiencies obtained from 7 independent experiments carried out in
triplicate. (F) Replication efficiency of HCV subgenomic replicons carrying the vl and v5 NS5A variants was analyzed as a time course in the cell lysates. Luciferase
activities were assayed in transfected cells and are presented as a percentage of that obtained at 4 h. Data are indicative of mean = SEM replication efficiencies
obtained from 4 independent experiments. (G) Relationship between the transcriptional activation capacities of NS5A variants and the replication efficiencies of
the corresponding subgenomic replicons. Data points represent the mean transactivational capacities and replication efficiencies for each variant.
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FIG 5 Role of the AR2 region in NS5A transcriptional activity and HCV replication efficiency. The AR2 region of the NS5A transactivation domain of strongly
(NS5A-v1) and weakly (NS5A-v5) transactivating NS5A variants were swapped (left panel). The effects of these exchanges on NS5A transactivation capacities and
RNA replication were studied in the yeast one-hybrid system (black bars) and in the subgenomic replicon model (white bars), respectively. Error bars indicate

SEM. The results are indicative of three independent experiments.

NS5A was mutated (Fig. 10C) exhibited reduced NS5A expression
after 96 h posttransfection (Fig. 10D, lower panel), despite a sim-
ilar expression at 4 h (Fig. 10D, upper panel), and a corresponding
reduction in replicon replication in vitro (Fig. 10E). These results
demonstrate the importance of a functional NS5A NLS for effi-
cient replication of the HCV subgenomic replicon. However, in-
validation of the NLS did not completely abolish replication, in
line with our findings that a proportion of NS5A translocates to
the nucleus in the absence of a functional NLS (Fig. 10B).

Taken together, these results demonstrate that caspase-medi-
ated cleavage of NS5A, its release from the endoplasmic reticulum,
and its subsequent localization to the nucleus driven by its NLS are
essential for the replication of subgenomic HCV replicons. They
are in line with the correlation between HCV replication efficiency
and the NS5A transcriptional activation capacities.

Different NS5A transcriptional activation properties are as-
sociated with differential expression of host cell genes essential
for HCV RNA replication. To better understand the mechanisms
involved in regulation of HCV replication by NS5A transcrip-
tional activation, the expression of 28 cellular genes previously
shown to be essential for HCV replication (listed in Table 1) was
analyzed in cells harboring replicons carrying an NS5A variant
with high transcriptional and replication capacity (v1) and with
low transcriptional and replication capacities (v5). When host
gene expression of cells harboring SGR-NS5A-vl or SGR-
NS5A-v5 was analyzed by real-time qPCR (RT-qPCR) screening,
no significant difference in gene expression profiles was observed
(data not shown). Because the large number of untransfected cells
in these transient assays could have masked differences, we made
use of our lentivirus vectors expressing NS5A-v1 or NS5A-v5
(Fig. 6B), allowing the transduction of a high proportion of cells
and thus increasing signal-to-noise ratios. Analysis of host cell
gene expression in lentivirus-transduced cells revealed significant
differences in the expression of 5 of the 28 genes analyzed. As
shown in Fig. 11, the genes coding for interleukin 8 (IL-8), lym-
photoxin beta (LTB), and SNF-like kinase 2 (NUAK2) were
upregulated by Lenti-NS5A-v1, whereas they were either weakly
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upregulated (IL-8 and NUAK2) or downregulated (LTB) by
Lenti-NS5A-v5. Expression of B-galactosidase using an identical
lentiviral backbone had no impact on the expression of these
genes, indicating that our observations were specifically due to the
expression of NS5A. In addition, the MAP2K7 and TRAF2 genes
were downregulated by Lenti-NS5A-v5, whereas their levels were
not significantly changed by Lenti-NS5A-v1. Together, these re-
sults suggest that NS5A variants with different transcriptional ac-
tivation properties differentially regulate transcription of the host
cell genes previously shown as being required for viral replication
and that this may impact HCV RNA replication.

NS5A is recruited to host cell promoters. The deregulation of
host cell gene expression observed above might be due either to a
direct interaction of NS5A with the promoter sequence of these
genes or to an indirect regulation involving NS5A protein inter-
actions. To investigate whether nuclear NS5A was capable of bind-
ing to the promoters of the genes identified above, we performed
chromatin immunoprecipitation assays (ChIP) on nuclear ex-
tracts from cells transduced with lentiviruses encoding NS5A-v1
or NS5A-v5. Such experiments revealed that both NS5A-v1 and
NS5A-v5 could bind specifically to the promoters of IL-8, LTB,
and NUAK2 but were absent from the promoters of MAP2K7,
TRAF2, and FBXL2 (Fig. 12). The latter gene was included as a
negative control, as its expression was unaltered by NS5A in pre-
vious experiments (data not shown). These data suggest that the
regulation of MAP2K7 and TRAF2 by NS5A occurs via indirect
mechanisms, which do not require the presence of NS5A on their
respective promoters. Taken together, these results strongly sug-
gest that NS5A directly interacts with the promoters of IL-8, LTB,
and NUAK2 and that regulation of their expression through its
intrinsic transactivation properties is important in modulating
HCV replication.

DISCUSSION

We studied the effect of NS5A transcriptional activation on HCV
RNA replication using a subgenomic HCV replicon model in an
Huh-7-derived cell line (24). In order to avoid the accumulation
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FIG 6 Subcellular localization of NS5A. (A) Cells harboring the subgenomic replicon 1389-neo/NS3-3'/5.1 were analyzed by confocal microscopy using
anti-NS5A antibody in conjunction with anti-rabbit FITC-conjugated secondary antibody (green). Nuclei were stained with To-Pro-3 (red). Three-dimensional
representations were reconstructed from image z-stacks. Scale bar, 10 pm. *, non-replicon-harboring cells. The yellow arrow shows where the 3D reconstructed
image was cropped to display the cell sections. The yellow pictogram indicates the direction of sight. (B) Schematic representation of lentivirus vectors carrying
NS5A-v1 and -v5 and -galactosidase. Filled triangles indicate the presence of cell culture adaptive mutation S2204I. (C) Confocal analysis of cells transduced
with Lenti-NS5A-v1 or -v5 was carried out as described for panel A. Scale bar, 10 pm. *, nontransduced cells. The yellow arrow shows where the 3D reconstructed
image was cropped to display the cell sections. The yellow pictogram indicates the direction of sight.
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FIG 7 Epifluorescence analysis of proximity ligation assays. Cells harboring the subgenomic replicon 1389-neo/NS3-3'/5.1 were analyzed by epifluorescence
microscopy, as described in Materials and Methods, using an anti-NS5A antibody (antibody [Ab] 1877, IgG2A isotype, from AbD Serotec) in conjunction with
anti-mouse Alexa Fluor 594-conjugated secondary antibody (red). ER (calnexin) or nuclear (ASH2L, IgG2A isotype) protein markers were detected using an
anti-rabbit Alexa Fluor 488-conjugated secondary antibody (green). Nuclei were stained with DAPI (blue). (A) ASH2L expression was localized in all cell nuclei.
A proportion of NS5A was shown to colocalize with ASH2L in the nucleus. (B) As shown in the merged image, NS5A mainly colocalized with ER, except for some
spots present in the nucleus. Cells harboring the subgenomic replicon 1389-neo/NS3-3'/5.1 were analyzed by epifluorescence microscopy after proximity ligation
assays (Duolink InSitu). (C) Proximity ligation was performed using a mouse anti-NS5A antibody (OBT 1222) and a rabbit anti-NS5A antibody (29) as positive
controls to confirm the expression of NS5A in this cell line. In SGR-harboring cells, the fluorescent dots were mainly localized in the cytoplasm, with a small
proportion in the nucleus. (D) Proximity ligation was performed using a mouse anti-NS5A antibody (OBT 1222) and a rabbit anticalnexin antibody. This
analysis confirmed the presence of NS5A in the cytoplasm, in close proximity to ER proteins (calnexin). (E) Proximity ligation was performed using a mouse
anti-NS5A antibody (OBT 1222) and a rabbit anti-ASH2L antibody. This analysis showed the presence of a proportion of NS5A proteins in close proximity to
nuclear proteins in the nucleus. (F) As a negative control, proximity ligation was performed using PLA probes only. Nuclei were visualized using To-Pro-3
staining.
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FIG 8 Role of caspase cleavage in NS5A nuclear localization and HCV RNA replication. (A) Schematic representation of lentivirus vectors carrying mutated
NS5A-v1. The closed triangle indicates mutation of the caspase recognition site at amino acid position 154. LTR, long terminal repeat. (B) Confocal analysis of
cells transduced with the mutated NS5A-v1 lentiviruses was carried out as described in the legend to Fig. 4. Scale bar, 10 wm. *, nontransduced cells. The yellow
arrow shows where the 3D reconstructed image was cropped to display the cell sections. The yellow pictogram indicates the direction of sight. (C) Effect of caspase
cleavage of NS5A on HCV replicon replication. (Upper panel) Schematic representation of three subgenomic replicons encoding NS5A-v1 with a mutated
caspase cleavage site. An open triangle denotes mutation of the caspase recognition site at amino acid position 154; a closed triangle indicates the presence of the
cell culture adaptive mutation S22041. (Lower panel) Replication efficiency of the indicated subgenomic replicons was analyzed in the presence or absence of the
caspase inhibitor z-VAD-fmk at the indicated concentrations. The data represent the mean * SEM replication efficiencies obtained from 3 independent

experiments carried out in triplicate.

of compensatory mutations and to allow the use of nonreplicating
variants, we decided to use a transient system instead of stably
established cell clones. Significantly different replication capaci-
ties were observed for replicons bearing NS5A variants with quan-
titatively different transactivation properties, despite similar levels
of NS5A expression. Importantly, we observed a significant cor-
relation between NS5A transcriptional activation and the replica-
tion capacity of the corresponding subgenomic HCV replicon,
indicating that NS5A transactivation could play a role in modu-
lating viral replication. The role of NS5A transactivation in regu-
lating HCV replication was further supported by the partial rescue
of a replication-deficient replicon harboring an NS5A sequence
with weak transactivating capacity by the coexpression in trans of
an NS5A variant with strong transactivation capacities.
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It has been demonstrated that adaptive mutations in the NS5A
gene significantly increase the replication capacity of replicons
through as yet unknown mechanisms (31, 34). Although none of
our NS5A variants carried any of these previously identified sub-
stitutions, our results suggest that the mutations carried by these
variants played a similar role, mediated by the associated tran-
scriptional activation properties. Since this domain of NS5A is not
well structured (35), mutations in this area are unlikely to alter the
structure of the protein. As we suggested in our previous work
(16) and confirmed here, it is likely that a change in the physical
properties of this domain, such as its global charge, is involved in
the modulation of its transactivation properties.

The native NS5A protein is retained in the endoplasmic retic-
ulum via a sequence located in the N-terminal domain 1. To be
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FIG 9 Epifluorescence analysis of proximity ligation assays. Cells were transduced with the NS5A-v1 lentivirus (A and B) or the mutated NS5A-v1 lentiviruses
Lenti-NS5A-v1/NLS™"" (C and D) and pLenti-NS5A-v1/D154E (E and F). In panels A, C, and E, proximity ligation was performed using a mouse anti-NS5A
antibody (OBT 1222) and a rabbit anti-NS5A antibody (29) as positive controls to confirm the expression of NS5A in this transduced cells. In panels B, D, and
F, proximity ligation was performed using a mouse anti-NS5A antibody (OBT 1222) and a rabbit anti-ASH2L antibody. This analysis confirmed the presence of
a small proportion of NS5A in cell nuclei and indicated that NS5A translocation to the nucleus is reduced or abolished by impairing NS5A NLS or caspase

cleavage.

able to directly exert transcriptional activation functions, the
NS5A transcriptional activation domain must translocate to the
nucleus. Immunofluorescence confocal microscopy, 3D recon-
struction analysis, and proximity-dependent DNA ligation assays
in cells harboring a stable subgenomic HCV replicon indeed re-
vealed the presence of a subset of NS5A in the nucleus. This was
further confirmed by similar analyses of cells transduced with len-
tiviral vectors expressing NS5A-v1 and NS5A-v5 (i.e., a strong and
a weak transactivator, respectively), showing that both variants
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could translocate to the nucleus regardless of their transactivation
potential and that the difference in replication between the two
variants was not due to defective nuclear localization.

NS5A carries a small amphipathic a-helix in its N terminus
that functions as an ER membrane retention signal (19). To be
able to translocate into the nucleus, NS5A must be released from
this anchor and transported to the nucleus, possibly with the help
of an NLS. Previous studies have demonstrated that NS5A can be
cleaved by cellular caspases to produce N-terminally truncated
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FIG 10 Contribution of NS5A nuclear localization signal to HCV RNA replication. (A) Schematic representation of lentivirus vectors carrying mutated
NS5A-v1. The open triangle denotes invalidation of the NS5A NLS. (B) Confocal analysis of cells transduced with the mutated NS5A-v1 lentiviruses was carried
outas described in the legend to Fig. 4. Scale bar, 10 wm. ¥, nontransduced cells. The yellow arrow shows where the 3D reconstructed image was cropped to display
the cell sections. The yellow pictogram indicates the direction of sight. (C) Schematic representation of subgenomic replicons encoding NS5A-v1 or -v2
containing mutated NLS. An open triangle denotes invalidation of the NS5A NLS, and a closed triangle indicates the presence of the cell culture adaptive
mutation S22041. (D) Western blotting of NS5A expression in cells transfected with NLS-mutated and nonmutated vl and v2 replicons at 4 and 96 h
posttransfection. Actin expression was used as a loading control. Bands corresponding to 56-kDa NS5A or 42-kDa actin are indicated. (E) Replication efficiency
of HCV subgenomic replicons carrying NS5A variants encoding mutated NLS was analyzed in the cell lysates 96 h posttransduction. The replication efficiencies
were calculated as described in the legend to Fig. 3C. The data are indicative of the mean * SEM replication efficiencies obtained from 7 independent experiments
carried out in triplicate. The data were normalized to the corresponding nonmutated controls (v1 or v2). Statistical significance was analyzed by means of a
Mann-Whitney test.
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FIG 11 Gene expression analyses of cells expressing NS5A variants. mRNA
expression in NG cell cultures transduced with Lenti-NS5A-v1 and Lenti-
NS5A-v5. The expression levels of the indicated genes were determined by
quantitative real-time PCR from the pooled RNA of three independent exper-
iments. The results were normalized to expression of GAPDH, and the mean *+
SEM mRNA quantities are expressed in relation to the values from control cells
transduced with Lenti-3-gal.

fragments (20, 21). Other reports have suggested that N-termi-
nally truncated forms of NS5A can translocate to the nucleus with
the help of a functional NLS located in its C-terminal region (11,
36). We therefore examined the influence of caspase cleavage and
NLS-mediated translocation on NS5A relocalization and HCV
replication in our model.

We first studied the effects of a pan-caspase inhibitor or a mu-
tation in the putative N-terminal caspase cleavage site on NS5A
translocation to the nucleus. Pan-caspase inhibition partially in-

Interleukin 8
(309 bp)
A

Lymphotoxin
(155 bp)
A

hibited NS5A relocalization into the nucleus, while mutation of
the cleavage site resulted in a complete loss of nuclear NS5A local-
ization, without any alteration of NS5A expression levels. These
results strongly suggest that caspase-mediated release of NS5A
from its N-terminal ER membrane anchor is indispensable for its
translocation into the nucleus. Importantly, mutation of the con-
served caspase cleavage site of NS5A, which prevented NS5A nu-
clear localization, also resulted in a complete loss of replication of
the corresponding subgenomic replicons. These results were dif-
ferent from the recent observation of reduced JFH1 replication in
Huh-7.5 cells overexpressing the N-terminally truncated NS5A
(22). This difference could be due to the different amounts of
nuclear NS5A in the two systems. Indeed, as previously published,
we observed that all NS5A relocalized within the nucleus when
expressed as a caspase-cleaved truncated form and this resulted in
high levels of cell death (data not shown). In contrast, only 10 to
15% of nuclear NS5A is observed when the full-length NS5A is
expressed. Furthermore, Sauter et al. did not characterize the
transactivation potential of the NS5A protein in the JEFH1 model.

Second, we assessed the role of the NS5A NLS and observed
that its invalidation was associated with a dramatic reduction in
the quantity of NS5A in the nucleus. However, a small proportion
of NS5A was still detectable in the nucleus in the absence of a
functional NLS, probably as a result of passive diffusion. Indeed,
proteins up to 60 kDa have been shown to be able to passively
diffuse through the nuclear pores, even in the absence of active
nuclear import (37-39). Altogether, our results suggest that, al-
though it is not absolutely required, the NLS of NS5A plays an

NUAK2
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MAP2K7
(249 bp)
A
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FIG 12 Chromatin immunoprecipitation analyses of cells expressing NS5A-v1 and -v5. Chromatin was immunoprecipitated using an anti-NS5A antibody from
NG cells transduced with lentiviruses expressing NS5A-v1 or NS5A-v5. Immunoprecipitated chromatin and input DNA were amplified using primers spanning
the promoters of the indicated genes. The PCR products were analyzed by agarose gel electrophoresis. Cells transduced with Lenti-3-gal were used as a control.
The promoter of FBXL2 was amplified as a negative control. Numbers on the left indicate sizes in base pairs of the DNA ladder.
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important role in its nuclear translocation. In parallel, we found a
significant reduction in the replication capacity of replicons in
which the NS5A NLS was invalidated, highlighting the impor-
tance of a functional NS5A NLS for HCV RNA replication. The
replication capacity of these modified replicons was not com-
pletely abolished, a finding in line with our observations that a
subset of NS5A could still translocate to the nucleus by passive
diffusion in the absence of a functional NLS. Therefore, caspase
cleavage and nuclear translocation by means of the NLS are re-
quired for NS5A to exert its transcriptional activation properties
and regulate HCV replication.

NS5A has been shown to modulate cellular responses to HCV
infection through multiple, complex interactions with proteins
involved in host cell signaling pathways related to interferon re-
sponse, cell cycle, and apoptosis (40—42). Based on our findings,
we hypothesized that direct regulation of host gene transcription
by NS5A is a mechanism employed by HCV to regulate its repli-
cation. We analyzed the expression of a subset of cellular genes
whose expression has been previously described to be required for
efficient HCV RNA replication (43-51). Our results indicate that
NS5A proteins with different transcriptional activation properties
can differentially regulate the expression of several of these genes,
including those coding for IL-8, LTB, and NUAK?2, through a
direct interaction with the promoters of these cellular genes.

Our observation of a modulation of IL-8 expression via NS5A
transactivation is in keeping with previously published results
(52). In addition, JFH1 infection was shown to be associated with
enhanced expression of this proinflammatory cytokine (53, 54),
and high levels of IL-8 have been reported in chronically infected
patients (55). HCV RNA synthesis in replicon-harboring cells was
shown to be inhibited by IL-8 small interfering RNA (siRNA)
knockdown, whereas IL-8 protein levels correlated positively with
HCV RNA levels in subgenomic and genomic replicon lines (54).
However, IL-8 could have opposing antiviral and proviral effects,
depending on the level of HCV replication, the cellular context,
and whether the infection is acute or chronic (54). HCV infection
triggers double-stranded RNA (dsRNA) signaling pathways that
induce IL-8 expression via transcriptional activation, and muta-
tions of the interferon-stimulated response element (ISRE)- and
NF-kB-binding sites of the IL-8 promoter reduced and abrogated
IL-8 transcription (56). Overall, the cross-regulation of IL-8 gene
transcription and HCV replication could involve multiple path-
ways, including a direct transcriptional activation effect of NS5A,
leading to the inhibition of IFN antiviral actions and the resulting
enhancement of HCV replication.

Knockdown of the membrane protein LTB and of the NUAK2
kinase in Huh-7-derived cells containing a subgenomic replicon
identical to the one used in our study correlated with a 60 to 80%
decrease in HCV replication (46). Our data suggest that NS5A
directly activates the transcription of both genes. LTB is a member
of the tumor necrosis factor (TNF) superfamily which controls
cell survival. Like IL-8, its signaling pathway leads to the activation
of NF-kB. In contrast, little is known about the link between
NUAK2 and HCV replication, although it is interesting to note
that NUAK2 could be an NF-kB-regulated antiapoptotic gene
(57). Interestingly, HCV infection has been described to increase
the hepatic expression of LTB (58), the sustained expression of
which has been shown to represent an important pathway in
HCV-induced primary liver tumors (59).

Although we found that NS5A-v5, our weakest transactivator,
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decreased the abundance of TRAF2 mRNA, we observed no direct
interaction between NS5A and the TRAF2 promoter. It has been
reported that TRAF2 and NS5A directly interact and that this
interaction results in an inhibition of NF-kB activation (60).
Taken together, it is likely that NS5A modulates TNF receptor
signaling through a direct interaction with its signaling complex
rather than through repression of TRAF2 gene expression.

In conclusion, we observed that the ability of the HCV non-
structural protein NS5A to transactivate was significantly related
to the replication efficiency of HCV replicons, while both proper-
ties depended upon efficient caspase-mediated release of NS5A
and its subsequent NLS-mediated translocation to the nucleus.
We also provided compelling evidence that NS5A binds directly to
cell promoters involved in HCV replication regulation and mod-
ulates their activity. Altogether, these data support a new mecha-
nism by which a nonstructural HCV protein can alter its cellular
environment to modulate viral replication. Given the likelihood
of a cellular compartmentalization of HCV quasispecies variants
(16), this could be an essential mechanism by which HCV quasi-
species regulate their survival at the body level.
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