
RESEARCH ARTICLE

Quantitative Proteomics Analysis of the
Hepatitis C Virus Replicon High-Permissive
and Low-Permissive Cell Lines
Fei Ye1☯, Zhongshuai Xin2☯, Wei Han1, Jingjing Fan4, Bin Yin1, ShuzhenWu3, Wei Yang4,
Jiangang Yuan1, Boqin Qiang1, Wei Sun3*, Xiaozhong Peng1*

1 The State Key Laboratory of Medical Molecular Biology, Department of Molecular Biology and
Biochemistry, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China, 2 Division of Hormone, National Institute for Food and Drug Control, Beijing,
China, 3 Core facility of instrument, Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China, 4 MOHKey Laboratory of Systems Biology of
Pathogens, Institute of Pathogen Biology, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China

☯ These authors contributed equally to this work.
* pengxiaozhong@pumc.edu.cn (XP); sunwei1018@hotmail.com (WS)

Abstract
Chronic hepatitis C virus (HCV) infection is one of the leading causes of severe hepatitis.

The molecular mechanisms underlying HCV replication and pathogenesis remain unclear.

The development of the subgenome replicon model system significantly enhanced study of

HCV. However, the permissiveness of the HCV subgenome replicon greatly differs among

different hepatoma cell lines. Proteomic analysis of different permissive cell lines might pro-

vide new clues in understanding HCV replication. In this study, to detect potential candi-

dates that might account for the differences in HCV replication. Label-free and iTRAQ

labeling were used to analyze the differentially expressed protein profiles between

Huh7.5.1 wt and HepG2 cells. A total of 4919 proteins were quantified in which 114 proteins

were commonly identified as differentially expressed by both quantitative methods. A total

of 37 differential proteins were validated by qRT-PCR. The differential expression of Gluta-

thione S-transferase P (GSTP1), Ubiquitin carboxyl-terminal hydrolase isozyme L1

(UCHL1), carboxylesterase 1 (CES1), vimentin, Proteasome activator complex subunit1

(PSME1), and Cathepsin B (CTSB) were verified by western blot. And over-expression of

CTSB or knock-down of vimentin induced significant changes to HCV RNA levels. Addition-

ally, we demonstrated that CTSB was able to inhibit HCV replication and viral protein trans-

lation. These results highlight the potential role of CTSB and vimentin in virus replication.

Introduction
Hepatitis C virus (HCV) is a positive-stranded RNA virus that causes acute and chronic hepati-
tis. A striking feature of HCV infection is the high risk of contracting liver diseases in
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persistently infected patients, up to 60–80% of infected adults progress to liver cirrhosis and
hepatocellular carcinoma [1]. With over 180 million people currently infected, HCV represents
a growing world health problem [2]. Although many issues have been addressed since HCV was
first identified, the lack of a virus culture system was a serious handicap in the fight against
HCV infection. The development of an HCV replicon system enabling HCV subgenomic RNA
replication in Huh7 human hepatoma cells allowed the study of mechanisms underlying HCV
replication [3]. The initial functional replicon that was previously reported is HCV genotype 1,
and efficient replication of this replicon has been accomplished only in limited human hepato-
cyte-derived cell lines [4–6]. Kato et al. developed an HCV genotype 2a replicon (JFH-1) that
replicates efficiently in Huh7 cells and other human hepatocyte-derived cells lines (HepG2 and
IMY-N9) [7–9] and nonhepatic cells lines (HeLa and HEK293) [10, 11] without adaptive muta-
tions. Although these cell lines can uptake the HCV subgenomic replicon, the efficiency of repli-
cation in cells differs significantly because of host cell permissiveness. In 2005, an efficient virus
production system using the JFH1 strain was developed using Huh7-derived cell lines [12, 13].
In this system, Huh7 is the only cell line that enables persistent HCV production without addi-
tional host factors [14], although a new human hepatoma cell line (Li23), was recently reported
to enable genome-length HCV RNA replication [15, 16]. Other hepatocyte-derived cells, such
as HepG2 cells, support the HCV 2a subgenomic replicon with lower efficiency compared to
Huh7. HepG2 cells differ by up to two orders of magnitude in their level of permissiveness [9].
To date, there is still no evidence to support robust replication of the HCV genotype 1 subge-
nomic replicon or 2a genomic replicon in HepG2 cells without the addition of external factors.

The permissiveness of the host cell critically contributes to the different efficiency of RNA
replication [17, 18]. However, the mechanisms behind the different levels of permissiveness in
the two cell lines are unknown. Evidence suggests that the level of permissiveness is determined
by the availability of host cell factor(s) required for RNA replication, presumably limiting repli-
cation in cells with low permissiveness [18]. One important finding is that liver-specific micro-
RNA 122 (miR-122) is highly expressed in Huh7 cells and absent in HepG2 cells [19]. MiR-
122 can facilitate replication of HCV viral RNA, suggesting one possible cause of the different
levels of permissiveness between the two cell lines. Hepatic cell lines transfected with miR-122
were able to support the entire HCV life cycle. However, long-term multi-cycle HCV spread
was less efficient in HepG2 cells expressing miR122 compared with Huh7.5.1 cells [16, 20]. In
addition to microRNA, a number of other host cell factors may also be involved in facilitating
HCV replication or translation.

Proteomic analysis provides a large-scale view of proteins expression in cells or tissues.
Therefore, differential proteomic analysis might identify disease-related proteins and provide
possible clues to their functions. Proteomic technology has been employed to find potential pro-
teins that associate or interact with HCV [21–24]. Jacobs et al. analyzed HCV replicon-positive
and negative Huh7.5.1 cells and identified changes in expression of proteins involved in lipid
metabolism [21]. Xun et al. examined the differential expression of proteins in Huh7 cells and
Huh7 cells harboring in vitro-transcribed full-length HCV 1b RNA (Huh7-HCV) and found 13
differential proteins related to HCV replication [22]. The above reports added new information
to the understanding of HCV and may provide new clues for the treatment of HCV infection.

In this study, we investigated key proteins contributing to the permissiveness of different
hepatoma cells using proteomic analysis of two cells with different permissiveness for HCV
RNA replication. Huh7.5.1 wt cells were ‘cured’ cells derived from R1b cells by treatment with
interferon [17], which support higher levels of HCV RNA replication compared to parental
Huh7 cells, and HepG2 have a low level of HCV subgenome permission. Identification of dif-
ferential proteins functions may reveal factors contribute to HCV replication. Using label-free
and iTRAQ labeling quantitative proteomic approaches, a total of 680 differentially expressed
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proteins were identified. QRT-PCR and western blot were used to verify expression levels of
these proteins. However, CTSB and vimentin were identified as regulators of HCV replication
by protein functional studies, and may therefore be potential molecular targets for HCV
treatment.

Materials and Methods

Cells and Virus
Huh7.5.1 human hepatoma cells were kindly provided by Francis Chisari (Scripps Research
Institute, La Jolla, CA, USA) and were maintained in complete DMEM. HepG2 (ATCC),
Hep3b and SMMC7721 were maintained in MEMmedium while L-02 were maintained in
RPMI1640 medium supplemented with 2 mM L-glutamine, 100 U/ml of penicillin, 100 mg/ml
of streptomycin and 10% FBS [25, 26]. Hep3b, SMMC7721 and L-02 were obtained from Cell
culture center of Chinese Academy of Medical Sciences and Peking Union Medical College.
R1b cells expressing an HCV pooled subgenome replicon were developed in our laboratory as
described previously [3, 27] and maintained with an additional 500 μg/mL G418 supplement.
To obtain cured Huh7.5.1 wt cells, R1b cells were treated with 1000 IU/ml of IFN-α in the
absence of G418. The treatment was continued for 2 weeks with the addition of IFN-α at 3-day
intervals. Clearance of HCV RNA in these cured cells was confirmed by qRT-PCR.

Apparatus
An LTQ Velos Orbitrap and a TripleTOF 5600 mass spectrometer were from Thermo fisher
(Bremen, Germany) and ABsciex (Framingham, USA). An ACQUITY UPLC system was pur-
chased fromWaters (Milford, MA). An ADVANCE CaptiveSpray source for Thermo and C18
reverse phase (RP) capillary were purchased fromMichrom Bioresources (Auburn, CA).

Reagents
Deionized water from a MilliQ RG ultrapure water system (Millipore, MA) was used at all
times. HPLC grade I and formic acid, ammonium bicarbonate, iodoacetamide, DTT, sequenc-
ing grade modified trypsin, and protease inhibitor PMSF were purchased from Sigma
(St. Louis MO, USA).

Protein Sample
Cell population were harvested in 50 ml tubes by centrifugation for 5 min at 400 ×g, washed
five times with phosphate-buffered saline, and lysed with lysis buffer (7 M urea, 2 M thiourea,
50 mM tris, 50 mMDTE, 1 mM PMSF, 1 mM Rnase and 1 mM Dnase) in a homogenizer on
ice. The lysate was centrifuged for 10 min at 12,000×g, and the supernatant was collected. The
radford method was used to determine the protein concentration.

Protein Digestion
The protein samples were digested using the filter-aided sample preparation method [28].
Briefly, the protein sample were first reduced with 20 mM DTT at 95°C for 3–5 min, and then
washed once with 8M urea on 10Kda filter (Pall) at 14,000 g for 40 min. The mixture was alkyl-
ated with 55 mM iodoacetamide for 30 min in the dark, and washed twice with 8 M urea. The
protein sample were washed with 50 mM ammonium bicarbonate once, and then digested
with trypsin (1 μg/50 μg protein) overnight at 37°C. The peptide mixtures were desalted on an
OASIS C18 solid phase extraction column (Waters). All samples were lyophilized for MS anal-
ysis. The concentration of peptides was determined by BCA kits at 562 nm.
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iTRAQ labeling
The two digested samples were mixed at equal amount as an internal standard. The two sam-
ples and the internal standard were labeled with 115, 116 and 117 iTRAQ. Labeling was per-
formed according to the manufacturer’s protocol (Absciex). The three samples were pooled
into one sample at equal peptide amounts and lyophilized.

LC-MS/MS analysis
Label-free approach. The two digested samples were analyzed using an RP C18 capillary

LC column fromMichrom Bioresources (100 μm×150 mm, 3 μm). The gradient was eluted in
5–30% buffer B1 (0.1% formic acid, 99.9% I; flow rate, 0.5 μL/min) for 100 min. Each sample
was run three times. Orbitrap-LTQ-CID mode was used to acquire raw data. Precursors were
scanned with an Obitrap analyzer and then fragmented and scanned with an LTQ analyzer.
MS data were acquired using the following parameters: 20 data-dependent CID MS/MS scans
per every full scan, full scans were acquired in Orbitrap at resolution 60,000, 35% normalized
collision energy in CID included internal mass calibration (445.120025 ion as lock mass with a
target lock mass abundance of 0%), charge state screening (excluding precursors with unknown
charge state or +1 charge state) and dynamic exclusion (exclusion size list 500, exclusion dura-
tion 30 s).

iTRAQ approach. The pooled mixture from three labeled samples was first fraction with a
high-pH RPLC column fromWaters (4.6 mm×250 mm, C18, 3 μm). The samples were loaded
onto the column in buffer A2 (100% H2O, pH = 10). The gradient was eluted in 5–30% buffer
B2 (90%CAN; pH = 10, flow rate 1 mL/min) for 60 min. The eluted peptides were collected as
one fraction per minute, and the 60 fractions were pooled into 20 samples. Each sample was
analyzed using a RP C18 capillary LC column fromMichrom Bioresources (100 μm×150 mm,
3 μm). The gradient was eluted in 5–30% buffer B1 (0.1% formic acid, 99.9% I; flow rate,
0.5 μL/min) for 100 min. TripleTOF 5600 was used to analyze the samples. MS data were
acquired with the high sensitivity mode using the following parameters: 30 data-dependent
MS/MS scans per every full scan; full scans acquired at resolution 40,000 and MS/MS scans at
20,000; 35% normalized collision energy, charge state screening (including precursors with +2
to +4 charge state) and dynamic exclusion (exclusion duration 15 s); MS/MS scan range was
100–1800 m/z and scan time was 100 ms.

Database search
The MS/MS spectra were searched against the SwissProt human database from the Uniprot
website (www.uniprot.org) using Mascot software version 2.3.02 (Matrix Science, UK). Trypsin
was chosen as cleavage specificity with a maximum number of allowed missed cleavages of
two. Carbamidomethylation I and the iTRAQ 4-plex label were set as fixed modifications for
the iTRAQ labeling approach. The searches were performed using a peptide tolerance of
5 ppm and a product ion tolerance of 0.5 Da in a label-free approach, and peptide and product
ion tolerance of 0.05 Da in the iTRAQ method. Scaffold was used to further filter the database
search results using the decoy database method. A 1% false positive rate at the protein level was
used as a filter, and each protein contained at least 2 unique peptides.

Quantitation analysis
Label-free approach: The raw files from label-free analysis were imported into Progenesis
LC-MS (v2.6, Nonlinear Dynamics, UK). A reference run was selected from the wild type sam-
ple injections and other runs were aligned to the reference run. The abundance of features
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among different LC/MS/MS runs was normalized. Alignment was achieved by use of the auto-
mated alignment algorithm within Progenesis LC-MS. Features were filtered for charge state
(+2 to +5). To integrate MS features with protein identities, MS/MS spectra from all runs were
exported and searched against the SwissProt human database using Mascot. The results were
imported back into Progenesis LC-MS and the peptide identifications were mapped onto the
quantitative peptide data. Peptide quantitative results were converted into protein quantitative
results by peptide reassignment with Progenesis LC-MS. Proteins with a fold change> 2 and
p-value< 0.05 were considered as significant.

The database search results from iTRAQ-labeling approach were imported into Scaffold for
further analysis. After filtering the results by above database search filter, the peptide abun-
dances in different reporter ion channels of MS/MS scan were normalized. The protein abun-
dance ratio was based on unique peptide results. Proteins with a fold change> 2 were
considered significant.

GO functional analysis
Differential proteins (Table 1) identified by two proteomic analysis approaches were assigned
their gene symbol via the Panther database (http://www.pantherdb.org/). Protein classification
was performed based on functional annotations using Gene Ontology (GO) for biological pro-
cess and molecular function. When more than one assignment was available, all of the func-
tional annotations were considered in the results.

IPA network analysis
The SwissProt accession numbers of differential proteins (Table 1) were inserted into the Inge-
nuity Pathway Analysis (IPA) software (Ingenuity Systems, Mountain View, CA). This soft-
ware categorizes gene products based on the location of the protein within cellular components
and suggest possible biochemical, biological and molecular functions. Proteins were mapped to
genetic networks available in the Ingenuity and other databases and ranked by score. These
genetic networks describe functional relationships between gene products based on known
interactions in literature. The newly formed networks were associated with known biological
pathways with the IPA software.

Real-time qRT-PCR analysis
Differential proteins were verified by qRT-PCR analysis. Briefly, cells were cultured for RNA
isolation using Trizol reagent (Invitrogen, USA) following the manufacturer’s protocol. Then
1 μg total RNA was reverse transcribed to cDNA using random primers and first-strand cDNA
synthesis superMix (TransGen biotech, China). QRT-PCR was performed on a C1000 Thermal
cycler (Bio-rad, USA) with SYBR Green Mix (Takara Bio INC, Japan) as a previously described
method [27]. The qRT-PCR procedure was as follow: an initial step of 1 min at 95°C, followed
40 cycles for 10 s at 95°C and 30 s at 60°C. The disassociation analysis was routinely carried out
by acquiring a fluorescent reading from 55°C to 95°C. All qRT-PCR products were verified by

Table 1. The qualitative and quantitative results from the label-free and 4-plex iTRAQmethods.

Method Qualitative result Quantitative result

Protein peptide Spectrum total differential common

Label-free 1467 8118 52993 1416 393 114

iTRAQ 4944 38,191 215,287 4900 457 114

doi:10.1371/journal.pone.0142082.t001
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melting curve analysis. Primers sequences are provided in the supporting information. The
fold-relative enrichment was quantified with normalization to the GAPDH level. Each experi-
ment was repeated at least three times.

Over-expression or knockdown of differential proteins
To test the key differential proteins function to HCV subgenome replication, R1b cells were
transfected with 20 nM siRNAs targeting GSTP1 [29], UCHL1 [30], vimentin [31] or plasmids
over-expressing CES1, PSME1, CTSB using Lipofection 2000 (Invitrogen, USA) according to
the manufacturer’s protocol. The primers of over-expression for CTSB, CES1, vimentin, and
PSME1 were described in Table 2. Western blot and qRT-PCR analysis were used to analyze
levels of each proteins, β-actin, HCV RNA, and GADPHmRNA.

Cell Culture-derived HCV (HCVcc) and Luciferase reporter assays
To demonstrate the key differential proteins to HCVcc replication, Huh7.5.1 cells were trans-
fected with 20 nM siRNA, and a second siRNA transfection was processed after 24 h. Then
cells were infected with Jc1-Luc HCVcc after 48 h, and Luciferase activity was measured 48 h
later (Promega, USA). The production and infection procedures of HCV JFH1 were described
previously [32]. And the production of Jc1-luc chimeric HCV cell culture (HCVcc) was per-
formed as previously described [33].

In vitro transcription
To verified the key differential proteins to HCV subgenome replication, HepG2 cells were
transfected with 20 nM siRNAs targeted to CTSB [34] or over-expression plasmids of vimen-
tin, and cells were transfected with HCV 1b RNA using Interferin (Polyplus-transfection Inc,
USA) 12 h later and harvested for protein extraction and total mRNA isolation after 24 and 48
h. Non-related control siNC (Genepharma, China) and pcDNA3.1 were used as negative
controls.

ScaI-digested replicon constructs were further purified with ethanol and sodium acetate and
used as templates for in vitro RNA synthesis using the RiboMAX™ Large Scale RNA Production
System-T7. Synthesized HCV subgenomic RNA was treated with Dnase I (Promega, USA) fol-
lowed by acid phenol extraction to remove any remaining template DNA.

Western blot analysis
Western blot was performed following a previously described method [35]. The dilution of pri-
mary antibodies as below: UCHL1 (diluted in 1:1000, Enzo life sciences), GSTP1 (diluted in

Table 2. Primers used in this study.

Description Primer sequence(5'-3')

pcDNA4.0-PSME1 Fwd CCGCTCGAGATGGCCATGCTCAGGGTCCAGC

Rev GCTCTAGATCATTCCCTTTG

pcDNA4.0-CTSB Fwd CCGCTCGAGATGTGGCAGCTCTGGGCCTC

Rev GCTCTAGATTAGATCTTTTCCCAGTACTGATCGG

pcDNA4.0-CES1 Fwd CGGAATTCATGTGGCTCCGTGCCTTTATC

Rev CCGCTCGAGTCACAGCTCTATGTGTTCTG

pcDNA4.0-vimentin Fwd GGAATTCATGTCCACCAGGTCCGTGTC

Rev GCTCTAGATTATTCAAGGTCATCGTGATG

doi:10.1371/journal.pone.0142082.t002
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1:1000, Calbiochem), Vimentin and CES1 (diluted in 1:500, Santa Cruz Biotechnology), CTSB
and PSME1 (diluted in 1:500, Epitomics Biotechnology). The HCV core (diluted in 1:1000,
Thermo Fisher Scientific), Mouse monoclonal β-actin antibody (diluted in 1:3000, Sigma).
HRP-linked anti-IgG ECL reagent (Amersham Biosciences, UK) was used as the substrate for
detection, and the membrane was exposed to an X-ray film for visualization.

Statistical Analysis
The qRT-PCR andWestern blot assay were performed in triplicate. The data were analyzed
using a two-tailed paired Student’s t test, and Values with P<0.05 were considered to be
significant.

Results

Proteomic analysis to detect differentially proteins
To achieve a comprehensive differential proteomic analysis, two quantitative approaches were
used in this work. The first is a label-free method based on peptide peak area, whereas the sec-
ond is a labeled method based on iTRAQ labeling.

Label-free approach. The two samples (Huh7.5.1 wt and HepG2 cells) were analyzed by
1D LC-MS/MS. A total of 6 LC-MS/MS runs (3 for each cell line) were imported into Progen-
esis LC-MS and subjected to alignment with a reference run. MS feature detection was filtered
by peptide charge state (+2 to +5) and resulted in 40,444 features. The features from the MS/
MS scan were exported from Progenesis LC-MS for a Mascot database search. A total of
103,610 MS/MS spectra were searched against the SwissProt database and 52,993 spectra were
identified. The results were further filtered by Scaffold with 1% FDR at the protein level and 2
unique peptides for each identification, resulting in 8118 peptides and 1467 proteins (Table 1,
detailed data in S1 Table). A total of 1416 proteins could be used for quantitative analysis. The
mean protein abundance CV was 11.57%.

S1 Fig compared the protein abundance ratio of any two inter-run analyses using linear
regression. The abundance ratio of replicate experiments performed very well with R2 above
0.99, which showed the good experimental reproducibility of this study.

To evaluate the false positive frequency in protein abundance changes based on peptide
peak area criteria, the three runs for each sample were mutually compared. The average false
positive frequency of inter-run analysis was 1.71% (false positive frequency is the protein num-
ber with an abundance change greater than 2-fold divided by the total protein number in any
two runs of a given sample; detailed data for each sample not shown).

The inter-sample analysis is visualized using a volcano plot comparing the fold change and
t-test p-value (Fig 1). A total of 393 proteins were determined to be modulated more than
2-fold with t-test p-value less than 0.05 (S1 Table).

iTRAQ-labeling approach. The mixed sample from HepG2 and Huh7.5.1 wt cells was
added as an internal standard. After mixing with labeled HepG2 and Huh7.5.1 wt samples, the
mixture was analyzed by the RP-RP LC/MS method. The RP-RPLC system operated at differ-
ent pH values provides a higher practical peak capacity, and is commonly used for proteomic
analysis [36–38]. In this study, iTRAQ labeled tryptic peptides were separated using first
dimensional RPLC at high pH (pH = 10) into 60 fractions, which were concatenated into 20
fractions by combining fractions 1, 21, 41, 2, 22, 42 and so on. The 20 pooled fractions were
finally submitted for RPLC-MS/MS analysis at low pH (pH = 2). The 20 raw files were merged
into one file for Mascot database search, and the result was filtered using Scaffold with a 1%
FDR at the protein level with decoy database and 2 unique peptides for each protein.
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A total of 773,191 MS/MS were used for the database search and 215,287 spectra, 38,191
unique peptides and 4944 proteins were identified (Table 1, detailed data in S1 Table). From
this dataset, 4900 proteins could be used for quantitative analysis. The protein abundance ratio
distribution of the two cell lines is shown in Fig 2. The normal distribution of the protein abun-
dance ratio and the greater than 90% ratio between -1 to +1 indicated that the iTRAQ-labeling
approach provided good quantitative information. The differential proteins with over 10 fold
change were manually validated and found they were artifacts by data processing, therefore,
they were excluded from the final list. Total 451 differential proteins were found (S2 Table),
201 protein up-regulated and 250 down-regulated.

Combination of label-free and iTRAQ-labeling approaches
When combined the results from the label-free and iTRAQ-labeling approaches were combined,
a total of 730 differentially expressed proteins were identified. Among them 114 were regarded as
differential by both approaches, and showed the same expression trend. A total of 56 proteins
were identified as differential with one approach (44 and 12 from the label-free and iTRAQ
approaches, respectively), but the other approach showed the reverse trend. To exclude false posi-
tive identification, these proteins were excluded from the following functional analyses. Therefore,
a total of 674 proteins were considered as differentially expressed proteins for functional analysis.

GO analysis
To gain a functional understanding of the possible roles of the differentially expressed proteins,
GO annotation was performed using “biological process” and “molecular function”. The 674

Fig 1. The overall workflow.Huh7.5.1 wt and HepG2 whole-cell proteins were harvested and analyzed using
the Label-free and iTRAQ proteomic approaches, and the differential proteins were verified by qRT-PCR and
western blot. The functions of selected differential proteins in HCV replication were analyzed further.

doi:10.1371/journal.pone.0142082.g001
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Fig 2. Quantitative analysis of proteins abundance changes detected using the label-free and iTRAQ approaches. (A) The volcano plot shows t-test
p-values plotted against log2 values of protein fold changes. Data points in the lower center area of the plot have a log2 value close to 0 and a p value
approaching 1 and indicate no significant change, whereas points in the upper left and upper right quadrants indicate significant negative and positive
changes in protein abundance, respectively. (B) The iTRAQ ratio was transformed by log2 analysis. The proteins with abundance ratio within the range from
-1 to +1 indicate no significant changes, and values larger than +1 or lower than -1 indicate significant positive and negative changes in protein abundance,
respectively.

doi:10.1371/journal.pone.0142082.g002
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differential proteins were clustered according to their biological processes and molecular func-
tion (Fig 3). Proteins were involved in several biological processes that are relevant for HCV
infection, especially growth and inflammation. A significant number of identified proteins
(29.8%) were engaged in metabolic process, while the next top five biological process categories
were cellular process (14.2%), cell communication (9.3%), transport (7.5%), immune system
process (6.4%) and developmental process (6.2%) (Fig 3A). In the molecular function distribu-
tion category, the majority of the proteins were associated with three functions: catalytic activ-
ity (40.1%), binding (29.2%) and structural molecule activity (10.4%) (Fig 3B).

Fig 3. Classification of differentially expressed proteins based on GO annotation. (A) Categorization based upon biological process analysis of total
differential protein expression. (B) Categorization based upon molecular function analysis of total differential protein expression. The distribution frequencies
in regard to the specified categories within the given charts are indicated in % of the total number of protein entries.

doi:10.1371/journal.pone.0142082.g003
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IPA network analysis
Ingenuity Pathway Analysis (IPA) was used to determine whether proteins that changed in
abundance could be mapped to specific functional networks. IPA analysis revealed that many
of the differential proteins were located in networks of Cancer, Gastrointestinal and Hepatic
System Disease (Fig 4). Several differential proteins including vimentin, CTSB, UCHL1, CES1,
PSME1 and GSTP1, were key proteins in the merged network. These proteins interacted with
each other or with important cell factors either directly or indirectly. Whether these networks
target HCV or impact the permission of cells for HCV infection needed to elucidated.

Validation of differential proteins by qRT-PCR and western blot analysis
A total of 37 differential proteins which were located in the merged networks or related with
virus infection were selected for qRT-PCR analysis. The 37 proteins showed the same expres-
sion trend in qRT-PCR against proteomic analyses (S3 Fig). Among them, vimentin, PSME1,
CES1, UCHL1, GSTP1 and CTSB were chosen for further study. Other hepatitis cell lines were
used to better elucidate which proteins play a role in the HCV life cycle. However, the mRNA
levels of GSTP1, UCHL1, and vimentin were extremely high in Huh7.5.1 wt cells compared to
HepG2. While CES1, PSME1 and CTSB were identified with a high expression in HepG2 cells
but not in R1b and Huh 7.5.1 wt cells (Fig 5A). All results consisted with the results both in
label-free and iTRAQ.

Fig 4. The interaction networks of differential proteins in Huh7.5.1 wt and HepG2 cell lines by IPA
analysis. The networks of differentially expressed proteins related to Cancer, Gastrointestinal and Hepatic
System Disease, Cell Death and Survival, Cellular Development, Growth and Proliferation. Proteins high in
Huh7.5.1 wt cells and HepG2 cells are denoted in red and green, respectively. Any known direct connections
between these proteins are indicated by solid lines, indirect interactions are shown with dashed lines.

doi:10.1371/journal.pone.0142082.g004
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Fig 5. The key differentially expressed proteins in IPA networks analysis were validated by qRT-PCR and western blot. (A) The mRNA levels of six
differential proteins in hepatic cell lines. (B) The protein levels of six key differential proteins in hepatic cell lines. NS3 was used as control for HCV-replicon
expression for all the analyses, while GAPDH as control. And β-actin was used for protein loading control. *P<0.05, ** P<0.01 and ***P<0.001 versus
negative control

doi:10.1371/journal.pone.0142082.g005
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To validate the protein level of above differential proteins, western blot was carried out to
verify these results. Vimentin, GSTP1 and UCHL1 were highly expressed in R1b and Huh7.5.1
wt cells, while expression of PSME1, CES1 and CTSB were higher in HepG2 cells (Fig 5B).
Expression of all 6 differentially expressed proteins in Huh7.5.1 wt and HepG2 is summarized
in Table 3. Overall, the qRT-PCR and western blot analyses confirmed the results of the label-
free and iTRAQ analysis.

Effects of GSTP1, UCHL1, vimentin, CES1, PMSE1 and CTSB on HCV
replication
Although differentially expressed proteins were identified by both LC/MS/MS and western
blot. The function of these proteins related to HCV infection still need to uncover. Vimentin,
GSTP1 and UCHL1 exhibited high expression levels in Huh7.5.1 wt cells not in other hepatic
cell lines, indicating that they might facilitate the permissiveness of the HCV replicon in differ-
ential cell lines.

Knockdown of GSTP1, vimentin and UCHL1 in R1b cells were used to explore the differen-
tial proteins functions in HCV subgenome permission. Results illustrated that the RNA level of
HCV highly decreased in vimentin knockdown cells, increased in GSTP1 knockdown cells and
did not changed in UCHL1 knockdown cells (Fig 6A, left panel). The results indicate that
vimentin might be associated with HCV replicon permissiveness.

And CES1, PSME1 and CTSB were over-expressed in R1b cells prior to detection HCV
RNA. HCV replication did not change significantly in cells with over-expression of CES1 and
PSME1. However, the HCV RNA level sharply decreased in cells with CTSB over-expression
(Fig 6A, right panel), which indicated that CTSB might participate in HCV subgeonme permis-
sion in R1b cells. Effects of HCV to these proteins expression were illustrated, Vimentin,
UCHL1, GSTP1 and CTSB were demonstrated decreased in HCV infection (S3 Fig).

Huh7.5.1 cells were infected with Jc1-Luc HCVcc after vimentin was knocked down or
CTSB was over-expressed to further investigate roles of proteins on HCV RNA levels. Knock-
down of vimentin or over-expression of CTSB both reduced luciferase activities (Fig 6B). The
effect of CTSB and vimentin to viral protein expression were confirmed by HCV JFH1 infec-
tion. Results showed that CTSB inhibit viral protein expression, and vimentin didn’t show such
effect (Fig 6C). And CTSB and vimentin didn’t affect R1b cell viability and growth in this study
(data not show).

To verify the function of vimentin and CTSB to HCV RNA replication in HepG2 cell lines.
Knockdown of CTSB or over-expression of vimentin was performed in HepG2 cells after the
HCV subgenome RNA transfection. HCV RNA levels were analyzed at 24 h and 48 h after
transfection. The results showed that levels of HCV RNA in treated cells were significant

Table 3. Identification of the 6 differential proteins in Huh7.5.1 wt and HepG2 cells detected by analysis of label-free, iTRAQ, qRT-PCR and western
blot assays (Relative differential proteins: HepG2/Huh7.5.1 wt).

label-free iTRAQ qRT-PCR Western blot

GSTP1 0.0304 0.2000 0.0001 0.0604

UCHL1 0.0898 0.1053 0.0003 0.0205

vimentin 0.0700 0.1579 0.1588 0.2752

PSME1 5.3056 2.8000 9.3616 7.6806

CES1 21.5732 8.5000 28.4906 28.5858

CTSB 10.3232 2.8000 16.0261 2.2342

doi:10.1371/journal.pone.0142082.t003
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depleted slowly compared with the negative control (Fig 6D). Western blot analysis demon-
strated knockdown or over-expression of indicated proteins level compared with the negative
control (Fig 6A, 6B and 6C, down panel). These results may suggest that CTSB and vimentin
participated in HCV RNA replication procession.

Fig 6. The effects of six key differential proteins on HCV RNA levels. (A) qRT-PCR analysis of HCV RNA levels by transfection of siRNA or over-
expression of plasmids. (B) Luciferase assay of Jc1-Luc HCVcc in Huh7.5.1 cells transfected with siRNA or over-expression plasmids. (C) QRT-PCR
analysis of HCV RNA levels in knockdown of CTSB or over-expression of vimentin in HepG2 cells after transfection with HCV replicon RNA. Western blot
results showed the protein level of knockdown and over-expression differential proteins, and β-actin as protein loading control. (D) Huh7.5.1 cells were
transfected with siRNA or over-expression plasmids of CTSB, then 24 h later, cells were infected with HCVcc (multiplicity of infection 0.1). At 48 h post
infection, immunoblotting was performed with an anti-HCV core antibody. Each bar represents the average of triplicate data points with the standard
deviation represented as the error bar. *P<0.05, ** P<0.01 and ***P<0.001 versus negative control

doi:10.1371/journal.pone.0142082.g006
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Discussion
Recent advances in both proteomic methodologies [39–41] and cell culture models of HCV
infection [3] make it possible to perform global characterization of the host cell protein response
within the context of the complete set of HCV genes in vitro. Global characterization of the host
cellular response to HCV has been developed using liquid chromatographic (LC) separations
coupled with mass spectrometry (MS) for proteome analysis to identify potential gene markers
of HCV-associated liver disease [42]. These reports were mainly based on the HCV replicon cell
culture systems and have been particularly limited for several reasons. One limitation is that
HCV replicon sequences contain many sequences absent from the HCV genome that are
required to sustain the replication of the replicon. Additionally, the G418 selection required to
select cells containing the HCV replicon influences the protein profile of host cells and results
changes in the host cell proteome. These defects may result in identification of false positive pro-
teins during proteome analysis that are independent of the HCV life cycle. We compared prote-
omic differences between two naïve hepatoma cell lines that showed significant differences in
permissiveness for the HCV replicon. The use of naïve cells allowed us to avoid the influence of
extrinsic factors and was favorable for selecting real HCV-related proteins.

Proteomics is a powerful tool for biological and medical analysis and has been successfully
utilized in various fields. In this paper, we employed two quantitative proteomic methods,
label-free (peptide peak area) and labeled (iTRAQ). The label-free approach is based on peptide
peak area and provides comprehensive proteomic profile and quantitative results. It required
high reproducibility of sample processing and LC-MS/MS results [43]. With the increase in
sample number and multiple-dimensional separation, the variance of fold change will increase.
Therefore, in this study 1D LC-MS/MS was used for label-free quantitative analysis to obtain
more accurate quantitative results. The iTRAQ-labeling approach used an isotope labeling
method and provided reliable quantitative information. However, protein ratio accuracy was
often underestimated due to contamination of peptides with similar m/z’s included in the isola-
tion window during ion selection and prior to MS/MS fragmentation. A previous study
reported that prefractionation of samples could increase the proteome coverage [44]. In this
study RP-RP 2D LC-MS/MS was adopted for the iTRAQ-labeling approach to obtain more
comprehensive quantitative results. The combination of these two approaches not only pro-
vided more comprehensive quantitative information about the sample, but also mutually con-
firmed the results. The label-free approach provides more accurate quantitative information
that may be under-estimated by the iTRAQ-labeling approach, while the iTRAQ-labeling
approach using 2D LC-MS/MS provided higher proteome coverage that might be absent in 1D
LC-MS/MS label-free analysis. Finally a comprehensive differential protein map (674 proteins)
was presented.

Entry factors, immune defense, host factors are crucial for virus life cycle. It’s well known
that the SCARB1, CD81, Claudin-1, OCLN are necessary for HCV to enter host cells, which all
fully discussed [45–49]. And host cellular factors also affect virus tropism, while apolipoprotein
E (apoE) was reported could specifically blocked the entry of HCV [50]. And there are other
cellular factors required for HCV replication, cdc42 and other cellular factors proved to partici-
pate in HCV replication by interacting with HCV NS5A protein [51]. Recently, there are func-
tional genomics studies revealed the extensive network of host for HCV life cycle. By small
interfering RNA screening, lots of cellular factors participate in complete HCV replication
cycle [52]. MiR-122 was reported to have crucial role in HCV replication, by protecting the
viral genome from degradation. When ectopic expression miR-122 in other cell lines (HepG2,
HEK293, mouse embryonic fibroblasts), the HCV RNA level were all highly enhanced. There
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is one question that the HCV RNA level still low in HepG2 cells after ectopic expression of
miR-122 when compared with Huh7 cell lines [20, 53, 54].

The aim of this study was to identify proteins involved cell permissive, some of proteins
have been reported to be relevant to HCV or HCV associated hepatocellular carcinoma. Crea-
tine kinase B (CKB) is a key ATP-generating enzyme, was reported to be important for efficient
replication of the HCV genome and propagation of infectious virus [55]. And in our data, CKB
is richly expressed in Huh7.5.1 wt cells which can partly explain why the permission of HCV
subgeonme in HepG2 is low. UCHL1, GSTP1 and CTSB, were linked to the TP53 signaling
cascades, which has been suggested to be involved in carcinogenic processes and transcription
regulation. TP53 mutation has been demonstrated to frequently exist in hepatocellular carci-
noma patients infected with HCV [56]. UCHL1 is selectively expressed in the testis/ovary and
brain and plays an important role in targeting of abnormal proteins for degradation through
the ubiquitin-proteasome system [57, 58]. UCHL1 is particularly high expressed in Huh7.5.1
wt related cell lines, but loss of function in R1b cells indicated that it did not have an effect on
HCV replication. And GSTP1 is an enzyme that catalyzes the conjugation of glutathione
(GSH) to a variety of electrophilic substances. It has been reported that the GSTP1 gene is
hypermethylated in genotype 1b HCV core protein-positive cells [59] and in hepatocellular
carcinoma (HCC) tumors associated with HCV infection [60]. We discovered that knockdown
of the GSTP1 led to an increase in HCV RNA levels in R1b cells. The association GSTP1 hepa-
tocellular carcinoma indicates that it may function in the HCV life cycle [61]. We speculate
that GSTP1 may be a cellular factor that acts as an antiviral element during HCV replication.

Vimentin is a type III intermediate filament (IF) protein expressed in mesenchymal cells,
that is often used as a marker of mesenchymal derived cells or cells undergoing an epithelial-
to-mesenchymal transition (EMT), and was reported participated in virus infection. During
Dengue virus infection, vimentin interacts with the NS4A protein, and facilitates formation of
the replication complex, suggesting that it participates in virus replication [62]. Vimentin
expression is increased in HCV-infected human hepatoma cells compared with parental cells
but not in patients without chronic hepatitis [63, 64]. In this study, knockdown of vimentin in
R1b cells significantly impaired the RNA level of HCV in these cells, suggesting an effect to
HCV replication (Fig 6A left panel). Moreover, over-expression of vimentin in HepG2 cells
facilitates the survival of transiently transfected HCV RNA in the cells, which indicated a
potential role that contributes to permissiveness (Fig 6D). However, vimentin didn’t affect rep-
lication of HCV while in HCV infection (Fig 6C), the exactly mechanisms vimentin affects
HCV RNA replication remains to be elucidated. It had been reported that the HCV core pro-
tein level was affected by cellular vimentin content, and vimentin might enable the control
HCV of production [65]. As vimentin is an intermediate filament-protein, we hypothesis that
the replication process of HCV might draw support from intermediate filaments to complete
its physiological activity.

Proteins enriched in HepG2 cells may be potential candidates for suppression of HCV repli-
cation or inhibition of the permissiveness for the HCV subgenome replicon. Major vault protein
(MPV), is a virus-induced host factor that can suppress HCV replication by up-regulating type-I
interferon production and up-regulating cellular antiviral responses [66]. This is consistent with
our results that detected high levels of protein expression in HepG2 cells with a low permissive-
ness for the HCV replicon. CES1 is a protein involved in processing of triglycerides and choles-
terol, and has been proven to facilitate HCV propagation [67]. In this study, over-expression of
CES1 did not significantly change the level of HCV replication. And PSME1 were reported to
have interaction with miR-122 which has been reported to facilitate HCV replication [68]. In our
study the HCV RNA level was unaffected by PSME1 over-expression (Fig 6A). Taken together,
these results might suggest that CES1 and PSME1 do not directly affect HCV replication.

Proteomics and HCV Replicon Permission

PLOS ONE | DOI:10.1371/journal.pone.0142082 November 6, 2015 16 / 21



CTSB, a lysosomal cysteine protease, is a candidate for an apoptotic mediator originating
from acidic vesicles, induces apoptosis by enhancing mitochondrial release of cytochrome c
and subsequent caspase activation in TNF-α treated hepatocytes [69]. We discovered that in
R1b cells, the expression level of CTSB was greatly inhibited. Over-expression of CTSB led
to a significant decrease of HCV RNA level and Jc1 luciferase activity in R1b cells, while
knockdown of CTSB in HepG2 cells contributed to HCV RNA accumulation in the cells fol-
lowing transient transfection (Fig 6). These results suggested a close relationship between
CTSB and HCV replication. It was reported that HCV, including HCV non-structural pro-
teins, takes advantage of many pathways to avoid cellular apoptosis for survival and persis-
tent propagation [70, 71]. And these results may partly explain how CTSB affects HCV
replication. However, whether HCV has a direct or indirect effect on CTSB need more
investigation.

In summary, we presented here a large-scale proteomic analysis of the HCV replicon in
high-permissive and low-permissive cell lines for in vitro analysis of HCV replication. The
results represented a comprehensive protein database of human cell lines, providing a base-
line for characterization of HCV-related proteins in the cellular environment and, identifica-
tion of potential targets for HCV replication and antiviral treatment. These results further
provide the understanding of the molecular mechanism of cellular events and pathogenesis
associated with HCV progression, which is useful for the identification of HCV infection-
associated proteins.
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