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The hepatitis C virus (HCV) NS3/4A protein has several essential roles in the virus life cycle, most probably
through dynamic interactions with host factors. To discover cellular cofactors that are co-opted by HCV for its
replication, we elucidated the NS3/4A interactome using mass spectrometry and identified Y-box-binding
protein 1 (YB-1) as an interacting partner of NS3/4A protein and HCV genomic RNA. Importantly, silencing
YB-1 expression decreased viral RNA replication and severely impaired the propagation of the infectious HCV
molecular clone JFH-1. Immunofluorescence studies further revealed a drastic HCV-dependent redistribution
of YB-1 to the surface of the lipid droplets, an important organelle for HCV assembly. Core and NS3
protein-dependent polyprotein maturation were shown to be required for YB-1 relocalization. Unexpectedly,
YB-1 knockdown cells showed the increased production of viral infectious particles while HCV RNA replication
was impaired. Our data support that HCV hijacks YB-1-containing ribonucleoparticles and that YB-1-NS3/
4A-HCV RNA complexes regulate the equilibrium between HCV RNA replication and viral particle production.

Hepatitis C virus (HCV) infection is a growing public health
problem, since it affects 170 to 200 million people worldwide
and is the major cause of chronic liver diseases, including
cirrhosis and hepatocellular carcinoma (45). The standard
treatment, involving pegylated interferon and ribavirin admin-
istration, is not well tolerated and provides limited efficacy (38,
44). Hence, there is an urgent need for the development of
novel anti-HCV therapies.

HCV is a single-stranded positive RNA enveloped virus
which belongs to the Hepacivirus genus in the Flaviviridae fam-
ily. The viral RNA (VRNA) is 9.6 kb long and encodes a
3,000-amino-acid polyprotein whose translation is controlled
by the internal ribosome entry site (IRES)-containing 5'-un-
translated region (UTR). HCV polyprotein is posttranslation-
ally processed by cellular and viral proteases into structural
(core, E1, and E2) and nonstructural (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) viral proteins, respectively. Core
protein binds HCV RNA, and through its multimerization it
mediates the encapsidation process by packaging the plus-
strand genomic RNA into the viral capsid. Additional assembly
processes involving the glycoproteins E1 and E2 are required
in the final assembly of enveloped virions and infectious par-
ticles for entry and spread into new host cells. NS2 harbors a
protease activity responsible for processing at the NS2-NS3
junction. NS3 serine protease and its cofactor, NS4A, mediate
the maturation of the polyprotein at all processing sites C
terminal to NS3. NS5B is an RNA-dependent RNA polymer-
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ase that replicates viral RNA within detergent-resistant, endo-
plasmic reticulum (ER)-derived replication complexes (RC).
This process is regulated by the phosphoprotein NS5A and
requires the helicase and NTPase activities of NS3. NS4B
induces the formation of a membranous web that is believed to
be important for RC formation and activity (1, 5, 40).

The discovery of the JFH-1 and intergenotypic chimeric
clones that produce infectious virions in cell culture allowed
the molecular dissection of HCV assembly, the mechanistic
details of which still remain poorly understood (31, 52). Several
studies have reported that lipid droplets constitute a critical
cell compartment for HCV particle production (7, 39, 46)
despite being a likely transit platform for the capsid assembly
process. A role of p7 protein has been proposed for the further
continuation of the assembly process (46, 48) within a cell
compartment and most likely is linked with very-low-density
lipoprotein biogenesis (8, 21). Nonstructural proteins, with the
exception of NS5B, also are key players in the assembly pro-
cess. Notably, NS5A, possibly via its phosphorylation by casein
kinase II, participates in viral capsid assembly through a core-
dependent corecruitment with vVRNA on lipid droplets (2, 37,
50). Moreover, a function of NS2 also is proposed during later
stages of the assembly process. Indeed, deleterious NS2 muta-
tions can abrogate particle production without affecting core
sedimenting properties and the loading of NS5A/core com-
plexes on the lipid droplets (56). Finally, HCV must regulate in
time and space the selection of the HCV genome (positive
strand) for encapsidation into nascent capsids in order to not
deplete the pool of genomes that serve in replication/transla-
tion processes. The intracellular site, determinants, and con-
trol of this viral step still remain unclear. In addition, very little
is known about how HCV orchestrates host machineries for
the transition of RNA synthesis in RCs at endoplasmic retic-
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ulum (ER)-like membranes to the site of the encapsidation of
genomic positive-strand RNAs at lipid droplets leading to virus
particles. Indeed, it is proposed that the intricate organization
and close proximity of the ER-membrane network and the
lipid droplets favor the transfer of VRNA from the RCs to the
assembling virus capsid (49).

In addition to polyprotein processing and RNA replication
functions, a role of NS3 was recently proposed in HCV particle
assembly (36). Indeed, Ma et al. showed that the Q221L mu-
tation within the helicase domain can rescue the infectivity of
the chimeric clone HJ3 (36). The NS3-dependent process is
important for the generation of high-density rapidly sediment-
ing capsids at a step subsequent to the loading of core/NS5A
complex on lipid droplets. It is proposed that NS3 influences
HCV assembly via an association with host factors, most likely
before the contribution of NS2. In addition, NS3 interferes
with TLR3 and RIG-I signaling pathways by cleaving the adap-
tor proteins TRIF and MAVS, respectively, leading to the
inhibition of type I interferon (IFN) and IFN-stimulated genes
(9, 17, 29, 30, 33). Such virus-host interactions inhibit cellular
antiviral immunity and confer an advantage to HCV infection.
These observations demonstrate that NS3 protein takes on
multiple roles during the HCV life cycle by interacting with
cellular machineries and networks and contributes to a favor-
able environment for virus infection. Hence, identifying NS3-
host protein interactions that are critical for HCV infection
could lead to the development of new therapeutic strategies.

In this report, we identified Y-box-binding protein-1 (YB-1)
as a novel interacting partner of the HCV NS3/4A protein
using a proteomic approach. The YB-1-NS3/4A complex
specifically associates with HCV RNA in an HCV genotype-
independent infectious context. We demonstrated a crucial
dependency of YB-1 expression for the maintenance and prop-
agation of HCV in culture. We showed that gene silencing of
YB-1 affects intracellular HCV RNA levels and the production
of virus particles. Finally, we reported the redistribution of
YB-1 to the lipid droplets upon HCV infection and the expres-
sion of core protein, which is accordance with a regulatory role
of YB-1 in the viral RNA replication and assembly processes
for the timely production of infectious particles.

MATERIALS AND METHODS

Cell culture. All cells lines were cultured in Dulbecco’s modified essential
medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 1% penicillin-streptomycin antibiotics (Invitrogen), and 1% non-
essential amino acids (Invitrogen). For 293EcR cells, the media contained 30
pg/ml bleocin (Calbiochem) to maintain ecdysone receptor expression. Sub-
genomic replicon-containing cells (32) were cultured with 500 pg/ml G418 to
maintain HCV replication. Cells were transfected with Lipofectamine 2000 (In-
vitrogen) by following the manufacturer’s instructions.

Expression plasmids. The construction of pEF/JFH1-Rz/Neo and pEF/cJFH1
GND-Rz/Neo were previously described (23). For the construction of pEF/
JFH1-del153-167-Rz/Neo, we performed a two-step recombinant PCR with Plat-
inum Pfx DNA polymerase (Invitrogen) involving four oligonucleotides. Internal
primers were designed to generate a 15-amino-acid deletion in the core coding
sequence. The final PCR product was cloned into the FspAI/BsiWI cassette of
pEF/JFH1-Rz/Neo. The same approach was used to generate p7-, NS2-, and
NS5A-mutated PCR products that were cloned in the Clal (p7 and NS2) or
SanDI/BsrGI (NS5A) cassette of pEF/JFH1-Rz/Neo. NS3/4- and NS5A-encod-
ing DNAs (genotype 1b) were PCR amplified using the replicon-encoding
HCVABI12 Luc plasmid (53) and core-, p7-, and NS2-encoding DNAs (genotype
2a) using pFK-i389Luc-El-core-3'-JFH-1wt (52). Resulting PCR products were
cloned into the EcoRV/HindIII cassette of pcDNA3-Hygro-Flag-MCS and
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pcDNA3-Hygro-eYFP-MCS (4). YB-1 and hnRNP Al ¢cDNA were obtained
from Origene. Coding sequences were amplified using PCR, and resulting prod-
ucts were cloned in the BamHI restriction site of pcDNA3-Hygro-Flag-MCS (4).

TAP and mass spectrometry. To generate TAP-NS3/4A-expressing plas-
mid, NS3/4A sequence was PCR amplified using the replicon-encoding
HCVABI12Luc plasmid (53). The resulting PCR fragment was inserted into the
Notl/Xbal cassette of the tandem affinity purification (TAP) tag-expressing plas-
mid AB0411 (a kind gift from Benoit Coulombe).

293EcR cells were transfected with TAP- and TAP-NS3/4A-expressing plas-
mids. Three hours later, the medium was replaced and cells were cultured in the
presence of 4.5 pM ponasterone A (Invitrogene), an analogue of ecdysone, to
induce TAP-NS3/4A expression. In one condition, the NS3/4A inhibitor
BILN2061 (28) was added to the medium at a final concentration of 2 pwM.
Twenty-four hours posttransfection, cells were washed twice with cold phos-
phate-buffered saline (PBS), collected, pelleted, and resuspended in the lysis
buffer (10 mM Tris-HCI, pH 8, 100 mM NaCl, 0.5% Triton X-100, 0.5 mM
dithiothreitol [DTT], pH 8) containing 0.5 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride, a protease inhibitor cocktail (Roche), and DMSO or 2
M BILN2061. Lysates were cleared by centrifugation and quantitated. Twenty-
seven mg of total protein was used for double purification. Lysates were incu-
bated at 4°C during 1.5 h with 100 wl of IgG-Sepharose (GE Healthcare)
prepared in TST buffer (50 mM Tris-HCI, 150 mM NaCl, 0.05% Tween 20, pH
7.6). Following this incubation, beads were extensively washed in IPP buffer (10
mM Tris-HCI, 100 mM NaCl, 0.1% Triton X-100, 10% glycerol, pH 8). Bound
complexes were eluted from the resin twice by incubation at 4°C during 4.5 h and
overnight with 100 and 30 U of AcTEV protease (Invitrogen), respectively, in
TEV buffer (10 mM Tris-HCI, 100 mM NaCl, 0.1% Triton X-100, 0.5 mM
EDTA, 10% glycerol, 1 mM DTT, pH 8, with 2 uM BILN2061 for one condi-
tion). Both elutions were combined and incubated during 2 h at 4°C with 50 pl of
calmodulin-Sepharose (GE Healthcare) prepared in CBB buffer (10 mM Tris-
HCI, 100 mM NaCl, 1 mM imidazole, 1 mM magnesium acetate, 2 mM CaCl,,
0.1% Triton X-100, 10% glycerol, 10 mM beta-mercaptoethanol, pH 8). CaCl,
was added to adjust the final concentration to approximately 2 mM. Following
this incubation, the resin was extensively washed with CBB buffer. Triton X-100
was absent from the final wash. Three elutions were carried out by the sequential
incubation of the resin with CEB buffer (10 mM Tris-HCI, 100 mM NaCl, 1 mM
imidazole, 1 mM magnesium acetate, 4 mM EGTA). The eluates were combined
and analyzed by silver staining and Western blotting using anti-NS3 antibodies
(Vector Laboratories). The Proteomics Core Facility of the Institut de Recher-
che en Immunologie et Cancérologie (IRIC; Montréal, Canada) performed
tryptic digestion on the TAP eluates and analyzed the resulting peptides by liquid
chromatography combined with tandem mass spectrometry (LC-MS/MS) and
database searches. Proteins were considered NS3/4A-associated proteins when
the corresponding peptides were detected in the TAP-NS3/4A condition but
were absent from the TAP negative control.

HCYV replication, production, and infection. Infectious JFH-1 viral particles
were generated by transfecting Huh7.5 cells with pEF/JFH-1-Rz/Neo DNA using
Lipofectamine 2000. Under the control of the elongation factor-la promoter,
this plasmid encodes the JFH-1 genomic RNA whose 5’ and 3’ termini are
flanked by one ribozyme (23). Through their autocatalytic activity, the ribozymes
generate the authentic ends of HCV RNA, which subsequently replicates. Three
days posttransfection, the cell supernatants were collected, cleared with a
0.45-pm filter, and kept at —80°C for long-term storage. Cell extracts were
prepared by lysis in RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, pH 8) containing proteases inhibitors
(Roche) and then analyzed by Western blotting using mouse anti-core (Affinity
BioReagents or Austral Biologicals) and anti-NS3 (Abcam or Biodesign). For
viral infection, 500 pl of the JFH-1-containing supernatant was added to naive
Huh?7.5 cells that were seeded in 12-well plates the day before. The medium was
changed 5 to 6 h later. As a negative control for JFH-1 infection, BILN2061 was
added to the culture medium at a final concentration of 2 wM. Three to 5 days
later, cells were collected and analyzed by Western blotting and qRT-PCR for
their viral content.

9-13 Huh?7 cells were previously described (32) and stably express the genotype
1b Conl subgenomic replicon. This bicistronic replicon expresses the neomycin
phosphotransferase through the HCV IRES, while NS3-NS5B polyprotein pro-
duction is under the control of the encephalomyocarditis virus (EMCV) IRES.
The reporter Huh7 cells stably express the Conl subgenomic replicon as well as
both neomycin resistance and Firefly luciferase (32). Luciferase assays were
performed as previously described (4).

Coimmunoprecipitation assays. For immunoprecipitation directed against the
Flag-tagged proteins, transfected cells were washed twice, collected, and lysed in
10 mM Tris-HCl, 100 mM NaCl, 0.5% Triton X-100, pH 7.6, with protease
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inhibitors (Roche). One to 2 mg of resulting cell extract was subjected to immu-
noprecipitation by adding 40 pl of anti-Flag affinity gel (Sigma-Aldrich) prepared
in TBS buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.4) as described by the
manufacturer. Following 2 h of incubation at 4°C, immunoprecipitates were
washed three times with TBS. Immune complexes were eluted from the resin
during 45 min at 4°C using the Flag peptide (Sigma-Aldrich) at a concentration
of 250 ng/pl. For coimmunoprecipitation under HCV infection, cell extracts were
prepared as described above and precleared for 1 to 2 h at 4°C using a 50:50
slurry of protein G-Sepharose (Sigma-Aldrich) prepared in the lysis buffer.
Precleared lysates were subjected to an overnight immunoprecipitation using 1
pg of rabbit anti-YB-1 (Abcam), anti-RHA (Abcam), anti-hnRNP U (Abcam),
anti-RNA polymerase II (Santa Cruz Biotechnology), or anti-hemagglutinin
(HA) (Santa Cruz Biotechnology) antibody. The day after, samples were incu-
bated with 35 pl of the 50:50 slurry of protein G-Sepharose for 1 to 2 h at 4°C.
Immunoprecipitates were washed three times in lysis buffer and eluted in SDS-
containing loading buffer. Eluates were analyzed by Western blotting using
mouse anti-Flag (Sigma-Aldrich), anti-NS3 (Abcam, Vector Laboratories or
Biodesign), anti-green fluorescent protein (GFP) (Roche), anti-hnRNP Al
(Abcam), anti-hnRNP U (Abcam), rabbit anti-YB-1 (Abcam), anti-RHA
(Abcam), anti-ribosomal protein S6 (Cell Signaling), and anti-pol II (Santa Cruz
Biotechnology) antibodies.

Gene silencing by lentivirus-mediated RNA interference. For lentivirus pro-
duction, 293T cells were transfected with pRSV-REV, pMDLg/pRRE, pMD2-
VSVG, and various short hairpin RNA (shRNA)-expressing pLKO.1-puro con-
structs (Sigma-Aldrich) using Lipofectamine 2000. Two days posttransfection,
cell media were collected and cleared with a 0.45-pum filter. Huh7.5 cells were
infected overnight by adding the lentivirus preparation to the medium containing
8 pg/ml Polybrene. The day after, puromycin was added to the medium at a
concentration of 3 pg/ml to select lentivirus-infected cells. Five siRNAs (Sigma-
Aldrich) per gene were tested, and their respective knockdown efficiencies were
assessed by Western blotting on extracts from infected cells using anti-YB-1
(Abcam) and anti-RHA antibodies. The shRNAs TRCN0000007952 (shYB-1)
and TRCN0000001212 (shRHA) were chosen for YB-1 and RHA depletion,
respectively. Twenty-four hours postinfection, cells were transfected with JFH-
1-encoding plasmids.

Immunofluorescence analysis. Huh7.5 cells were transfected with expression
plasmids in 6-well plates. Two to 3 days posttransfection, cells were trypsinized
and reseeded in coverslip-containing 24-well plates. Twenty-four hours later,
cells were washed twice with PBS, fixed with 4% paraformaldehyde-containing
PBS for 20 min at room temperature, and then permeabilized in 0.2% Triton
X-100-PBS for 15 min. Blocking was performed in PBS with 10% normal goat
serum, 5% bovine serum albumin (BSA), and 0.02% sodium azide for 45 min at
room temperature. Following three rapid washes, cells were labeled with mouse
anti-core (Affinity BioReagents), anti-NS3 (Abcam), and rabbit anti-YB-1 (Ab-
cam) primary antibodies diluted in 5% BSA-0.02% sodium azide-PBS for 2 h.
Slides were washed three times in PBS and then labeled with Alexa Fluor 488
and Alexa Fluor 594 secondary antibodies (Invitrogen) diluted in 5% BSA-
0.02% sodium azide-PBS for 1 h. Cells were extensively washed and incubated
with Hoechst dye (Invitrogen) at a final concentration of 1 wg/ml in PBS.
Following three rapid washes, 1 h of incubation was performed with HCS
LipidTOX Deep Red (Invitrogen) diluted 1:1,000 in PBS to label the lipid
droplets. Immediately afterwards the slides were mounted using DABCO
(Sigma-Aldrich) as an anti-fading agent. Labeled cells then were examined by
laser-scanning microscopy using an LSM510 confocal microscope (Zeiss).

RNA extraction and gRT-PCR. Total cellular RNA was extracted by the lysis
of the JFH-1-containing cells with RLT buffer (Qiagen) supplemented with 1%
beta-mercaptoethanol. Total RNA was purified using the RNeasy kit (Qiagen).
Coimmunoprecipitated RNAs were extracted using TRIzol LS (Invitrogen) ac-
cording to the manufacturer’s instructions. As a carrier, 7.5 pg of GlycoBlue
(Ambion) was added during the isopropanol-mediated precipitation. RNAs then
were treated with 0.25 U of amplification-grade RNase-free DNase I (Invitro-
gen) during 15 min at room temperature and subjected to RNA cleanup using
the RNeasy minikit (Qiagen). HCV and actin RNAs were quantitated by quan-
titative real-time reverse transcription-PCR (qRT-PCR). One hundred to 200 ng
of total RNA or 10 nl of coimmunoprecipitated RNA was reverse transcribed
with antisense (5'-TGGTGCACGGTCTACGAGACCTC-3' [for HCV RNA]
and 5'-AGCACTGTGTTGGCGTACAG-3' [for actin RNA]) oligonucleotides
using the QuantiTect reverse transcription kit (Qiagen). As negative controls,
reactions without RT were always included to monitor for DNA contamination.
Resulting DNA was diluted 10 times in water, and 6 .l of this dilution was used
for amplification by quantitative PCR using the QuantiTect SYBR green kit
(Qiagen) and primer pairs 5'-CAAGCACCCTATCAGGCAGTA-3'/5'-TCTGC
GGAACCGGTGAGTA-3' (for HCV) and 5'-AGCACTGTGTTGGCGTACA
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G-3'/5'-GACTTCGAGCAAGAGATGG-3" (for actin). Serial dilutions of
JFH-1 and actin DNAs (6 X 10?> to 6 X 10° copies) also were amplified to
generate standard curves. Signal acquisitions were performed with the Rotor-
Gene 3000 thermocycler (Corbett Research). HCV RNA content in the cells was
always normalized with the actin RNA levels. To analyze the VRNA immuno-
precipitation experiments together, we have arbitrarily set to 1 the absolute
VRNA copy number for the anti-YB-1/JFH-1 condition and calculated the rel-
ative VRNA level per immunoprecipitation for each experiment. We used the
same approach for the anti-Flag immunoprecipitation. Standard deviations were
determined from three independent experiments.

MTT assays. Cells were cultured in transparent 96-well plates (100 wl). Twenty
wl of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] stock
solution (5 mg/ml in PBS) was added to the cells that were incubated for 1 to 3 h
at 37°C in the dark. After the removal of the medium, cells were incubated at
room temperature with 150 pul of DMSO containing 2 mM glycine, pH 11.
Absorbance was read at 570 nm.

RESULTS

YB-1 is an interacting partner of the HCV NS3/4A protein.
To elucidate the NS3/4A interactome and to identify host
cofactors essential for HCV infection, we genetically engi-
neered a plasmid expressing the recombinant NS3/4 protein
fused by its N terminus to the tandem affinity purification
(TAP) tag (Fig. 1A). TAP-NS3/4A as well as the TAP tag
alone were expressed at the expected molecular weight (Fig.
1B). Moreover, TAP-NS3/4A was properly processed at the
NS3-NS4A junction and was able to cleave MAVS, since a
faster-migrating form of MAVS was detectable when native or
tagged NS3/4A was expressed (Fig. 1C). This suggests that the
TAP tag does not significantly affect NS3/4A functions and
interactions with cellular factors. The protease activity of TAP-
NS3/4A was further confirmed following treatment with the
specific NS3 protease inhibitor BILN2061 (28) that resulted in
the appearance of the unprocessed TAP-NS3-4A precursor
(Fig. 1D). Based on high affinity to IgG and calmodulin
through the protein A and calmodulin-binding domain moi-
eties, respectively, TAP-NS3/4A complexes were purified from
293-EcR cell extracts (Fig. 1D), and the resulting eluates were
subjected to tryptic digestion and to LC-MS/MS analysis. The
TAP-tag-only condition was used as a control for the identifi-
cation of tag-associated proteins, which subsequently were ex-
cluded from the list of specific hits. We identified 23 proteins
that were specific to the TAP-NS3/4A eluates, most of them
strikingly harboring functions in RNA metabolism, including
RNA translation, splicing, stability, and localization (Fig. 1E)
(14, 35). Several of these associations were studied and con-
firmed using various fusion proteins, expression systems,
purification procedures, and cell types. Flag-tagged NS3/4A-
expressing 293T cell extracts were subjected to immunopre-
cipitation studies using antibodies directed against the Flag
epitope (Fig. 2A). Western blotting of the eluates revealed that
YB-1, hnRNP Al, hnRNP U, and RHA proteins all were
readily detectable in the immunoprecipitated Flag-tagged
NS3/4A samples while being absent from the Flag control.
Similar results were obtained with the expression of Flag-
tagged NS3/4A in Huh7.5 liver cells (data not shown).

We then focused on YB-1, an RNA-binding protein that is
found in several cell compartments, including P bodies, stress
granules, and the nucleus (3, 24, 54). YB-1 is involved in CAP-
and IRES-dependent translation as well as the stability and
transcription of cellular RNAs (12, 14-16, 25, 47). To assess
the specificity of NS3/4A-YB-1 interaction, Flag-tagged YB-1
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FIG. 1. Expression of TAP-NS3/4A and identification of associated host factors. (A) Schematic representation of TAP-NS3/4A. 293EcR cells
were transfected with NS3/4A-, TAP-, or TAP-NS3/4A-expressing plasmids. Twenty-four hours posttransfection, cell extracts were prepared and
subjected to Western analysis using polyclonal rabbit antibodies that nonspecifically recognize the protein A moiety of the TAP tag and allow the
visualization of TAP and TAP-NS3 proteins (B), as well as anti-NS3, anti-MAVS, and anti-GAPDH antibodies (C). The asterisks indicate the NS3
degradation products detected with the anti-NS3 antibodies with different exposures (expo.). (D) Cells were treated as described for panel B in
the presence of DMSO or 2 uM the NS3 protease inhibitor BILN2061. Cell extracts were analyzed by Western blotting (WB) using anti-NS3
antibodies and subjected to TAP. Resulting eluates were analyzed by Western blotting using anti-NS3 antibodies and silver staining. (E) The host
factors that were copurified with TAP-NS3/4A and absent from the TAP tag control eluate were identified using mass spectrometry.

was coexpressed with several yellow fluorescent protein (YFP)-
fused HCV nonstructural proteins for coimmunoprecipitation
studies in 293T cells (Fig. 2B). e YFP-NS3 was the only protein
to coprecipitate with YB-1, in contrast to enhanced YFP

(eYFP)-tagged p7, NS2, and NS5A, which were not detected in
the eluates. To demonstrate the significance of YB-1-NS3/4A
interaction in the HCV life cycle, we expressed the full-length
infectious clone JFH-1 and performed an immunoprecipita-
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tion study using endogenous YB-1 as bait in Huh7.5 cells (Fig.
2C). NS3 was specifically detected upon JFH-1 expression,
while it was absent from the anti-HA control condition (Fig.
2C). NS3 protein also was successfully pulled down with anti-
RHA antibodies upon JFH-1 expression, as expected from the
mass spectrometry analysis. Anti-YB-1 antibodies successfully
pulled down RHA as expected from previous studies reporting
the presence of RHA and YB-1 in the same protein complex
for endogenous functions in RNA metabolism (26, 51). How-
ever, we were not able to detect YB-1 in anti-RHA immuno-
precipitation, most probably because the detection was limited
by the close proximity between YB-1 and the IgG heavy chains
in SDS-containing gels. Overall, the data show that endoge-
nous YB-1 specifically interacts with NS3 when ectopically
expressed or upon HCV infection.

YB-1 contributes to viral RNA replication of JFH-1 and
genotype 1b subgenomic replicon. Since YB-1 associates with
HCV NS3/4A protein, we determined if HCV replication is
dependent on the host factor YB-1 and performed gene silenc-
ing studies using a lentivirus-based expression system allowing
the transcription of short hairpin RNA (shRNA). We identi-
fied lentivirus-delivered shRNA that specifically reduced the
expression of YB-1 (shYB-1) and of RHA (shRHA) compared
to that of control nontarget shRNA (shNT) by Western blot-
ting (Fig. 3A). For all experiments, functional analyses were
assessed in puromycin-selected cell populations, resulting in an
efficient gene-silencing phenotype. To evaluate the effect of
reduced YB-1 and RHA proteins on the genotype 2a HCV life
cycle, transduced Huh7.5 cells were infected with JFH-1 virus
preparations, and 5 days later HCV RNA levels were assessed
by real-time qRT-PCR as a readout of viral replication (Fig.
3B). Compared to those of shNT-transduced cells, HCV RNA
levels were decreased by 80% in YB-1-silenced Huh7.5 cells.
Similar results were observed with two other shRNAs deplet-
ing YB-1, excluding an off-target effect of shYB-1 (data not
shown). In contrast, the gene silencing of RHA did not signif-
icantly affect JFH-1 replication. The NS3/4A inhibitor
BILN2061 was used as a control for HCV RNA replication
(Fig. 3B). The data clearly indicate that YB-1 contributes sig-
nificantly to viral RNA replication in JFH-1 infection.

To gain further insight into the YB-1 dependency for HCV
replication kinetics, we took advantage of the ribozyme-based
JFH-1 infectious system developed by Kato et al. (23). In this
experimental system, transcription from the transfected JFH-1
DNA plasmid generates low vVRNA levels, which increase as a
function of time as a consequence of viral replication and
propagation by reinfection (Fig. 4D). Control cells transfected
with the replication-defective mutant JFH-1 GND (containing
a point mutation in NS5B; Fig. 4A) showed the expected plas-
mid-dependent low HCV RNA levels from days 1 to 6 result-
ing from the lack of RNA polymerase activity (Fig. 4D). As
expected, corresponding cell supernatants were not infectious
(Fig. 4C), while wild-type JFH-1 viral preparations were able
to infect naive Huh7.5 cells and to propagate in cell culture. In
a second control, we transfected the JFH-1 del153-167 mutant,
containing a previously reported deletion in the protein core,
which consequently is unstable and undetectable in cell ex-
tracts (Fig. 4A and B) (41). This mutant showed viral RNA
replication but no release of infectious particles, as determined
by infection assays (Fig. 4C). HCV RNA levels in JFH-1
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del153-167-transfected cells increased during the first 2 days
posttransfection and then slowly decreased because of RNA
replication in the absence of propagation by de novo infection
(Fig. 4D). Thus, RNA-level amplification through viral spread
by reinfection is detectable with the ribozyme-based JFH-1
system 3 days posttransfection.

We used this ribozyme/HCV system to further characterize
the YB-1 dependency of viral replication in 6-day kinetic stud-
ies. Huh7.5 cells expressing shNT, shYB-1, or siRHA were
transfected with the JFH-1-expressing plasmid, collected each
day, and analyzed for their HCV RNA content by qRT-PCR.
In shYB-1-expressing cells, we observed a drastic decline in
HCV RNA levels from day 3, the time from which HCV RNA
levels mostly increase from viral replication and reinfection
(Fig. 3C). HCV proteins also were reduced in shYB-1-express-
ing cells, as illustrated by the core protein levels at day 4 (Fig.
3D). In contrast, siRHA expression had no major effect on
HCV RNA levels (Fig. 3C). Viral RNA levels were compara-
ble to those of the shNT condition at day 1, suggesting that the
gene silencing of YB-1 did not influence plasmid-derived
JFH-1 transcription. Additionally, the transfection efficiency of
JFH-1 was controlled by the cotransfection of a reporter plas-
mid, and similar GFP levels were detected in both shNT and
shYB-1 conditions (data not shown).

The effect of YB-1 gene silencing also was evaluated in 9-13
cells stably expressing a genotype 1b Conl subgenomic HCV
replicon that encodes the NS3-NS5B replicative unit and con-
fers neomycin resistance (32). In this model, YB-1 silencing
also significantly reduced viral RNA replication, as measured
in a qRT-PCR assay (Fig. 3E). Similar results were obtained
with the silencing of YB-1 in a Huh7 stable cell line containing
a luciferase-encoding Conlb subgenomic replicon (Fig. 3F)
where Firefly luciferase activity is dependent on HCV RNA
replication (32). Cell proliferation assessed by MTT assays was
carried out in parallel and revealed no effect from shYB-1-
expressing cells during a 4-day period (Fig. 3G). Overall, these
results show that host factor YB-1 contributes to viral RNA
replication from both an HCV genotype 2a infectious clone
and an HCV genotype 1b subgenomic replicon.

YB-1 associates with vVRNA during HCYV life cycle. NS3/4A-
associated host proteins identified by mass spectrometry are
related to RNA metabolism and harbor RNA-binding activi-
ties. Moreover, YB-1, RHA, hnRNP A1, and hnRNP U were
previously reported to interact with untranslated regions of
HCV in vitro (20, 22, 34, 42). To determine if interacting
partners of NS3/4A were associated with HCV RNA, JFH-1-
expressing cell extracts were subjected to immunoprecipitation
directed against endogenous YB-1, RHA, and hnRNP U. The
presence of NS3 protein was confirmed in these eluates by
Western blot analysis (Fig. 5A), while they were undetectable
in negative-control experiments with anti-polymerase II and
anti-HA antibodies. Again, we detected YB-1 as well as
hnRNP U in RHA immunoprecipitates independently of HCV
expression, confirming that these proteins interact in normal
cells. The eluates then were analyzed for their content for
vRNA by qRT-PCR (Fig. 5B). vVRNA was readily detected in
YB-1 immunoprecipitates, while undetectable VRNA levels
were obtained with control Pol II and HA, attesting to the
specificity of the procedure. We also detected VRNA with the
coimmunoprecipitation of RHA protein, but it was evident to
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FIG. 3. YB-1 expression levels are important for HCV life cycle. (A) Huh7.5 cells were infected with lentiviruses that express shRNA silencing
YB-1 (shYB-1) and RHA (shRHA). As a control, a nontarget sSiIRNA (shNT) was used. Transduced cells were selected with puromycin, and
knockdown efficiencies for YB-1 and RHA were confirmed by Western blotting. (B) shNT-, shRHA-, and shYB-1-expressing Huh7.5 cells were
infected with JFH-1. Five days later, actin and JFH-1 RNAs were quantitated using qRT-PCR. HCV RNA levels were normalized with actin RNA
content and arbitrarily set to 1 for the JFH-1-plus-shNT condition. Error bars represent standard deviations from biological triplicates. (C) Trans-
duced Huh7.5 cells were transfected with JFH-1-expressing plasmids, collected each day, and analyzed for their content of actin and HCV RNA
as described for panel B. The normalized levels of HCV RNA 1 day posttransfection were arbitrarily set to 1 for each condition to monitor viral
RNA amplification. Error bars represent standard deviations from biological duplicates. (D) Huh7.5 cells were treated as described for panel C
and analyzed 4 days posttransfection for their content in core protein, YB-1, and actin by Western blotting. (E) Genotype 1b subgenomic
replicon-containing 9-13 cells were transduced with shRNA-expressing lentiviruses and were analyzed 5 days later for their content of HCV RNA
using qRT-PCR. Error bars represent standard deviations from biological triplicates. (F and G) Huh7 cells that stably express a luciferase-
producing Conl subgenomic replicon were transduced with shRNA-expressing lentiviruses. Luciferase and MTT assays were performed each day
following transduction as readouts of HCV replication (F) and cell viability (G), respectively. As a control, cells were transduced with shNT
lentiviruses in the presence of BILN2061. Error bars represent standard deviations from four biological replicates.
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Error bars represent standard deviations from biological duplicates.

a lesser extent than that of YB-1. Interestingly, very little, if
any, HCV RNA was detected with the immunoprecipitation of
hnRNP U that associated efficiently with NS3/4A protein. This
result suggests that determinants other than the RNA-binding
property of NS3 are involved in the association of HCV RNA
with YB-1-NS3/4A complex.

To further confirm the association of HCV RNA within a
YB-1-containing complex, we exogenously expressed Flag-
tagged YB-1 and performed coimmunoprecipitation studies

directed against the Flag epitope. Figure 5C shows that Flag—
YB-1 protein was expressed and efficiently immunoprecipi-
tated. Consistently with a positive role of YB-1 in HCV repli-
cation, HCV RNA was more abundant in cells that
overexpressed Flag-YB-1 than in control cells (Fig. 5D).
Again, analyses of the eluates confirmed that HCV RNA co-
immunoprecipitated with Flag-YB-1 (Fig. SE). The interac-
tion of HCV RNA with YB-1 seemed independent of viral
genotype and of the assembly process, since both are coimmu-
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FIG. 5. YB-1 associates with HCV RNA. (A) Huh7.5 cells were transfected with control and JFH-1-expressing plasmid. Seventy-two hours
posttransfection, cell extracts were prepared and subjected to immunoprecipitation directed against YB-1, RHA, hnRNP U, and RNA polymerase
II (Pol IT) endogenous proteins. Antibodies against the HA epitope were used for negative-control immunoprecipitations. Immune complexes were

analyzed by Western blotting using anti-NS3, anti-YB-1, anti-RHA, anti-

hnRNP U, and anti-Pol II antibodies. IgG indicates nonspecific labeling

due to the antibodies loaded on the gel. (B) Immune complexes from panel A were subjected to RNA extraction, and HCV RNA from each
immunoprecipitate was quantitated using qRT-PCR. Controls without reverse transcriptase (RT) were included to monitor for plasmid DNA
contamination. (C) Huh7.5 cells were cotransfected with plasmids encoding JFH-1 and Flag-tagged YB-1. Seventy-two hours posttransfection, cell
extracts were prepared and subjected to immunoprecipitation using an anti-Flag-coupled resin. Resulting eluates as well as cell extracts were
analyzed by Western blotting using anti-Flag and anti-actin antibodies. RNA was purified from cell extracts (D) and immunoprecipitates (E), and
HCV RNA was quantitated using qRT-PCR. All error bars represent standard deviations from three independent experiments.

noprecipitated in subgenomic replicon-containing cells and as-
sembly-deficient JFH-1 dell153-167-expressing cells (data not
shown). Overall, the data demonstrate that NS3/4A-YB-1
complex specifically associates with HCV RNA, possibly within
RNP during the virus life cycle, and suggest a role of YB-1 in
viral processes involving both NS3/4A and vRNA.

JFH-1 infection induces YB-1 redistribution to core-con-
taining lipid droplets. To better confirm viral replication
dependency on YB-1 and interaction with HCV (Fig. 2, 3,
and 5), JFH-1-expressing Huh7.5 cells were analyzed by
laser-scanning confocal microscopy following the fluores-
cent labeling of endogenous YB-1 and HCV proteins. We
also stained the lipid droplets (LD) with LipidTOX, as NS3
is recruited by core protein to this organelle during HCV
assembly (39). In noninfected cells, YB-1 clearly harbored a
nucleocytoplasmic distribution, including small cytosolic
puncta corresponding to P bodies (54). In JFH-1-expressing

cells, core protein perfectly colocalized to the surface of LD,
and this cell compartment likely is a crucial platform for
HCV assembly (2, 37, 39, 46, 50, 56). Strikingly, YB-1 re-
distributed to the perinuclear region within ring-shaped
structures that colocalized with core protein and NS3 at the
surface of LD (Fig. 6A, yellow arrows and inset, and 7C).
Such YB-1 distribution was observed with both plasmid-
derived JFH-1 transfection and authentic JFH-1 infection
(data not shown). Hence, these data strongly suggest that
YB-1 is recruited upon HCV infection within assembly com-
plexes. Additionally, a subset of YB-1 also relocalized within
structures morphologically distinct from the LD (Fig. 6A,
white arrows). Core and NS3 proteins were not detected in
these structures, whose nature and composition remain to
be determined. Surprisingly, JFH-1 infection did not alter
the cellular distribution of other NS3/4A-interacting part-
ners, such as RHA, hnRNP A1, and hnRNP U (Fig. 6B and
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FIG. 6. HCV induces YB-1 relocalization to core-containing lipid droplets. Control and JFH-1-expressing Huh7.5 cells were fixed and probed
with rabbit anti-YB-1 (A), anti-RHA (B) (green), and mouse anti-core (red) antibodies. Nuclei and lipid droplets were stained with Hoechst dye
(white) and LipidTOX (blue), respectively. Yellow arrows, core-containing ring-like structures; white arrows, core-free large structures. Unmerged
and merged higher-magnification images of the red selected area are shown. The white asterisks indicate untransfected cells.

data not shown), demonstrating that the observed JFH-1-
induced LD redistribution phenotype is specific to YB-1.
Core protein is required for JFH-1-induced redistribution
of YB-1. To test if YB-1 relocalization to LD was dependent on
the assembly process, we studied YB-1 cellular distribution in
subgenomic replicon-containing Huh7 9-13 cells (Fig. 7B). As
a control, cells were treated with the NS3 inhibitor BILN2061,
leading to the complete disappearance of viral proteins (Fig.
7A and B) and the inhibition of the NS3-mediated MAVS
cleavage (Fig. 7A). YB-1 cellular distribution was clearly sim-
ilar in replicon-containing cells, parental Huh7.5 cells (com-
pare Fig. 7B to mock-treated cells in Fig. 6), and BILN2061-
treated replicon-cured cells. This suggests that the assembly
process is a prerequisite for YB-1 recruitment to LD. To rule
out that the lack of YB-1 relocalization was due to the HCV
genotype (1b versus 2a), we studied HCV-mediated YB-1 dis-

tribution upon the expression of the assembly-incompetent
JFH-1 del153-167 mutant (Fig. 7C). The cells containing the
JFH-1 mutant were identified using anti-NS3 antibodies, since
the dell53-167 core protein is not detectable as previously
described (41). Although YB-1 redistributed to LDs and par-
tially colocalized with NS3 (Fig. 7C, inset) in wild-type JFH-
1-expressing cells, the JFH-1 del153-167 mutant failed to re-
cruit YB-1 to LD, and the cellular distribution of YB-1 was
comparable to that in mock-transfected cells (compare Fig. 7C
with mock-treated cells in Fig. 6). Notably, YB-1 recruitment
to LDs required, in addition to core protein, the formation of
mature viral NS proteins. Indeed, the treatment of JFH-1-
expressing cells with the NS3/4A inhibitor BILN2061 did not
induce the relocalization of YB-1 (Fig. 7D). However, the
replication-defective GND mutant retained its capacity to re-
localize YB-1 to LDs, showing that this process does not
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FIG. 7. Core protein is necessary for HCV-induced YB-1 relocalization to lipid droplets. (A) Huh7.5 and subgenomic replicon-containing 9-13
cells were cultured in the presence of DMSO or 2 M BILN2061 for 5 days. Cell extracts were prepared and analyzed by Western blotting using
anti-NS3, anti-YB-1, anti-MAVS, and anti-GAPDH antibodies. GAPDH was used as a loading control. (B) 9-13 cells were grown on coverslips
as described for panel A. After 5 days of culture, cells were fixed and probed with rabbit anti-YB-1 (green) and mouse anti-NS3 (red) antibodies.
(C) Huh7.5 cells were transfected with plasmids encoding either wild-type JFH-1 or the del153-167 JFH-1 mutant. Following 4 days of culture, cells
were fixed and probed with rabbit anti-YB-1 (green) and mouse anti-NS3 (red) antibodies. Nuclei and lipid droplets were stained with Hoechst
dye (white) and LipidTOX (blue), respectively. Unmerged and merged higher-magnification images of the red selected area are shown. Yellow
arrows indicate YB-1/NS3 colocalization foci. (D) Huh7.5 cells were treated as described for panel C in the presence of 1 uM BILN2061 in the

culture media.

require NS5B-mediated vVRNA replication (Fig. 8). Finally,
HCV-induced YB-1 hijacking appeared to be specific to core-
dependent steps of assembly, since p7-, NS2-, and NS5A-mu-
tated JFH-1 clones, which were previously reported to be de-
fective for other steps of viral particle assembly (2, 48, 56), did
not significantly affect YB-1 distribution to LD (Fig. 8). Taken

together, these results suggest a functional link between the
JFH-1-induced recruitment of YB-1 to LD and the core-de-
pendent early steps of HCV assembly.

YB-1 restrains assembly of infectious HCV particles. Since
YB-1 is recruited by HCV assembly complexes to LDs (Fig. 6
and 7), we evaluated the potential role of YB-1 in HCV as-
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images are shown.

sembly by assessing shYB-1-transduced cells for their capacity
to produce particles from residual viral replication. Cell ho-
mogenates and virus-containing supernatants were analyzed
for their HCV RNA content. Under YB-1 knockdown, we
observed a 50% reduction of intracellular vVRNA levels (Fig.
9A), as previously demonstrated (Fig. 3C). Strikingly, the cor-
responding cell supernatants contained significantly higher lev-
els of VRNA than those of shNT-transduced cells (Fig. 9B). As
a control, the supernatants of defective del153-167 and GND
JFH-1 mutants contain low levels of HCV RNA that we at-
tributed to DNase-resistant plasmid amplified during the PCR
procedure. As the silencing of YB-1 significantly improved
extracellular RNA levels, these results strongly suggested that
YB-1 restrains virus assembly and regulates the release of virus
particles. To test if the increased extracellular HCV RNA
levels correlate with an enhancement of the supernatant infec-
tivity, we measured the de novo infection of naive Huh7.5 cells
at 72 h using intracellular HCV RNA and NS3 levels as read-

outs. As seen in Fig. 9C, supernatants originating from YB-1-
depleted cells were significantly more infectious than those in
the shNT condition. This shows that YB-1 knockdown led to
an increased production of infectious particles. As expected,
control supernatants of del153-167- and GND-expressing cells
did not produce infectious particles.

Overall, the data show that YB-1 is involved in optimal HCV
RNA replication and also negatively regulates infectious par-
ticle production. This dual role argues in favor of an important
function of YB-1 in the control of the equilibrium between
HCYV replication and assembly.

DISCUSSION

Using a powerful TAP approach and mass spectrometry, we
identified novel interacting partners of the HCV NS3/4A pro-
tein. No overlap was observed between these NS3/4A-associ-
ated host factors (with the exception of tubulin) and those
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FIG. 9. YB-1 expression knockdown significantly increases the production of infectious viral particles. shNT- and shYB-1-expressing Huh7.5
cells were transfected with wild-type and mutant JFH-1-expressing plasmids. (A) Two days posttransfection, cells were collected and analyzed for

their content in YB-1 and HCV RNA using Western blotting and qRT-

PCR, respectively. The corresponding cell supernatants were collected,

analyzed for their content in HCV RNA (B), and used to infect naive Huh7.5 cells (C). Three days postinfection, naive cells were collected and
analyzed for their HCV NS3 and RNA content using Western blotting and qRT-PCR, respectively. HCV RNA levels were normalized with actin

RNA content and arbitrarily set to 1 for the JFH-1-plus-shNT condition

previously identified (27), although most were RNA-binding
proteins involved in RNA metabolism, splicing, localization,
stability, and translation. Because of the technical limitations
associated with an inducible TAP tag expression system, we
used the nonhepatic 293EcR cell line that is not permissive for
HCV replication. Hence, it is possible that we did not identify
liver cell-specific NS3 protein partners. Unfortunately, at-
tempts to purify NS3/4A interactome using Huh7 cell extracts
resulted in yields and purity that were not satisfying for mass
spectrometry analysis. However, most of the NS3/4A-interact-
ing partners identified in this study have been validated in the

. All error bars represent standard deviations from biological triplicates.

Huh7.5 liver cell line. New purification strategies from liver
cells will have to be elaborated and optimized for a complete
analysis of the NS3/4A interactome. We focused this study on
the potential role of YB-1 in the life cycle of HCV following
the confirmation of its association with NS3/4A protein in an
infectious model (Fig. 2). The functional relevance of the NS3/
4A-YB-1 interaction was first established in the context of
subgenomic replicon and infectious JFH-1 replication. Indeed,
the efficient RNA interference (RNAi)-mediated reduction of
YB-1 levels severely impaired HCV RNA replication regard-
less of the viral genotype. YB-1 dependency of HCV contrasts
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with the YB-1 restrictive role observed during Dengue virus
infection (43). Differences between YB-1 roles in the virus
replication of the Flaviviridae family members will have to be
investigated further. Notably, YB-1 knockdown did not influ-
ence NS3-4A autoprocessing and MAVS cleavage by NS3 (L.
Chatel-Chaix and D. Lamarre, unpublished results). Addition-
ally, no NS3/4A protease-dependent cleavage of YB-1 was
observed in any experiment, in contrast to results for MAVS
(Fig. 7A). Thus, the role of YB-1 in the HCV life cycle does
not seem to be related to NS3/4A proteolytic activity per se.

We also investigated the role of YB-1 in the regulation of
HCV translation and/or stability. Indeed, this host factor,
which associated with VRNA in HCV-infected cells (Fig. 5),
previously was shown to bind exogenous HCV 5'- and 3'-
untranslated regions in vitro (20, 34) and to positively regulate
the IRES-controlled translation of the Myc family genes (12).
In addition, a YB-1 restrictive role was observed in Dengue
virus infection by its binding to the viral 3’-untranslated region
(43). However, our data indicate that YB-1 knockdown or its
overexpression in Huh7.5 cells did not significantly influence
HCV IRES-mediated gene expression from the bicistronic
construct and in vitro-transcribed RNA (data not shown). Ad-
ditionally, HCV RNA, NS3, and core protein levels of the
replication-defective GND JFH-1 mutant were not decreased
following YB-1 knockdown (data not shown), strongly suggest-
ing that YB-1 does not negatively influence HCV RNA stabil-
ity and translation. We rather favor the idea that YB-1 is
involved in the function of the HCV replication complex per se.

YB-1 associates with VRNA and NS3 protein in subgenomic
1b replicon-containing cells and in JFH-1-expressing or JFH-1
del153-167 mutant-expressing cells (Fig. 5 and data not
shown), illustrating that viral assembly is not a prerequisite for
the formation of YB-1-NS3/4A-vRNA complexes. It is con-
ceivable that these interactions occur before viral assembly,
and that the decreased HCV replication observed with YB-1
depletion is due to the disruption of these complexes. Finally,
as other interacting partners of NS3/4A do not bind HCV
RNA as efficiently as YB-1, we favor the direct interaction of
YB-1 with HCV RNA either alone or in complex with NS3/4A.
At this point we cannot exclude the RNA-binding property of
NS3 as the unique determinant for the association of HCV
RNA with YB-1-NS3/4A complexes.

YB-1 is specifically recruited upon JFH-1 infection to the
surface of LD within complexes that contain core and NS3
proteins and presumably are viral particle assembly sites (Fig.
6 and 7). Core protein is essential but not sufficient for the
YB-1 relocalization to LD, which also requires mature non-
structural proteins, as evidenced by the loss of phenotype with
the BILN2061 NS3 protease inhibitor. In addition, our data
suggest that NS2, NS5A, and p7 do not contribute to the
recruitment of YB-1, as evidenced by the presence of the
LD-associated phenotype in JFH-1-expressing mutants that
are functionally defective in downstream steps of assembly
(Fig. 8). In contrast, RHA, hnRNP U, and hnRNP Al distri-
bution remained unaltered upon JFH-1 infection (Fig. 6B and
data not shown), although associations were observed with
NS3 (Fig. 2 and 5). This supports that the observed JFH-1-
induced redistribution phenotype is specific to YB-1. Our data
favor the idea that YB-1-NS3/4A-vRNA complexes are co-
opted by HCV capsids upon a rate-limiting transition step
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from RC to LD sites, since (i) this requires mature NS protein
and RC formation but not the RNA replicative activity of
NS5B polymerase (see data for BILN2061-treated cells and
the JFH-1 GND mutant in Fig. 7D and 8) and (ii) the transient
expression of either core or NS3/4A protein alone is unable to
efficiently relocalize YB-1 to LDs (data not shown). Although
YB-1 recruitment strictly required the presence of core pro-
tein, we never detected an interaction between core and YB-1
proteins using coimmunoprecipitation and bioluminescence
resonance energy transfer assays (data not shown). This could
be explained by (i) a very transient core—YB-1 interaction, (ii)
an association which requires a three-dimensional structure of
oligomeric HCV core subunits, or (iii) an indirect interaction
for YB-1 recruitment to LD. Indeed, core protein has been
shown to induce LD redistribution to the perinuclear region by
a microtubule-dependent mechanism involving the motor pro-
tein dynein (6). Strikingly, both NS3/4A and YB-1 were shown
to associate with microtubules, the latter harboring the potency
to increase tubulin nucleation in vitro (10, 11, 27). Hence, core
protein could favor the recruitment of tubulin-bound YB-1-
NS3/4A RNA complexes by modulating the dynamics of cyto-
skeleton-associated LDs.

Finally, we showed that YB-1 could influence the release of
infectious particles from plasmid-derived JFH-1-expressing
cells under defined conditions. Unexpectedly, an experimental
setup in which YB-1 expression knockdown decreased viral
replication by 50% (Fig. 3C, day 2 posttransfection, and 9A)
allowed us to visualize a significant increase of extracellular
HCV RNA levels and numbers of infectious particles (Fig. 9).
Thus, YB-1 can influence the equilibrium between RNA rep-
lication and virus assembly, which argues in favor of an impor-
tant spatiotemporal function of YB-1 in the fine-tuned control
of the HCV life cycle. Clearly, a YB-1-mediated role in particle
production is transient and cannot compensate for its anti-
replicative effect, since YB-1 depletion is almost completely
lethal for HCV after 6 days in culture (Fig. 3C). These separate
viral functions most probably are achieved through the HCV-
mediated remodelling of YB-1 RNP. Indeed, our preliminary
experiments involving quantitative mass spectrometry show
that HCV induces drastic changes in protein composition and
the stoichiometry of YB-1-containing RNP (L. Chatel-Chaix
and D. Lamarre, unpublished). To understand how YB-1 is
able to achieve separate viral functions and to identify new
host factors exploited by HCV, we are performing a compar-
ative proteomic study analyzing the YB-1 interactome under
conditions in which wild-type, nonreplicative, and assembly-
deficient JFH-1 are expressed.

During the HCV life cycle, vRNA is translated, replicated,
and encapsidated into newly formed viral particles. These pro-
cesses obviously cannot occur simultaneously and must be pre-
cisely fine-tuned in time and space with respect to the stoichi-
ometry of the viral components. Very little is known about how
HCV controls the dynamics between these processes. This
study strongly supports a role of YB-1 at the equilibrium be-
tween RNA replication and capsid formation by limiting HCV
assembly until the RNA genome is fully replicated and avail-
able for encapsidation into neosynthesized capsids. Unfortu-
nately, it remains unknown what step of the assembly is con-
trolled by YB-1. YB-1 depletion does not influence core
loading to the LD surface and the further recruitment of NSSA
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to this compartment (L. Chatel-Chaix and D. Lamarre, unpub-
lished). Thus, YB-1 might participate in the transfer of the
VRNA from the ER-associated RC to the LD-associated as-
sembly complex as proposed for the NS5A domain III (37).
Efficient anti-core antibody in immunoprecipitation assays may
determine if YB-1 depletion affects the levels of capsid-asso-
ciated VRNA in JFH-1-infected cells. Alternatively, we favor
the idea that the core-dependent recruitment of YB-1 in asso-
ciation with a subcellular NS3 fraction with LD regulates NS3
function during assembly. Indeed, Ma et al. proposed that NS3
helicase achieves its functions during HCV assembly through
virus-host interactions (36).

Finally, YB-1 is involved in the expression of genes impli-
cated in growth and survival and is associated with tumor
progression (13, 16, 18, 19, 25, 55). Consequently, YB-1 has
been proposed to represent a marker for cancer aggressive-
ness. Of particular importance, YB-1 has been shown to be
overexpressed in hepatocellular carcinoma (55) that is induced
in patients chronically infected with HCV. It is conceivable
that the selection of hepatocytes with increased levels of YB-1
favors basal HCV RNA replication, hence they participate in
chronicity in HCV-infected patients.

In conclusion, we have identified the host factor YB-1 as a
novel NS3 partner which is recruited to the surface of LD by
the assembling capsid in HCV infection. Our data highlight a
dual role during the HCV life cycle for YB-1 that represents,
to our knowledge, the first host factor reported to influence the
equilibrium between RNA replication and particle production.
Understanding how HCV hijacks cellular machineries such as
YB-1 RNP to control its life cycle will improve our knowledge
of HCV biology and may allow the design of novel antiviral
strategies.
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