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Hepatitis C virus (HCV) orchestrates the different stages of its life cycle in time and space through the sequential participation of
HCV proteins and cellular machineries; hence, these represent tractable molecular host targets for HCV elimination by combi-
nation therapies. We recently identified multifunctional Y-box-binding protein 1 (YB-1 or YBX1) as an interacting partner of
NS3/4A protein and HCV genomic RNA that negatively regulates the equilibrium between viral translation/replication and par-
ticle production. To identify novel host factors that regulate the production of infectious particles, we elucidated the YB-1 inter-
actome in human hepatoma cells by a quantitative mass spectrometry approach. We identified 71 YB-1-associated proteins that
included previously reported HCV regulators DDX3, heterogeneous nuclear RNP A1, and ILF2. Of the potential YB-1 interac-
tors, 26 proteins significantly modulated HCV replication in a gene-silencing screening. Following extensive interaction and
functional validation, we identified three YB-1 partners, C1QBP, LARP-1, and IGF2BP2, that redistribute to the surface of core-
containing lipid droplets in HCV JFH-1-expressing cells, similarly to YB-1 and DDX6. Importantly, knockdown of these pro-
teins stimulated the release and/or egress of HCV particles without affecting virus assembly, suggesting a functional YB-1 pro-
tein complex that negatively regulates virus production. Furthermore, a JFH-1 strain with the NS3 Q221L mutation, which
promotes virus production, was less sensitive to this negative regulation, suggesting that this HCV-specific YB-1 protein com-
plex modulates an NS3-dependent step in virus production. Overall, our data support a model in which HCV hijacks host cell
machinery containing numerous RNA-binding proteins to control the equilibrium between viral RNA replication and NS3-de-
pendent late steps in particle production.

Almost 200 million individuals worldwide are infected with the
hepatitis C virus (HCV), a member of the genus Hepacivirus

in the family Flaviviridae (1). Chronic infection often leads to
progressive fibrosis, cirrhosis, hepatocellular carcinoma, and
eventually death (2). While the efficacy of current treatments has
significantly improved with the inclusion of HCV NS3 protease
inhibitors in the new standard of care, this therapy has serious
adverse side effects and the sustained virological response rates are
still not optimal for infected populations (3). This unmet medical
need is currently being addressed by the pharmaceutical industry
through the development of novel classes of direct-acting antivi-
rals (e.g., NS5B and NS5A inhibitors) and of host-targeted antivi-
rals (HTAs) that inhibit host factors (e.g., miR-122, cyclophilin A)
indispensable for the HCV life cycle (4–7). This highlights that
resolving HCV and host factor physical and functional networks
will help to identify novel molecular targets for the development
of novel HTAs while providing an inexhaustible source of funda-
mental knowledge.

Following the entry of HCV into the target cell, the viral RNA
(vRNA) genome is translated into a unique viral polyprotein pre-
cursor, which is further processed by cellular and viral proteases to
generate 10 mature viral proteins (core, E1, E2, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B). HCV infection is induced partly
through NS4B’s drastic rearrangement of cytoplasmic mem-
branes, forming the so-called “membranous web,” where the viral
RNA is replicated by HCV RNA polymerase NS5B (1, 8). Replica-
tion complex formation, integrity, and activity also depend on
NS5A, NS3, and numerous host factors (e.g., PI4KIII�, cyclophi-
lin A) (4, 9–17). Until recently, mechanistic details of HCV parti-
cle assembly and egress were almost nonexistent because of the
lack of experimental systems with which to explore the complete

HCV infectious life cycle. In 2005, a breakthrough was achieved
with the discovery of the JFH-1 strain (isolated from a Japanese
patient with fulminant hepatitis) as the first HCV clone that ro-
bustly produces infectious viral particles in cell culture (18, 19).
The extensive in vitro use of this strain, as well as various geneti-
cally engineered intergenotypic chimeric or adapted HCV clones,
established the molecular basis of the study of particle production,
which nevertheless remains poorly understood. HCV assembly is
believed to be initiated by the targeting of the capsid protein core
to the lipid droplet (LD), a cellular organelle involved in the stor-
age of neutral lipids (20–22). Assembling capsids are most likely
transferred to the endoplasmic reticulum, where they bud and
acquire viral envelope proteins E1 and E2, and then use the very-
low-density lipoprotein maturation and secretory pathway to exit
from the cell (23). Each step in viral particle production seems to
be tightly regulated in time and space, since all viral proteins (ex-
cept NS5B), as well as numerous host factors (e.g., ApoE, ApoB,
DGAT-1, MTP, annexin A2), have been shown to play crucial
roles in this process (18, 23–39).

Very few mechanistic details of how HCV controls the transi-
tions between the different stages of its life cycle in time and space
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are known. This is further complicated by the fact that several
HCV proteins are multifunctional, an efficient way for the virus to
condense the genetic information necessary for a complete and
productive life cycle. For instance, the NS3 protein has multiple
functions in polyprotein processing, in RNA replication (through
its helicase and ATPase activities), and in particle assembly inde-
pendently of its enzymatic properties (28, 40). The latter role of
NS3 remains misunderstood, since no assembly-defective NS3
mutant has been clearly identified and reported for genotype 2a
HCV. Nevertheless, the Q221L mutation within the helicase do-
main has been shown to increase virus production from a wild-
type clone and also to rescue the assembly of various defective
clones (28, 41, 42). Notably, several reports suggest that NS3,
through its interaction with core multimers (43), may bridge as-
sembling capsids to NS2, which controls their egress from LDs
toward the secretory pathway (35–38, 41). The switch between the
NS3 replication and assembly activities, which obviously do not
occur at the same time point in the life cycle, may be controlled
through the dynamic interactions with host factors. This model is
supported by recent data from our group indicating that Y-box-
binding protein 1 (YB-1 or YBX1) acts as a novel partner of NS3
and vRNA that modulates the equilibrium between HCV RNA
replication and the production of infectious particles (44). Indeed,
the knockdown of YB-1 gene expression compromised vRNA rep-
lication and drastically stimulated virus release by impeding neg-
ative regulation. Importantly, a subset of YB-1 protein redistrib-
uted to the surface of core-containing LDs in HCV-infected cells,
where virus assembly occurs. Thus, the physical hijacking of YB-1
seems to be tightly linked to its functions in the HCV life cycle.

Other host factors, including RNA-binding proteins such as
proteins involved in micro-RNA biogenesis and some DEAD box
proteins (DDX3, DDX6), have been reported to be co-opted by
HCV to the LDs similarly to YB-1, suggesting their involvement in
a shared viral regulatory process as part of a common host ma-
chinery (45–49). However, the involvement of these host factors
in the regulation of late stages of the HCV life cycle was never fully
investigated or compared together, and differences between the
approaches used (HCV clones and genotypes, methodologies)
preclude any conclusion regarding a common functional relation-
ship.

To gain further insight into the role of a functional ribonucleo-
protein (RNP) complex during HCV infection, we elucidated the
YB-1 interactome within the human hepatoma Huh7-derived cell
line. A proteomic approach combining immunoprecipitation of
YB-1 protein complexes coupled with mass spectrometry (MS)
identified 71 potential YB-1 partners. A gene-silencing study of
YB-1 partner hits revealed a strong enrichment of modulators of
HCV RNA replication with the identification of 26 host cofactors.
Following the extensive interaction and functional validation, we
demonstrated a restrictive set of YB-1 interactors (C1QBP,
LARP-1, and IGF2BP2) that not only redistribute to the surface of
the LDs in JFH-1-expressing cells similarly to YB-1, DDX3, and
DDX6 but also negatively regulate particle production, suggesting
that they are part of the same functional YB-1 protein complex.
Furthermore, we showed that the JFH-1 infectious strain with the
single amino acid mutation Q221L in the NS3 protein was less
sensitive than wild-type JFH-1 to the negative regulation of this
YB-1 protein complex, further suggesting a role in the modulation
of NS3-dependent steps in HCV particle production. Overall, this
study reconciles data from previous independent reports on im-

portant HCV-host interactions and further defines a host YB-1
RNP complex that is hijacked by HCV to regulate late stages of its
life cycle.

MATERIALS AND METHODS
Plasmids. The construction of plasmids pCDNA3.1-Flag-MCS,
pcDNA3.1-Flag-YB-1, and pEF/JFH-1-Rz/Neo and the corresponding
�153-167 core mutant was previously described (44, 50, 51). For the con-
struction of NS3 Q221L and NS2 Q199R mutants (Q1251L and Q1012R
of the JFH-1 polyprotein), we performed a two-step recombinant PCR
with Platinum Pfx DNA polymerase (Invitrogen) involving four oligonu-
cleotides and the pEF/JFH-1-Rz/Neo plasmid as the template. The inter-
nal primers were designed to generate the desired point mutation in the
NS3 and NS2 coding sequences. The final mutated NS2 and NS3 PCR
products were cloned into the ClaI and BsiWI/SanDI cassettes of pEF/
JFH1-Rz/Neo, respectively. The J6/JFH(p7-Rluc2A) plasmid encoding
the Rluc reporter HCV (39) was a kind gift from Charles Rice (Rockefeller
University) with the authorization of Apath LLC. An enhanced yellow
fluorescent protein (eYFP)–YB-1 expression vector was generated by the
in-frame ligation of a YB-1 coding sequence PCR product into the BamHI
cassette of pcDNA3.1-Hygro-eYFP-MCS (51).

Cell lines, antibodies, and reagents. The 293T, HeLa, and Huh7.5 cell
lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, 2 mM L-glutamine, and 1% nonessential amino acids (all from
Wisent). Cells were transfected with linear (25-kDa) polyethylenimine
(PEI; Polysciences) (51) or Lipofectamine 2000 (Invitrogen) as described
by the manufacturer. Huh7 cells stably expressing a reporter Con1 sub-
genomic replicon (Huh7-Con1-Fluc) (52) were a kind gift from Ralf Bar-
tenschlager (University of Heidelberg) and were maintained in complete
DMEM with 500 �g/ml G418 (Multicell). Huh7.5 cells stably expressing
JFH-1 were generated following cell transfection with pEF/JFH-1-Rz/Neo
and selection with 500 �g/ml G418 for 2 weeks. All of the primary anti-
bodies used in this study are listed in Table S1 in the supplemental mate-
rial with the corresponding dilutions for Western blotting and confocal
microscopy analyses. Secondary antibodies coupled with horseradish per-
oxidase and Alexa Fluor were purchased from Bio-Rad and Invitrogen,
respectively.

Immunoprecipitation and liquid chromatography (LC)-MS analy-
sis. For YB-1 interactome analysis, PEI-transfected cells from four con-
fluent 150-mm dishes for each condition were used. Anti-Flag immuno-
precipitations were performed exactly as described before (44), except
that a 1-h preclearing step with 50 �l of a 50:50 slurry of IgG-Sepharose
(GE Healthcare) was included to prevent nonspecific binding with the
anti-Flag resin. Immune complexes were collected following two succes-
sive elutions with 100 �l of 0.5 M ammonium hydroxide (pH 11.7) at 4°C.
Pooled eluates were evaporated on a SpeedVac, stored at �80°C, and
further processed for quantitative MS (qMS) analysis. Samples were re-
suspended in 50 �l of 50 mM ammonium bicarbonate. Tris(2-carboxy-
ethyl)phosphine was added to protein samples to a final concentration of
5 mM. Samples were incubated at 37°C with shaking at 650 rpm for 30
min. Thirty microliters of chloroacetamide at 55 mM was added, and
samples were incubated at 37°C with shaking at 650 rpm for 30 min. One
microgram of trypsin was added, and samples were digested overnight at
37°C. Samples were evaporated in a SpeedVac and resolubilized in 50 �l of
5% acetonitrile (ACN)– 0.2% formic acid (FA). Twenty microliters of
each sample was injected into a C18 precolumn (0.3 mm [inside diameter
{i.d.}] by 5 mm), and peptides were separated on a C18 analytical column
(150 �m [i.d.] by 100 mm) with an Eksigent nanoLC-2D system. A 56-
min linear gradient of 10 to 60% B (A, 0.2% FA; B, ACN– 0.2% FA) was
used to elute peptides at a flow rate of 600 nl/min.

The LC system was coupled with an LTQ-Orbitrap Velos mass spec-
trometer (Thermo Fisher). Each full MS spectrum was followed by six
tandem MS (MS/MS) spectra on the most abundant multiply charged
ions. MS/MS experiments were performed by collision-induced dissocia-
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tion in the linear ion trap. The data were processed with the Mascot 2.2
(Matrix Science) search engine. The database used was IPI human
(182,394 sequences).

Comparison of peptide abundance across different sample sets was
achieved by label-free quantitative proteomics. Briefly, raw (.raw) data
files from the Xcalibur software were converted into peptide map files
representing all ions according to their corresponding m/z values, reten-
tion times, intensities, and charge states. Intensity values above a thresh-
old of typically 10,000 counts were considered for further analysis. Peptide
abundances were assessed by using apex intensity values. Clustering of
peptide maps was performed on identified peptides by hierarchical clus-
tering with tolerances of 15 ppm and 1 min for peptide mass and retention
time, respectively. Normalization of retention time was then performed
on the initial peptide cluster list by a dynamic and nonlinear correction
that confines the retention time distribution to less than 0.1 min (�0.3%
relative standard deviation [SD]) on average. For each LC-MS run, we
normalize the peptide ratios so that the median of their logarithms was
zero, to account for unequal protein amounts across conditions. Protein
ratios reflecting their relative abundances were calculated as the median of
all of the peptide ratios, while minimizing the effect of outliers. According
to the relative protein abundance, we calculated an enrichment ratio for
each identified protein (�1, enriched under the Flag–YB-1 condition; �
�1, more abundant under the Flag-multi-cloning site [MCS] condition).
A protein was considered significantly more abundant in the Flag–YB-1
immunoprecipitate and hence identified as a potential YB-1 partner when
its fold enrichment factor was above a threshold of 3, according to the
Gaussian distribution of the enrichment ratios for each cell line. We se-
lected 10 and 18% of the most enriched proteins in the Flag–YB-1 immu-
noprecipitates from the Huh7.5 and Huh7 cell lines, respectively. As po-
tential nonspecific RNA-dependent contaminant, ribosomal proteins
were systematically excluded from the candidate list. The final YB-1 part-
ner hit list was obtained from two independent qMS analyses of the YB-1
interactome in the Huh7 and Huh7.5 cell lines.

Lentivirus production and transduction. 293T cells were transfected
with PEI by using plasmids pRSV-REV, pMD2-VSVG, and pMDLg/pRRE
(a kind gift from Didier Trono) and short hairpin RNA (shRNA)-encod-
ing plasmid pLKO.1-puro (TRC 1 generation; Sigma-Aldrich). The
shRNAs used for the silencing of target genes are listed in Table S1 in the
supplemental material. Two days later, cell culture media were collected
and cleared through a 0.45-�m filter. Lentivirus preparations were
titrated by colony assays in HeLa cells. Briefly, 4,000 cells were seeded into
the wells of 96-well plates and transduced the day after with shRNA-
expressing lentiviruses diluted 1:400 or 1:10,000 in the presence of 8
�g/ml Polybrene (Sigma-Aldrich). Infected cells were selected with 1
�g/ml puromycin (Wisent). At 7 days postransduction, cells were washed
with phosphate-buffered saline (PBS) and colored with 1.25% crystal vi-
olet–25% ethanol. Colonies were counted, and viral titers (in PFU/ml)
were calculated with the following formula: Number of colonies � Dilu-
tion � 12. For all RNA interference (RNAi) assays, cells were plated in the
presence of 4 �g/ml Polybrene and lentiviruses at a multiplicity of infec-
tion (MOI) of 10. Sixteen to 24 h later, the culture medium was changed
and puromycin was added at a final concentration of 3 �g/ml. The fol-
lowing day, cells were transfected with plasmids of interest. Two to five
shRNAs were tested for each gene of interest, and their respective knock-
down efficiencies were assessed by Western blotting with extracts from
cells collected 4 to 5 days postransduction.

Luciferase assays. Cells grown in white 96-well plates were washed
once with 150 �l PBS. For firefly luciferase (Fluc) assays, 50 �l PBS and 50
�l of 2� luciferase buffer (100 mM Trizma acetate, 20 mM magnesium
acetate, 2 mM EGTA, 1% Brij 58, 0.7% �-mercaptoethanol, 3.6 mM ATP,
45 �g/ml D-luciferin, pH 7.9) were added to the cells. Cells were incubated
for 15 min at room temperature in the dark. For Renilla luciferase (Rluc)
assays, 50 �l of PBS and 50 �l of 2 mM EDTA (pH 8)–5 �M coelenterazin
(Nanolight) were added to the washed cells. Fluc and Rluc activities were
measured with a MicroBeta JET luminescence counter (PerkinElmer).

Cytotoxicity assays. For 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assays, cells were cultured in transparent
96-well plates. Twenty microliters of MTT stock solution (5 mg/ml in
PBS) was added to the cells, which were incubated for 1 h at 37°C in the
dark. Following the removal of the medium, cells were incubated at room
temperature for 10 min with 150 �l of dimethyl sulfoxide containing 2
mM glycine, pH 11. Absorbance at 570 nm was read with a reference at
650 nm with a GENios Plus apparatus (Tecan).

For alamarBlue assays in the RNAi screening, cells were cultured in
black 96-well plates. Ten microliters of alamarBlue reagent (Invitrogen;
diluted 1:4 in PBS) was added to the cells, and following a 3-h incubation
at 37°C, fluorescence at 595 nm (excitation wavelength, 531 nm) was
measured with an EnVision plate reader (PerkinElmer). A control plate
with medium only (no cells) or alamarBlue only was used to determine
the background that was subtracted from the fluorescence value.

RNAi screening. Five shRNA-encoding pLKO.1-puro plasmids per
gene of the MS hits were cherry-picked from the MISSION TRC shRNA
lentiviral human library (Sigma-Aldrich) at the Institut de Recherche en
Immunologie et en Cancérologie (IRIC) High-Throughput Screening
Core Facility. Lentivirus production and transduction were carried out
with a Biomek FX (Beckman Coulter) enclosed in a class II cabinet.
Twenty thousand 293T cells were seeded into the wells of 96-well plates
and transfected the day after with the selected shRNA plasmids and
MISSION lentiviral packaging mixture (SHP001; Sigma-Aldrich) with
TransIT reagent (Mirus). Lentivirus-containing cell supernatants were
collected at 48 and 72 h posttransfection and pooled. The average titer of
the lentiviral production was determined by titrating random prepara-
tions from each plate as described above. For RNAi screening, 5,000
Huh7-Con1-Fluc cells were seeded into the wells of 96-well plates in the
presence of 4 �g/ml Polybrene and lentiviruses were added to the cells
with a Biomek FX at an MOI of 10 (see Fig. 1D for the setup used). A series
of internal quality controls that included individually produced and
titrated lentivirus encoding nontarget shRNA (shNT) and shRNA silenc-
ing YB-1 expression were added to each plate (four wells per shRNA).
Treatment with the HCV inhibitor BILN 2061 (53) was also included
(final concentration, 1 �M) as a positive control for total disruption of
HCV replication. Finally, each plate contained wells with nontransduced
cells in order to control for potential undesirable effects of lentiviral in-
fection on HCV replication and cell viability. Four days postransduction,
Fluc and alamarBlue assays were performed exactly as described above.
This RNAi screening was performed in three independent experiments.
The Fluc and alamarBlue signal levels determined with the shNT control
in each culture plate were arbitrarily set to 1. For each assay, the mean
values and corresponding SDs from three independent RNAi screenings
were calculated. A tested protein was considered a hit when one or two
corresponding shRNAs diminished Fluc activity (i.e., HCV Con1 RNA
replication) by more than 70 or 50%, respectively, without significantly
affecting cell viability (alamarBlue signal, �75%).

HCV production, purification, and infection. Huh7.5 cells were
transfected with plasmid pEF/JFH-1-Rz/Neo by using Lipofectamine
2000. At 3 days posttransfection, cells and culture media were collected.
Cells were washed twice with PBS and lysed in 10 mM Tris-HCl–100 mM
NaCl– 0.5% Triton X-100 (pH 7.6) with protease inhibitors (Roche). Cell
extracts were analyzed by Western blotting. Virus-containing culture me-
dium was cleared through a 0.45-�m filter. For virus purification, 8 ml
was deposited onto a 20% sucrose cushion (in PBS). Samples were ultra-
centrifuged at 35,000 rpm for 4 h at 4°C with an SW41 rotor (Beckman).
Pelleted viral particles were resuspended in 1� SDS loading buffer, heated
for 5 min at 95°C, and further analyzed by Western blotting. For viral
infection, 100,000 Huh7.5 cells were seeded into the wells of six-well plates
the day prior to infection. Medium was removed, and 1 ml of cleared
virus-containing sample was added to the cells. Following incubation for
4 to 6 h at 37°C, the culture medium was replaced with fresh DMEM. At 3
days postinfection, cells were collected and total RNA was purified with
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the RNeasy Minikit (Qiagen). HCV RNA content was analyzed by quan-
titative real-time PCR (qRT-PCR) by the IRIC Genomic Core Facility.

For intracellular infectivity assays, washed cells were pelleted, resus-
pended in 1 ml of complete DMEM, and then subjected to four successive
freeze-thaw cycles. Lysed cells were centrifuged at 10,000 rpm for 5 min at
room temperature, and supernatants were used to infect naive Huh7.5
cells. An aliquot of cell extract was kept for total RNA extraction with
TRIzol LS (Invitrogen) according to the manufacturer’s instructions. Rel-
ative HCV RNA amounts were determined by qRT-PCR at the IRIC
Genomic Core Facility.

For J6/JFH-1(p7-Rluc2A) virus production, the DNA template used
for in vitro transcription (a kind gift from Charles Rice) was linearized by
XbaI digestion and then purified by phenol-chloroform extraction and
ethanol precipitation. J6/JFH-1(p7-Rluc2A) RNA was produced with the
MEGAscript T7 in vitro transcription kit (Ambion) according to the man-
ufacturer’s instructions and purified with the RNeasy Minikit (Qiagen) by
the RNA cleanup protocol. Huh7.5 cells resuspended in CytoMix buffer
were electroporated with the J6/JFH-1(p7-Rluc2A) RNA exactly as de-
scribed before (54), with a GenePulser Xcell apparatus (Bio-Rad). Cells
were plated in a 150-mm cell culture dish. Cell medium was replaced at 24
h postelectroporation. The day after, cells were trypsinized and one-fifth
of the cell preparation was replated on a 150-mm dish. Four days later,
virus-containing culture medium was collected, cleared through a
0.45-�m filter and stored at �80°C. For infection, 75 �l of this virus
preparation was added to 4,000 to 5,000 Huh7.5 cells that had been plated
into the wells of 96-well plates the day before. Four to 6 h later, the culture
medium was replaced. Three days postinfection, Rluc assays were per-
formed as described above.

qRT-PCR. For reverse transcription with total RNA from JFH-1-
transfected cells, we used the QuantiTect RT kit (Qiagen) in order to avoid
a contaminating DNA signal from the pEF/JFH-1/Rz plasmid. Other re-
verse transcription and all real-time PCRs were performed at the IRIC
Genomic Core Facility with TaqMan-based assays. For HCV RNA detec-
tion, we used primers CATGGCGTTAGTATGAGTGTCG and GGTTCC
GCAGACCACTATG and TaqMan-labeled probe CAGCCTCC (probe
75; no. 04688988001 from the Roche Universal Probe Library).

Confocal microscopy analyses. Cells were grown on a coverslip in
six-well plates, fixed with 4% paraformaldehyde (in PBS) for 20 min at
room temperature, permeabilized with 0.2% Triton X-100 (in PBS) for 15
min at room temperature, and then stored a 4°C in PBS. Blocking was
performed in PBS with 10% normal goat serum–5% bovine serum albu-
min (BSA)– 0.02% sodium azide for 45 min at room temperature. Follow-
ing three rapid washes, cells were labeled for 2 h at room temperature with
primary antibodies diluted in 5% BSA– 0.02% sodium azide–PBS as indi-
cated in Table S1 in the supplemental material. Slides were washed three
times in PBS and then probed with Alexa Fluor 488-, 594-, 647-, or 402-
conjugated secondary antibodies (Invitrogen) diluted 1:500 in 5% BSA–
0.02% sodium azide–PBS for 1 h in the dark. Cells were extensively
washed and incubated with Hoechst dye (Invitrogen) at a final concentra-
tion of 1 �g/ml in PBS for 10 min. Following three rapid washes, a 1-h
incubation was performed with HCS LipidTOX Deep Red (Invitrogen)
diluted 1:1,000 in PBS to label the LDs in some experiments. Immediately
afterward, the slides were mounted with 1,4-diazabicyclo[2.2.2]octane
(Sigma-Aldrich) as an antifading agent. Labeled cells were then examined
by confocal laser scanning microscopy with an LSM510 microscope
(Zeiss) at the IRIC Bio-Imaging Core Facility. Colocalization percentages
were determined with the MetaMorph image analysis software (Molecu-
lar Devices).

LD flotation assays. In some experiments, Huh7.5 cells were treated
with oleic acid, which was prepared exactly as previously described (55).
Briefly, 0.5 g of fatty-acid-free BSA (catalog number A6003; Sigma-Al-
drich) was dissolved in 3.6 ml of 0.1 M Tris-Cl, pH 8. A 12.6-mg sample of
oleic acid (catalog number O1383; Sigma-Aldrich) was transferred into
clean, fatty-acid free BSA (catalog number A6003; Sigma-Aldrich) and
then diluted in 3.6 ml of Tris-BSA buffer by gently shaking the solution

until it was clear (oleic acid stock at 12.38 mM). Cells were treated with
200 �M oleic acid at 37°C for 16 h before the assay, washed twice in PBS,
collected in PBS–5 mM EDTA, pelleted, resuspended in 1.3 ml of HLM
buffer (20 mM Tris, 1 mM EDTA [pH 7.4], protease inhibitors), and
incubated for 10 min on ice. Cells were subjected to eight gentle strokes
with a Dounce homogenizer. The nuclei were removed by centrifugation
at 1,000 � g for 10 min at 4°C. Resulting cell homogenates (1 ml) were
mixed with 0.5 volume of HLM buffer containing protease inhibitors and
60% (wt/vol) sucrose and deposited at the bottom of an ultracentrifuge
tube. Five milliliters of HLM–5% (wt/vol) sucrose, followed by 5 ml of
HLM, was gently added above the cell extract. The discontinuous sucrose
gradients were centrifuged at 13,000 rpm with an SW41 rotor (Beckman
Coulter) for 30 min at 4°C and then stopped with no brake. Three hun-
dred to 500 �l of the floating LD fraction was collected, diluted in SDS-
containing loading buffer, heated at 95°C for 5 min, resolved by SDS-
PAGE, and finally analyzed by Western blotting.

Statistical analysis. Statistical analysis was performed with the Office
Excel 2010 software. All Student t tests were two tailed, and P values of
�0.05 were considered significant.

RESULTS
Elucidation and functional analysis of the YB-1 interactome in
HCV-expressing cells. In order to identify novel regulators of the
HCV replication and particle production equilibrium and to bet-
ter understand the function of YB-1-containing RNP complexes
during viral particle generation, we investigated its composition in
hepatoma cell lines Huh7 and Huh7.5, which are permissive to
HCV infection. Cells were transfected with plasmids encoding
Flag-tagged YB-1 or the control vector (Fig. 1). Flag–YB-1 was
expressed at subendogenous levels in order to reduce off-target
and undesirable interactions (Fig. 1B). YB-1-associated proteins
were immunopurified with anti-Flag antibodies. Western blotting
and silver staining analyses of the corresponding proteins showed
that Flag–YB-1 was purified as the predominant protein (Fig. 1B).
Numerous YB-1 partners were specifically copurified, as evi-
denced by the silver-stained bands present in the Flag–YB-1 im-
munoprecipitation and absent from the negative-control condi-
tion. The protein profiles of these eluates were compared by a
label-free qMS approach to determine changes in protein abun-
dance between immunoprecipitates and the negative control. A
detected protein was considered a YB-1 partner hit when it was
enriched in the Flag–YB-1 condition by at least 3-fold compared
to the Flag-MCS negative control (see Materials and Methods).
The combined qMS analysis of the two preparations of Huh7 and
Huh7.5 cells identified 71 potential YB-1 interactors, and most of
them were RNA-binding proteins, including several heteroge-
neous nuclear RNPs (hnRNPs) and DEAD box (DDX/DHX) pro-
teins (Fig. 1A; see Table S2 in the supplemental material). Inter-
estingly, the newly identified YB-1 partner G3BP (or G3BP1) was
previously shown to be required for the HCV life cycle (56, 57).
YB-1 also associated with other RNA-binding proteins that were
reported to influence the replication of other RNA viruses (see
Table S4). For instance, the double-stranded-RNA-binding pro-
tein Staufen1 (STAU1) was shown to influence the life cycles of the
human immunodeficiency and influenza viruses (58, 59). Finally,
the YB-1 interactome also included membrane-associated dy-
namin 2 (DNM2) and apolipoprotein B (APOB), which are im-
portant for HCV entry and assembly, respectively (25, 60).

To determine if these putative YB-1 partners are involved in
HCV RNA replication, we performed a targeted RNAi screening
of the Huh7 cell line, which contains the reporter Con1 sub-
genomic replicon (Fig. 1C). This viral genome encodes a bicis-
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FIG 1 A combined MS-RNAi screening approach identifies new HCV replication regulators. (A) Decision tree for the identification of YB-1 protein
partners that regulate HCV particle production. (B) Huh7 cells were transfected with Flag–YB-1-expressing or control vectors. At 48 h posttransfection,
cell extracts were prepared and subjected to immunoprecipitation (IP) with anti-Flag antibody-coupled resin. Cell extracts were analyzed by Western
blotting with anti-YB-1, anti-Flag, and anti-actin antibodies. The content of the immunoprecipitates was analyzed by silver staining, attesting to the
specificity of the immunoprecipitation and of the copurification of YB-1 partners. (C) Schematic representation of the reporter genotype 1b HCV
subgenomic replicon stably expressed by the Huh7-Con1-Fluc cell line. This replicon expresses the Fluc and G418 resistance product in a bicistronic
manner under the control of the HCV internal ribosome entry site (IRES), as well as the NS3-NS5B replication unit downstream encephalomyocarditis
virus (EMCV) IRES. With the absence of structural proteins, this virus does produce particles and replicates only within the cell. (D) Plate map and assay
design used for RNAi screening. Huh7-Con1-Fluc cells were seeded into the wells of 96-well plates and transduced with shRNA-expressing lentiviruses.
The right and left columns were used exclusively for controls. Fluc and alamarBlue assays were performed 4 days postransduction. (E) TIGR (The Institute
for Genomic Research) MultiExperimentViewer (TMeV) representation of the selected shRNA hits. Each column represents the results of the RNA
screening for one shRNA hit with the indicated targeted protein at the top.
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tronic Fluc whose expression levels strictly depend on RNA repli-
cation (44, 52). For each YB-1 partner hit, five different shRNA-
expressing lentiviruses were tested individually by transduction of
Huh7-Con1-Fluc cells. Four days postransduction, Fluc activity
was measured to monitor the effects of gene knockdown on HCV
RNA replication (Fig. 1D; see Table S3 in the supplemental mate-
rial). An alamarBlue assay was performed as a counterscreening to
evaluate the possible cytotoxicity induced by the shRNAs tested.
Gene hits were selected as described in Materials and Methods,
while taking into account undesirable cytotoxic effects, as well as
the number and antiviral efficiency of shRNAs. This RNAi screen-
ing approach successfully identified 26 YB-1 partner hits whose

gene knockdown significantly decreased HCV RNA replication
(Fig. 1A and E).

We next confirmed the interaction between YB-1 and the iden-
tified partner hits by Flag coimmunoprecipitation assays and im-
munoblot assay detection in Huh7.5 cells that stably expressed the
infectious molecular clone JFH-1 (Fig. 2A and B). YB-1 interac-
tors could be specifically coimmunoprecipitated with Flag–YB-1.
As a negative control, we did not detect any off-target interaction
with Flag-eYFP. In reciprocal coimmunoprecipitation experi-
ments, we showed that endogenous proteins DDX3, DDX6,
IGF2BP2, LARP-1, ILF2, RHA, PABPN1, and ILF3 all individually
interacted with endogenous YB-1 in uninfected cells (Fig. 2C).

FIG 2 Interaction and validation of YB-1 partner hits. (A, B) Huh7.5 cells stably expressing JFH-1 were transfected with the indicated Flag vectors. At 48 h
posttransfection, cell extracts were prepared and subjected to immunoprecipitation (IP) with anti-Flag antibody-coupled resin. Resulting eluates, as well as cell
extracts, were analyzed by Western blotting with anti-Flag, anti-NS3, anti-DDX3, anti-DDX6, anti-C1QBP, anti-IGF2BP2, anti-LARP1, anti-ILF2, anti-ILF3,
anti-PABPN1, anti-DHX9, and anti-actin antibodies. Stau1 and IGF2BP3 MS hits were also detected in the Flag–YB-1 immunoprecipitate (data not shown). (C)
Immunoprecipitation of endogenous proteins YB-1, DDX3, DDX6, IGF2BP2, LARP-1, ILF2, RHA, PABPN1, and ILF3, followed by Western blotting detection
of endogenous YB-1 (Reciprocal Co-Ip) and Western blotting detection of other endogenous proteins of the YB-1 RNP complex, i.e., DDX3, DDX6, IGF2BP2,
LARP-1, ILF2, RHA, PABPN1, and ILF3. Immunoprecipitation of FLAG protein and endogenous polymerase II (POLII) was used as a negative control. Ctrl �,
negative control; Ab, antibody; arrow, specific protein; *, heavy chain of immunoglobulin; **, nonspecific protein.
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Other YB-1 partners, such as DDX6, IGF2BP2, LARP-1, and ILF3,
were often detected by the immunoprecipitation of these endog-
enous proteins, suggesting pre-existing YB-1 RNP complexes
(Fig. 2C). The YB-1 interactors (15 proteins) were then assessed
for involvement in HCV RNA replication. Two to five shRNA-
expressing lentiviruses per gene were individually tested for si-
lencing activity (see Table S1 in the supplemental material). For
each gene, the shRNA sequence with the best silencing efficiency
was first used for transduction of Huh7-Con1-Fluc (Fig. 3A to K).
Luciferase assays performed at 3 and 4 days postransduction
showed that the knockdown of YB-1 partners significantly de-
creased HCV replication over time compared to the control con-
dition with an shNT (Fig. 3L). Interestingly, the validated hits
included the previously reported HCV regulators DDX3, DDX5,
DDX6, and DHX9, suggesting that their functions during the
HCV life cycle might be linked to those of YB-1 (45, 46, 48, 49, 61,
62). As controls, treatment with the NS3 protease inhibitor BILN
2061 completely abrogated Con1 replication, while decreased
YB-1 expression by gene knockdown (YB-1 shRNA) inhibited
HCV RNA replication by almost 80%. Parallel cell viability assays
confirmed that none of the shRNAs, with the exception of shhn-
RNPG-T, induced apparent cytotoxicity. The dependency of
HCV on the validated YB-1 interactors was then assessed follow-
ing the infection of Huh7.5 cells with the genotype 2a Rluc re-
porter virus J6/JFH-1(p7-Rluc2A) (39) (Fig. 3L). In the context of
a full infectious life cycle, we observed a more restrictive set of
YB-1 interactors, i.e., DDX3, DDX28, IGF2BP2, LARP1, and
ZC3HAV1, that significantly decreased HCV replication, al-
though to a lesser extent than the Con1 replicon. In addition, the
dependency of HCV on some host factors such as DHX9 and
PABPN1 might be genotype specific since the decreased expres-
sion inhibited HCV 1b Con1 without affecting HCV 2a J6/JFH
replication. Overall, our combined MS-RNAi approach identified
previously reported and novel proteins as part of a YB-1-contain-
ing protein complex that contributes to the HCV replicative life
cycle.

Host cofactors C1QBP, IGF2BP2, and LARP1 redistribute to
LDs upon HCV infection. To identify YB-1 interactors that reg-
ulate the late stages of the HCV life cycle, we next hypothesized
that proteins would redistribute to the surface of core-containing
LDs similarly to YB-1 (44) upon HCV infection. To test this, JFH-
1-expressing cells were probed for HCV proteins, LDs, and YB-1
interactors and then examined by confocal laser scanning micros-
copy (Fig. 4). As a positive control, YB-1 was shown to redistribute
to this organelle only in HCV-containing cells (Fig. 4A). We ana-
lyzed the cellular distribution of 19 YB-1 partner hits in normal
and JFH-1-containing Huh7.5 cells. None of the hits tested colo-
calized with the LDs in uninfected cells (Fig. 4A to G, white ar-
rows; data not shown), and most proteins, such as hnRNPG-T and
DHX9, retained a normal distribution in JFH-1-expressing cells
(Fig. 4G; data not shown) (44). Strikingly, among the validated
YB-1 interactors, the three host cofactors C1QBP, LARP1, and
IGF2BP2, as well as previously reported DDX3 and DDX6 (45, 46,
48, 49), all localized to the surface of core-containing LDs in JFH-1
cells, similarly to YB-1 (Fig. 4B to F, cells indicated by yellow
arrows). In contrast, these proteins harbored an unaltered cellular
distribution in uninfected cells (Fig. 4B to F, cells indicated by
white arrows). In addition, triple colocalizations of eYFP-tagged
YB-1, core, and IGF2BP2 or DDX3 were observed at the LDs (Fig.
5), strongly suggesting that HCV remodels the distribution of

these host factors within a unique virus-host protein complex. We
then confirmed the relocalization phenotype by a biochemical ap-
proach based on an LD flotation assay. In order to increase the size
and number of LDs and hence facilitate their purification (D.L
and L.C.C, unpublished results) (55), we treated cells with oleic
acid in complex with BSA prior to cell homogenization and frac-
tionation. As shown in Fig. 4H, we specifically detected core, NS3,
YB-1, DDX3, DDX6, C1QBP, and IGF2BP2 in the LD fraction of
JFH-1-expressing cells. Importantly, these proteins were not ob-
served in preparations of uninfected cells, consistently with the
confocal microscopy analysis. As a negative control, the con-
firmed YB-1 partner hnRNPG-T, whose distribution remains un-
affected in JFH-1-expressing cells (Fig. 4G), was absent from the
LD fraction. To a lesser extent, YB-1, DDX3, DDX6, and IGF2BP2
were also detected in the LD fraction of infected cells not treated
with oleic acid (see Fig. 8A; data not shown). Moreover, HCV-
induced redistribution of these host cofactors to LDs is dependent
on core expression, similarly to YB-1 (44). Indeed, IGF2BP2 and
DDX3 could not be detected in the LD fraction of cells that ex-
pressed the core-mutated clone JFH-1 �153-167 (L.C.C and D.L.,
unpublished results). Overall, our data acquired by confocal mi-
croscopy and confirmed by a cytoplasmic-fractionation approach
strongly suggest that previously reported proteins YB-1, DDX3,
and DDX6, as well as newly identified host cofactors C1QBP,
LARP1, and IGF2BP2, all redistributed to the LDs as part of a
unique virus-host YB-1 protein complex during JFH-1 infection.

YB-1, DDX6, C1QBP, IGF2BP2, and LARP1 restrain late
steps in HCV particle production. The assembly and release of
HCV particles rely on the LD cell compartment (20–22), and thus,
our data strongly suggest that redistributed host protein com-
plexes regulate the production of infectious viral particles simi-
larly to YB-1. To test this, virion-containing culture media were
purified by ultracentrifugation from cells with the different LD-
associated cofactors knocked down and then used to infect naive
Huh7.5 cells. As a positive control, the knockdown of YB-1 repro-
ducibly increased both the detection of extracellular core in puri-
fied particles and supernatant-associated infectivity (Fig. 6A and
B), as reported in our previous study (44). Consistently, the over-
expression of Flag-tagged YB-1 resulted in a marked decrease in
extracellular infectivity (Fig. 7B, right side, extracellular). More
importantly, when YB-1 partner DDX6, C1QBP, IGF2BP2, and
LARP1 levels were individually decreased by gene silencing in
JFH-1-transfected cells, we observed the same phenotype as with
YB-1 with enhanced levels of released core and hence HCV parti-
cle production with increased supernatant-associated infectivity
(Fig. 6). Unexpectedly, DDX3 knockdown did not significantly
influence core release and supernatant infectivity, although this
host factor redistributed to LDs upon HCV infection. Hence, our
results identified DDX6, C1QBP, IGF2BP2, and LARP1 as novel
host cofactors, which, similarly to YB-1, restrain the production of
HCV infectious particles.

In order to determine if this phenotype is due to an increase in
either assembly or egress, we analyzed both extracellular and in-
tracellular infectivity in knockdown cells (Fig. 7). Intracellular in-
fectivity reflects the amounts of assembled (but not released) viral
particles inside the cell. If YB-1 partners influence virus forma-
tion, parallel upregulation of both extra- and intracellular infec-
tivities is expected following gene knockdown. If, on the other
hand, these host cofactors instead influence the egress of HCV but
not particle assembly, only extracellular infectivity will be en-
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FIG 3 Assessment of the silencing efficiency of shRNAs and functional validation of YB-1 partner hits. (A to K) Two to 5 shRNAs per hit were selected from the
TRC shRNA lentiviral library (Sigma-Aldrich) of the IRIC High-Throughput Screening Core Facility. ShRNA-expressing lentiviruses were produced in 293T
cells and used for the transduction of Huh7, Huh7.5, or 293T cells. The following day, puromycin was added to the cells. Seventy-two hours later, cells were
collected and lysed and their contents were analyzed for the indicated host factors by Western blotting with antibodies against YBX2 (A), C1QBP (B), DDX5 (C),
DDX6 (D), DDX21 (E), DDX28 (F), DHX30 (G), hnRNPG-T (H), IGF2BP2 (I), PABPN1 and LARP1 (J), and ZC3HAV1 (K) indicated in Table S1 in the
supplemental material. The shRNAs in bold are those that were selected for further experiments. (L) Huh7-Con1-Fluc cells were transduced with shRNA-
expressing lentiviruses at an MOI of 5. Fluc and MTT assays were performed 3 and 4 days postransduction as readouts of HCV replication and cell viability,
respectively. Huh7.5 cells were transduced with shRNA-expressing lentivirus and infected the day after with J6/JFH(p7-Rluc2A) reporter HCVs. The levels of
HCV infection were monitored by measuring Rluc activity at 3 days postinfection. As a control for virus replication, cells were treated with 1 �M HCV protease
inhibitor BILN 2061. Nontransduced cells control for potential off-target effects of the lentiviruses on cell viability and HCV replication. Statistically significant
differences are indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared to the shNT-expressing cell condition).
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FIG 4 HCV induces the relocalization of DDX3, DDX6, IGF2BP2, LARP1, and C1QBP to core-containing LDs. (A to G) JFH-1-expressing Huh7.5 cells were fixed and
probed with antibodies that recognize the indicated host and viral proteins. Nuclei and LDs were stained with Hoechst dye and LipidTOX, respectively. Unmerged and
merged higher-magnification images of the boxed areas are shown. Yellow and white arrows indicate JFH-1-expressing cells and uninfected cells, respectively. (H)
Huh7.5 cells were transfected with JFH-1 and the control vector. Five days later, cells were treated with 200 �M BSA-complexed oleic acid. Sixteen hours later, cells were
collected and LDs were purified with a sucrose-based flotation assay. Aliquots of lysed cells and the LD fraction were analyzed by Western blotting with anti-ADRP,
anti-core, anti-NS3, anti-YB-1, anti-DDX3, anti-DDX6, anti-IGF2BP2, anti-C1QBP, anti-hnRNG-T, and anti-actin antibodies.
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hanced. As shown in Fig. 7A, YB-1 knockdown increased extra-
cellular infectivity, while intracellular infectivity was reduced in-
stead. This was attributable to the fact that YB-1 knockdown
affects cytoplasmic vRNA levels because of its role in RNA repli-
cation. Consistently, the overexpression of Flag-tagged YB-1 de-
creased extracellular infectivity and slightly increased intracellular
infectivity (Fig. 7B). Thus, both experiments strongly suggest that
YB-1 negatively regulates particle production at the level of egress
and/or release but not during virion assembly per se. As expected,
the knockdown of DDX6, IGF2BP2, C1QBP, and LARP1 resulted
in enhanced extracellular infectivity (Fig. 7A). Strikingly, intracel-
lular infectivity was not increased by the gene silencing of
IGF2BP2 and LARP1 and was weakly increased by C1QBP and
DDX6 knockdown. Altogether, our results demonstrate that
YB-1, DDX6, IGF2BP2, LARP1, and C1QBP negatively regulate
the release of preformed viruses by infected cells and restrain HCV
particle production.

YB-1-dependent localization of its partners and NS3 to LDs
in HCV-infected cells. We previously showed that YB-1 associates
with the NS3 protein (44), which contributes to virus progeny (28,
40, 41; unpublished results). This strongly suggests that the YB-1-
associated protein complex and the NS3 protein are functionally
linked during the late stages of the HCV life cycle. Given that both
NS3 and YB-1 are associated with LDs in a core-dependent man-
ner during the late stages of the HCV life cycle (21, 44), we inves-
tigated a potential contribution of YB-1 to the cellular localization
of NS3 and core. LDs were purified from JFH-1 cells previously
transduced with control shNT- or YB-1 shRNA-expressing lenti-
virus. Western blot analysis (Fig. 8A) showed that both core and
NS3 are specifically detected in the LD fraction from shNT/JFH-1
control cells. Strikingly, when YB-1 expression was decreased in
knockdown cells, significantly lower NS3 levels were detected in
the LD fraction, in contrast to core levels, which remained unaf-
fected. Similar levels of the LD-associated control adipose differ-

FIG 5 DDX3 and IGF2BP2 are corecruited with YB-1 to core-containing LDs. Huh7.5 cells, which stably express JFH-1, were transfected with eYFP-tagged YB-1,
fixed 2 days later, and then probed with antibodies directed against core and DDX3 (A) or core and IGF2BP2 (B). Nuclei in panel A were stained with Hoechst.
YB-1 was detected via the intrinsic fluorescence emitted by its eYFP tag.
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entiation-related protein (ADRP) were detected under the differ-
ent conditions, attesting to the quality of the LD preparation.
Consistently, immunofluorescence analysis of JFH-1-expressing
Huh7.5 cells showed that YB-1 knockdown significantly de-
creased NS3 colocalization with LDs without, however, affecting
core association with LDs (Fig. 8B and C). Strikingly, YB-1 knock-
down also significantly decreased the levels of the IGF2BP2,
DDX6, and DDX3 proteins associated with LDs (Fig. 8A). These

results show that YB-1 is required for proper localization of NS3
and its partners to LDs and further pinpoint the key role of YB-1 as
an organizer of this co-opted host machinery. Altogether, the data
provide strong evidence of a YB-1 RNP host protein complex that
is hijacked by HCV to regulate NS3-dependent stages of the HCV
life cycle.

NS3 Q221L mutant virus overcomes the regulation of parti-
cle production by YB-1 RNP complex. As YB-1 associates with
NS3 and influences its localization, we explored a functional link
between the YB-1-asssociated protein complex and NS3 during
HCV particle production. We took advantage of the Q221L mu-
tation in the NS3 helicase domain, which increases the production
of infectious particles and can rescue defects in the late stages of
the HCV life cycle (28, 41, 42). We investigated whether this mu-
tant virus is able to evade the negative regulation imposed by the
YB-1 protein complex that would account for its “overassem-
bling” ability. The NS3 Q221L mutant virus was shown to produce
normal amounts of viral protein (Fig. 9A, top) while releasing
more infectious viral particles than wild-type JFH-1, with a 35-
fold increase in extracellular infectivity (Fig. 9A, bottom). An in-
fectious JFH-1 clone mutated in the C-terminal domain of NS2
(NS2 Q199R), which was also reported to “overassemble” (33),
was included in our study and showed a 5-fold increase in extra-
cellular infectivity (Fig. 9A). The clones defective in replication
(NS5B GND) and assembly (Core �153-167) were used as nega-
tive controls that lack infectious-particle production (Fig. 9A).
The supernatant-associated infectivities of the wild type and the
NS2 Q199R and NS3 Q221L JFH-1 clones were then determined
in cells by the knockdown of each protein of a YB-1 protein com-
plex (DDX6, C1QBP, IGF2BP2, and LARP1). The expression of
these different host factors was successfully reduced by gene si-
lencing in JFH-1-expressing cells (Fig. 9B). In order to compare
the effects of these protein knockdowns on the wild type and the

FIG 6 Knockdown of YB-1 partners significantly stimulates the production of
infectious viral particles. Huh7.5 cells transduced with shRNA-expressing len-
tiviruses were transfected with a JFH-1-expressing plasmid. (A) Three days
posttransfection, cells were collected and lysed while released viral particles
were purified from culture medium. Cell extracts and lysed viruses were ana-
lyzed for their core contents by Western blotting. (B) Virus-containing culture
media from panel A were used to infect naive Huh7.5 cells. Three days postin-
fection, cells were collected and analyzed for their HCV RNA content by qRT-
PCR. HCV RNA levels were normalized to actin RNA content and arbitrarily
set to 1 for the JFH-1-plus-shNT condition. Statistically significant differences
are indicated. *, P � 0.05; NS, not significant (compared to the shNT-express-
ing cell condition).

FIG 7 YB-1 RNP modulates the release and egress of HCV particles but not their assembly. Huh7.5 cells transduced with shRNA-expressing lentiviruses were
transfected with a JFH-1-expressing plasmid. (A) Three days posttransfection, cells and culture media were collected. Intracellular viruses were prepared by
freeze-thaw-based cell lysis. Virus-containing culture media (extracellular) and cell extracts (intracellular) were used to infect naive Huh7.5 cells. Three days
postinfection, cells were collected and analyzed for their HCV RNA content by qRT-PCR. HCV RNA levels for intracellular and extracellular infectivities were
normalized to HPRT1 RNA content and arbitrarily set to 1 for each JFH-1-plus-shNT condition. Statistically significant differences are indicated. *, P � 0.05; **,
P � 0.01 (compared to the corresponding intracellular infectivity condition). (B) Huh7.5 cells were cotransfected with JFH-1- and Flag–YB-1-expressing
plasmids. Three days later, an aliquot of transfected cells was analyzed for its Flag–YB-1 and HCV contents by Western blotting with anti-Flag and anti-NS3
antibodies (left side). Extracellular and intracellular viruses (prepared as in panel A) were used for infection. Infected cells were analyzed as in panel A, except that
actin RNA was used for normalization (lower right side).
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NS3 Q221L and NS2 Q199R JFH-1 clones, the relative superna-
tant-associated infectivities of shNT-transduced control cells ex-
pressing each JFH-1 construct were used as individual references
to normalize the HCV RNA/actin RNA ratio (Fig. 9C). The
knockdown of each host factor increased the extracellular infec-
tivity of wild-type JFH-1 as previously shown in Fig. 6 and 7 as a
result of the enhanced release of HCV particles (Fig. 9C, black
bar). Very strikingly, the yields of extracellular infectious particles
produced from cells expressing NS3 Q221L JFH-1 were substan-
tially less affected by the knockdown of each host cofactor and
YB-1 compared to the increased infectivity of wild-type JFH-1. In
contrast, the relative infectivity of NS2 Q199R JFH-1 was similar
to that of the wild type in the various protein knockdown cells,
strongly emphasizing that the negative-regulation phenotype is
dependent on the function of NS3 in virion production. The re-
sistance of the NS3 Q221L clone to YB-1 and associated host fac-
tors in knockdown cells was not due to a loss of YB-1–NS3 inter-
action, since both the wild-type and Q221L mutant NS3 proteins
were detected to the same extent following immunoprecipitation
with anti-YB-1 antibodies (Fig. 9D). Since the NS3 Q221L JFH-1

mutant circumvents YB-1-dependent negative regulation upon
particle production, the data support a functional host machinery
that controls the NS3-dependent late stages of the virus life cycle.
The observations that YB-1, DDX6, C1QBP, IGF2BP2, and
LARP1 interact together, redistribute at LDs, and induce similar
phenotypes in various JFH-1 clones upon the knockdown of in-
dividual genes provide additional evidence that these cofactors
regulate the HCV life cycle as part of the same protein complex.

DISCUSSION

In this study, we combined an experimental approach based on
MS and RNAi gene-silencing screening of YB-1 interactors to
identify novel regulators of HCV infection. By first elucidating the
YB-1 interactome in liver cells permissive to HCV infection, we
found mostly RNA-binding proteins. This was not surprising,
considering that YB-1 is frequently found in MS analyses of RNPs
(63–68). We then challenged the YB-1 partner hits for a potential
role in vRNA replication in HCV replicon-containing cells.
Among the YB-1 partners that were identified as HCV cofactors by
RNAi screening, several proteins were previously reported, such as

FIG 8 YB-1 knockdown decreases the association of NS3, DDX3, DDX6, and IGF2BP2 with LDs. Huh7.5 cells transduced with shRNA-expressing lentiviruses
were transfected with a JFH-1-expressing plasmid. (A) Three days later, cells were collected and LDs were purified with a sucrose-based flotation assay. The LD
fractions were analyzed by Western blotting with anti-ADRP, anti-core, anti-NS3, anti-DDX3, anti-DDX6, and anti-IGF2BP2 antibodies. (B) Cells were treated
as in panel A, fixed, and probed with anti-NS3 and anti-core antibodies. Nuclei and LDs were stained with Hoechst dye and LipidTOX, respectively. Cells were
analyzed by laser scanning microscopy. (C) Percentages of colocalization of NS3 or core with LDs were calculated for each condition with MetaMorph image
analysis software and plotted.
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FIG 9 The virus production of the JFH-1 NS3 Q221L mutant is partially unresponsive to the knockdown of YB-1 RNP factors. (A) Huh7.5 cells were transfected
with constructs encoding wild-type JFH-1 and mutant JFH-1 clones. Three days posttransfection, cells and released viral particles were collected. Cells were lysed
and analyzed for their NS3, core, and actin contents by Western blotting (top). Virus-containing culture media from panel A were used to infect naive Huh7.5
cells. Three days postinfection, cells were collected and analyzed for their HCV RNA content by qRT-PCR (bottom). HCV RNA levels were normalized to actin
RNA content and arbitrarily set to 1 for the wild-type (wt) JFH-1 condition. Statistically significant differences are indicated. *, P � 0.01; **, P � 0.0001
(compared to wild-type JFH-1). (B) Huh7.5 cells transduced with shRNA-expressing lentiviruses were transfected with a wild-type, NS2 Q199R, or NS3 Q221L
JFH-1-expressing plasmid. Three days posttransfection, cells and culture media were collected. Cells expressing wild-type JFH-1 were lysed and analyzed for
knockdown efficiency and core expression by Western blotting with anti-YB-1, anti-DDX6, anti-C1QBP, anti-IGF2BP2, anti-LARP1, anti-core, and anti-actin
antibodies. (C) Virus-containing culture media were used to infect naive Huh7.5 cells. Three days postinfection, cells were collected and analyzed for their HCV
RNA content by qRT-PCR. HCV RNA levels were normalized to actin RNA content. In order to separately compare the effects of the shRNAs on the JFH-1 clones,
the relative HCV infectivity under shNT conditions for each JFH-1 construct was used as an individual reference and arbitrarily set to 1. (D) Huh7.5 cells were
transfected with wild-type and NS3 Q221L JFH-1-expressing plasmids. Three days posttransfection, cell extracts were prepared and subjected to immunopre-
cipitation (IP) with antibodies directed against YB-1. Anti-hemagglutinin antibody immunoprecipitation was used as a control to monitor for nonspecific
binding of lysate protein to the antibodies and/or the resin. Resulting eluates (right side) and cell extracts (left side) were analyzed by Western blotting with
anti-YB-1, anti-NS3, anti-IGF2BP2, and anti-actin antibodies.
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ILF2, ILF3, DDX3, DDX6, hnRNPA1, and DHX9 (45, 46, 48, 49,
61, 62, 69, 70), suggesting that these proteins could be part of
common functional virus-host RNP complexes. Hence, the data
described in these studies could be reconciled with a proposed
YB-1-containing RNP complex (44). Unfortunately, by using
gene ontology analysis (DAVID) and interaction networking (In-
genuity Pathways Analysis) software resources, we were unable to
highlight a clearly delineated cellular pathway that is co-opted by
HCV, because most YB-1 interactors are directly or indirectly in-
terconnected (data not shown). This lack of “networking resolu-
tion” probably originates from the very nature of RNA-binding
proteins that are multifunctional. The function and RNA ligand
specificity of a given RNA-binding protein are accepted to be often
conferred by its RNP composition and its posttranslational mod-
ification pattern. Nevertheless, the identification of YB-1 partners
in the proposed RNP complex could not point to any established
role in DNA repair, splicing, transcription, or translation. Overall,
this underscores the as-yet-unmet need for both conditional and
spatiotemporal networking software that will take into account
changes in protein composition and stoichiometry and in the cel-
lular localization of interaction networks as a function of specific
stimuli (virus infection, cytokine, pathogen-associated molecular
pattern, neurotransmitter, etc.). Future studies based on qMS ap-
proaches will explore putative HCV-induced changes in YB-1
RNP component stoichiometry. Since the majority of the interac-
tions were detected in uninfected Huh7.5 and 293T cells (Fig. 2C;
L.L.C. and D.L., unpublished data), the putative proteomic re-
modeling of YB-1 RNP and its redistribution most likely occur on
pre-existing complexes. Interestingly, our study has identified YB-
1-associated cofactors that were previously described as impor-
tant regulators of several RNA viruses. The reported viral func-
tions of these cellular cofactors are compiled in Table S4 in the
supplemental material. For instance, a role for YB-1 has been de-
scribed upon infection with influenza virus and dengue virus, a
member of the Flaviviridae family, like HCV (71, 72). Addition-
ally, human immunodeficiency virus type 1 co-opts DDX3,
DDX6, and hnRNP A1 during the late stages of its life cycle (73–
75). Whether all of these viral functions involve interactions with
YB-1 remains unclear, but from these studies emerges a potential
panviral role for host macromolecular complexes composed of
RNA-binding proteins, including YB-1 and others, such as DDXs,
hnRNPs, and IGF2BPs. Future qMS and RNAi screening studies
are required to confirm if RNA viruses besides HCV functionally
co-opt a YB-1 RNP complex and whether its composition, stoi-
chiometry, and cellular localization changes are panviral or rather
specific to a given virus.

Most importantly, the cellular localization analysis of the vali-
dated YB-1 interactors revealed a selective set of proteins (DDX6,
IGF2BP2, LARP1, and C1QBP) that redistributed to the surface of
core-containing LDs upon HCV infection (Fig. 4). In fact, the
distribution of the majority of the YB-1 partners studied is unal-
tered (Fig. 4G; data not shown), suggesting that they have a major
role in vRNA replication and not in the regulation of particle
production. However, we cannot exclude the possibility of the
sporadic redistribution of some YB-1 partners below the detection
limit of our assays. Unfortunately, the assay for quantification of
particle production was not suitable for gene-silencing screening
of the 71 YB-1 partner hits, and since the selection of cofactors was
based on a Con1 RNA replication assay, we cannot rule out the
possibility that we missed some YB-1 partners that modulate par-

ticle production but not replication. Nevertheless, the knockdown
of LD-associated YB-1 partners confirmed that these host cofac-
tors (with the exception of DDX3), similarly to YB-1, regulate the
equilibrium between vRNA replication and the production of in-
fectious particles. Thus, these proteins interact with YB-1; redis-
tribute in a YB-1-dependent fashion, like NS3, to LDs during in-
fection; and have the same functions during the HCV life cycle,
strongly suggesting that they are part of the same virus host RNP
complex hijacked from the replicative site by the assembling cap-
sids.

The present study also provides important new information
about the mechanism of action of the YB-1 RNP complex during
the late stages of the HCV life cycle. First, core release experiments
demonstrated that this host complex regulates the yield of released
virus particles and apparently does not modulate their specific
infectivity per se. Indeed, intracellular infectivity, which measures
the cytoplasmic amounts of assembled and enveloped particles,
did not depend on YB-1, LARP1, and IGF2BP2 expression levels.
These data strongly suggest that the hijacked YB-1 RNP complex
does not influence core multimerization and envelope covering
but rather acts at a later stage during the egress and/or release of
assembled viruses. This conclusion is further supported by the fact
that core oligomerization is not modulated by YB-1, as demon-
strated by comparable bioluminescence resonance energy transfer
(BRET) signal of oligomeric core in YB-1 knockdown and control
cells (L.C.C and D.L., unpublished data). Our data are also in line
with recent findings providing evidence of a late role of several
LD-associated proteins in HCV infection. As an example, core
participates in virus egress from the cell by interacting with the
endocytic pathway machinery (76), despite being associated
mainly with LDs in infected cells. This might be achieved via the
association of core with the � subunit of clathrin adaptor protein
complex 2, AP2M1, the knockdown of whose expression led to an
accumulation of capsids at LDs and a loss of virus egress through
the trans-Golgi network (77). Consistently, treatment of cells with
the secretion inhibitor brefeldin A disrupts virus egress and release
but not assembly, leading to the accumulation of NS3 and core at
the LD surface (25, 41, 78). Moreover, our results are reminiscent
of those obtained with host cofactor CHMP4B, which is localized
at the LD surface in infected cells but has functions in particle
production downstream of virus assembly (79). Hence, it is con-
ceivable that assembling capsids hijack a limiting YB-1 RNP com-
plex from the replicative site to control excessive downstream pro-
cesses such as egress and release.

NS3 is involved in the transit of partially assembled capsids from
the LD surface toward the secretory pathway compartment, a process
visualized by the microtubule-dependent movement of core-con-
taining puncta (41). Indeed, the Q221L mutation in the NS3 helicase
domain restores defects in this process caused by mutations in the
N-terminal domain of the NS2 protein (with functions in assembly
distinct from those of its C terminus, which includes Q199). Consid-
ering that NS3 Q221L mutant virus release is less sensitive to the
negative regulation of particle production imposed by YB-1 and
newly identified host cofactors (Fig. 9), we propose that a hijacked
YB-1 RNP host machinery restrains the NS3-dependent steps in par-
ticle production. This conclusion is also supported by the following
evidence. First, YB-1 and NS3 interact with one another and colocal-
ize at the LD surface (44). Second, NS3 association with LDs is dimin-
ished following YB-1 expression knockdown in virus-producing cells
(Fig. 8), a result that is in contrast to that obtained by brefeldin A
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treatment. This suggests that under conditions where the YB-1 RNP
complex is limiting at LDs, such as in a putative reduced exit from the
vRNA replicative site, NS3-dependent egress of capsids is more rapid
and particle production is more efficient. This model could be chal-
lenged in live-cell imaging experiments to assess NS3 cytoplasmic
dynamics. As we could not demonstrate a reduced interaction be-
tween NS3 Q221L and YB-1 (see below), it remains unknown how
this NS3 JFH-1 mutant is able to circumvent the YB-1 RNP complex-
mediated negative regulation of particle production, which clearly
could account for its “overassembling” properties. This mutation was
shown to increase HCV intracellular infectivity, demonstrating a role
for NS3 in the modulation of virus assembly (virus envelopment, core
multimerization). However, we cannot rule out the possibility that
NS3 has an additional function at a later time point in virus genera-
tion (i.e., egress and/or release), which would be under the control of
a hijacked YB-1 RNP complex. The Q221L mutation is located at the
surface of the helicase domain and does not affect NS3 enzymatic
activities (28). Hence, it was proposed that NS3 would play its role in
assembly through interaction with host cofactors, in support of YB-1
RNP-mediated regulation of particle production via an interaction
with NS3. Unfortunately, this association was not significantly af-
fected by the introduction of the NS3 Q221L mutation into JFH-1, as
demonstrated by coimmunoprecipitation experiments (Fig. 9D),
and hence, this cannot account for its phenotype. Additionally, BRET
assays showed that YB-1 knockdown does not modulate NS3-core
interaction (L.C.C and D.L., unpublished data), suggesting that YB-1
and core binding sites on the NS3 protein in the same hijacked RNP
complex are potentially mutually exclusive. In addition to mem-
branes, NS3 associates with tubulin similarly to YB-1, which also pro-
motes tubulin nucleation in vitro (80–82). Hence, one can speculate
that YB-1 controls the dynamics of the cytoskeleton in the vicinity of
LDs, its association with NS3, and the microtubule-dependent exit of
capsids from the LD compartment (41). Finally, YB-1 can be secreted
by mesangial and monocytic cells in a nonclassical manner after an
inflammatory challenge (83). Thus, HCV release might be regulated
by the as-yet-unidentified cell machinery that controls YB-1 secre-
tion. Additional studies are required to further explore the molecular
mechanisms that underlie the negative regulation of NS3-dependent
late steps in infectious particle production by a hijacked YB-1 RNP
complex.

Interestingly, YB-1 and several of its identified interactors are
overexpressed in hepatocellular carcinoma (often induced by HCV
infection) and other cancer tissues (see Table S4 in the supplemental
material). In particular, the high expression of proteins such as YB-1,
C1QBP, and hnRNP A1 correlates with cancer aggressiveness and
progression and is often associated with a poor survival prognosis
(84–88). HCV can induce in vitro the epithelial mesenchymal transi-
tion of primary hepatocytes believed to be required for hepatocellular
carcinoma metastasis (89). This important event in disease progres-
sion might be achieved by the co-opting of YB-1 RNP in chronic
HCV infection. Indeed, YB-1 promotes the epithelial mesenchymal
transition accompanied by enhanced metastatic potential in breast
epithelial cells by stimulating the cap-independent translation of a
specific set of genes (90).

In conclusion, by taking advantage of a combined approach based
on qMS and RNAi screening, we have identified novel YB-1-associ-
ated cofactors of HCV replication. Further characterization of the
selective set of YB-1 partners DDX6, IGF2BP2, LARP1, and C1QBP
unraveled an RNP complex hijacked by the assembling capsids to the
LD compartment, which restrains the NS3-dependent steps in virus

release and/or egress. We propose that YB-1 and newly identified host
cofactors, as part of a virus-host RNP complex, are critical for harmo-
nizing the different stages of the HCV life cycle in time and space and
might represent promising targets for the development of novel host-
targeting antivirals.
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