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            Hepatitis C virus (HCV), a positive-strand RNA virus, infects more than 170 

million people and is the leading cause of liver failure worldwide. A protective 

vaccine is not yet available. Current interferon-based therapies are only effective in a 

fraction of patients. Thus, there is an urgent need to develop better therapeutic 

strategies. However, the intrinsic low fidelity of HCV replication makes it more 

difficult to develop drugs targeting viral proteins since HCV could quickly generate 

drug-resistant strains. In this context, drugs targeting host factors that control HCV 
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infection may be more effective therapies in that the potency of drugs is not affected 

by viral mutations. For this purpose, more knowledge regarding host factors 

involved in HCV infection is needed. 

            HCV is known to replicate on intracellular membrane vesicles. In searching 

for host proteins localized in membrane vesicles containing HCV replication 

complex, a magnetic immuno-isolation procedure was employed. This study 

identified that Apolipoprotein B, Microsomal Triglyceride Transfer Protein, and 

Apolipoprotein E, three proteins participated in the assembly of very low-density 

lipoprotein (VLDL) were enriched in membrane vesicles. It was demonstrated that 

agents inhibiting VLDL assembly also inhibit the secretion of HCV. These studies 

raise the possibility for treating HCV infection with agents blocking VLDL secretion. 

            HCV infection is also known to produce reactive oxygen species (ROS), 

which initiate lipid peroxidation. We found that when HCV-infected cells were 

exposed to polyunsaturated fatty acids (PUFAs) in the absence of lipid-soluble 

antioxidants, a dramatic increase in lipid peroxidation caused a reduction in HCV 

RNA. Because peroxidation of PUFAs only occurs in HCV-infected cells that 

produce ROS, PUFAs could be used to suppress HCV replication in patients 

without intolerable toxicity.  

            Different in vitro model systems have been used to study the HCV lifecycle. 

However, the genotype1 HCV, which is the most difficult strain to treat in clinic, still 

can not be grown in cultured cells. We found a cell line named HCV Replication 
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Permissive 1 (HRP1) that supports the replication of genotype 1 HCV. Interestingly, 

HRP1 cells appear to have normal interferon response, suggesting a novel innate 

antiviral pathway may be disrupted in these cells. 
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INTRODUCTION 

 

Hepatitis C virus (HCV) infection 

            Hepatitis C virus (HCV) infection is a major cause of chronic hepatitis, liver 

cirrhosis and hepatocellular carcinoma (HCC) worldwide1. Approximately 170 

million people (3% of the world population) are persistently infected with HCV2. In 

the United States, according to the Centers for Disease Control and Prevention, 

there are 4.1 million HCV infected patients, 78% of whom become chronically 

infected3.  

            HCV was identified in 1989 by immuno-screening an expression library with 

serum from a patient with post-transfusion non-A, non-B hepatitis4. The virus is 

classified in the Hepacivirus genus within the Flaviviridae family1. Owing to its genomic 

variation, HCV isolates are classified into six major genotypes (genotypes 1-6), which 

differ in their nucleotide sequence by 30-35%1. Genotype1 HCV is the most 

prevalent viral variant found in the United States.  

            HCV has a single-stranded positive-sense RNA genome. The 9.6-kilobase 

genome is composed of a 5’ non-translated region (NTR), which includes an internal 

ribosome entry site (IRES), an open reading frame that encodes a single polyprotein, 

and a 3’ NTR1. Expression of the viral proteins from the genome is primarily 

achieved by production of a polyprotein that is proteolytically cleaved into the 

structural proteins (core, envelope proteins E1 and E2), the hydrophobic peptide p7, 
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and the non-structural (NS) proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B (Fig. 

1) 5. Except for NS2, all of the other NS proteins are required for efficient viral RNA 

replication. These NS proteins (NS3-NS5B) together with the viral RNA form a 

replication complex on intracellular membrane vesicles, leading to a structure termed 

the membranous web6, 7. Apart from the viral factors, host cell proteins also play an 

important role for the formation and maintenance of the HCV replication complex. 

Several such cellular proteins have been identified8-10.   

 

 
 

Figure 1. Genomic structural of HCV. Modified from Nature Reviews Microbiology 

462, 453-463. 

 

Therapies of HCV infection 

            A protective vaccine is still not available and therapeutic options are still 

limited. Current standard therapy, which is pegylated interferon-α combined with 
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ribavirin, is effective in only a fraction of patients and often difficult to tolerate1. 

Especially, those patients who are infected by genotype1 HCV only have a 50% 

responsive rate to the current interferon-based therapy. Thus, there is an urgent need 

to develop new therapeutic strategies and new drug targets.  

            Much of the attention now is focused on the development of small-molecule 

inhibitors of viral enzymes, such as those inhibiting NS3-4A protease and NS5B 

polymerase. However, HCV infection is a highly dynamic process with a viral half-

life of only a few hours and production and clearance of an estimated 1012 virions per 

day in a given individual11. This high replicating activity, together with the lack of a 

proof-reading function of the viral RNA-dependent RNA polymerase, endows the 

virus with the ability to quickly come up with mutations that resist this class of 

antiviral drugs1, 12. Thus, it appears that drugs targeting host cellular factors required 

for HCV replication may be more effective in combating HCV infection. However, 

much more knowledge regarding host proteins involved in HCV infection is needed 

in order to pursue this therapeutic strategy.  

 

Model systems for HCV study 

            The study of HCV is hampered for many years since its original identification 

in 1989. The biggest obstacle is that it was very difficult to culture HCV efficiently in 

vitro due to its extremely restricted host range1. Despite these obstacles, great 

progress has been made in the study of HCV including the establishment of different 
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in vitro and in vivo model systems. Among them, the development of a replicon 

system for HCV in 1999 was a milestone in HCV study13. This replicon consists of 

HCV RNA engineered to express a selectable marker gene, neo, which replaced the 

structural protein-coding region. A heterologous viral internal ribosome entry site is 

inserted after the neomycin resistance cassette to direct the translation of viral NS 

proteins (NS3-NS5B). When the HCV subgenomic replicon RNA was transfected 

into human hepatoma Huh-7 cells, a cell line in which HCV RNA is constantly 

replicated was established under the selection of G41813. 

            Since the original report of the functional genotype 1b replicon, replicons of 

genotype 1a and 2a have also been constructed, as well as replicons that harbor the 

green fluorescent protein (GFP) fused with NS5A viral protein14. However, this 

system is not able to study some aspects of the viral cycle since it can not produce 

infectious HCV particles.  

            An unexpected twist came when an HCV genotype 2a clone, named as JFH-

1 (Japanese fulminant hepatitis 1), was isolated from a Japanese patient. The cloned 

JFH-1 viral RNA can replicate in Huh-7 cells and also produce virus that is 

infectious for naïve Huh-7 cells15. Moreover, the HCV particles produced from cell 

culture were able to establish long-term infectious in chimpanzees and in mice 

grafted with human liver16. For reasons still unknown, only this strain of HCV or its 

derivatives can be cultured in Huh-7 cells to generate infectious viral particles. Thus, 
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the establishment of an in vitro model system to study the complete lifecycle of the 

most common viral variant in patients, genotype 1 HCV, is still needed.    
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CHAPTER ONE 
 
 
 

The production of hepatitis C virus depends on assembly and 

secretion of very low-density lipoproteins 

 
 
 

Summary 

 

            Hepatitis C virus (HCV) and triglyceride-rich very low-density lipoproteins 

(VLDLs) both are secreted uniquely by hepatocytes and circulate in blood in a 

complex. Here, we isolated from human hepatoma cells the membrane vesicles in 

which HCV replicates. These vesicles, which contain the HCV replication complex, 

are highly enriched in proteins required for VLDL assembly, including 

Apolipoprotein B (ApoB), ApoE, and microsomal triglyceride transfer protein 

(MTP). In hepatoma cells that constitutively produce infectious HCV, HCV 

production is reduced by two agents that block VLDL assembly: an inhibitor of 

microsomal triglyceride transfer protein and siRNA directed against apoB. These 

results provide a possible explanation for the restriction of HCV production to the 

liver and suggest new cellular targets for treatment of HCV infection. 
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Introduction 

 

            This chapter describes the production of Hepatitis C virus (HCV) requires 

the assembly and secretion of very low-density lipoproteins (VLDL). Many viruses 

can be produced in large amounts only in certain cell types. A classic example is 

hepatitis C virus (HCV), a single-stranded positive RNA virus of the Flaviviridae 

family5 that can be secreted in abundance only by hepatocytes2. The factors 

responsible for this cell type specificity remain obscure. In the case of HCV, one clue 

derives from the demonstration that at least a portion of HCV circulates in plasma in 

complex with very low-density lipoproteins (VLDLs)17, 18, a family of spherical 

particles that are produced only in liver19 to export triglyceride and cholesterol into 

plasma20. Although HCV and VLDLs circulate together, a role for VLDLs in viral 

assembly or secretion has never been demonstrated. 

            As for all positive-strand RNA viruses, HCV RNA replication occurs in 

association with cytoplasmic membranes. In the case of HCV, these structures, called 

‘‘membranous webs,’’ have been visualized in cultured human hepatoma Huh-7 cells 

that harbor a subgenomic replicon of HCV7, 14. These replicons are engineered HCV 

RNA molecules that encode the essential elements for RNA replication, including 

the nonstructural (NS) proteins NS3, NS4A, NS4B, NS5A, and NS5B13. After being 

transfected into Huh-7 cells, the RNA replicates but does not produce infectious 

viral particles because it does not encode the structural proteins that are required for 
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assembly and secretion of the virus13. The membranous webs that harbor the HCV 

replication complex have never been isolated, and their composition is unknown. 

            VLDL assembly is currently believed to occur in two different stages, both of 

which require an enzyme called microsomal triglyceride transfer protein (MTP)21. In 

the first stage, MTP transfers triglyceride from cytosolic lipid droplets or the 

endoplasmic reticulum (ER) to nascent Apolipoprotein (Apo) B-100, a 540-kDa 

protein that confers structural integrity to VLDL22. If sufficient triglyceride is not 

available, ApoB-100 (hereafter referred to as ApoB) becomes ubiquitinated and 

degraded during translation23. The ApoB-containing lipid particles produced in the 

first stage of VLDL assembly contain only limited amounts of triglyceride24. In the 

second stage, ApoB-containing VLDL precursor particles fuse with triglyceride 

droplets in the ER/Golgi luminal compartment21, a step facilitated by ApoE, another 

major protein component of VLDL25. Additional triglyceride is transferred by MTP 

from cytosolic lipid droplets to the luminal compartment in amounts sufficient to 

promote VLDL assembly in this stage21. In humans and mice, a genetic defect in 

MTP severely reduces VLDL secretion26, 27. Although the first stage of VLDL 

assembly is known to occur at the ER24, the exact location of the second stage (i.e., 

ER, Golgi, or both compartments) is not clear28. 

            In these studies, we used a magnetic immuno-isolation procedure29, 30 to 

purify membrane vesicles containing the HCV replication complex from Huh-7 cells 

that harbor HCV replicons. We show that these vesicles are highly enriched in ApoB, 
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MTP, and ApoE, three proteins that participate in the assembly of VLDL. Finally, 

we demonstrate that agents that inhibit VLDL assembly also inhibit the secretion of 

HCV from a line of Huh-7 cells that constitutively produces infectious HCV. These 

studies point to a close link between HCV production and VLDL assembly and raise 

the possibility for treatment of HCV infections with agents that block VLDL 

secretion. 
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Experimental Procedures 
 
 
 
Materials. We obtained Dynabeads M-500 Subcellular from Invitrogen (Carlsbad, 

CA) and endo H and PNGase F from New England Biolabs (Ipswich, MA). 

Antibody reagents were obtained from the following sources: goat anti-mouse IgG 

and mouse monoclonal anti-Flag tag M2 antibody from Sigma (St. Louis, MO); 

rabbit polyclonal anti-calnexin, anti-EEA1, anti-prohibitin, anti-pan cadherin, and 

anti-GFP from Abcam (Cambridge, MA); goat polyclonal anti-NS3 from 

USBiological (Swampscott, MA); goat polyclonal anti-ApoE from CalBiochem (San 

Diego, CA); sheep polyclonal anti-ApoB and anti-α1-antitrypsin from Biodesign 

International (Kennebunkport, ME); rabbit polyclonal anti-GFP from Invitrogen; 

HPR-conjugated donkey anti-mouse, anti-rabbit, anti-sheep, and anti-goat IgGs 

(affinity-purified) from Jackson Immunoresearch Laboratories (West Grove, PA); 

rabbit polyclonal anti-NS4B from Ralf Bartenschlager (University of Heidelberg, 

Heidelberg, Germany); mouse monoclonal anti-NS5B from Guangxiang Luo 

(University of Kentucky College of Medicine, Lexington, KY); rabbit polyclonal anti-

COPI from Joachim Seemann (UT Southwestern Medical Center, Dallas, TX); and 

rabbit polyclonal anti-MTP from Larry Swift (Vanderbilt University, Nashville, TN). 

Human anti-HCV serum31 and control mouse mAb IgG-200132 have been described. 

Mouse monoclonal anti-ApoB (1D1) has been described33 and was provided by Jay 

Horton (UT Southwestern Medical Center, Dallas, TX). Polyclonal antibody against 
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NS5A was produced by immunizing rabbits with purified full-length NS5A as 

described34. The MTP inhibitor BMS-210103835 was synthesized by Chuo Chen (UT 

Southwestern Medical Center, Dallas, TX). 

 

Cell Culture. Huh-7 cells and Huh-7.5 cells, a mutant line of Huh-7 cells that 

support HCV replication in high efficiency36, were maintained in medium A (DMEM 

with 4.5 g/liter glucose, 100 units/ml penicillin, 100 μg/ml streptomycin sulfate, and 

10% FCS). Huh-7-K2040 cells37 and Huh-7-5A-GFP-6 cells14 are Huh-7 cells that 

harbor genotype 1b HCV subgenomic replicons. They were maintained in medium A 

supplemented with 200 μg/ml G418. Huh-7-GL cells, a line of Huh-7 cells that 

contain a chromosomally integrated genotype 2a HCV cDNA and constitutively 

produce infectious virus38, were maintained in medium A supplemented with 5 

μg/ml blasticidine. All cells were maintained in monolayer culture at 37°C in 5% 

CO2. Huh-7.5 and Huh-7-5A-GFP-6 cells were obtained from Charles Rice (The 

Rockefeller University, New York, NY), whereas Huh-7-GL cells were a gift from 

Guangxiang Luo. 

 

Magnetic Immuno-isolation of Membrane Vesicles. All operations were 

performed at 4°C. Dynabeads M-500 were coated with control IgG-2001 or anti-

Flag according to the manufacturer’s protocol. For small-scale isolation suitable for 

immunoblot analysis, cells pooled from two dishes (60 mm) were harvested and 
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resuspended in 400 μl of buffer A (50 mM Hepes-KOH at pH 7.2, 0.25 M sorbitol, 

0.25 M potassium acetate, 10% (v/v) FCS, 2 mM sodium EDTA, 10 μg/ml 

leupeptin, and 5 μg/ml pepstatin A) and homogenized by passing through a 22.5-

gauge needle 30 times. Each cell homogenate received a direct addition of 800 μl of 

buffer A followed by centrifugation at 500 μg for 5 min. The resulting supernatant 

was mixed with 25 μl of antibody-coated Dynabeads M-500. After rotating at 4°C 

for 16 h, the reaction mixture was placed on a magnetic stand (Invitrogen). The 

unbound homogenate (designated as unbound fraction) was centrifuged at 100,000 g 

for 30 min, and the pellet was designated as unbound vesicles. Dynabeads with 

bound vesicles were washed four times (10 min each) with 1 ml of buffer B (50 mM 

Hepes-KOH at pH 7.2, 0.25 M sorbitol, and 0.25 M potassium acetate) 

supplemented with 1 mg/ml BSA, followed by an additional wash with 1 ml of 

buffer B. Vesicles remaining bound to Dynabeads were designated as bound vesicles. 

For large-scale isolation required for proteomic analysis, cells pooled from 50 dishes 

(100 mm) were harvested and resuspended in 4 ml of buffer A and homogenized as 

described above. Each cell homogenate received an addition of 4 ml of buffer A 

followed by centrifugation at 500 g for 5 min. The resulting supernatant was mixed 

with 1 ml of antibody-coated Dynabeads M-500, and vesicles were isolated as 

described above. Bound vesicles were lysed with 500 μl of buffer C (50 mM Tris-

HCl at pH 7.2, 150 mM NaCl, 0.1% (v/v) NP-40, 10 μg/ml leupeptin, and 5 μg/ml 

pepstatin A). Each lysate was then concentrated to 50 μl by using microcon YM-3 
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(Millipore, Billerica, MA) and subjected to 10% SDS/PAGE followed by colloidal 

blue staining. Selected bands were excised, and the identities of the proteins were 

determined by tandem MS performed by the Protein Identification Service at the UT 

Southwestern Medical Center. 

 

RNA Interference. Duplexes of siRNA were synthesized by Dharmacon Research 

(Lafayette, CO). The siRNA sequence targeting human apoB is at nucleotide 

position (relative to the codon for the initiating methionine) 1031-1049. The 

sequence for the siRNA targeting GFP has been reported5. siRNA was transfected 

into Huh-7-GL cells with Oligofectamine reagent (Invitrogen) as described by the 

manufacturer, after which the cells were used for experiments as described in the 

figure legends.  

 

Immunoblot Analysis. Vesicles were lysed in buffer D (30 mM Tris·HCl at pH 6.8, 

3% (w/v) SDS, 5% (v/v) glycerol, 0.004% (w/v) bromophenol blue, and 5% (v/v) 

2-mercaptoethanol). Lysates of bound and unbound vesicles derived from equal 

amount of cells were subjected to SDS/PAGE (4.5% for ApoB and 10% for other 

proteins) followed by immunoblot analysis. The proteins were transferred to 

Hybond-C extra nitrocellulose filters (Amersham Pharmacia), which were incubated 

with one of the following antibodies: 1:500 dilution of anti-NS3, 1:1,000 dilution of 

anti-NS4B, 1:2,000 dilution of anti-NS5A, 1:100 dilution of anti-NS5B, 1 mg/ml of 
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anti-EEA1, 1:500 dilution of anti-pan cadherin, 1:200 dilution of anti-calnexin, 

1:10,000 dilution of anti-COPI, 1:1,000 dilution of anti-ApoB, 1:1,000 dilution of 

anti-ApoE, 1:1,000 dilution of anti-α1-antitrypsin, and 1:2,000 dilution of anti-MTP. 

Bound antibodies were visualized with peroxidase-conjugated, affinity-purified 

donkey anti-mouse, anti-rabbit, anti-goat, or anti-sheep IgG (1:5000 dilution) using 

the SuperSignal ECL-HRP Substrate System (Pierce Biotechnology, Rockford, IL) 

according to the manufacturer's instructions. Filters were exposed to Kodak X-Omat 

Blue XB-1 film at room temperature for the indicated time.  

 

Real-time Quantitative PCR. For measurement of intracellular RNA, the protocol 

was identical to that described2. Briefly, triplicate samples of first-strand cDNA were 

subjected to real-time quantitative PCR using forward and reverse primers for the 

indicated RNA with human 36B4 as an invariant control. Relative amounts of RNAs 

were calculated by using the comparative CT method. For measurement of 

extracellular HCV RNA, RNA from culture medium was extracted with a QIAamp 

Viral RNA Mini Kit (Qiagen). First-strand cDNA was synthesized by using extracted 

RNA or various amount of in vitro-transcribed HCV RNA. Triplicate samples of 

cDNA were subjected to real-time quantitative PCR using primers specific for HCV 

RNA. HCV copy numbers were determined by the standard curve generated by the 

in vitro-transcribed HCV RNA using a conversion constant assuming that 1 mg of 



15 

 

single-stranded RNA equals to 1.96×1011 viral copy numbers (Ambion Technical 

Bulletin 165, www.ambion.com/techlib/tb/tb_165.html).  

 

HCV Titer. On day 0, Huh-7.5 cells were set up at 1.5×104 cells per well in a 48-

well plate in medium A (see Cell Culture). On day 1, the medium was switched to 

100 ml of HCV-containing medium A without serum supplementation. After 

incubation at 37°C for 2 h, cells in each dish were washed with PBS and replaced 

with medium A. On day 2, the cells were washed with PBS, fixed with PBS 

containing 4% paraformaldehyde for 30 min, washed with PBS containing 10 mM 

glycine, permeabilized with PBS supplemented with 0.2% Triton X-100 for 15 min, 

and incubated with PBS supplemented with 10% FCS for 10 min. Cells were then 

incubated with 1:1,500 dilution of human anti-HCV serum followed by 1:500 

dilution of HRP-conjugated donkey anti-human IgG, and the bound secondary 

antibodies were visualized with a Vector VIP kit (Vector Labs). The number of 

stained cells in each well (counted under the microscope) represents the foci 

formation unit (ffu) per 100 ml of culture medium. The HCV titer is expressed as 

number of ffu/ml.  

 

Immunofluorescent Microscopy. Cells grown in medium A on glass cover slips in 

36-mm wells were washed with buffer E (150 mM NaCl, and 10 mM NaH2PO4 at 

pH 7.3) and fixed at room temperature in buffer E supplemented with freshly 



16 

 

prepared 3% (v/v) formaldehyde. All subsequent operations were performed at 

room temperature. The cover slips were then washed twice with buffer E, incubated 

in buffer E supplemented with 50 mM NH4Cl for 30 min, washed again with buffer 

E, permeabilized in buffer E containing 0.1% (v/v) Triton X-100 for 7 min, and 

conditioned with 1% (v/v) BSA in buffer E for 30 min. Cells were stained with 

rabbit anti-GFP (10 mg/ml) followed by Alexa-Fluor 488-conjugated goat anti-rabbit 

IgG (10 mg/ml, Molecular Probes), or mouse anti-apoB (20 mg/ml) followed by 

Alexa-Fluor 568-conjugated goat anti-mouse IgG (10 mg/ml, Molecular Probes). 

The cover slips were mounted and imaged with a Leica TCS SP confocal microscope.  
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Results 

 

Purification of membrane vesicles containing the HCV replication complex from Huh-7 

cells that harbor HCV replicons. Inasmuch as all HCV NS proteins are localized in a 

single viral replication complex7, we undertook to purify the HCV RNA replication 

complex through use of an antibody directed against an epitope tag attached to the 

COOH terminus of one of the HCV NS proteins, NS5A, a membrane-associated 

protein with its COOH terminus facing the cytosol39. For this purpose, we used 

Huh-7-5A-GFP-6 cells, a line of Huh-7 cells harboring a genotype 1b HCV replicon 

in which a Flag epitope-tagged GFP is inserted at the COOH terminus of NS5A14. 

The Flag epitope tag on NS5A renders it possible to use a magnetic immuno-

isolation technique to purify membrane vesicles containing NS5A with magnetic 

Dynabeads coated with anti-Flag. We homogenized the Huh-7-5AGFP-6 cells and 

incubated the crude homogenates with anti-Flag coated Dynabeads. As a control, we 

incubated the homogenates with an irrelevant antibody coated Dynabeads. As an 

additional control, we incubated anti-Flag coated Dynabeads with cell homogenates 

derived from Huh-7-K2040 cells that express a HCV replicon in which NS5A is not 

epitope-tagged. After magnetic immuno-isolation, bound and unbound vesicles 

derived from the same amount of cells were lysed with detergent and subjected to 

SDS-PAGE and immunoblot analysis with antibodies reacting against HCV NS 

proteins. NS5A was observed in bound vesicles when anti-Flag coated Dynabeads 
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were incubated with cell homogenates in which NS5A was Flag epitope-tagged (Fig. 

1-1A, blot 1 and lane 2). Approximately 50% of total cellular NS5A was found in the 

bound vesicles as estimated by densitometry (Fig. 1-1A, blot 1 and lanes 2 and 5). In 

the same bound vesicles, we detected ≈50% of NS3, 50% of NS4B, and >80% of 

NS5B (Fig. 1-1A, blots 2–4 and lanes 2 and 5). None of the NS proteins was 

detectable in bound vesicles in the control experiments (Fig. 1-1A, blots 1–4 and 

lanes 1 and 3). Bound and unbound vesicles obtained in the above experiment were 

also subjected to immunoblot analysis with antibodies reacting against markers for 

plasma membrane, ER, Golgi apparatus, endosome, and mitochondria. None of 

these markers was detectable in bound vesicles, even though all of them were easily 

visible in unbound vesicles (Fig. 1-1A, blots 5–9). This result indicates that the 

bound vesicles were not contaminated with major cellular organelles. The total 

amount of protein in bound vesicles was one-tenth of that in unbound vesicles (Fig. 

1-1B). 

        To examine whether the isolated vesicles contained HCV RNA, RNA from 

bound vesicles and unbound fractions, which include both cytosol and unbound 

membrane vesicles, was extracted and analyzed by RT-PCR with primers specific for 

HCV RNA. When unbound fractions were examined, a band of expected size (391 

bp) was observed in PCR products derived from Huh-7 cells expressing HCV 

replicons (Fig. 1-2A, lanes 6–8), but not parental Huh-7 cells (Fig. 1-2A, lane 5). 

This band was visible only in the PCR product from bound vesicles that were 
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isolated by incubating anti-Flag coated Dynabeads with cell homogenates containing 

Flag-tagged NS5A (Fig. 1-2A, lane 3). We quantified the amount of RNA in bound 

vesicles and unbound fractions by real-time quantitative PCR analysis. As shown in 

Fig. 1-2B, 40% of HCV RNA was localized in bound vesicles when anti-Flag coated 

Dynabeads were incubated with cell homogenates containing Flag-tagged NS5A. In 

contrast, these vesicles contained <2% of two cellular RNAs, 36B4 and Bip. No 

significant amount of viral or cellular RNA was found in bound vesicles in control 

experiments in which either anti-Flag coated Dynabeads or the Flag epitope on 

NS5A were absent. Together with results shown in Fig. 1-1, these data indicate that 

the membrane vesicles purified by the magnetic immuno-isolation approach are 

specifically enriched in HCV NS proteins and RNA, which are characteristic features 

of the HCV replication complex. 

 

Identification of cellular proteins in vesicles containing the HCV replication complex. We 

performed a large-scale magnetic immuno-isolation by incubating anti-Flag coated 

Dynabeads with cell homogenates in which NS5A is Flag-epitope tagged. As a 

control, we used Dynabeads coated with an irrelevant antibody. Bound vesicles were 

solubilized by 0.1% Nonidet P-40, a treatment that maintained the attachment of the 

coated antibody to the Dynabeads. The detergent extracts were then subjected to 

SDS-PAGE and visualized with colloidal blue (Fig. 1-3). Segments of the gel that 

contained visible bands present only in vesicles isolated by anti-Flag but not control 
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antibody-coated Dynabeads were excised and digested with trypsin. The identities of 

the proteins were determined by tandem MS. This analysis revealed that >30% of 

the proteins in these vesicles are involved in lipid metabolism (Table 1-1). Two of 

these proteins, namely ApoE and MTP, were chosen for further study as they are 

both involved in the assembly of VLDL (6). Plasma VLDL is known to associate 

with clinically isolated HCV particles17, 18.  

        ApoE and ApoB are the major protein components of VLDL19. We did not 

detect ApoB in our MS analysis of bound vesicles, probably because of its high 

molecular mass (540 kDa) and overall hydrophobicity. To confirm that ApoB as well 

as ApoE and MTP are concentrated in vesicles containing the HCV replication 

complex, these vesicles were isolated as described in Fig. 1 and subjected to 

immunoblot analysis. Similar to the results shown in Fig. 1, ≈50% of NS5A was 

observed in bound vesicles when anti-Flag coated Dynabeads were incubated with 

cell homogenates in which NS5A was Flag epitope-tagged (Fig. 1-4, blot 1 and lanes 

2 and 5). In the same vesicles we detected ≈50% of MTP, 30% of ApoE, and 50% 

of ApoB (Fig. 1-4, blots 2–4 and lanes 2 and 5). None of these proteins was found in 

bound vesicles in control experiments in which either anti-Flag coated Dynabeads or 

the Flag epitope on NS5A were absent (Fig. 1-4, blots 2–4 and lanes 1 and 3). α1-

Antitrypsin, another abundant protein secreted by hepatocytes40, was not found in 

bound vesicles (Fig. 1-4, blot 5 and lanes 1–3). We detected only the full-length 
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(ApoB-100) but not the shorter form of ApoB generated by RNA editing (apoB-

48)22 in Huh-7 derived cells. 

 

Colocalization of ApoB with NS5A in HCV replicon-expressing cells. Parental Huh-7.5 

cells and Huh-7-5A-GFP-6 cells were fixed and stained with anti-ApoB and anti-

GFP to analyze the intracellular distribution of ApoB and NS5A, respectively. In the 

absence of HCV replicons, no NS5A was detected in Huh-7.5 cells (Fig. 1-5A). 

ApoB in these cells was diffuse throughout the cytoplasm, displaying only a few 

punctate dots (Fig. 1-5B). In cells expressing HCV replicons, much of the NS5A was 

localized in a punctate pattern consistent with previous studies of the HCV 

replication complex37, 41 (Fig. 1-5D). Most of the ApoB in these cells also displayed a 

punctate staining pattern (Fig. 1-5E). Merged fluorescent images showed that the 

vesicles containing ApoB colocalized with those containing NS5A (Fig. 4F). 

 

The vesicles containing the HCV replication complex are derived from the ER. We 

analyzed the susceptibility of N-linked carbohydrate on ApoB in bound vesicles to 

determine whether the vesicles containing the HCV replication complex are derived 

from the ER or Golgi compartments. Vesicles containing the HCV replication 

complex were isolated by the magnetic immuno-isolation approach as described in 

Fig. 1 and solubilized by detergent. The detergent lysates were treated with 

endoglycosidase H (endo H), which removes N-linked sugars on proteins localized in 
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ER but not post-Golgi compartments42 or peptide Nglycosidase F (PNGase F), an 

enzyme that removes N-linked carbohydrates regardless of their subcellular 

localization42, and subjected to SDS-PAGE followed by immunoblot analysis with 

anti-ApoB. ApoB in bound vesicles that contain the HCV replication complex was 

sensitive to both endo H and PNGase F treatments, which caused faster migration 

of ApoB upon electrophoresis (Fig. 1-6, lanes 1–3). The intracellular ApoB in 

unbound vesicles was also endo H-sensitive (Fig. 1-6, lanes 4 and 6). The secreted 

ApoB in the culture medium was resistant to endo H (Fig. 1-6, lanes 7 and 9), but 

sensitive to the control PNGase F treatment (Fig. 1-6, lane 8). These results suggest 

that the vesicles containing the HCV replication complex are derived from the ER 

and that the proteins in the vesicles have not yet reached the Golgi complex. 

 

The assembly and secretion of VLDL is not required for HCV replication. The 

observation that ApoB, ApoE, and MTP were colocalized with HCV RNA 

replication complexes suggests that HCV RNA replication occurs in a cellular 

compartment mediating the assembly of VLDL. We thus analyzed whether assembly 

and secretion of VLDL is required for HCV replication. For this purpose, we used 

an MTP inhibitor BMS-2101038 that blocks the secretion and accelerates the 

degradation of ApoB by inhibiting MTP-mediated lipid transfer to ApoB35, 43. Huh-7-

5A-GFP-6 cells were treated with various doses of the MTP inhibitor. To avoid 

contamination by ApoB derived from serum, cells were switched to serum-free 
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medium before harvest. Culture medium was subjected to SDS-PAGE followed by 

immunoblot analysis. HCV RNA in cell extracts was quantified by real-time 

quantitative PCR analysis. As shown in Fig. 1-7, treatment of cells with as little as 

10nM of the MTP inhibitor completely blocked the secretion of ApoB (Fig. 1-7A, 

upper blot and lane 2). The secretion of α1-antitrypsin was not affected by treatment 

with the MTP inhibitor (Fig. 1-7A, lower blot). The amount of HCV RNA remained 

unchanged after cells were treated with up to 100 nM of the MTP inhibitor (Fig. 1-

7B). This finding suggests that VLDL secretion is not required for HCV RNA 

replication. 

 

The secretion of VLDL is required for the release of infectious HCV particles. We then 

examined whether VLDL secretion is required for the release of infectious HCV 

particles from Huh-7 cells. Huh-7-GL cells, a line of Huh-7 cells that contain a 

chromosomally integrated genotype 2a HCV cDNA and constitutively produce 

infectious virus38, were incubated in the absence or presence of the MTP inhibitor. 

After incubation in serum-free medium, culture medium was harvested, and the 

amount of HCV RNA, HCV titer, and ApoB in the medium was measured by real-

time quantitative PCR, foci formation, and immunoblot analysis, respectively. As 

expected, incubation of cells with the MTP inhibitor blocked the secretion of ApoB 

but not α1-antitrypsin (Fig. 1-8A). Treatment of the cells with the MTP inhibitor 

reduced the amount of HCV RNA in the medium and the viral titer by ≈80% (Fig. 
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1-8B). The decreased amount of HCV in the medium is not caused by inhibition of 

HCV RNA synthesis because the amount of intracellular HCV RNA remained the 

same in the absence or presence of the MTP inhibitor (Fig. 1-8B). We did not 

observe an accumulation of intracellular HCV RNA in cells treated with the MTP 

inhibitor, because even in cells that were not incubated with the inhibitor the amount 

of HCV RNA detected in the medium was <1% of that found in cells. 

         To further confirm that VLDL secretion is required for cellular release of HCV 

particles, we transfected Huh-7-GL cells with a duplex siRNA targeting apoB or 

GFP as a control. After incubation in serum-free medium, the culture medium was 

harvested and the amount of ApoB and HCV in the medium was analyzed (Fig. 1-9). 

Transfection of cells with the apoB siRNA reduced the amount of apoB mRNA by 

≈80% without affecting intracellular HCV RNA (Fig. 1-9A). The apoB siRNA 

markedly decreased the amount of ApoB secreted into the medium, but it did not 

affect secretion of α1-antitrypsin (Fig. 1-9B). In control cells transfected with the 

GFP siRNA, the HCV copy number and titer increased by >10-fold during the 4-h 

incubation (Fig. 1-9 C and D). In cells receiving the apoB siRNA, this increase was 

reduced by ≈50% as assayed by viral copy number (Fig. 1-9C) and 70% as assayed by 

the viral titer (Fig. 1-9D). ApoB RNAi was less potent in inhibiting HCV secretion 

compared with the MTP inhibitor (Fig. 1-8) possibly because apoB RNAi did not 

completely block the secretion of ApoB (Fig. 1-9B, lane 8).  
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Figures and Tables 

 

Figure 1-1   

Localization of HCV NS and cellular proteins in vesicles purified from Huh-7 

cells harboring HCV replicons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(These data reproduced with permission by Fang Sun) 
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On day 0, Huh-7-5A-GFP-6 cells (in which NS5A contains a Flag epitope tag) and 

Huh-7-K2040 cells (in which NS5A is not epitope-tagged) were set up at 7 ×105 cells 

per 60-mm dish. On day 2, cells were harvested and homogenized. The cell 

homogenates were incubated with control antibody IgG-2001 or anti-Flag-coated 

Dynabeads as indicated and subjected to magnetic immuno-isolation as described in 

Experimental Procedures. (A) Lysates of bound and unbound vesicles derived 

from the same amount of cells (0.05– 0.2 per dish) were subjected to SDS-PAGE 

followed by immunoblot analysis with antibodies reacting against the indicated 

proteins. Filters were exposed for 10–30s. (B) Bound and unbound vesicles were 

solubilized with buffer C, and protein concentration in the detergent lysate was 

determined by the BCA Protein Assay Kit (Pierce). Each value is the mean of 

triplicate measurements in the same experiment. Similar results were obtained in 

more than three independent experiments. 
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Figure 1-2   

Localization of HCV and cellular RNA in vesicles purified from Huh-7 cells 

harboring HCV replicons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(These data reproduced with permission by Fang Sun) 

On day 0, Huh-7, Huh-7-5A-GFP-6 cells (in which NS5A contains a Flag epitope 

tag), and Huh-7-K2040 cells (in which NS5A is not epitope-tagged) were set up at 7 

×105 cells per 60-mm dish. On day 2, cells were harvested and homogenized. The 
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cell homogenates were incubated with control antibody IgG-2001 or anti-Flag-

coated Dynabeads as indicated and then subjected to magnetic immuno-isolation. 

RNA was then extracted from bound vesicles derived from two dishes of cells and 

unbound fractions derived from 1/3 dish of cells and then subjected to RT-PCR 

analysis with primers specific to HCV RNA (A) and real-time quantitative PCR 

analysis with the indicated primers (B). Each value in B is the mean of triplicate 

measurements in the same experiment. An asterisk denotes the level of statistical 

significance (Student’s test) between values obtained from the experiment in which 

anti-Flag coated Dynabeads were incubated with cell homogenates containing Flag-

tagged NS5A and control experiments in which either anti-Flag-coated Dynabeads 

or the Flag epitope on NS5A was absent. *, P <0.005. Similar results were obtained 

in one other independent experiment. 
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Figure 1-3   

Cellular proteins localized in vesicles purified from Huh-7 cells harboring 

HCV replicons. 

 

 

 

 

 

 

 

 

 

(This data reproduced with permission by Fang Sun) 

On day 0, Huh-7-5A-GFP-6 cells were set up at 1×106 cells per 100 mm dish. On 

day 3, cells were harvested and homogenized. The cell homogenates pooled from 50 

dishes were incubated with control antibody IgG-2001 or anti-Flag coated 

Dynabeads as indicated and then subjected to magnetic immuno-isolation. Bound 

vesicles were lysed by detergent and subjected to SDS-PAGE followed by colloidal 

blue staining. Bands that were exercised and subjected to proteomic analysis by 

tandem MS are numbered and denoted by arrows. Identities of proteins in each band 

can be found in Table 1-1.  
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Figure 1-4   

Localization of cellular proteins involved in VLDL assembly in vesicles 

purified from Huh-7 cells harboring HCV replicons. 

 

 

 

 

 

 

 

 

 

Cells were set up, harvested and analyzed by the same way as described in Fig. 1-1A, 

except that the immunoblot analysis was performed with antibodies reacting against 

the indicated proteins. Filters were exposed for 5-30 seconds.  
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Figure 1-5   

Colocalization of ApoB with NS5A in Huh-7 cells harboring HCV replicons. 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7.5 cells (A–C) and Huh-7-5A-GFP-6 (D–F) cells were set up at 

1×105 cells per well in a six-well plate. On day 2, cells were fixed, stained with anti-

GFP (A and D) or anti-ApoB (B and E), and subjected to multicolored immuno-

fluorescent microscopy as described in Experimental Procedures. (C) A merged 

fluorescent composite images of A and B. (F) A merged fluorescent composite 

images of D and E. Within each merged composite image, yellow denotes protein 

colocalization. (Magnification: ×63) 
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Figure 1-6   

Oligosaccharides modification of ApoB in vesicles purified from Huh-7 cells 

harboring HCV replicons. 

 

 

 

 

 

 

On day 0, Huh-7-5A-GFP-6 cells were set up at 7 × 105 cells per 60 mm dish. On 

day 2, cells were switched to serum-free medium. After incubation for additional 4 h, 

cells and culture medium were harvested. The cell homogenates were incubated with 

anti-Flag coated Dynabeads as indicated, and subjected to magnetic immuno-

isolation as described in Experimental Procedures. Detergent lysates prepared 

from bound vesicles, unbound vesicles, and culture medium were incubated in the 

absence or presence of the indicated glycosidase, subjected to SDS-PAGE followed 

by immunoblot analysis with anti-ApoB. Filters were exposed for 30 seconds. 
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Figure 1-7   

Treatment of Huh-7 cells that harbor an HCV replicon with the MTP 

inhibitor does not affect HCV replication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7-5A-GFP-6 cells were set up at 7 ×105 cells per 60 mm dish. On day 

1, cells were treated with indicated amount of an MTP inhibitor, BMS-2101038. 

Sixteen hours later on day 2, cells were switched to serum-free medium containing 

the indicated amount of the MTP inhibitor. Cells and culture medium were 

harvested 4 h later. (A) Cell lysates and culture medium were subjected to SDS-
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PAGE followed by immunoblot analysis with anti-ApoB or anti-α1-antitrypsin. 

Filters were exposed for 30 seconds. (B) Total RNA was prepared from cells and 

subjected to first-strand cDNA synthesis and real-time quantitative PCR analysis. 

Values shown are relative to those in control cells that were not treated with the 

MTP inhibitor, which was set at 1. 

 

Figure 1-8  

Decreased secretion of infectious HCV particles from Huh-7-GL cells treated 

with MTP inhibitor. 

 

On day 0, Huh-7-GL cells were set up at 7 ×105 cells per 60-mm dish. On day 1, 

cells were treated with (+) or without (−) 100 nM of the MTP inhibitor, BMS-

2101038. Sixteen hours later on day 2, cells were switched to serum-free medium in 

the absence (−) or presence (+) of the same amount of the MTP inhibitor. (A) After 

incubation for the indicated time, the culture medium was harvested and subjected to 
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SDS-PAGE followed by immunoblot analysis with the indicated antibodies. Filters 

were exposed for 30 seconds. (B) After incubation for 4 h, cells and culture medium 

were harvested. HCV RNA copy numbers and titers in the medium were determined 

as described in Experimental Procedures. Total RNA was prepared from cells and 

subjected to first-strand cDNA synthesis and real-time quantitative PCR analysis. 

Values (mean ± SD of three measurements in the same experiment) are plotted 

relative to the control that was not treated with the MTP inhibitor, which was set at 

1. Asterisks denote the level of statistical significance (Student’s test) between control 

cells and cells treated with the MTP inhibitor. *, P <0.005; **, P <0.05. HCV copy 

number and titer in control cells were 7 ×105/ml and 3.5 ×102 foci formation 

units/ml, respectively. Similar results were obtained in more than five independent 

experiments. 
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Figure 1-9  

Decreased secretion of infectious HCV particles from Huh-7-GL cells treated 

with siRNA targeting apoB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7-GL cells were set up at 2 ×105 cells per 60 mm dish. On day 1, 

cells were transfected with 400 pmol per dish of siRNA duplexes targeting GFP or 

apoB as indicated. On day 4, cells were switched to serum-free medium. (A) After 

incubation for 4 h, cells were harvested, after which total RNA was prepared and 

subjected to first-strand cDNA synthesis and real-time quantitative PCR analysis. 
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Values shown are relative to the GFP siRNA-transfected control, which was set to 1. 

(B–D) After incubation for the indicated amount of time, culture medium was 

harvested. (B) The medium was subjected to SDS-PAGE followed by immunoblot 

analysis with the indicated antibodies. Filters were exposed for 30 seconds. (C and D) 

HCV RNA copy number (C) and titer (D) in the medium were determined as 

described in Experimental Procedures. Values from three measurements in the 

same experiment are shown, each denoted by an individual dot. Asterisks denote the 

level of statistical significance (Student’s test) between GFP siRNA and apoB siRNA 

transfected cells. *, P < 0.005. Similar results were obtained in one other independent 

experiment. 

 

Table 1-1   

Cellular proteins localized in vesicles containing the HCV replication 

complex. 

Categories Proteins Band 
Number

Accession 
Number 

Microsomal triglyceride transfer protein 1 CAA42200 
Cytochrome P450 reductase 2 NP_000932

Lanosterol synthase 2 NP_001001
438 

Acyl-coA synthetase 3 2 BAB72139 
Mitochondrial trifunctional protein 2 NP_000173
Lanosterol 14-α demethylase 6 AAC50951 
Microsomal epoxide hydrolase 7 AAC41694 
Arylacetamide deacetylase 7 NP_001077
Squalene synthase 7 NP_004453
Paraoxonase 2 7 AAC41995 

 
Lipid 
metabolism 

Cytochrome b5 reductase 8 NP_000389
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17-β-hydroxysteroid dehydrogenase 11 8 Q8NBQ5 
Androgen-regulated short-chain 
dehydrogenase/reductase 1 8 NP_057110

Apolipoprotein E 9 NP_000032
Peroxisome enoyl-coA hydratase 9 NP_001389
Ketoacyl reductase 9 NP_057226
NAD(P)-dependent steroid 
dehydrogenase-like  9 NP_057006

 

Progesterone membrane binding protein 10 NP_006311
Annexin A2 8 P07355 
Secretory carrier membrane protein 3 8 NP_005689
N-ethylmaleimide-sensitive factor 8 NP_006169
Syntaxin 7 8 NP_003560
Annexin A5 8 P08758 
Annexin A4 9 P09525 
Vesicle-associated membrane protein-
associated protein A 9 Q9P0L0 

Vesicle-associated membrane protein-
associated protein B/C 9 O95292 

Nipsnap homolog 1 10 NP_003625
Ral A 10 NP_005393

Vesicle 
trafficking 

Transmembrane emp24 protein 
transport domain containing 7 10 NP_861974

Glucosidase II β-subunit 2 P14314 
Mannosyl-oligosaccharide glucosidase 2 NP_006293
Protein disulfide isomerase-associated 4 3 NP_004902
Hsp60 4 AAF66640 
Ribophorin II 4 NP_002942
Proline 4-hydroxylase β-subunit 5 NP_000909
Protein disulfide isomerase-associated 3 5 NP_005304
Protein disulfide isomerase-associated 5 6 NP_006801

Protein 
folding 
and 
processing 
in the ER 

Thioredoxin-related transmembrane 
protein 2 8 NP_057043

Cytoskeleton-associated protein 4 4 NP_006816
Vimentin 5 NP_003371
Tubulin, β2 6 NP_001060

Cyto-
skeleton 

Tubulin, α6 6 NP_116093
Heterogeneous nuclear 
ribonucleoprotein H1 6 NP_005511RNA-

associated 
protein Heterogeneous nuclear 

ribonucleoprotein H2 6 NP_001027
565 
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Heterogeneous nuclear 
ribonucleoprotein F 7 NP_004957

Transferrin Receptor 1 NP_003225
Valosin-containing protein 1 NP_009057
Vitamin K-dependent γ-carboxylase 2 P38435 
TNF receptor-associated protein 1 3 NP_057376
Nucleobidin 4 NP_006175
Prenylcysteine oxidase 5 NP_057381

Thymopoietin β 5 NP_001027
454 

Torsin-1A-interacting protein 1 5 Q5JTV8 
α-L-fucosidase 2 6 Q9BTY2 
Stomatin-like 2 8 NP_038470
Stomatin 9 NP_004090

 
 
 
 
 
Others 
 
 
 
 

Tumor protein D52-like 2 10 NP_001003
395 

(These data reproduced with permission by Fang Sun) 

Putative cellular proteins localized in vesicles that contain the HCV replication 

complex were identified by tandem mass spectroscopy as described in Materials and 

Methods and in Results.  The protein name, migration on SDS-PAGE as shown by 

the numbered bands in Fig. 1-3, and accession number for NCBI are presented.   
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Discussion 

 

            In these studies we purified membrane vesicles containing the HCV 

replication complex by a magnetic immuno-isolation approach. The purified vesicles 

displayed characteristic features of the HCV replication complex in that they were 

enriched in HCV NS proteins (Fig. 1-1) and HCV RNA (Fig. 1-2). The vesicles were 

highly purified and not contaminated to a significant extent with major cellular 

organelles (Fig. 1-1) or abundant cellular mRNAs (Fig. 1-2). Proteomic analysis of 

the purified vesicles revealed enrichment for proteins involved in lipid metabolism 

(Table 1-1). These proteins include ApoB, ApoE, and MTP, which are proteins 

required for the assembly of VLDL19 (Fig. 1-4). Immunofluorescence microscopy 

confirmed the colocalization of the HCV replication complex and ApoB in vesicular 

structures (Fig. 1-5). These vesicular structures were not prominent when we stained 

control Huh-7 cells with anti-ApoB, suggesting that these structures may be induced 

by the viral NS proteins as reported6. Diversion of nascent VLDL to these structures 

might explain the previous reports that HCV infection decreases the rate of VLDL 

secretion in patient44 and Huh-7 cells45. The vesicles containing the HCV replication 

complex appears to be derived from the ER because ApoB in the vesicles is endo H-

sensitive (Fig. 1-6). However, we did not observe an enrichment of Calnexin, a 

general ER marker, in vesicles containing the HCV replication complex (Fig. 1-1A). 
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Thus, a specialized ER subdomain involved in lipid metabolism and VLDL assembly 

is most likely to be the organelle where HCV replicates. 

            The observation that HCV replicates on membrane vesicles assembling 

VLDL prompted us to investigate the requirement of VLDL synthesis and secretion 

for the life cycle of HCV. We showed that VLDL synthesis is not required for 

replication of HCV RNA (Fig. 1-7). This result is consistent with previous findings 

that HCV RNA can replicate in HeLa and HEK-293 cells46-48, which do not produce 

VLDL. The reason for colocalization of the HCV replication and VLDL assembly 

appears to lie in a requirement for co-assembly or secretion of VLDL and HCV 

particles. Thus, treatment of cells with an MTP inhibitor or siRNA targeting apoB 

that specifically blocks the secretion of VLDL inhibits HCV production at the same 

time (Figs. 1-8 and 1-9). This finding, together with previous reports showing that 

clinically isolated HCV particles are associated with VLDL17, 18, suggests that HCV 

particles are attached to or incorporated into VLDL during the assembly of the 

lipoprotein particles and secreted together with VLDL. In experiments not shown, 

we were unable to demonstrate an association between secreted HCV and VLDL in 

our tissue culture system by using density gradient ultracentrifugation (ApoB was 

found in fractions with d <1.01 g/ml in these experiments) or co-

immunoprecipitation to isolate the complex. It is possible that the HCV•VLDL 

complex produced in cultured cells is much more fragile than that isolated from 

infected patients so that the complex is disrupted during centrifugation. 



42 

 

            HCV production was inhibited when cells were treated with the MTP 

inhibitor (Fig. 1-8). However, such inhibition was not complete, and ≈20% of HCV 

was still released into the medium (Fig. 1-8B). Thus, it is possible that some HCV 

particles may be secreted out of cells in a VLDL-independent manner. An alternative 

possibility is that a tiny amount of secreted VLDL beyond the detection limit of 

immunoblot analysis is enough to mediate the release of the small percentage of 

HCV. 

            Besides liver, ApoB-containing triglyceride-rich lipoproteins are also 

produced in intestine20, which is not known to produce HCV in large quantity. These 

lipoproteins, called chylomicrons, contain a shorter form of ApoB (ApoB-48) and 

their assembly is not exactly the same as that of VLDL produced in liver49. This 

difference may prevent HCV from secreting together with chylomicrons. If this is 

the case, proteins mediating the assembly of VLDL may be the liver-specific cellular 

factors that support HCV infection. Inasmuch as continued viral production is 

believed to be necessary for sustained viral infection2, drugs that block the assembly 

and secretion of VLDL may represent cellular targets for treatment of HCV 

infection. In this regard, siRNA targeting hepatic apoB inhibited VLDL secretion in 

mice50 and primates51, but it has not yet been tested in humans.  

            Antisense RNA drugs targeting apoB52 and several MTP inhibitors have 

already been tested in clinical trails because of their ability to block VLDL secretion, 

thereby lowering the level of plasma triglyceride and LDL cholesterol53, 54. Long-term 
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treatment with MTP inhibitors led to the accumulation of fat in livers54. However, 

short-term treatment (up to several weeks) reduced the level of VLDL with only 

minor adverse effects, which disappeared after drug removal54. It will be interesting 

to examine whether short-term treatment with MTP inhibitors is beneficial in 

treating HCV infection. 
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CHAPTER TWO 
 
 
 

Inhibition of hepatitis C virus replication by peroxidation of 

arachidonate and restoration by vitamin E 

 
 
 

Summary 

 

            Hepatitis C virus (HCV) is a single-stranded positive RNA virus that infects 

170 million people worldwide. HCV-infected hepatocytes are known to produce 

reactive oxygen species (ROS), which initiate lipid peroxidation, a reaction that 

converts polyunsaturated fatty acids (PUFAs), such as arachidonate, into reactive 

carbonyls. To study the effect of lipid peroxidation on HCV replication, we 

administered arachidonate to Huh-7-K2040 cells, a line of Huh-7 cells that harbor an 

HCV replicon. After incubation in medium supplemented with arachidonate but 

deprived of lipid-soluble antioxidants, the cellular amount of malondialdehyde 

(MDA), a product of lipid peroxidation, increased markedly in Huh-7-K2040 cells 

but not in parental Huh-7 cells that do not harbor an HCV replicon. This increase 

was followed by a sharp reduction (>95%) in HCV RNA. Both of these events were 

prevented when cells were treated with vitamin E, a lipid-soluble antioxidant. After 

prolonged incubation of Huh-7-K2040 cells with arachidonate in the absence of 

lipid-soluble antioxidants, the amount of MDA decreased after the reduction in the 
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amount of HCV RNA. Thus, in the presence of arachidonate and in the absence of 

lipid-soluble antioxidants, HCV replication induces lipid peroxidation that reduces 

the amount of HCV RNA. The current study provides a mechanism for the previous 

observation that polyunsaturated fatty acids inhibit HCV replication. If such 

inhibition occurs in livers of infected patients, the possibility exists that the balance 

between lipid peroxidation and HCV replication may help to determine the level of 

HCV RNA. Also, our results suggest that polyunsaturated fatty acids may be 

effective in inhibiting HCV replication in vivo. 
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Introduction 

 

            Hepatitis C virus (HCV) exacts a heavy toll on public health. Approximately 

170 million people worldwide are infected persistently with HCV, and these 

individuals account for most cases of chronic liver disease and hepatic failure2. 

Current IFN-based therapies are ineffective in many patients infected by HCV, and 

they are plagued with adverse effects55, underscoring the need for new therapeutic 

strategies.  

            HCV is a single-stranded positive-sense RNA virus of the Flaviviridae family5. 

The 9.6-kb HCV genome encodes a single polyprotein that is post-translationally 

processed into at least 10 structural and nonstructural (NS) proteins. Among the NS 

proteins, NS3, NS4A, NS4B, NS5A, and NS5B are sufficient to support replication 

of the HCV RNA, as illustrated by the replication capacity of HCV subgenomic 

replicons13. An HCV subgenomic replicon is an engineered HCV RNA expressing a 

selectable marker gene, neo, in place of the structural coding region. A heterologous 

viral internal ribosomal entry site is inserted after the neomycin resistance cassette to 

direct the translation of the viral nonstructural proteins NS3–5B. When human 

hepatoma Huh-7 cells are transfected with HCV replicons and selected with G418, a 

cell line can be established in which HCV RNA is constantly replicated13. 

            A hallmark of HCV infection is the generation of reactive oxygen species 

(ROS) and oxidative stress56. ROS generation has been reported in HCV infected 
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patients57-59, Huh-7 cells infected by an infectious clone of HCV60, and Huh-7 cells 

that contain HCV replicons61, 62. ROS that are located in membranes are eradicated 

by lipid-soluble antioxidants, such as vitamin E63. When production of ROS exceeds 

the scavenger activity of these lipid-soluble antioxidants, ROS in membranes trigger 

lipid peroxidation, a nonenzymatic chain reaction that converts polyunsaturated fatty 

acids into toxic reactive carbonyls, which inactivate proteins by formation of 

covalent protein conjugates64. Interestingly, Kapadia and Chisari65 recently reported 

that polyunsaturated fatty acids inhibit HCV replication, but the mechanism of this 

inhibition is not known. 

            In the current studies, we used the HCV replicon system to examine the 

impact of lipid peroxidation on HCV replication. Using Huh-7 cells harboring an 

HCV replicon, we observed that exposure to polyunsaturated fatty acids in the 

absence of lipid-soluble antioxidants resulted in an acute increase in the amount of 

malondialdehyde (MDA), a product of lipid peroxidation. This increase was followed 

by a reduction in HCV RNA. Inasmuch as the generation of MDA relies on ROS 

produced by HCV replication, prolonged incubation of cells with polyunsaturated 

fatty acids in the absence of lipid-soluble antioxidants led to a decline in the amount 

of MDA after the reduction in HCV RNA. This decline in lipid peroxidation allows 

inhibition of HCV replication without generation of cellular toxicity. 
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Experimental Procedures 

 

Materials. We obtained vitamin E (α-tocopherol), coenzyme Q4, vitamin K, oleate, 

linoleate, linolenate, and arachidonate from Sigma and defatted BSA from Roche 

Molecular Biochemicals. Delipidated FCS was prepared exactly as described in ref. 

17. Briefly, 500 ml of FCS was mixed with 400 ml of 1-butanol and 600 ml of 

isopropyl ether at room temperature for 20 min, followed by 20 min incubation on 

ice. After centrifugation, the aqueous phase was re-extracted with 200 ml of 

isopropyl ether, re-centrifuged, subjected to evaporation under a stream of nitrogen 

gas, lyophilized, reconstituted with 200 ml of distilled water, and dialyzed against 

PBS. Multiple aliquots were stored at -20°C. 

 

Cell Culture. Huh-7 cells were maintained in medium A (Dulbecco’s modified 

Eagle medium with 4.5 g/liter glucose, 100 units/ml penicillin, 100 μg/ml 

streptomycin sulfate, and 10% (v/v) FCS). Huh-7-K2040 cells are Huh-7 cells that 

harbor a genotype 1b HCV subgenomic replicon37. They were maintained in medium 

A supplemented with 200 μg/ml G418. Both cells were maintained in monolayer 

culture at 37°C in 5% CO2. Huh-7-K2040 cells were a gift from Michael Gale Jr. 

(University of Washington, Seattle, WA). 
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Real-time Quantitative PCR. The measurement of HCV or cellular RNA was 

performed by real-time PCR analysis with a protocol described in ref. 56. Briefly, 

RNA was extracted from cells pooled from two 60-mm dishes, using the RNeasy 

Mini Kit (Qiagen, Valencia, CA). First-strand cDNA was synthesized from the 

DNA-free RNA, using TaqMan reverse-transcription reagents (Applied Biosystems). 

Triplicate samples of first strand cDNA were subjected to real-time PCR 

quantification, using forward and reverse primers for the indicated RNA with human 

36B4 as an invariant control. Relative amounts of mRNA were calculated by using 

the comparative CT method. 

 

Lipid Peroxidation Analysis. The extent of lipid peroxidation was measured by the 

amount of MDA, which was assayed by the thiobarbituric acid reactive substances 

(TBARS) kit (Zepto-Metrix). Cells pooled from two 60-mm dishes were resuspended 

in 300 μl of buffer A (1.5 mM KH2PO4, 8.1 mM Na2HPO4, 2.7 mM KCl, and 137 

mM NaCl, pH 7.4) and homogenized by passing through 22-gauge needles 10 times 

followed by sonication at 100% amplitude for 5 min in a microprocessor-controlled 

ultrasonic water bath (Lab-Line Instruments). The amount of MDA in 40 μl of cell 

homogenates was measured by a spectroscopic method described in manufacturer’s 

protocol. The absorbance was read by a SAFIRE plate reader, using Xfluor4 

software (Tecan) at 532 nm. The activity of lipid peroxidation was expressed as the 

amount of MDA normalized by the amount of cellular protein. 
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Measurement of Protein Concentration. Protein concentration was measured by a 

BCA kit (Pierce) following the manufacturer’s protocol. 

 

Preparation of BSA-conjugated Fatty Acids. A 10 mM stock solution of each 

fatty acid was prepared by diluting the free fatty acid in ethanol and precipitating it 

with 0.25 M NaOH. The precipitated sodium salt was then evaporated under 

nitrogen gas, reconstituted with 0.15 M NaCl, and stirred at room temperature for 10 

min with defatted BSA (final concentration at 10% (w/v) in 0.15 M NaCl). Each 

solution was stored in multiple aliquots at -20°C and protected from light in tubes 

evacuated under nitrogen gas. 
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Results 

 

Reactive Oxygen Species (ROS) generated by HCV replication triggers the lipid 

peroxidation. To monitor the production of reactive carbonyls generated by lipid 

peroxidation, we measured the amount of MDA produced by Huh-7-K2040 cells, a 

line of Huh-7 cells that harbor an HCV replicon37. MDA is a product of lipid 

peroxidation and is commonly used as an index of this process66. When incubated in 

normal culture medium supplemented with FCS, the Huh-7-K2040 cells produced 

very little MDA (Fig. 2-1, lane 1). Addition of arachidonate, a substrate for lipid 

peroxidation, raised the amount of MDA by ≈8-fold in these cells (Fig. 2-1, lane 2). 

Inasmuch as lipid peroxidation is likely to be inhibited by lipid-soluble antioxidants 

present in FCS, we next measured the amount of MDA produced in cells cultured in 

medium containing FCS that had been depleted of all lipid-soluble materials by 

extraction with organic solvents (delipidated FCS)67. This treatment elicited only a 

slight increase in the mount of MDA (Fig. 2-1, lane 3). However, under these 

conditions the addition of arachidonate led to a 48-fold increase in the amount of 

MDA (Fig. 2-1, lane 4). This massive increase was reversed by addition of vitamin E, 

a lipid-soluble antioxidant (Fig. 2-1, lane 5). Parental Huh-7 cells that do not harbor 

an HCV replicon produced only modest amounts of MDA when incubated with 

arachidonate in delipidated FCS (Fig. 2-1, lane 9). This result suggests that ROS 

generated by HCV replication lead to the generation of MDA (and possibly other 
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reactive carbonyls) in the presence of a polyunsaturated fatty acid, such as 

arachidonate, when lipid-soluble antioxidants are absent. 

 

Lipid-soluble antioxidants are required for efficient HCV replication in Huh-7-K2040 

cells. The results from Fig. 2-1, together with an observation that HCV replication is 

inhibited by polyunsaturated fatty acids65, raise the possibility that products of lipid 

peroxidation repress HCV replication. If this is the case, then removal of lipid-

soluble antioxidants from the culture medium should inhibit HCV replication. To 

test this hypothesis, we incubated Huh-7-K2040 cells in medium supplemented with 

delipidated FCS that is deprived of lipid-soluble antioxidants. Incubation in this 

medium resulted in a 70% decrease in the amount of HCV RNA (Fig. 2-2, lane 2). 

Restoration of vitamin E to the culture medium raised the amount of HCV RNA to 

the level that was observed in control cells incubated in medium supplemented with 

FCS (Fig. 2-2, lane 3). Addition of vitamin K or coenzyme Q4, two other lipid-

soluble antioxidants68, 69, also restored the replication of HCV (Fig. 2-2, lanes 4 and 5). 

Addition of oleate, a fatty acid that is abundant in FCS, did not rescue the replication 

of HCV (Fig. 2-2, lane 6). Interestingly, addition of a water-soluble antioxidant 

vitamin C also did not restore HCV replication (Fig. 2-2, lane 7), suggesting a specific 

requirement of lipid-soluble antioxidants for HCV replication.  
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The addition of polyunsaturated fatty acids could further reduce HCV RNA in cells grown 

in delipidated FCS. In medium containing FCS, the addition of polyunsaturated fatty 

acids such as linoleate, linolenate, and arachidonate led to a 50–70% decrease in the 

amount of HCV RNA (Fig. 2-3A, lanes 3–5). The inhibitory effect was enhanced 

when the cells were cultured in medium containing delipidated FCS (Fig. 2-3A, lanes 

8–10). The combination of delipidated FCS and arachidonate reduced the amount of 

HCV RNA by 95% compared with control cells cultured in FCS without additional 

fatty acids (Fig. 2-3A, lane 10). Arachidonate was more potent than linoleate and 

linolenate in inhibiting HCV replication, probably because it contains more double 

bonds, thus allowing it to produce more reactive carbonyls after lipid 

peroxidation64.Unlike the results with polyunsaturated fatty acids, treatment of Huh-

7-K2040 cells with oleate, a monounsaturated fatty acid that is not subject to lipid 

peroxidation64, did not significantly affect replication of HCV in cells that were 

cultured in medium supplemented with either FCS (Fig. 2-3A, lane 2) or delipidated 

FCS (Fig. 2-3A, lane 7). 

          Fig. 2-3B shows an experiment in which we analyzed the amount of 

arachidonate required to inhibit HCV replication. When Huh-7-K2040 cells were 

cultured in medium supplemented with FCS, the IC50 for arachidonate was ≈60 μM 

(Fig. 2-3B). The IC50 was decreased to 10 μM when these cells were incubated in 

medium supplemented with delipidated FCS (Fig. 2-3B). 
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Lipid soluble antioxidants, such as vitamin E restores HCV replication in Huh-7-K2040 

cells treated with arachidonate. If polyunsaturated fatty acids inhibit HCV replication 

through lipid peroxidation, then this effect should be countered by lipid-soluble 

antioxidants. To test this hypothesis, Huh-7-K2040 cells cultured in medium 

containing delipidated FCS with or without arachidonate supplementation were 

treated with various amounts of vitamin E. As expected, when cells were cultured in 

the absence of arachidonate, vitamin E restored the amount of HCV RNA to the 

level observed in cells cultured in FCS, which is set at 1 in Fig. 2-4A. In the presence 

of arachidonate, vitamin E increased the amount of HCV RNA from 5% to 190% of 

that in control cells cultured in FCS (Fig. 2-4A). The concentration of vitamin E that 

produced a half-maximal effect in both culture conditions was 40 nM (Fig. 2-4A). 

Fig. 2-4B shows that addition of vitamin E to cells cultured in FCS did not further 

increase the amount of HCV RNA, indicating that vitamin E became limiting only in 

delipidated FCS but not in FCS. 

 

Lipid peroxidation and HCV replication levels balance during prolonged treatment. The 

inhibition of HCV replication by replication-dependent lipid peroxidation creates a 

paradox whereby HCV should inhibit its own replication, which in turn should cause 

a drop in reactive carbonyls produced by lipid peroxidation. Eventually, a new steady 

state should be reached in which replication of HCV continues at a low level that 

does not produce enough ROS to inhibit HCV replication. To test this hypothesis, 
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we performed chronic experiments in which we measured the amount of MDA in 

Huh-7 and in replicon-bearing Huh-7-K2040 cells that were cultured in medium 

containing delipidated FCS supplemented with arachidonate (Fig. 2-5). In Huh-7 

cells, small amounts of MDA accumulated during 72 h of treatment (Fig. 2-5A, open 

triangles). In Huh-7-K2040 cells, MDA increased markedly in the first 12–24 h and 

then decreased to a level that was even lower than that in Huh-7 cells after 48 h of 

treatment (Fig. 2-5A, filled triangles). To determine whether the decrease in the 

amount of MDA correlates with the reduction in HCV RNA, we measured the 

amounts of MDA and HCV RNA in Huh-7-K2040 cells that were cultured in 

medium containing delipidated FCS supplemented with arachidonate for various 

amounts of time. As shown in Fig. 2-5B, MDA production reached a maximum after 

Huh-7-K2040 cells were switched into this medium for 12 h, at which time HCV 

RNA was decreased by only 40%. After that, the decrease in the amount of MDA 

paralleled the reduction in HCV RNA (Fig. 2-5B). After 72 h, the amount of MDA 

and HCV RNA were both reduced by >90% (Fig. 2-5B). Incubation of Huh-7-

K2040 cells in delipidated FCS supplemented with arachidonate did not generate 

cellular toxicity, because the rate of cell growth measured by the increase in total 

cellular protein in this culture condition was not different from that in cells cultured 

under normal condition in medium supplemented with FCS (Fig. 2-5C). The lack of 

cellular toxicity is most likely attributable to the transient rather than persistent 

activation of lipid peroxidation (Fig. 2-5A and B). Long-term treatment with reactive 
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carbonyls generated by lipid peroxidation is known to be toxic to cells64. 
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Figures  

 

Figure 2-1   

Increased production of MDA in Huh-7-K2040 cells incubated in medium 

containing delipidated FCS and arachidonate. 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7 (open columns) or Huh-7-K2040 (filled columns) cells were set up 

at 7 ×105 cells per 60 mm dish. On day 1, cells were switched to medium 

supplemented with 10% of FCS or delipidated FCS in the presence or absence 0.3 

μM vitamin E or 0.1 mM arachidonate that is conjugated with BSA as indicated. 

Sixteen hours later, on day 2, cells were harvested, and the amount of MDA in cells 

was determined as described in Experimental Procedures. Values (mean ± SD) 

from three independent experiments are presented.  
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Figure 2-2 

Lipid-soluble antioxidants are required for efficient HCV replication in Huh-

7-K2040 cells. 

 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7-K2040 cells were set up at 4 ×105 cells per 60-mm dish. On day 2, 

cells were switched to medium supplemented with 10% of indicated serum and 

treated with 0.3 μM indicated lipids or vitamins. Seventy-two hours later, on day 5, 

cells were harvested, and the amount of HCV RNA was determined by real-time 

quantitative PCR analysis. Values (mean ± SD of three independent experiments) are 

presented relative to that in control cells cultured in medium supplemented with FCS, 

which is set at 1. 
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Figure 2-3 

Polyunsaturated fatty acids inhibit HCV replication more potently in Huh-7-

K2040 cells cultured in delipidated FCS than in FCS. 
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On day 0, Huh-7-K2040 cells were set up at 4 ×105 cells per 60 mm dish. (A) On 

day 2, cells were switched to medium supplemented with 10% of FCS (red) or 

delipidated FCS (blue) and treated with 0.1mM indicated BSA-conjugated fatty acids. 

Seventy two hours later, on day 5, cells were harvested, and the amount of HCV 

RNA was determined by real-time quantitative PCR analysis. Values (mean ± SD of 

three independent experiments) are presented relative to the control cells that were 

cultured in medium supplemented with FCS without any treatment, which is set at 1. 

The scale for relative HCV RNA in cells cultured in FCS is different from that in 

cells cultured in delipidated FCS because incubation in delipidated FCS alone 

without any treatment of fatty acids resulted in a 60% reduction in the amount of 

HCV RNA. (B) On day 2, cells were switched to medium supplemented with 10% of 

FCS (red) or delipidated FCS (blue) and treated with indicated amount of BSA-

conjugated arachidonate. Seventy-two hours later, on day 5, cells were harvested, and 

the amount of HCV RNA was determined by real-time quantitative PCR analysis. 

For cells incubated with either FCS or delipidated FCS, values (mean ± SD of three 

independent experiments) are plotted relative to that in control cells that were not 

treated with arachidonate, which is set at 1. 
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Figure 2-4 

Vitamin E restores HCV replication in Huh-7-K2040 cells treated with 

arachidonate. 

 

On day 0, Huh-7-K2040 cells were set up at 4 ×105 cells per 60 mm dish. (A) On 

day 2, except for control cells that were continued to be maintained in medium 

containing 10% FCS, cells were switched to medium supplemented with 10% 

delipidated FCS in the absence (blue) or presence (red) of 0.1 mM BSA-conjugated 

arachidonate and treated with indicated amount of vitamin E. Seventy-two hours 

later, on day 5, cells were harvested, and the amount of HCV RNA was determined 

by real-time quantitative PCR analysis. Values are plotted relative to the control cells 

cultured in medium supplemented with FCS without any treatment, which is set at 1. 

Results from three independent experiments are presented, each denoted by an 

individual dot. (B) On day 2, cells were switched to medium supplemented with 10% 

of FCS or 10% delipidated FCS with addition of 0.1 mM BSA-conjugated 

A B 
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arachidonate. These cells were then treated with or without 0.3 μM vitamin E. 

Seventy-two hours later, on day 5, cells were harvested, and the amount of HCV 

RNA was determined and presented as described in A. Results (mean ± SD) from 

three independent experiments are shown. 

 

Figure 2-5 

Prolonged incubation of Huh-7-K2040 cells with arachidonate in the absence 

of lipid-soluble antioxidants. 

 

 

 

 

 

 

 

 

 

 
 
 
 

(These data reproduced with permission by Yan Chen) 
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On day 0, Huh-7 or Huh-7-K2040 cells were set up at 7 ×105 cells per 60-mm dish. 

On day 1, cells were switched to medium supplemented with 10% of FCS or 10% 

delipidated FCS containing 0.1 mM BSA-conjugated arachidonate. After incubation 

in these medium for the indicated amount of time, cells were harvested. (A) The 

amount of MDA in Huh-7 and Huh-7-K2040 cells cultured in medium containing 

delipidated FCS and arachidonate was quantified as described in Fig. 1. (B) The 

amount of MDA and HCV RNA was quantified in Huh-7-K2040 cells incubated in 

medium containing delipidated FCS and arachidonate. (C) The amount of protein in 

Huh-7-K2040 cells that were cultured in either medium was determined. (B and C) 

Values shown are relative to the amount in cells harvested on day 1 immediately 

before medium were changed (time 0), which is set at 1. (A–C) Data from a 

representative experiment are reported. 
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Discussion 

 

            Studies have reported that HCV replication produces ROS61, 62, which are 

normally detoxified by lipid-soluble antioxidants, such as vitamin E63. In the current 

study, we show that HCV replication is inhibited by lipid peroxidation that can be 

blocked by lipid-soluble antioxidants such as vitamin E (Figs. 2-2, 2-3 and 2–4). 

When cultured in medium deprived of lipid-soluble antioxidants and containing 

arachidonate, Huh-7-K2040 cells exhibited markedly elevated lipid peroxidation as 

measured by the production of MDA (Fig. 2-1). The high rate of lipid peroxidation 

led to reduced HCV replication (Figs. 2-2, 2-3 and 2–4). Consequently, the rate of 

MDA production declined (Fig. 2-5 A and B). Eventually, a new steady state was 

reached in which HCV replicated at a low level that did not produce sufficient ROS 

to further inhibit HCV replication. Consistent with this notion, addition of 

arachidonate in the absence of lipid-soluble antioxidants to Huh-7-K2040 cells 

inhibited HCV replication by >95% during the first three days of the treatment (Fig. 

2-5B), but longer treatment (up to 6 days) did not further change the amount of 

HCV RNA (data not shown). 

             We also examined whether polyunsaturated fatty acids in the absence of 

lipid-soluble antioxidants also inhibited HCV replication in Huh-7-derived cells 

infected by the JFH1 strain of HCV (data not shown). Unfortunately, such treatment 

was toxic to these cells, which made the results difficult to be interpreted. 
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            Exactly how lipid peroxidation inhibits HCV replication remains unclear. 

Several products of lipid peroxidation such as MDA and 4-hydroxy-2-nonenal are 

known to inactivate proteins by formation of covalent protein conjugates64. Thus, 

these products of lipid peroxidation may inactivate HCV NS proteins or host 

proteins required for HCV replication. Moreover, MDA is able to bind RNA 

covalently70, a reaction that might allow MDA to inactive HCV RNA directly. 

            The current study explains the previous observation that polyunsaturated 

fatty acids inhibit HCV replication in Huh-7 cells that harbor HCV replicons65. If 

such inhibition occurs in livers of infected patients, the possibility exists that the 

balance between lipid peroxidation and HCV replication may help to determine the 

level of HCV RNA. It will be interesting to examine whether HCV viral load is 

inversely correlated with the amount of serum MDA in HCV-infected patients. This 

data also raise the possibility that dietary supplement or pharmacological preparation 

of polyunsaturated fatty acids71 may help to suppress HCV replication in patients. 

Based on our in vitro data, peroxidation of polyunsaturated fatty acids only occurs in 

cells in which HCV is actively replicating (Figs. 2-1 and 2-5B). If this selectivity also 

occurs in vivo, then such treatment may be able to inhibit HCV replication without 

intolerable toxicity. 

 

 

 



 

 - 66 -

CHAPTER THREE 
 
 
 

Characterization of a highly permissive cell line for genotype1 

HCV RNA replication 

 
 

Summary 

 

            The human hepatoma Huh-7 cell line is so far the only cells that support the 

hepatitis C virus (HCV) replication in vitro. Moreover, the viral replication could only 

be detected in a small population of this cell line, suggesting that only mutant lines of 

these cells are highly permissive for HCV RNA replication. It has been demonstrated 

that Huh-7.5 cell, a mutant line of Huh-7 cells that support efficient HCV replication 

has a defect in RIG-I gene that initiates interferon-mediated innate antiviral response. 

However, Huh-7.5 cells are still incapable of producing infectious viral particles due 

to the cell culture adaptive mutations found on the HCV genome that is required for 

viral RNA replication in these cells. An HCV genotype2 clone isolated from a 

Japanese patient was found to replicate and produce infectious virus in Huh-7 cells. 

Nevertheless, the full-length genotype1 HCV, which is the most prevalent and 

difficult strain to treat in clinic still can not be cultured in vitro. Here we show that 

HCV subgenomic RNA could be eliminated from a Huh-7 clone by prolonged 

treatment with infergen. The cured cells could support a higher frequency of the 
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HCV RNA replication, even including the genotype1 HCV RNA without adaptive 

mutations. We also demonstrated that interferon-β (IFN-β) signaling pathway, the 

major cellular antiviral response, is normal in this highly permissive cell line, HCV 

Replication Permissive 1 (HRP1) cells. RNA microarray analysis will be performed in 

both Huh-7 and HRP1 cells to characterize cellular factors contributing to the highly 

permissive phenotype.    
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Introduction 

 

            HCV infection is mainly restricted to human hepatocytes2. In the in vitro 

culture system, HCV replication appears to be restricted to the human hepatoma 

cells36. Thus, it is very difficult to culture the HCV efficiently in vitro. So far, the 

subgenomic genotype1 HCV replicons and a specific strain of full-length genotype2 

HCV cultured in Huh-7.5 cells are widely used to study the HCV RNA replication. 

The subgenomic genotype1 HCV replicon system has been described before (see 

Model system for HCV study). The Huh-7.5 cell, a mutant line of Huh-7 

cells, possess a mutation on RIG-I gene, which is required to trigger innate antiviral 

response. Thus, the Huh-7.5 cells provide the HCV with a more favorable 

environment. Besides the cellular environment, cell culture adaptive mutations 

selected on HCV RNA was also found to determine the efficiency of viral 

replication72, 73. However, full-length HCV genomes carrying adaptive mutations can 

not produce infectious virus. It was hypothesized that the adaptive mutations 

required for efficient viral RNA replication might interfere with the packaging, 

assembly or release of the virus1. The isolation of an HCV genotype2 clone, named 

JFH-1, supported the hypothesis. It was found that this particular strain replicated in 

Huh-7 cell lines without the requirement for adaptive mutations74. Subsequently, it 

was found that cloned JFH-1 genomes transfected into Huh-7 cells produced virus 

(designated as HCVcc for cell-culture-derived HCV) that is infectious for naïve Huh-
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7 cells36. However, only this HCV strain or its derivatives can replicate and produce 

infectious HCV from Huh-7 cells. 

            In order to obtain cell lines more permissive for full-length genotype1 HCV 

RNA replication, HCV RNA in HCV replicon cell line Huh-7-K2040 was removed 

by prolonged treatment with infergen (interferon alfacon-1), also known as 

consensus interferon. The cured cell was cloned and designated as HCV replication 

permissive 1 (HRP1) cell line. It can improve the efficiency of HCV RNA replication 

regardless of the adaptive mutations. Unlike Huh-7.5 cells, there is no defect in the 

interferon-β antiviral response in HRP1 cells.  
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Experimental Procedures 

 

Materials. We obtained infergen (30 μg/ml) from Amgen Inc.; crystal violet stain 

(crystal vilet 0.41% (w/v), ethanol SDA-3A 12% (v/v), phenol 0.1% (v/v), and 

deionized water < 90% (v/v) ) from PROTOCOL; Dual-luciferase reporter system 

is from Promega (Madison, WI) 

 

Plasmid Constructions. pIFNβ-luc construct was a gift from Zhijian (James) Chen 

(UT Southwestern Medical Center, Dallas, TX). pIRES-fireflyluc encodes the firefly 

luciferase gene under the HCV internal ribosome entry site (IRES). pIRES-rluc-HP 

or pIRES-rluc-Con1 encode either Hp or Con1 genotype1 HCV subgenomic RNA 

possessing the Renilla luciferase gene under the control of the HCV IRES and were 

constructed by replacing the sequence encoding the neomycin phosphotransferase 

gene of the respective p-neo-Hp or p-neo-Con1 construct with a DNA fragment 

encoding Renilla luciferase gene. 

 

Cell Culture and Infergen Treatment. Huh-7 and Huh-7.5 cell monolayers were 

propagated in medium A (Dulbecco’s modified Eagle medium with 4.5 g/liter 

glucose, 100 units/ml penicillin, 100 μg/ml streptomycin sulfate, and 10% (v/v) 

FCS). Huh-7-GL cells were maintained as described in Experimental 

Procedures of CHAPTER ONE. For Huh-7-K2040 cells supporting 
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subgenomic replicons, G418 (Geneticin; Gibco-BRL) at 400 μg/ml was added to the 

culture medium. Replicon-containing Huh-7-K2040 cells were cured of HCV RNA 

by incubating cells with 250 pM infergen (interferon alfacon-1; Amgen Inc.). After 3 

days, confluent monolayers were trypsinized, plated and cultured in the medium with 

infergen. Cells were passaged a total of five times in the presence of infergen before 

performing the single cell cloning.  

 

In vitro RNA Transcription. Plasmid DNAs containing subgenomic genotype1 

HCV replicon sequences were linearized with ScaI. The linearized DNAs were 

separated by agarose gel electrophoresis and purified by QIAquick® gel extraction 

kit (QIAGEN). RNA transcripts were synthesized by following the protocol of 

MEGAscript T7 kit (Ambion). Briefly, 4 μg of purified linear DNAs were mixed 

with 2μl reaction buffer, 2 μl T7 enzyme mix and 2 μl of 75 mM each nucleoside 

triphosphate solution in a 20-μl reaction volume and incubate at 37°C for five hours. 

DNA template was removed by adding an extra 1 μl of Turbo DNase and digesting 

at 37°C for 30 min. RNA was then precipitated with 30 μl lithium chloride 

precipitation solution (7.5M lithium chloride, 50 mM EDTA), and the RNA pellet 

was washed in 70% ethanol before resuspend in double-distilled RNase-free H2O. 

The RNA concentration was determined by measurement of the optical density at 

260 nm, and the integrity and concentration were confirmed by 1.25% agarose gel 

electrophoresis and ethidium bromide staining. 
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HCV RNA Transfection. In vitro-transcribed RNA was transfected into Huh-7, 

Huh-7.5 and HRP1 cells by TransMessenger transfection reagent (QIAGEN). 

Briefly, 4 μl of Enhancer R was diluted in Buffer EC-R. Then, 2 μg of HCV RNA 

was added to a final volume of 100 μl. The mixture was incubated at room 

temperature for 5 min and then added by 8 μl TransMessenger transfection reagent. 

After 10 min incubation at room temperature, the solution containing the 

transfection complexes was mixed with 900 μl serum-free DMEM medium and 

added onto the cells pre-washed with PBS. Four hours after the transfection, cells 

were washed with PBS and switched to medium A (Dulbecco’s modified Eagle 

medium with 4.5 g/liter glucose, 100 units/ml penicillin, 100 μg/ml streptomycin 

sulfate, and 10% (v/v) FCS). Twenty-four hours later, medium was replaced with 

DMEM-10% FCS supplemented with G418 at 400 μg/ml. Three weeks later, G418-

resistant foci were fixed with 95% ethanol and stained with 1% crystal violet in 50% 

ethanol. 

 

Measurement of Luciferase Activity.  It was assayed exactly as described in the 

technical manual of Dual-luciferase reporter system from Promega (Madison, WI). 

Briefly, cells from two 60 mm dishes were gently shake in 400 μl Passive lysis buffer 

(1x) per dish at room temperature for 15 min after washing once with Dulbecco’s 

phosphate-buffered saline (without calcium & magnesium) (Cellgro, Manassas,VA). 

Cells were harvested and spin at 13.2 × 103 rpm for 1 min. 20 μl supernatants were 
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mixed with 100 μl luciferase assay reagent II for the firefly luciferase activity 

measurement, and then mixed with another 100 μl Stop & Glo reagent for the 

Renilla luciferase activity measurement by the luminometer.  
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Results 

 

HRP1 cells are highly permissive for HCV RNA replication. To obtain a novel cell line 

that is highly permissive for HCV replication, we treated Huh-7 lines harboring a 

subgenomic HCV replicon with interferon alfacon-1 (also called infergen) for three 

weeks to eliminate the existing HCV RNA in these cells (see Experimental 

Procedures). The cells cured of HCV RNA were then cloned, and their ability to 

support HCV replication was examined. For this purpose, two G418-selectable 

replicons, Hp replicon (with adaptive mutations) and Con1 replicon (without 

adaptive mutations) were used (Fig. 3-1A). In vitro synthesized replicon RNAs were 

transfected into these cells. Both replicon RNAs were also transfected into Huh-7 

and Huh-7.5 cells as controls. Following G418 selection, surviving cells were fixed 

and stained by crystal violet. Both Huh-7.5 and our newly obtained cell line were able 

to support the efficient replication of Hp replicon (Fig. 3-1A, second row). We thus 

named our newly obtained cells as HCV replication permissive 1 (HRP1) cells. 

Surprisingly, HRP1 cells but not Huh-7.5 cells showed an enhanced permissiveness 

for the Con1 replicon that does not contain adaptive mutations (Fig. 3-1A, third 

row). To further analyze the permissiveness of these cells for HCV replication, we 

transfected a version of an HP replicon (with adaptive mutations) encoding Renilla 

luciferase into these cells. As shown in Fig. 3-1B, Renilla luciferase activity in HRP1 

cells is much higher than that in Huh-7.5 cells. This activity was specifically caused 
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by HCV replication in that the luciferase activity did not show significant difference 

between these cells when they were transfected with RNA encoding firefly luciferase 

that was not associated with HCV RNA. Thus, the overall higher efficiency for HCV 

replication in HRP1 cells versus Huh-7.5 cells could be the reason why non-adapted 

HCV replicons were allowed to replicate in HRP1 cells. 

 

HRP1 cells have no defects in interferon-mediated innate antiviral response. Previous 

studies indicated that the highly permissiveness for HCV RNA replication in Huh-

7.5 cells resulted from a mutant RIG-I, which inactivated the IFN-β signaling 

pathway, a major host innate immuno-response75. We did not observe any mutations 

in the RIG-I gene in HRP1 cells. To further examine the IFN-β pathway, we 

transfected Huh-7, Huh-7.5 and HRP1 cells with DNA encoding firefly luciferase 

driven by the IFN-β promoter, and then challenged these cells with Sendai virus, 

which is known to induce the expression of IFN-β. Infection with Sendai virus 

(SenV) failed to induce IFN-β promoter activity in Huh-7.5 cells as reported before75. 

However, the promoter activity in both Huh-7 and HRP1 cells was increased after 

the SenV infection (Fig.3-2A). The Sendai virus infection also stimulated robust 

expression of interferon-stimulated gene56 (ISG56) and Myxovirus resistance1 

(MX1) expression, two well-defined IFN-β downstream target gene, in both Huh-7 

and HRP1 cells (Fig 3-2C). As expected, there was no significant induction of ISG56 

and MX1 expression by Sendai virus infection in Huh-7.5 cells (Fig 3-2C). 
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Surprisingly, only HRP1 cells, but not Huh-7 or Huh-7.5 cells were also highly 

permissive for the infection of Sendai virus, which is a negative-strand RNA virus 

(Fig 3-2B). We also observed that when cells were transfected with Hp replicon, a 

genotype1 subgenomic HCV replicon, the expression of IFN-β downstream target 

genes, ISG56 and MX1, were stimulated (Fig 3-3B). However, a genotype2 HCV 

(JFH1 strain), which is sensitive to the IFN treatment, did not replicate very 

efficiently in the HRP1 cells (Fig 3-4). Thus, although these cells are highly 

permissive for both Sendai virus and HCV replication, the IFN-β signaling pathways 

that are response to viral infection appear to be intact.   
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Figures 

 

Figure 3-1 

Identification of HRP1 cell line is highly permissive for both adapted and 

non-adapted HCV RNA replication. 
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On day 0, Huh-7, Huh-7.5 and HRP1 cells were set up at 5×105 cells per 60 mm dish. 

(A) On day 2, these cells were either not transfected or transfected with 2 μg of the 

Hp replicon (subgenomic HCV RNA with adaptive mutations) or Con1 replicon 

(subgenomic HCV RNA without adaptive mutations). Twenty-four hours later, cells 

were switched to medium supplemented with 10% FCS with addition of 400 μg/ml 

G418. Twelve days later, G418-resistant cells were fixed with 95% ethanol for 30 
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min and then stained with crystal violet staining solution. Representative plates are 

illustrated. (B) On day 2, cells were transfected with 1 μg per dish of rluc-HP RNA 

and 1 μg per dish of fireflyluc RNA. After incubation for the indicated amount of 

time, lysates were extracted from cells pooled from two 60 mm dishes and subjected 

to the measurement of both firefly and Renilla luciferase activities. Values are 

presented relative to firefly luciferase activity measured in the same transfected cells. 

 

Figure 3-2 

HRP1 cells have no defects in the interferon antiviral immuno-response. 
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On day 0, Huh-7, Huh-7.5 and HRP1 cells were set up at 4×105 cells per 60 mm dish. 

(A) On day 2, two dishes of cells were transfected with 0.3 μg per dish of pIFNβ-

firefly luciferase or 0.3 μg per dish of pCMV-Renilla luciferase as the control. Total 

DNA transfection amount was adjusted to 2 μg per dish with pcDNA3.1 plasmid. 

On day 3, cells were mock infected (mock) or infected with 40 HA unit/ml Sendai 

virus for 24 hr. On day 4, cells were harvested and subjected to luciferase activity 

measurement as described in Experimental Procedures. (B, C) On day 2, 
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cells were switched to the medium supplemented with 10% FCS in the presence or 

absence of 40 HA unit/ml Sendai virus. After incubation for 8, 16, or 24 hr, cells 

were harvested, and total RNA pooled from two dishes was extracted, after which 

total RNA was prepared and subjected to first-strand cDNA synthesis and real-time 

quantitative PCR analysis. Values shown in (B) are relative to Huh-7 cells harvested 8 

hr after Sendai virus infection, which was set to 1. Values shown in (C) are relative to 

the non Sendai virus infection controls in each cell line harvested at each time point, 

which were all set to 1. 
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Figure 3-3 

HCV replicon stimulates higher expression of IFN-β downstream target 

genes in HRP1 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7 and HRP1 cells were set up at 5×105 cells per 60 mm dish. (A, B) 

On day 2, these cells were either not transfected or transfected with 2 μg per dish of 

RNA encoding the HCV HP replicon. After incubation for 8, 16, or 24 hr, cells were 

harvested, and total RNA pooled from two dishes was extracted, after which total 

RNA was prepared and subjected to first-strand cDNA synthesis and real-time 
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quantitative PCR analysis. Values shown in (A) are relative to Huh-7 cells harvested 

20 hr after the HCV replicon transfection, which was set to 1. Values shown in (B) 

are relative to the non HCV replicon transfection controls in each cell line harvested 

at each time point, which were all set to 1. 

 

Figure 3-4 

Genotype2 HCV (JFH1 strain) can only replicate in Huh-7.5 cells, but not in 

HRP1 cells. 

 

 

 

 

 

 

 

 

 

On day 0, Huh-7-GL cells were set up at 3.5 ×105 cells per 100 mm dish. On day 3, 

cells were switched to fresh medium supplemented with 10% FCS. On day 4, Huh-7, 

Huh-7.5, and HRP1 cells were set up at 2×105 cells per 60 mm dish. On day 5, Huh-

7, Huh-7.5, and HRP1 cells were switched to the viral medium collected from the 
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Huh-7-GL cells. After 6 hr, these cells were switched to the medium supplemented 

with 10% FCS. Five days later, cells were harvested, and total RNA pooled from two 

dishes was extracted, after which total RNA was prepared and subjected to first-

strand cDNA synthesis and real-time quantitative PCR analysis. Values shown are 

relative to HCV RNA amount in Huh-7 cells, which was set at 1. 
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Discussion 

 

            Previously, a mutant line of Huh-7 cells (Hu-7.5 cells) has been demonstrated 

to possess a cellular environment that is more permissive for HCV RNA replication36, 

75. In this study, we show that another mutant line of Huh-7 cells, designated as 

HRP1 cells, are even more permissive for HCV RNA replication. As a result, Con1 

replicon, a genotype1 HCV replicon without adaptive mutations, can replicate in 

HRP1 cells. For this reason, HRP1 cells might be able to support replication of 

genotype1 HCV strain obtained from genotype1 HCV infected patients.  

            However, unlike the Huh-7.5 cells, the IFN-β mediated innate immuno-

response in HRP1 cells appear to be intact. The activation of IFN-β promoter in 

response to both Sendai virus infection and subgenomic HCV replicon transfection 

is normal in HRP1 cells. Also, the expression level of two well-defined IFN-β 

downstream genes, ISG56 and MX1, were dramatically increased after Sendai virus 

infection as well as the HCV replicon transfection. Surprisingly, HCV and Sendai 

virus can still efficiently replicate in HRP1 cells under such an environment (Fig. 3-

3A and 3-2B). A genotype2 HCV, the JFH1 strain, did not replicate very efficiently 

in the HRP1 cells (Fig. 3-4), which is consistent with the clinical data showing that 

the genotype2 HCV are very sensitive to the IFN-based therapies. It suggested there 

might be another host immuno-response pathway independent of IFN-β that is 
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impaired in HRP1 cells. Presumably, this unknown pathway is critical for wild-type 

Huh-7 cells to fight against the viral infection.  
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CONCLUSIONS AND PERSPECTIVES  

 

            Formation of a membrane associated replication complex, composed of viral 

RNA and proteins, is a hallmark of all positive-strand RNA virus studied so far76. To 

HCV, a specific membrane alteration, named membranous web, was identified as the 

place where the HCV RNA replicated in Huh-7 cells.  

            In chapter 1, the membrane vesicles containing the HCV replication complex 

were isolated from Huh-7 cells harboring an HCV replicon. Proteomic analysis 

revealed that these vesicles are enriched in ApoB, ApoE and MTP, proteins known 

to be required for VLDL assembling. The reason for the co-localization of the 

VLDL assembly components with the HCV replication complex appears to lie in a 

requirement for co-assembly or secretion of VLDL and HCV particles (Fig. 2). 

Therefore, when Huh-7 cells that constitutively produce infectious HCV38 were 

treated with an MTP inhibitor or siRNA targeting apoB, the secretion of VLDL and 

HCV were both inhibited.  

            Although VLDL secretion is required for HCV production in cell culture 

systems, this requirement still needs to be demonstrated in HCV infected patients. 

HCV infected patients produce an estimated 1012 virions per day which are required 

to sustain the viral infection. MTP inhibitors that inhibit viral secretion could be 

applied to the treatment of HCV infection. Several MTP inhibitors have already been 

tested in clinical trails for the treatment of hypercholesterolemia. Long-term 
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treatment with MTP inhibitors led to the accumulation of fat in livers. However, 

short-term treatment (up to several weeks) reduced the level of VLDL with only 

minor adverse effects. Short-term treatment could be tested on HCV-infected 

patients who have not developed hepato steatosis. Although MTP inhibitors may be 

incapable of totally inhibiting viral RNA replication, the addition of MTP inhibitors 

to the current interferon based therapy could increase the effectiveness in eradicating 

the virus. 

 

 

 

 

 

 

 

 

 

Figure 2. HCV replicates on ER membranes involved in the assembly of 

VLDL and is secreted together with VLDL. The assembly of VLDL begins with 

the synthesis of apoB in the rough ER, resulting in the formation of a VLDL 

precursor that contains only a small amount of lipid. In the lumen of the ER, this 

precursor is fused with lipid droplets (enriched in triglyceride and cholesterol) to 
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generate nascent VLDL. This reaction is mediated by MTP. The nascent VLDL 

particles, which contain both apoB and apoE, are secreted into plasma through 

exocytosis. The ER membranes involved in the assembly of VLDL are also enriched 

in HCV NS proteins and RNA. Replication of HCV on these membranes might 

allow the virus to attach to or become incorporated into VLDL so that HCV is 

secreted together with VLDL. [ Ye J (2007) Reliance of host cholesterol metabolic 

pathways for the life cycle of hepatitis C virus. PLoS 3(8): 1017-1022 ] 

             In chapter 2, we showed that HCV replication triggered the lipid 

peroxidation in Huh-7 cells that harbor an HCV replicon, which in turn led to the 

reduction in HCV RNA. In the presence of lipid-soluble antioxidants, this inhibition 

in HCV replication is prevented. When Huh-7-K2040 cells were prolonged 

incubated with polyunsaturated fatty acids, the substrates for lipid peroxidation, 

HCV RNA replication was eventually reached to a balance with the lipid 

peroxidation. In the case, HCV replicated at a low level that can not trigger the lipid 

peroxidation to further decrease the viral RNA. 

            In the study, we have been tracing the level of MDA, which is one product 

of lipid peroxidation. However, other products such as 4-hydroxy-2-nonenal could 

also be elevated through the lipid peroxidation. Thus, it raised the question how lipid 

peroxidation inhibits HCV replication. Also, the inhibition of polyunsaturated fatty 

acids on HCV replication was based on the study performed in Huh-7 cells 

harboring an HCV replicon. Therefore, we still need to optimize the experiment 



90 

 

condition to examine whether polyunsaturated fatty acids also inhibit the viral RNA 

replication in JFH1 HCV infected cells. Moreover, this observation raises the 

possibility that orally administrated polyunsaturated fatty acids or a concentrated 

formulation of omega-3 polyunsaturated fatty acids without lipid-soluble 

antioxidants, could provide a well-tolerated and effective approach to the treatment 

of HCV infected patients. Inasmuch as the peroxidation of polyunsaturated fatty 

acids only occurs in HCV infected cells, the fatty acids may be able to specifically 

inhibit viral replication without generating intolerable toxicity. 

In chapter 3, we observed HRP1 cells, a Huh-7 derived cell line, can support 

the efficient replication of a genotype1 HCV replicon that does not contain cell 

culture adaptive mutations. It was also demonstrated that this permissive is due to 

the overall higher HCV RNA replication efficiency. Interestingly, this cell line is not 

permissive for the genotype2 HCV (JFH1 strain) replication. Its IFN-β innate 

immuno-response is intact.  

            One important question is whether the HRP1 cells will allow replication of 

genuine genotype1 HCV particles. In addition, our in vitro data suggest that there 

might be an interferon-independent antiviral immuno-response pathway. Dissection 

of this pathway may point the way to novel therapeutic agents that improve the 

treatment of patients infected with IFN-resistant HCV variants, such as genotype1 

HCV.  
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            With the introduction of interferon mono-therapy, and the current 

recommendation of pegylated interferon-α combined with ribavirin, the 

development of HCV therapies has progressed significantly. However, the success of 

controlling HCV infection is still heavily influenced by viral variants and escape 

mutants. Therefore, drugs targeting host factors that are involved in HCV entry, 

replication, assembly and secretion may be more effective treatments. In this regard, 

knowledge regarding host factors that affect HCV infection is needed in order to 

develop a wider repertoire of novel agents. Moreover, patients infected with various 

HCV genotypes respond very differently to current interferon based therapies. 

Indeed, it is very difficult to develop new drugs that suppress all viral variants. It is 

crucial to develop tailored treatment to patients infected with different HCV variants. 

Since no drug can be considered totally exempt from the risk of resistance, 

combinations of several antiviral agents targeting virus and host factors should be 

more effective than mono-therapy in combating HCV infection.  
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