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In the model of Huh-7.5.1 hepatocyte cells infected by the JFH1 hepatitis C virus (HCV) strain, transcriptomic and proteomic
studies have revealed modulations of pathways governing mainly apoptosis and cell cycling. Differences between transcriptomic
and proteomic studies pointed to regulations occurring at the posttranscriptional level, including the control of mRNA transla-
tion. In this study, we investigated at the genome-wide level the translational regulation occurring during HCV infection. Su-
crose gradient ultracentrifugation followed by microarray analysis was used to identify translationally regulated mRNAs
(mRNAs associated with ribosomes) from JFH1-infected and uninfected Huh-7.5.1 cells. Translationally regulated mRNAs were
found to correspond to genes enriched in specific pathways, including vesicular transport and posttranscriptional regulation.
Interestingly, the strongest translational regulation was found for mRNAs encoding proteins involved in pre-mRNA splicing,
mRNA translation, and protein folding. Strikingly, these pathways were not previously identified, through transcriptomic stud-
ies, as being modulated following HCV infection. Importantly, the observed changes in host mRNA translation were directly due
to HCV replication rather than to HCV entry, since they were not observed in JFH1-infected Huh-7.5.1 cells treated with a po-
tent HCV NS3 protease inhibitor. Overall, this study highlights the need to consider, beyond transcriptomic or proteomic stud-
ies, the modulation of host mRNA translation as an important aspect of HCV infection.

Hepatitis C virus (HCV) chronically infects about 170 million
people worldwide and is associated with an elevated risk of

cirrhosis and hepatocellular carcinoma. HCV replication and viral
protein expression lead to differential expression of host genes as
determined by microarray or proteomic studies (1–3). A break-
through in HCV research was the discovery of an HCV strain,
JFH1, capable of replicating efficiently and of producing viral par-
ticles in cultured cells (4–6). In this in vitro model of HCV infec-
tion, transcriptomic analyses revealed regulation of the expression
of genes involved in apoptosis and cell cycle arrest (7–10), while
proteomic studies identified numerous perturbations in the me-
tabolism of phospholipids and sphingomyelins that are predicted
to play important roles in viral replication, assembly, and secre-
tion (11). This suggests that important differences exist between
the HCV-regulated transcriptome and proteome that may rely
on the differential stability of proteins and/or on gene expression
regulation at the mRNA translation level, the process by which
proteins are synthesized from existing mRNAs. Indeed, regulation
of mRNA translation has been shown to be involved in the differ-
ences observed between the amounts of specific mRNAs and their
corresponding proteins (12, 13).

This prompted us to analyze regulation of mRNA translation
on a genome-wide scale during HCV infection.

MATERIALS AND METHODS
Cell culture and viral infection. Huh-7.5.1 cells (a kind gift from Francis V.
Chisari) were grown in Dulbecco’s modified Eagle’s medium (Invitrogen,
Cergy Pontoise, France) supplemented with 10 mM HEPES, nonessential
amino acids (Invitrogen), 2 mM L-glutamine (Invitrogen), and 10% heat-
inactivated fetal calf serum (PAA Laboratories, Pasching, Austria). High-titer
stocks of JFH1 were prepared as previously described (14).

A total of 1.5 � 106 cells of Huh-7.5.1 cells per 75-cm2 flask were
seeded and were inoculated the next day with JFH1 at a multiplicity of

infection of 1 or with conditioned medium a as control (referred to as
noninfected cells; 4 replicates). After incubation for 6 h at 37°C, the
inoculum was removed and the cells were washed and then cultured
for 3 days in complete medium containing either 0.01% dimethyl sul-
foxide as the carrier control (referred to as infected cells; 4 replicates)
or an inhibitor of an HCV serine protease similar to telaprevir (a gift
from Vivalis, Saint-Herblain, France) at 1,000 nM (referred to as in-
fected-treated cells; 3 replicates). These conditions resulted in more
than 90% of cells being infected at the time of harvest, as shown by
immunofluorescence analysis. Infectivity titers were determined by
focus formation assay.

Percentages of infected cells were evaluated by immunofluorescence
analysis. After fixation of the cells in acetone-methanol (1:1, vol/vol) for
10 min at room temperature, permeabilization and blocking were
achieved by 1 h of incubation in phosphate-buffered saline (PBS) contain-
ing 0.1% Triton X-100 and 1% bovine serum albumin, and all subsequent
steps were performed in this buffer at room temperature. Cells were in-
cubated for 1 h with sera from HCV-seropositive nonviremic patients as
the primary antibody. After extensive washing, cells were incubated for 1
h with Cy3-conjugated anti-human IgG (Jackson ImmunoResearch Lab-
oratories). Finally, cells were counterstained with 4=,6-diamidino-2-phe-
nylindole (DAPI) and observed under an inverted fluorescence micro-
scope.
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Infectivity titers were determined by focus formation assay as previ-
ously described (15).

Sucrose gradient fractionation. After 3 days of culture, infected, non-
infected, and infected-treated cells were incubated in PBS containing 100
�g/ml of cycloheximide (Sigma-Aldrich, St. Louis, MO) for 15 min at
37°C, in order to stop ribosomal elongation. After being washed, the cells
were scraped and harvested by centrifugation. The pellets were resus-
pended in 1 ml of LSB buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl,
3 mM MgCl2, 1 mM dithiothreitol [DTT], 0.1 mg/ml of cycloheximide,
and 100 U/ml of RNasin) and lysed by adding LSB buffer containing 0.2%
Triton X-100 and 0.25 M sucrose. The lysates were centrifuged (12,000 �
g for 5 min at 4°C), and the supernatants were recovered and then layered
on 15% to 40% sucrose gradients. The gradients were ultracentrifuged
(38,000 � g for 2 h at 4°C), and 17 fractions were collected with a fraction
collector (Pharmacia LKB, OR) (Fig. 1).

RNA extraction. Fractions 1 to 7, corresponding to nonpolysomal
RNA, and fractions 8 to 17, corresponding to polysomal RNA, were each
pooled. RNA from the pools and from an aliquot of nonfractionated su-
pernatant (total cytosolic RNA) were then extracted with TRIzol and pre-
cipitated with isopropanol (Sigma). The quality of total and fractioned
RNAs was checked on an Agilent 2100 bioanalyzer.

Microarray hybridization. cDNA synthesis and cRNA amplification
were performed with an Agilent kit (low-RNA-input linear amplification
kit, two colors). Cy3- and Cy5-labeled cRNAs at 500 ng each were mixed
and hybridized on an Agilent 4�44K microarray slide.

MicroRNA (miRNA) expression analysis was performed with Agilent
human microRNA 8�15K v2 microarrays. RNA samples were labeled
with cyanine-3 (Agilent one-color labeling kit) and were hybridized ac-
cording to the manufacturer’s protocol.

Data analysis. The data from the 33 cDNA microarray experiments
were normalized with the Lowess algorithm, and the data from the 7
microRNA microarrays were normalized with the quantile method
(R software).

PCA. Principal-component analysis (PCA) transforms data to a new
coordinate system such that the greatest variance lies on the first coordi-
nate (called the first principal component) and the second-greatest vari-
ance lies on the second coordinate. PCA was performed with the Facto-
MineR package (http://factominer.free.fr/).

Hierarchical clustering. The log and median-centered expression
data were submitted to centroid-linkage hierarchical clustering using
Cluster 3.0 software, and the clusters were visualized with Java Treeview.

Identification of regulated genes. Selection of transcriptionally regu-
lated genes for analysis was based on a �95% probability of being differ-
entially expressed (Student’s t test, P � 0.05) and a fold change of 2 or
more between infected and noninfected cells.

Translationally regulated genes are classically selected by comparing,
for each mRNA, the log ratio of polysomal to cytosolic RNA. Accordingly,
log ratios do not effectively correct for cytosolic mRNA level and generate
substantial numbers of biological false positives and false negatives. The
phenomenon of a difference score (Y � Z) correlating with each of its
terms (Y and Z) was first described by Pearson in 1897 (16). We used a
method named ANOTA recently developed to correct this bias, based on
analysis of partial variance (APV). In ANOTA, a common slope for all
sample categories is identified for each gene from the least-squares linear
regression of translational activity data on cytosolic mRNA data. Class
comparison effects are estimated by calculating differences between sam-
ple category intercepts; the sum-of-squares error for these comparisons is
reduced by the sum of squares associated with the covariance between the
translational activity data and the cytosolic mRNA data. The ANOTA
method is implemented with the anota R package (17). Genes with an
APV P value of �0.05 were considered translationally regulated, and
genes with unrealistic slopes (slope � 0.01 or � 2) were filtered out.

Regulated microRNAs were selected by using Student’s t test (P �
0.05) to compare infected and noninfected cells; only miRNAs for which
a significant number of the 16 replicate probes were significantly regulated
were considered (�2 test, P � 0.005).

Functional annotation. Biological overrepresentation analysis of the
significantly transcriptionally or translationally modified genes was per-
formed with the Panther classification system implemented with DAVID
software (18). This ontologic classification system eliminates redundant
terms and summarizes functional categories. KEGG pathway analysis in
DAVID was also used to gain access to more specific processes. Biological
processes with an EASE score of �0.05 (modified Fisher’s exact test) were
selected.

Search for RNA motifs. Untranslated region (UTR) sequences were
obtained from a gene database retrieved from http://genome.ucsc.edu/.
The UTRscan tool of the ITBtools package, identifying 46 motifs in UTR
sequences known to be involved in translational regulation, was used to
detect RNA motifs in the 5= and 3= UTRs. Overrepresented motifs in the
transcriptionally and translationally regulated genes compared to the rest
of the microarray genes were identified with Fisher’s exact test (P � 0.05).
MiRonTop software (19) was used to identify miRNA target enrichment
in a group of transcriptionally and translationally regulated genes versus
the other microarray genes (Fisher’s exact test with Benjamini correction,
P � 0.05).

Quantitative RT-PCR. Reverse transcription-quantitative PCR (RT-
qPCR) was used to validate changes in gene expression detected with
microarrays. RNA samples were treated with DNase I (Invitrogen) and
reverse transcribed with random hexamer primers (Invitrogen) and the
Superscript First-Strand Synthesis System RT-PCR kit (Invitrogen). Taq-
Man real-time quantitative PCR assays were performed in duplicate using
96-well microfluidic cards on an ABI Prism 7900 sequence detection sys-
tem (Applied Biosystems, Carlsbad, CA). mRNA normalization used
ACTB, this gene being invariant in our microarray.

Microarray data accession number. Microarray data obtained in this
study are available under GEO accession number is GS44210.

FIG 1 Virological analysis of infected, noninfected, and infected-treated cells.
Huh-7.5.1 cells were either left noninfected (NI) or infected with JFH1 and
then left untreated (I) or treated with an inhibitor of the HCV serine protease
(IT). (A) Infected cells were visualized by immunofluorescence analysis with
sera from HCV-seropositive nonviremic patients as the primary antibody
(red). Cells were counterstained with DAPI to show the locations of nuclei
(blue). (B) Infectivity titers of culture supernatants were determined by focus
formation assay. The threshold of detection of the assay is indicated by a red
line. Data are shown as means and standard errors of the means of the infec-
tivity titers determined in three or four independent experiments. ffu, focus-
forming units.
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RESULTS
HCV infection occurred in most inoculated cells. Under the con-
ditions we used, infection resulted in more than 90% of cells being
infected at the time of harvest, as shown by immunofluorescence
analysis (Fig. 1A). Treatment of infected cells with the HCV NS3
protease inhibitor resulted in a drastic reduction in the percentage
of infected cells, correlating with a 99.9% reduction in infectivity
titer (Fig. 1B).

HCV infection has a widespread effect on host gene mRNA
translation. To analyze mRNA translation, we isolated ribosome-
bound mRNAs engaged. As ribosomes are involved in protein syn-
thesis, this approach directly reflects the translational state of mRNA
species. Experiments were performed on JFH1-infected Huh-7.5.1
cells and noninfected cells. Experiments were also done in JFH1-in-
fected Huh-7.5.1 cells treated with a potent HCV NS3 protease inhib-
itor to allow us to determine whether the observed changes were
directly due to HCV replication rather than to HCV entry.

Ribosome-associated mRNAs were separated from cytosolic
mRNA by sucrose gradient ultracentrifugation. RNA extracted
from (i) fractions corresponding to RNA bound to more than one
ribosome (polysomal RNA), (ii) fractions corresponding to RNAs
present in RNPs, 40S, 60S, and 80S ribosomal complexes (non-
polysomal RNA) (Fig. 2A and B), and (iii) RNA extracted from the
same cell lysates before sucrose fractionation (total RNA) were
subjected to microarray analysis.

Of note, the quantities of nonpolysomal and polysomal RNAs
(Fig. 2C) were not significantly different between JFH1-infected,
noninfected, and infected-treated Huh-7.5.1 cells, reflecting the
lack of a general effect of HCV infection on mRNA translation.

Principal-component analysis (PCA) was used to visualize
trends across RNA data sets (Fig. 3A). The first dimension corre-
sponds to genes modulated by HCV infection. The polysomal,
nonpolysomal, and total RNAs of infected-treated cells were sim-
ilar to those of noninfected cells. The second dimension revealed
that the polysomal RNA data set was markedly different from the
nonpolysomal and total RNA data sets, revealing a widespread
regulation of mRNA translation during HCV infection. Hierar-
chical clustering of all the samples confirmed the two dimensions
of PCA (Fig. 3B).

HCV-dependent regulation of mRNA translation. During
JFH1 infection, 1,341 unique transcripts were identified as being
transcriptionally regulated (623 downregulated and 718 upregu-
lated).

Using the ANOTA method, based on analysis of partial vari-
ance (APV) to identify genes with uncorrelated polysomal and
cytosolic RNA levels (17), 2,107 mRNAs were identified as being
translationally regulated (843 downregulated and 1,264 upregu-
lated). Only 764 (36%) could be identified with the log ratio
method (data not shown). This rate of discrepancies between the
two analysis methods was already noted in other published data
sets (17). Of these 2,107 translationally regulated mRNAs, 455
(22%) underwent transcriptional regulation. This was in the same
direction as translational regulation for 440 of them (97%):180
were downregulated and 260 were upregulated.

A subset of 10 genes was randomly chosen to confirm the mi-
croarray results by real-time PCR. The results of RNA quantifica-
tion in cytosolic and polysomal RNAs by the two techniques were
consistent. As expected, the fold changes were higher with qPCR
(Fig. 4).

To ascertain that changes in the presence of mRNAs in polysomes
were associated with changes in the presence of the corresponding
proteins, we retrieved a list of 765 proteins found to be regulated after
72 h of infection in the JFH1 model, published by Diamond et al. (20)
and for which mRNA levels were measured in our data sets. The fold
changes in the proteomic data set of Diamond et al. were strongly
correlated to the ANOTA classification as shown in Fig. 5. The latter
correlation observed with the ANOTA-identified genes was not ob-
served by using the log ratio method.

Together, these data demonstrate that many mRNAs, some of
which were validated by real-time PCR and/or correlated at the
protein level from an independent data set (that of Diamond et
al.), were translationally regulated following HCV infection. This
prompted us to subsequently analyze the functions of the corre-
sponding genes.

Gene annotation and GO term enrichment analysis were per-
formed with the DAVID functional annotation tool (18). We
compared the ontogeny obtained with the data set of transcription-
ally regulated genes and the data set of genes regulated at the mRNA
translation level identified by ANOTA. Genes involved in cell cycling,

FIG 2 Polysomal fractionation of infected, noninfected, and infected-treated
cell lysates. (A) The absorbance at 254 nm was monitored during collection of
the 17 fractions from the sucrose gradient of infected cell lysates. (B) The
analysis of RNA extracted from each fraction of an infected cell sample was
performed on an Agilent bioanalyzer, allowing the visualization of the 28S and
18S rRNAs. (C) RNA quantities extracted from the polysomal and nonpoly-
somal pools of infected (I), noninfected (NI), and infected-treated (IT) cells.
The quantities of polysomal and free RNAs were nonsignificantly (NS) differ-
ent (Student’s t test) in infected, noninfected, and infected-treated cells.
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FIG 3 Global analysis of mRNA levels in total, polysomal, and nonpolysomal RNAs from infected, noninfected, and infected-treated cells. (A) PCA plot of the
microarray results for the 33 RNA samples. PCA was performed using the FactoMineR package. Separation along dimension 1 corresponds to infection status and
separation along dimension 2 to translation status. This shows marked changes in the total (tot), polysomal (P), and nonpolysomal (NP) RNAs of cells
undergoing productive infection. The polysomal fraction is very different from the total RNA fraction, whereas the nonpolysomal fraction is similar to it. (B)
Hierarchical clustering of the 33 RNA samples analyzed on microarrays was performed with cluster or Java Treeview software. On the heat map, the rows
represent the mRNA quantitation data (log transformed and median centered), and the columns represent the RNA samples.
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apoptosis, and oncogenesis were identified in both data sets. How-
ever, the transcriptionally regulated genes (1,341 transcripts; 623
downregulated and 718 upregulated) were specifically involved in
apoptosis, amino acid metabolism, nucleic acid metabolism (tran-
scription and pyrimidine metabolism), immunity and host defense
(stress response and complement-mediated immunity), Jun N-ter-
minal protein kinase (JNK) cascade, and NF-�B cascade (Fig. 6A and
B), and the genes undergoing regulation at the mRNA translation
level were specifically involved in protein metabolism and modifica-
tion, mRNA processing, mRNA translation, intracellular protein
traffic, the mTOR signaling pathway, adherens junctions, vesicular
transport, and the spliceosome (Fig. 6C and D).

Main biological processes regulated by HCV at the transla-
tional level. (i) Intracellular protein traffic and vesicular trans-
port. Several genes encoding Rab GTPases, which regulate many
steps of membrane trafficking, were regulated at the translational
level. Some genes coding for proteins engaged in vesicle transport

along the cytoskeleton were regulated, including proteins belong-
ing to the kinesin, dynein, and tubulin families. These genes, in-
volved in endocytosis and protein trafficking, are also involved in
the endocytosis of HCV particles and in viral replication (21, 22).
TP6V0A1, a gene involved in endosomal acidification, which is
important for the fusion of HCV and cell membranes, was up-
regulated.

Redistribution of lipid droplets, essential for HCV particle as-
sembly (23), depends on dynein and microtubules. The SNARE
proteins have a role in lipid droplet biogenesis (24), and HCV
NS5A interacts with a SNARE-like protein, VAPA, which is nec-
essary for HCV replication (25, 26) and was downregulated.

(ii) Pre-mRNA processing. The expression of several heteroge-
neous ribonucleoproteins (HNRPDL, HNRNPA0, HNRNPA1L2,
and HNRNPL) involved in pre-mRNA splicing, mRNA transport,
and mRNA translation was regulated.

mRNA abundance is regulated by KHSRP (also called KSRP)
and ELAVL1 (downregulated), which interact with AU-rich ele-
ment (ARE)-containing mRNAs. KHSRP also serves as a compo-
nent of both Drosha and Dicer complexes, suggesting that the
miRNA system could be affected during HCV infection (27). The
adenosine deaminase ADAR1, an interferon-inducible protein in-
volved in RNA editing that has been shown to inhibit HCV ex-
pression (28), was upregulated. Finally, Dicer was downregulated
both transcriptionally and translationally.

(iii) Protein synthesis. Several translation initiation and elon-
gation factors, ribosomal proteins, were upregulated (Fig. 7B).
PPP1R15A, which recruits the serine/threonine protein phospha-
tase PP1 to dephosphorylate the translation initiation factor eIF-
2A/EIF2S1, thus increasing mRNA translation, was upregulated.
Seven cytoplasmic tRNA synthetases, three mitochondrial tRNA
synthetases, and the methionyl-tRNA synthetase, which indirectly
participate in mRNA translation, were regulated.

Some of these factors are also involved in HCV translation. HCV
RNA is a noncapped, nonpolyadenylated RNA whose translation and
replication are regulated by its 5= and 3= UTRs. EIF4B, DDX3, and
ILF3 (29), which facilitate translation of the HCV genome (30, 31),
were upregulated. ELAVL1 (HuR) and IGF2BP1, which were down-
regulated, bind to the 3=UTR of HCV RNA (32), thus facilitating viral

FIG 4 Validation of microarray by qPCR of selected genes. A subset of 10 genes was randomly chosen to confirm the microarray results by real-time PCR. Log
ratios indicate changes observed in total (Tot) and polysomal (P) mRNAs during infection (compared to noninfected controls). The results of mRNA quanti-
fication by the two techniques were consistent. As expected, the fold changes were higher with qPCR.

FIG 5 Correlation between proteomic fold changes determined in the data set
of Diamond et al. (20) and the ANOTA classification of genes. In the study of
Diamond et al., proteomic fold changes of 765 cellular proteins were measured
under the same experimental conditions as in the present study, after 3 days of
infection of Huh7 cells by JFH1.
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internal ribosome entry site (IRES)-dependent translation (33, 34)
and viral replication for HuR (35, 36).

The mTOR signaling pathway is related to translation processes
and is of particular interest (Fig. 7A). Both rapamycin-insensitive
companion of mTOR (RICTOR) and RAPTOR, which is an essential
scaffold for mTOR-catalyzed phosphorylation of 4EBP1, were up-

regulated, whereas phosphatidylinositol 3-kinase (PI3K) was down-
regulated. These effects may contribute to the establishment of per-
sistent HCV infection, since PI3K and mTOR inhibition enhances
HCV replication (37). Recently, NS5A protein has been shown to
bind to the mRNA cap-binding eukaryotic translation initiation 4F
(eIF4F) complex and to upregulate host translation (38).

FIG 6 DAVID functional annotation of transcriptionally and translationally regulated genes. The translationally (anota) and transcriptionally (Student’s t test,
P � 0.005, and fold change of �2 in cytosolic RNA) regulated genes were annotated with the Panther gene ontology and KEGG pathway using DAVID software.
(A) Panther biological processes significantly associated (Fisher’s modified test, P � 0.05) with translationally regulated genes. (B) Panther biological processes
significantly associated (Fisher’s modified test, P � 0.05) with transcriptionally regulated genes. (C) KEGG pathways significantly associated (Fisher’s modified
test, P � 0.05) with translationally regulated genes. (D) KEGG pathways significantly associated (Fisher’s modified test, P � 0.05) with transcriptionally regulated
genes. The plots reflect the number of genes in the process. The number of upregulated genes is represented in red, and the number of downregulated genes is in
green.
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(iv) Protein folding. Several cochaperone proteins of the
DNAJ protein family, which regulate the heat shock proteins
HSP70 and HSP90 involved in HCV replication via NS3 viral pro-
tein (39), were upregulated, of which DNAJB1 is necessary for

HCV replication (40). Several members of the immunophilin pro-
tein family, cis-trans prolyl isomerases that accelerate protein
folding, were downregulated (FKBP5, FKBP7, FKBP3, FKBP9,
FKBP1B, and FKBP1A), while cyclophilin B, which stimulates the

FIG 7 Translation regulation of the mTOR signaling pathway and translation process. (A) Representation of the mTOR signaling KEGG pathway, significantly
associated with translationally regulated genes. The translationally upregulated genes are shown in red and the translationally downregulated genes in green. The
direction of transcriptional regulation (P � 0.05, fold change � 2) is indicated by arrows beside the gene names. (B) Representation of the network of interactions
between the translationally regulated proteins related to translation (obtained with Cytoscape and the MiMI plugin). As for the KEGG pathway, the translation-
ally upregulated genes are shown in red and the translationally downregulated genes in green, and potential transcriptional regulations are indicated by arrows
beside the circles.
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function of the HCV RNA polymerase NS5B (41), was upregu-
lated. Calnexin (CANX), which may be involved in folding the
HCV E1 and E2 glycoproteins (42), was upregulated.

RNA motifs overrepresented in the 3= UTR sequences of up-
regulated genes. RNA motifs, known to mediate translational
regulation, in the 3= and 5= UTR sequences of translationally reg-
ulated genes were sought with UTRscan; results showed that 7
motifs were overrepresented in translationally regulated mRNAs
(Fisher’s exact test, P � 0.05) (Table 1). However, these motifs
were represented in less than 1% of the regulated genes.

No significant miRNA target enrichment was found for the
translationally downregulated mRNAs using MiRonTop soft-
ware. In contrast, the translationally upregulated mRNAs pre-
sented a significant enrichment in the predicted binding sites of 63
miRNAs (see Table S1 in the supplemental material).

To check if a change in the abundance of these 63 miRNAs
could be responsible for the observed translational upregulations,
we used miRNA microarrays on total RNA from infected or non-
infected cells. Strikingly, these 63 miRNAs were either absent or
present at low levels in total RNA, suggesting that the translational
upregulations occurred mostly for the mRNAs that were not re-
pressed by their targeting microRNAs. Of note, we found that only
10 miRNAs (but none of the 63 MiRonTop-predicted miRNAs)
were weakly regulated in our infection model (Fig. 8 and Table 2).
The GEO accession number for reference miRNA is GSE44370.

DISCUSSION

This study is the first genome-wide translation profiling of the
Huh-7.5.1 cell line infected by hepatitis C virus strain JFH1. In this
model, in which almost all cells are infected, we compared the
composition of nonpolysomal, polysomal, and total cytosolic
RNAs from infected cells, noninfected cells, and infected cells
treated with a potent antiviral molecule. PCA and clustering
methods clearly demonstrated that JFH1 infection induced spe-
cific changes at the translational level. Experiments using a potent
NS3 protease inhibitor indicated that most of the observed
changes were due to HCV replication rather than to HCV entry.

The results of our analysis of cytosolic mRNA are consistent
with previous results obtained with the JFH1 model, showing that
this model is robust and reliable for transcriptomic analyses (7,
46). One crucial issue is the accuracy of the new method used to
select translationally up- and downregulated genes (ANOTA) in-
stead of the classical log ratio approach (47). The best evidence
supporting the use of this new method is the observed correlation
with the protein expression previously observed in the same
model and under the same conditions (20). This confirms that the

higher the level of translation of an mRNA, the higher the likeli-
hood that the corresponding protein will be expressed. Thus,
translational profiling of mRNA opens a window on the pro-
teome. However, posttranslational modifications, such as phos-

TABLE 1 RNA motifs overrepresented in the UTRs of translationally up- or downregulated genes

UTR and motif

% of genes harboring motif P value

% of totalDownregulated Upregulated Nonregulated Downregulated genes Upregulated genes

3= UTR
ARE2 0.008 0.008 0.005 0.11 0.047
SXL-BS 0.17 0.18 0.15 0.027 0.0013
UNR-BS 0.13 0.12 0.11 0.036 0.062
BRD-BOX 0.11 0.14 0.11 0.69 0.006
GY-BOX 0.09 0.14 0.10 0.27 �0.0001
MBE 0.68 0.66 0.62 0.0007 0.004

5= UTR
uORF 0.26 0.34 0.15 �0.0001 0.28

FIG 8 Hierarchical clustering of the infected and noninfected samples analyzed
on miRNA microarrays. On the heat map, the rows represent the miRNA quan-
titation data (log transformed and median centered), and the columns represent
the RNA samples.
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phorylation, which could be altered are obviously not analyzable
through translation profiling.

Translational profiling provides access to translational regula-
tions occurring during HCV replication. Some regulated genes
were also found to be regulated in proteomic studies and were
involved in metabolism, the cytoskeleton, vesicle trafficking, or
mitochondrial processes (20, 48). Other pathways or biological
processes were identified only by translational profiling, such as
translational process and other posttranscriptional regulations.
Translation profiling is based on nucleic acid detection and is
obviously more sensitive than proteomic methods.

What are the mechanisms governing translational regulation
during HCV infection? Concerning the miRNAs which theoreti-
cally modulate a part of translation (49), our results were mainly
negative. The only correlation we found was that the upregulation
of mRNA occurs when specific miRNAs are not present. Further-
more, in the present study, only 10 miRNAs (including miR-122)
were modulated by the acute infection of Huh-7.5.1 cells by JFH1;
5 of these were previously reported in at least one paper on this
issue (8, 43–45), but none was correlated to the translation of
target genes in the present study. Further experiments are re-
quired to show if the observed changes in miRNA have functional
consequences. Finally, the hypothesis that miRNA regulation has
a relatively low impact under our experimental conditions may be
also considered. The downregulation of Dicer and KSRP (27),
factors involved in miRNA processing, could result in a global
reduction in miRNA-mediated regulation that cannot be detected
with microRNA microarrays. At another level, many genes in-
volved in posttranscriptional regulation (RNA decay, deadenyla-
tion, splicing, and tRNA synthetase) and, strikingly, in transla-
tional regulation were regulated at the translational level. The
expressions of these genes could differentially influence the post-
transcriptional processing of many other genes, thus explaining
many posttranscriptional modulations during JFH1 infection.

One striking finding was the correlative link between the reg-
ulation of mRNA transcription and mRNA translation during
JFH1 infection. Among the genes which were both translationally
and transcriptionaly regulated, 97% underwent concordant regu-
lation. This explained why some ontologic pathways were modi-
fied at both layers of regulation. This is also in keeping with the
fact that 86% of proteins that were up- or downregulated in the
proteomic study of Diamond et al. (20) were also transcriptionally
up- or downregulated in the same direction in the present study.
Since the ANOTA algorithm identified translationally regulated
genes independently of the quantity of total RNA, one may hy-

pothesize that regulation of translation and of transcription might
be generally coupled. For instance, many RNA-binding proteins
involved in posttranscriptional regulation could also be present in
the nucleus and could potentially regulate the transcription and
export of mRNA from the nucleus to the cytosol.

HCV JFH1 replicates very efficiently in a cell line with a defec-
tive interferon response; thus, we obtained 100% infected cells in
our study. These conditions obviously facilitate the translation
profiling analysis used herein. A similar translation profiling anal-
ysis with infected clinical tissues or with cultured primary human
hepatocytes should require the isolation of a sufficient quantity of
infected cells and comparisons with noninfected cells. The rele-
vance of our findings to the natural infective process remains to be
shown. Nevertheless, the results of this approach in the unique
and artificial JFH1 model demonstrate that specific pathways, and
particularly posttranscriptional regulation, are deeply involved
during HCV infection.
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