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Hepatitis C virus (HCV) infection is often associated with
hepatic steatosis and yet the molecular mechanisms of HCV-
associated steatosis are poorly understood. Because sterol regu-
latory element-binding proteins (SREBPs) are the major tran-
scriptional factors in lipogenic gene expression including fatty
acid synthase (FAS), we examined the effects of HCV nonstruc-
tural proteins on the signaling pathways of SREBP. In this study,
we demonstrated that HCV nonstructural 4B (NS4B) protein
increased the transcriptional activities of SREBPs. We also
showed that HCVNS4B enhanced the protein expression levels
of SREBPs andFAS.Thiswas further confirmed in the context of
viral RNA replication and HCV infection. The up-regulation of
both SREBP and FAS by NS4B protein required phosphatidyl-
inositol 3-kinase activity.We also demonstrated that NS4B pro-
tein induced a lipid accumulation inhepatoma cells. In addition,
NS4B protein synergistically elevated the transcriptional activ-
ity of HCV core-mediated SREBP-1. These results strongly sug-
gest that NS4B may play an important role in HCV-associated
liver pathogenesis bymodulating the SREBP signaling pathway.

Hepatitis C virus (HCV)2 infection has a major impact on
public health, affecting more than 170 million people world-
wide (1). HCV infection often leads to chronic hepatitis, liver
cirrhosis, and ultimately hepatocellular carcinoma (2).
AlthoughHCV infection is strongly associatedwith hepatic ste-
atosis (3), the molecular events that lead to hepatic steatosis
during HCV infection are poorly understood. HCV is an envel-
oped, positive-strand RNA virus classified in the Hepacivirus
genus within the Flaviviridae family. HCV is highly heteroge-
neous and has been classified into six major genotypes and

numerous subtypes (4). HCV genome encodes a polyprotein of
more than 3,010 amino acids that is cleaved at the endoplasmic
reticulum (ER) by host and viral proteases, yielding 3 structural
(core, E1, and E2) and 7 nonstructural (p7, NS2 to NS5B) pro-
teins (5). NS4B protein is released from the polyprotein by the
NS3/4A serine protease (6).NS4B is a hydrophobic 27-kDapro-
tein located in the ER membrane (7), and has four transmem-
brane domains with the N and C termini located in the cyto-
plasm. The N-terminal tail of NS4B has been suggested to be
posttranslationally translocated to the ER lumen (8). NS4B pro-
tein is known to induce intracellular membrane changes that
called a “membranous web” (9). Elazar et al. (10) suggest that a
putative amphipathic helixwithin theN-terminal 26 residues of
NS4B mediates membrane association, and these residues are
critical for HCV replication in cell culture. Furthermore, NS4B
can transform NIH-3T3 cells either in cooperation with Ras
(11) or independent of Ras (12).
Hepatic steatosis is defined as an increased fat content in the

liver, essentially accounted for by triglycerides (13). The preva-
lence of steatosis ranges from 40 to 86% in chronic hepatitis C
patients (14). Interestingly, steatosis is more frequent in
patients infectedwithHCVgenotype 3 than in patients infected
with other HCV genotypes, even though not all patients
infected with genotype 3 have steatosis (15, 16). It has previ-
ously been reported that hepatic steatosis was induced by the
HCV core protein through inhibition of the microsomal trig-
lyceride transfer protein activity and very low density lipopro-
tein secretion (17), impairment of the expression and transcrip-
tional activity of peroxisome proliferators-activated receptor
(PPAR) � (18), and activation of the SREBP1 and PPAR� (19).
Sterol regulatory element-binding proteins (SREBPs) are ER
membrane-bound transcription factors, which activate genes
encoding the enzymes that regulate the synthesis of cholesterol
and fatty acids, and cellular uptake of lipoproteins (20).
In mammals, there are three SREBP isoforms, designated

SREBP-1a, SREBP-1c, and SREBP-2 (20). SREBPs are synthe-
sized as precursors bound to the ERmembrane (21). Upon acti-
vation by SREBP cleavage-activating protein (SCAP), SREBPs
are released from the membrane into the nucleus as mature
proteins by sequential cleavage processes (21). The mature
SREBP-1a activates target genes involved in both fatty acid and
cholesterol biosynthesis, whereas SREBP-1c and SREBP-2 acti-
vate target genes involved in fatty acid and cholesterol biosyn-
thesis, respectively (21).
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Because both SREBP-1 and
SREBP-2 are important transcrip-
tional factors involved in lipid bio-
synthesis, we investigated the possi-
ble involvement of nonstructural
proteins of HCV in hepatic lipid
accumulation. In this study, we
demonstrated that HCV NS4B pro-
tein promoted the transcription-
al and translational activities of
SREBPs and fatty acid synthase
(FAS), and this was mediated
through the AKT pathway. To our
knowledge, this is the first report
that NS4B mediates lipogenesis and
hence this may provide a novel
mechanism of hepatic steatosis as-
sociated with HCV infection.

EXPERIMENTAL PROCEDURES

Plasmids—NS4B-Myc of HCV
(genotype 1b) was amplified by PCR
using the Korean isolate of HCV
(22) as a template and subcloned
into the pEF6B/His-Myc (Invitro-
gen) vector. NS3-Myc, NS4B-Myc
(genotype 2a, JFH-1), and NS5A-
Myc expression plasmids were sub-
cloned into the pEF6B/His-Myc
vector. NS5B-Myc expression plas-
mid was described previously (23).
FLAG-core expression plasmid was
subcloned into the pFlag-CMV-2
vector.pcDNA3.1-Flag-SREBP-1a (hu-
man, amino acids 1–490), pGL2B-
FAS-luc (fatty acid synthase pro-
moter), and pSynSRE-luc (hamster
HMG-CoA synthase promoter)
vectors were kindly provided by Dr.
T. R. Osborne (24–26). pcDNA3-
HA-SREBP-1c (human, amino acids
1–447) was described previously
(27). pBP1c550-Luc, the luciferase
gene containing 550-bp fragments
of the mouse SREBP-1c promoter,
was a gift fromDr. H. Shimano (28).
Cell Culture, Transfection, and

HCV Infection—Huh7 cells were
grown in Dulbecco’s modified Eagle’s
medium supplemented with 10%
fetal bovine serum and 100 units/ml
penicillin/streptomycin. For trans-
fection, �5 � 105 cells plated on
60-mmdisheswere transfectedwith
plasmid DNA using either Lipo-
fectamine (Invitrogen) or polyethyl-
eneimine reagent (Sigma) according
to instructions from the manufac-
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turer. Huh7 cells containing HCV subgenomic replicons were
kindly provided by Dr. C. Seeger (Fox Chase Cancer Center,
Philadelphia, PA) and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin/streptomycin, 0.1 mM nonessential amino
acids (Invitrogen), and 500 �g/ml G418 (Qbiogene, Inc., Irvine,
CA). To establish interferon (IFN)-cured cells, HCV replicon
cells were treated with 100 units/ml IFN-� (Sigma) for 2 weeks.
Elimination of HCV replicon RNA was confirmed by reverse
transcription-PCR, Western blotting, and loss of resistance to
G418. The infectious HCVs were generated as described previ-
ously (29).
Establishment of Stable Cells Expressing NS4B-Myc Protein—

Tomake the cell lines stably expressing NS4B-Myc, Huh7 cells
were transfected with the pEF6B-NS4B (genotype 1b) expres-
sion plasmid and cultured for 4 weeks in the presence of 10
�g/ml blasticidin. Single positive clones were selected byWest-
ern blot analysis using anti-Myc monoclonal antibody. Huh7
cells transfected with empty vector (pEF6B only) were selected
as described above and used as a control.
Reporter Assays—Huh7 cells were seeded in a 12-well culture

plate and transfectedwith 0.2�g of reporter plasmid (FAS-Luc,
SRE-Luc, 550-Luc, individually) and 0.1 �g of pCH110 refer-
ence plasmid (Amersham Biosciences) containing the Esche-
richia coli lacZ gene under control of the simian virus 40 pro-
moter. The total DNA amount in each transfection was kept
constant by adjustment with empty vector. At 36 h after trans-
fection, cells were harvested and luciferase activities were
determined by measuring luminescence activity. Data were
normalized by measuring �-galactosidase activity. Luciferase
and �-galactosidase assays were performed as described previ-
ously (30).
Immunoblot Analysis—Cells were lysed in cell lysis buffer

containing 50 mmol/liter Tris-HCl (pH 7.5), 150 mmol/liter
NaCl, 1 mmol/liter EDTA, 1% Nonidet P-40, 10% glycerol, and
protease inhibitor mixture (Roche) for 20 min on ice. The pro-
tein concentration was determined by the Bradford assay (Bio-
Rad). Equal amounts of proteins were subjected to 10% SDS-
PAGE and electrotransferred to a nitrocellulose membrane.
Themembranewas blocked in phosphate-buffered saline (PBS)
containing 5% nonfat dry milk for 1 h and then incubated 2 h at
room temperature with one of following antibodies: anti-FAS
antibody (BD Transduction Laboratories), anti-SREBP-1 anti-
body (BD Transduction Laboratories, Santa Cruz Biotech-
nology, Inc.), anti-SREBP-2 antibody (BD Transduction Lab-
oratories), anti-AKT and p-AKT antibody (Cell signaling
Technology, Beverly, MA), anti-�-actin and anti-FLAG anti-

body (Sigma), anti-Myc and anti-HA antibody (Santa Cruz Bio-
technology, Inc.), anti-NS4B antibody (Virostat), and rabbit
anti-NS5A polyclonal antibody in Tris-buffered saline/Tween
(20 mmol/liter Tris-HCl (pH 7.5), 500 mmol/liter NaCl, and
0.05%Tween 20). Following twowashes inTris-buffered saline/
Tween, the membrane was incubated with either horseradish
peroxidase-conjugated goat anti-rabbit antibody or goat anti-
mouse antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) in Tris-buffered saline/Tween for 1 h at room
temperature. Proteins were detected using an ECL kit (Amer-
sham Biosciences).
Confocal Microscopy—Huh7 cells grown on coverglass

(Superior, 18 � 18 mm) were transfected with the NS4B-myc
expression plasmid. At 36 h after transfection, cells were
washed in PBS and fixed in 4% paraformaldehyde and 0.1%
Triton X-100 for 20 min at 37 °C. Cells were incubated in 5%
bovine serum albumin for 20 min at 37 °C and then incubated
with anti-Myc (Santa Cruz) monoclonal antibody for 2 h at
37 °C. After being washed three times in PBS, cells were further
incubated with TRITC-conjugated goat anti-mouse IgG
(AmericanQualex, SanClemente, CA) andBODIPY493/503 (1
�M, Invitrogen) for 1 h at 37 °C. After two washes with 0.1%
Triton X-100 in PBS and three washes in PBS, cells were ana-
lyzed using the LSM 510 laser confocal microscopy system and
BODIPY intensity was measured by imaging analysis (Carl
Zeiss, Inc., Thornwood, NY).
RNA Isolation and Reverse Transcription-PCR—Total RNAs

were isolated from vector, NS4B-myc stable, IFN-cured, and
HCV subgenomic-replicon cells using TRIzol reagent (Invitro-
gen). The cDNAs were synthesized by avian myeloblastosis
virus (AMV) reverse transcriptase (Promega) from 1�g of total
RNAs using oligo(dT) primer or poly(dA) primers (for NS4B
amplification in replicon cells). To estimate transcriptional lev-
els of SREBP-1 and its target genes, a one-tenth aliquot of
cDNAwas subjected to PCRamplification using SREBP-1, FAS,
SCD, ACC, NS4B, and GAPDH primers: SREBP-1-f, 5-ACGG-
CAGCCCCTGTAACGACCACTGTGA-3 and SREBP-1-r, 5-
TGCCAAGATGGTTCCGCCACTCACCAGG-3; FAS-f, 5-
GAAACTGCAGGAGCTGTC-3 and FAS-r, 5-CACGGAGT-
TGAGGCGGAT-3; SCD-f, 5-CCTCTACTTGGAAGACGA-
CATTCGC-3 and SCD-r, 5-GCAGCCGAGCTTTGTAAGA-
GCGGT-3; ACC-f, 5-GCTGCTCGGATCACTAGTGAA-3
and ACC-r, 5-TTCTGCTATCAGTCTGTCCAG-3; NS4B-f,
5-cgcggatccatgGCCTCACAACTTCCT-3 and NS4B-r, 5-ggcg-
aattccaTCCGCTGATGAAATT-3; GAPDH-f, 5-GCTCTCC-
AGAACATCATCCCTGCC-3 and GAPDH-r, 5-CGTTGT-
CATACCAGGAAATGAGCTT-3. Italic letters represent

FIGURE 1. HCV NS4B protein increases the transcriptional activity of SREBP-1. A, Huh7 cells were cotransfected with FAS-Luc reporter plasmid together
with the indicated expression plasmids. At 36 h after transfection, cells were harvested and then luciferase activities were determined. The amount of DNA in
each transfection was kept constant by adding an appropriate amount of pEF6-Myc empty vector. Data represent the mean of two independent experiments.
B, HCV NS4B increases the transcriptional activity of SREBP-1 in a dose-dependent manner. Huh7 cells were cotransfected with FAS-Luc reporter plasmid
together with increasing amounts of Myc-tagged NS4B expression plasmid. At 36 h after transfection, cells were harvested, and luciferase activities were
determined (upper panel). Equal amounts of cell lysates were subjected to immunoblotting with anti-Myc monoclonal antibody (lower panel). C, both vector
and NS4B-Myc stable cells were transfected with FAS-Luc reporter plasmid. At 36 h after transfection, cells were harvested and then luciferase activities were
determined. D, Huh7 cells were transfected with either vector control or NS4B-Myc expression plasmid. At 36 h after transfection, total cell lysates were
immunoblotted with the indicated antibodies. E, both vector stable and NS4B-Myc stable cell (#3) lysates harvested from each cell line were immunoblotted
with the indicated antibodies. Protein expression of �-actin was used as a loading control for the same amount of cell lysates. F, Huh7 cells were cotransfected
with 550-Luc reporter plasmid together with NS4B-Myc expression plasmid. At 36 h after transfection, cells were harvested and then luciferase activities were
determined. Data represent the mean of two independent experiments.
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irrelevant sequences and restriction sites (BamHI and EcoRI)
for cloning. Amplified DNA was analyzed by agarose gel
electrophoresis.
Statistical Analysis—The data are presented as mean � S.D.

The Student’s t test was used for statistical analysis. p � 0.05
was considered statistically significant.

RESULTS

HCV NS4B Protein Increases the Transcriptional Activity of
SREBP-1—Because SREBPs are the major transcription factors
for lipogenic gene expression, we investigated the effects of
HCV nonstructural proteins on transcriptional activity of
SREBP-1.Huh7 cellswere cotransfectedwith FAS-Luc reporter
plasmid (reporter containing FAS promoter) and NS3-Myc,
NS4B-Myc, NS5A-Myc, and NS5B-Myc expression plasmid,
individually.We show that theNS4B protein strongly increases
the promoter activity of the FAS gene (Fig. 1A). However, both
NS3 andNS5Bproteins do not increase the promoter activity of
the FAS gene although the NS5A protein increases �2-fold the
promoter activity of the FAS gene as compared with the vector
control. Because FAS is one of the downstream targets of
SREBP-1, this result indicates that NS4B protein increases the
transcriptional activity of SREBP-1. We found that the NS4B
protein increased the promoter activity of the FAS gene in a
dose-dependent manner (Fig. 1B). To further demonstrate the
effect of NS4B on transcriptional activity of SREBP-1, we estab-
lished NS4B stable cell lines by transfecting Huh7 cells with the
NS4B-Myc expression plasmid. We identified 3 clones (3, 9,
and 10) by selection with blasticidin. As demonstrated in Fig.
1C, the promoter activity of the FAS gene was also increased in
all NS4B stable cells as compared with the vector stable cells.
Next, we analyzed the effect of NS4B on gene expression of
SREBP-1 using an immunoblot. For this purpose, Huh7 cells
were transfected with either vector or NS4B-Myc expression
plasmid and total cell lysates were immunoblotted with
SREBP-1 antibody. As demonstrated in Fig. 1D, the protein
expression level of FAS was increased in Huh7 cells transiently
expressing the NS4B protein as compared with the vector con-
trol. It is noteworthy that protein expression levels of both pre-
cursor and mature forms of SREBP-1 (pSREBP-1 and
mSREBP-1) were significantly increased in cells expressing
NS4B protein. We further confirmed that protein expression
levels of FAS were increased in all NS4B stable cells as com-
paredwith the vector stable cells (Fig. 1E, upper panel). In addi-
tion, the protein expression level of pSREBP-1 was also
increased in the number 3 NS4B stable cell line (Fig. 1E, lower
panel) as well as numbers 9 and 10 stable cells (data not shown).
We then investigated whether promoter activity of SREBP-1
was increased by theNS4Bprotein. For this purpose,Huh7 cells
were cotransfectedwith pBP1c550-Luc (28), the luciferase gene
containing 550-bp fragments of themouse SRBBP-1c promoter
(550-Luc), and NS4B expression plasmid. As expected, lucifer-
ase activity was increased �3-fold in cells expressing NS4B as
compared with the control vector (Fig. 1F).
HCVNS4BProtein Increases theTranscriptionalActivity and

Gene Expression of SREBP-2—Because SREBP-2 is also a tran-
scription factor for lipogenic gene expression, we investigated
the effects of HCV nonstructural proteins on transcriptional

activity of SREBP-2. Huh7 cells were cotransfected with pSyn-
SRE-Luc (hamster HMG-CoA synthase promoter construct,
SRE-Luc) and NS3-Myc, NS4B-Myc, NS5A-Myc, and NS5B-
Myc expression plasmids, individually. We demonstrated that
NS4B increased �3-fold the promoter activity of the HMG-
CoA synthase gene as compared with the vector control (Fig.
2A). However, other nonstructural proteins did not increase
the promoter activity of the HMG-CoA synthase gene. Because
HMG-CoA synthase is one of the downstream targets of
SREBP-2, this indicates that theNS4Bprotein also increases the
transcriptional activity of SREBP-2.We further showed that the
NS4B protein increased promoter activity of the HMG-CoA
synthase gene in a dose-dependent manner (Fig. 2B). We then
investigated whether transcriptional activity of the SREBP-2
was increased in NS4B stable cells. For this purpose, we trans-
fected either vector stable or NS4B-Myc stable cells with
pSynSRE-Luc (SRE-Luc). As shown in Fig. 2C, the promoter
activity of the HMG-CoA synthase gene was also increased in
all NS4B stable cell lines as compared with the vector stable
cells. We then analyzed the effect of NS4B on gene expression
of SREBP-2 by immunoblot analysis. We found that protein
expression levels of both pSREBP-2 and mSREBP-2 were
increased inHuh7 cells transiently expressing theNS4Bprotein
as compared with the vector control (Fig. 2D). We have further
shown that the protein expression level of pSREBP-2 was also
increased in clone 9 NS4B stable cells (Fig. 2E) as well as clones
3 and 10 stable cells (data not shown).
HCV Replicon Cells Increase the Transcriptional Activities

and Gene Expressions of SREBP-1 and SREBP-2—To further
investigate whether transcriptional and translational activities
of SREBP-1 and SREBP-2 were regulated by viral protein in the
context of HCV RNA replication, we transfected either FAS-
Luc plasmid or SRE-Luc plasmid in IFN-cured and HCV repli-
con cells, and reporter activitieswere analyzed.As shown in Fig.
3, A and B, transcriptional activities of both SREBP-1 and
SREBP-2 were increased in the replicon cells as compared with
the IFN-cured cells. Furthermore, protein expression levels of
FAS, pSREBP-1, mSREBP-1, pSREBP-2, and mSREBP-2 were
significantly increased in HCV subgenomic replicon cells as
compared with the IFN-cured cells (Fig. 3C). We further con-
firmed that pBP1c550-Luc reporter activity was also increased
�3-fold in replicon cells as compared with the IFN-cured cells
(Fig. 3D).
HCV NS4B Protein Increases the mRNA Levels of Lipogenic

Genes—Because FAS, stearoyl-CoA desaturase (SCD), and
acetyl-CoA carboxylase (ACC) are target genes of SREBP-1
(20), we further examined whether mRNA levels of lipogenic
genes were modulated by the HCVNS4B protein. For this pur-
pose, total RNAs isolated from vector stable, NS4B-Myc stable,
IFN-cured, and HCV subgenomic replicon cells were com-
pared for transcriptional levels of SREBP-1, FAS, SCD, ACC
using cDNAs. As demonstrated in Fig. 4A, both SREBP-1 and
its target gene (FAS, SCD, and ACC) expressions were elevated
in NS4B stable cells as compared with vector stable cells. This
result was further confirmed in the context of HCV RNA rep-
lication of replicon cells (Fig. 4B). These data indicated that
NS4B-mediated increases of transcriptional and translational
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activities of SREBP-1 were due to
up-regulation of the RNA level of
SREBP-1.
HCV NS4B Protein Increases the

Transcriptional Activity of Exoge-
nousMature SREBP-1 and Induces
Lipid Accumulation—To further
investigate whether NS4B protein
was able to modulate transcrip-
tional activity of SREBP-1, both vec-
tor and NS4B-Myc stable cells were
cotransfected with FAS-Luc re-
porter and either mature Flag-
SREBP-1a (1–490 amino acids) or
matureHA-SREBP-1c (1–447 amino
acids) expression plasmids. Because
both SREBP-1a and SREBP-1c are
mature forms, these can directly
translocate to the nucleus and acti-
vate transcription of target genes.
Indeed, both SREBPs (mature form)
activated FAS transcriptional activ-
ities in vector stable cells, and
SREBP (mature form)-mediated
FAS activations were significantly
increased byNS4B protein (Fig. 5A).
Because NS4B increases endoge-
nous SREBP activation (Fig. 5A,
lane 1 versus lane 4 in upper panel),
SREBP (mature form)-mediated
FAS activations (Fig. 5A, lanes 2 and
3 versus lanes 5 and 6) showing that
NS4B increases the transcriptional
activity of SREBPs are additional
evidence. These data suggest that
NS4B stimulates SREBPs transcrip-
tionally. Becausewe usedNS4Bpro-
tein-activated lipogenic signaling,
we then asked whether lipid was
accumulated by the NS4B protein.
For this purpose, Huh7 cells trans-
fected with either NS4B-Myc or
vector plasmid were treated with
BODIPY 493/503 for staining of
lipid. Indeed, BODIPY signals were
greatly increased in cells expressing
NS4B as compared with vector con-
trol cells (Fig. 5B, left panel). This
was further confirmed by quantifi-
cation analysis (Fig. 5B, right panel).
We have confirmed that the total
amounts of lipid were increased in
NS4B stable cells, and in HCV sub-
genomic replicon cells as compared
with vector stable and IFN-cured
cells, respectively (data not shown).
To further confirm whether tran-
scriptional activity of SREBP-1 was

FIGURE 2. HCV NS4B protein increases the transcriptional activity of SREBP-2. A, Huh7 cells were cotransfected
with SRE-Luc reporter plasmid together with the indicated expression plasmids. At 36 h after transfection, cells were
harvested, and luciferase activities were determined. The amount of DNA in each transfection was kept constant by
adding an appropriate amount of pEF6-Myc empty vector. Data represent the mean of two independent experi-
ments. B, HCV NS4B increases the transcriptional activity of SREBP-2 in a dose-dependent manner. Huh7 cells were
cotransfected with SRE-Luc reporter plasmid together with increasing amounts of Myc-tagged NS4B expression
plasmid. At 36 h after transfection, cells were harvested, and then luciferase activities were determined (upper panel).
Equal amounts of cell lysates were subjected to immunoblotting with anti-Myc monoclonal antibody (lower panel).
C, both vector and NS4B-Myc stable cells were transfected with SRE-Luc reporter plasmid. At 36 h after transfection,
cells were harvested and then luciferase activities were determined. D, Huh7 cells were transfected with either
vector control or NS4B-Myc expression plasmid. At 36 h after transfection, total cell lysates were immunoblotted
with the indicated antibodies. E, total cell lysates harvested from both vector stable and NS4B-Myc stable cells were
immunoblotted with the indicated antibodies. Protein expression of �-actin was used as a loading control for the
same amount of cell lysates.
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also increased in HCV-infected cells, we used the infectious
JFH-1 strain of HCV (29). At 3 days after infection with HCV,
Huh7 cells were transfected with the FAS-Luc reporter plas-
mid, harvested at 24 h after transfection, and then luciferase
activities were determined (Fig. 5C). HCV infection was con-

firmed by immunostaining cells
with NS5A antibody (data not
shown). Fig. 5C showed that the
promoter activity of the FAS gene
was increased �3-fold in HCV-in-
fected cells as comparedwithmock-
infected cells. Furthermore, the
protein level of FAS was also
increased in HCV-infected cells
(Fig. 5D). We have further shown
that more lipids were accumulated
in HCV-infected cells as compared
with un-infected cells (Fig. 5E, left
panel). This was verified by quanti-
fication analysis (Fig. 5E, right
panel). These results strongly sug-
gest that the HCV NS4B protein
may mediate hepatic lipid accumu-
lation via activation of SREBPs.
AKT Activation Is Required for

NS4B-mediated SREBP Activa-
tion—It has previously been re-
ported that activation of AKT
kinase-induced gene expression of
SREBP-1 (31), and hepatic overex-
pression of AKT resulted in steato-
sis (32). To determinewhether AKT
was involved in NS4B-mediated
activation of SREBP-1, we investi-
gated expression levels of both total
AKT and phospho-AKT (p-AKT)
proteins in vector stable and NS4B
stable cells. We found that p-AKT
protein levels were significantly
higher in all three NS4B stable cells

than vector stable cells (Fig. 6A). This was also evident in Huh7
cells transiently expressing the NS4B protein (Fig. 6B). We fur-
ther confirmed that p-AKT levels were higher in HCV sub-
genomic replicon cells than IFN-cured cells (data not shown).
We then investigated whether SREBP-1 activation in cells
expressing NS4B wasmediated through the phosphatidylinosi-
tol 3-kinase/AKT signaling pathway. For this purpose, both
vector andNS4B stable cells transfectedwith either FAS-Luc or
SRE-Luc reporters were either left untreated or treated with
LY294002 (phosphatidylinositol 3-kinase inhibitor), and then
luciferase activities were determined. As shown in Fig. 6C,
NS4B-mediated promoter activations of FAS (upper panel) and
HMG-CoA synthase (lower panel) genes were significantly
reduced by LY294002. Furthermore, NS4B-mediated increases
of FAS and pSREBP-1 protein levels were also significantly
decreased by LY294002 (Fig. 6D). These results indicate that
NS4B-induced SREBP activation was mediated through the
AKT signaling pathway.
HCV NS4B Protein Synergistically Elevates the Core-medi-

ated SREBP-1 Transcriptional Activation—Wehave previously
reported that HCV core induced hepatic lipid accumulation by
activating SREBP1 and PPAR� (19). We therefore asked
whether the NS4B protein has synergistic effects onHCV core-

FIGURE 3. HCV subgenomic replicon increases both SREBP-1 and SREBP-2 activities. Both IFN-cured and
HCV subgenomic replicon cells were transfected with either FAS-Luc (A) or SRE-Luc (B) reporter plasmid. At 36 h
after transfection, cells were harvested and then luciferase activities were determined. Data represent the
mean of two independent experiments. C, total cell lysates harvested from IFN-cured and HCV subgenomic
replicon cells were immunoblotted with the indicated antibodies. Protein expression of �-actin was used as a
loading control for the same amount of cell lysates. D, both IFN-cured and HCV subgenomic replicon cells were
transfected with 550-Luc reporter plasmid. At 36 h after transfection, cells were harvested, and luciferase
activities were determined. Data represent the mean of two independent experiments.

FIGURE 4. HCV NS4B protein up-regulates RNA levels of both SREBP-1
and its target genes. A and B, total RNAs were isolated from vector stable,
NS4B-Myc stable, IFN-cured, and HCV subgenomic replicon cells. The cDNAs
were synthesized by avian myeloblastosis virus reverse transcriptase from 1
�g of total RNAs. To estimate transcriptional levels of SREBP-1 and its target
genes (FAS, SCD, and ACC), cDNAs were subjected to PCR amplification using
gene-specific primers, respectively. The amplified DNA was analyzed by aga-
rose gel electrophoresis.
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mediated transcriptional activation
of SREBP-1. For this purpose, Huh7
cells were cotransfected with FAS-
Luc reporter plasmid and either
NS4B or core, or both NS4B and
core. Fig. 7A showed that FAS-Luc
reporter activity was increased by
either NS4B or core alone. Interest-
ingly, promoter activity of the FAS
gene was more elevated by HCV
core protein than NS4B protein. As
shown in Fig. 7A, FAS luciferase
activity was significantly increased
by cotransfection of Huh7 cells with
NS4B and core expressing plasmids
(lane 4). Likewise, the protein level
of FAS was increased in cells
expressing either NS4B or core pro-
tein (Fig. 7B). Furthermore, the pro-
tein level of FAS was more elevated
in Huh7 cells cotransfected with
NS4B and core as compared with
either core or NS4B alone (Fig. 7B,
lane 4). These data indicate that
HCV NS4B protein synergistically
activates the transcriptional activity
of HCV core-mediated SREBP-1.

DISCUSSION

HCV infection is strongly asso-
ciated with hepatic steatosis (3)
and steatosis occurs in 40 to 86%
of patients with chronic hepatitis
C (14). It has been previously
reported that the HCV core pro-
tein induced steatosis in in vitro
and transgenic mice studies (17, 33,
34). Interestingly, steatosis is more
frequent in patients infected with
HCV genotype 3 although not all
patients with genotype 3 infection
have steatosis (15, 16). It has been
suggested that the phenylalanine
residue positioned at 164 of the core
protein can increase the steatosis
(35) and polymorphism of HCV
core protein is also associated with
intracellular accumulation of lipid
(36). Furthermore, FAS gene is
highly expressed in HCV-infected
chimpanzees (37). Recent studies
have shown that HCV infection
enhances the proteolytic processing
of SREBPs in hepatic cells (38) and
HCV NS2 protein can up-regulate
the transcription of SREBP-1c and
FAS (39). Nevertheless, the molecu-
lar mechanisms underlying lipo-

FIGURE 5. HCV NS4B protein induces lipid accumulation through activation of SREBPs. A, both vector
and NS4B-Myc stable cells were cotransfected with FAS-Luc reporter and Flag-SREBP-1a (1– 490 amino
acids) or HA-SREBP-1c (1– 447 amino acids) expression plasmids. At 36 h after transfection, cells were
harvested and then luciferase activities were determined (top panel). Data represent the mean of two
independent experiments. ***, p � 0.001, vector stable versus NS4B stable cells transfected with Flag-
SREBP-1a. *, p � 0.05, vector stable versus NS4B stable cells transfected with HA-SREBP-1c. Equal amounts
of cell lysates were subjected to immunoblotting with anti-FLAG, anti-HA, anti-Myc, and anti-�-actin
monoclonal antibody (bottom panel). B, Huh7 cells were transfected with NS4B-Myc expression plasmid.
At 36 h after transfection, cells were fixed and incubated with anti-Myc monoclonal antibody for 2 h. After
being washed with PBS, cells were further incubated with TRITC-conjugated goat anti-mouse IgG and
BODIPY 493/503 (1 �M, Invitrogen) for 1 h. Samples were analyzed for immunofluorescence staining using
the LSM 510 laser confocal microscopy system and BODIPY intensity was quantified. Each bar represents
the average intensity of BODIPY staining. ***, p � 0.001, NS4B-negative cells versus NS4B-positive cells.
C, Huh7 cells were either mock-infected or infected with HCV JFH-1. At 3 days after infection, cells were
transfected with FAS-Luc reporter plasmid. At 24 h after transfection, cells were harvested and then
luciferase activities were determined. D, at 3 days after infection, total cell lysates were immunoblotted
with either anti-FAS antibody (top panel) or anti-NS5A antibody (middle panel). Protein expression of
�-actin was used as a loading control for the same amount of cell lysates (bottom panel). E, at 3 days after
infection, cells were fixed and incubated with anti-NS5A polyclonal antibody for 2 h. After being washed
with PBS, cells were further incubated with TRITC-conjugated goat anti-mouse IgG and BODIPY 493/503 (1
�M, Invitrogen) for 1 h. Immunofluorescence staining was performed as described in B. ***, p � 0.001,
mock-infected cells versus HCV-infected cells. Cells were counterstained with 4�,6-diamidino-2-phenylin-
dole (DAPI) to label nuclei.
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genic signaling by either HCV or cellular factors are not fully
understood.
In the present study, we set out to investigate the possible

effects of HCV nonstructural proteins on lipogenic gene activ-
ities. Our results demonstrated that transcriptional activities
of SREBPs were increased by NS4B protein but not by other

nonstructural proteins in Huh7
cells. BothmRNA and protein levels
of the FAS gene were also up-regu-
lated by NS4B. Furthermore, NS4B
in the context of the HCV sub-
genomic replicon activated the
SREBPs and increased both mRNA
and protein levels of the FAS gene.
We have further shown that HCV
NS4B increased the protein levels of
both precursor andmature forms of
SREBP-1 and SREBP-2. These re-
sults indicate that the NS4B protein
enhances SREBP-1 and SREBP-2
protein expression at the transcrip-
tional level.
It has been previously reported

that HCV RNA replication requires
the fatty acid biosynthetic pathway
(40–42). In addition, a putative
amphipathic helix within the N-ter-
minal 26 residues of NS4Bmediates
membrane association, and these
residues are critical for HCV repli-
cation in cell culture (10). In this
study, we demonstrate that the
HCV NS4B protein increases the
FAS and SREBP activities via AKT
signaling pathway. Therefore, we
tempt to speculate that HCVNS4B-
mediated lipogenesis may contrib-
ute to efficient HCV replication.
Several studies have shown that

activations of PPAR by HCV core
protein and hepatitis B virus X pro-
tein were required for hepatic accu-
mulation of lipid (19, 27, 43).
Because PPAR� regulates constitu-
tive transcription of genes encoding
fatty acid metabolizing enzymes
(44), and PPAR� is a master regu-
lator of genes involved in fatty acid
and glucose metabolism (45), fur-
ther studies are required to deter-
mine the role of NS4B in PPAR
regulation.
Recently, it has been reported

that HCV infection enhanced the
proteolytic processing of SREBPs in
hepatic cells (38). In the present
study, we have demonstrated that
HCV infection increased the tran-

scriptional activity of SREBP-1 and the protein level of FAS, and
induced lipid accumulation in Huh7 cells. However, HCV
infection had only a 3-fold effect on FAS expression. This effect
is relatively modest as compared with the effect of HCV core
and the NS4B co-expression system (23-fold). In fact, there is a
genotype difference in steatosis induction (46). Because we

FIGURE 6. AKT is required for NS4B-mediated SREBP activation. A, total cell lysates harvested from both
vector stable and NS4B-Myc stable cells were immunoblotted with the indicated antibodies (upper panel).
Triplicate experimental data of p-AKT levels were quantified (lower panel). B, Huh7 cells were transiently trans-
fected with either vector or NS4B-Myc expression plasmid. At 24 h after transfection, cells were harvested and
immunoblotted with the indicated antibodies (upper panel). Data from triplicate experiments were quantified
and each bar represents the average intensity of p-AKT level (lower panel). C, both vector stable and NS4B-Myc
stable cells were transfected with either FAS-Luc (upper panel) or SRE-Luc (lower panel) reporter plasmid. At 24 h
after transfection, cells were either left untreated (Me2SO) or treated with LY294002 (5 �M) for an additional
12 h. Cells were harvested and then luciferase activities were determined. Data represent the mean of two
independent experiments. D, total cellular extracts used in C were immunoblotted with the indicated antibod-
ies. Quantification of the band intensity was determined by using a calibrated GS-800 densitometer.
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used HCV genotype 2, the only available infectious HCV clone
(JFH1) in the cell culture system (29), the fold discrepancy in
FAS expression between two systemsmay be partly due to gen-
otype difference, as we compared NS4B derived from either
genotype 1b or genotype 2a (JFH-1) for its effects on transcrip-
tional activation of SREBP-1 and found that NS4B protein
derived from genotype 1b increased to a higher level of tran-
scriptional activation of SREBP-1 than genotype 2a (data not
shown). Alternatively, fold difference in FAS expression in two
systems may be due to viral protein expression levels because
only 20–30% of total cells are observed to be infected with the
JFH-1 cell culture system. On the other hand, HCV core and
NS4B proteins were overexpressed by the cotransfection
experiment.
Because HCV core protein is involved in lipogenesis (19, 38),

we investigated the co-expression effects ofNS4B and core pro-
teins on lipogenic signaling. Indeed, the HCV NS4B protein
synergistically elevated the transcriptional activity of HCV
core-mediated SREBP-1.We noticed that the effect of NS4B on
SREBP activation was relatively modest. However, this effect
was significant enough to increase both RNA and protein levels
of lipogenic genes. This increase in turn resulted in an induc-
tion of lipid accumulation in NS4B expressing cells. Indeed,
BODIPY staining data showed the similar level of lipid content
between HCV NS4B-transfected cells (Fig. 5B) and HCV-in-
fected cells (Fig. 5E), implying that NS4B alone substantially
contributes to the accumulation of lipid. It has been reported
that hepatic steatosis is an important factor of the progression
of fibrosis (14, 47) andhepatocellular carcinoma (48) in patients
with chronic HCV infection. In this regard, we speculate that
NS4B-mediated lipid accumulation may contribute to the
development of hepatocellular carcinoma.
In conclusion, we have demonstrated that HCV NS4B stim-

ulated the expression of SREBPs and FAS protein and this was
accomplished by activation of the AKT signaling pathway.
However, howAKTactivation affects SREBP gene expression is
still not fully understood. Currently, both AKT (49) and liver X
receptor (50) are known to be involved in SREBP activation.
Nevertheless, how these proteins regulate SREBP is not under-

stood. Therefore, further research is required to understand
how NS4B may mediate its effect on SREBP. Collectively, our
data imply that NS4B-mediated up-regulation of SREBPs may
be associated with HCV-induced steatosis. These results pro-
vide a novel mechanism of liver pathogenesis associated with
HCV-mediated lipogenesis.
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