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helicase activities. Moreover, we clearly detected a CKB-
NS4A complex using anti-tag antibodies in cotransfection
experiments, but the endogenous complex could not be im-
munoprecipitated from cells expressing only endogenous
levels of CKB, probably because of the inefficiency of the
available antibodies. Further, a deletion of the NS4A-inter-
acting region within an inactive mutant of CKB (CKB-
C283S) resulted in the loss of its dominant-negative effect
on HCV replication.

Creatine kinase, an evolutionarily conserved enzyme, is
known to be critical for the maintenance and regulation of
cellular energy stores in tissues with high and rapidly changing
energy demands (48). In mammals, three cytosolic and two
mitochondrial isoforms of CK, which share certain conserved
regions, are expressed (35). The brain-type CK, CKB, plays a
major role in cellular energy metabolism of nonmuscle cells,
reversibly catalyzing the ATP-dependent phosphorylation of
creatine and, hence, providing an ATP buffering system in
subcellular compartments of high and fluctuating energy de-
mand (21, 29). CKB is overexpressed in a wide range of tumor
tissues and tumor cell lines, including hepatocellular carci-
noma (32), and is used as a prognostic marker of cancer.

Although CK and creatine phosphate have been supple-
mented to in vitro replicase assays of some RNA viruses (15,
33), understanding of CKB function in the virus life cycle has
been limited. One study indicated that the CK substrate ana-
log, Cer, exhibits antiviral activity against several herpesviruses
but not influenza viruses or vesicular stomatitis virus (26). We
have demonstrated here that HCV genome replication is
downregulated by either treatment with Ccr, siRNA-mediated
knockdown of CKB, or the exogenous expression of CKB-
C283S. Coimmunoprecipitation experiments revealed that the
essential domain within NS4A for the interaction with CKB is
the NS4A central domain, aa 21 to 39, which is also responsible
for NS3-4A complex formation. However, the NS3-4A inter-
action was not impaired by overexpression of CKB, and CKB
was found to be able to form a complex with NS3-4A (Fig. 3H).
Since CKB does not directly interact with NS3 (Fig. 3A), it is
likely that NS3-4A-CKB- association occurs through two inter-
actions of NS3:4A and NS4A-CKB: We examined whether the
formation of the ternary complex affects HCV enzymatic ac-
tivities, possibly. through conformational changes in the viral
proteins, and found that CKB has no influence on NS83-4A
protease activity (Fig. 5C). With regard to helicase activity, the
effect of CKB on RNA unwinding activity by NS3-4A was
similar to the effect of NS3 alone in the presence of ATP (Fig,
5A). It is conceivable that interaction with CKB causes no or
little global change in the NS3-4A conformation and does not
affect the viral helicase and protease activities.

In general, translation initiation in eukaryotes includes an
ATP-dependent process such as unwinding the secondary
structure in the 5'-untranslated region to permit assembly of
48S ribosomal complexes. It was reported, however, that 485
complex formation on the HCV ‘internal ribosome entry site
(IRES) has no requirement for ATP hydrolysis (25). In fact, we
found that Huh-7 cells with or without gene silencing of CKB
exhibited the same level of HCV IRES activity by transfection
with IRES-reporter constructs (data not shown),

Collectively, we conclude that CKB is targeted to the HCV
RC through its interaction with NS4A and functions as a pos-
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itive regulator for the viral replicase by providing ATP. It is
likely that the catalytic activity of CKB that associates with the
viral RC is important for enhancing the RNA replication. The
role of CKB-NS4A interaction in the enhancing effect seems to
be limited. Although either knocking down CKB, expression of
the dominant-negative mutant of CKB, or Ccr treatment re-
sulted in the reduction of HCV replication (Fig. 2A to C), the
total cellular ATP levels were not changed under these condi-
tions (Fig. 2D). This suggests that CKB contributes to enhanc-
ing HCV replication through controlling the ATP level in the
particular RC compartment. A tight coupling of a fast ATP
regeneration and delivery system to the viral RC is advanta-
geous for achieving efficient replication of the viral genome. To
our knowledge, the findings presented here provide the first
experimental evidence of the involvement of viral protein in
recruiting an ATP generating/buffering system to the subcel-
lular compartment for viral genome replication, a site with
high-energy turnover. Given that the levels of HCV RNA were
not dramatically diminished by the knocking down, dominant-
negative mutant or Ccr, CKB may not be absolutely critical for
the viral replication. One would argue that energy required for
HCV genome replication can be. partly complemented from
the intracellular ATP pool.

Although there are several isoforms of CK as described
above, the most abundant CK species expressed in Huh-7 cells
in the present study was CKB, and no other isoenzymes, in-
cluding mitochondrial CK, were detected by an isoform anal-
ysis based on the overlay gel technique (32; data not shown).
Thus, the CKB isoenzyme appears to be a key molecule in the
energy metabolism of HCV replicating cells. To identify po-
tential HCV RC components, we used a comparative pro-
teome analysis of the DRM fraction in cells harboring HCV
subgenomic replicon and the DRM fractions in parental cells
and then identified proteins that were more abundant in the
fraction of HCV replicating cells. In agreement with similar
previously reported approaches using the DRM or lipid raft
fraction (30, 53), the functional categories of identified pro-
teins included protein folding or assembly, cell metabolism and
biosynthesis, cellular processes, and cytoskeleton organization
(Table 1). Interestingly, Mannova et al. found that' CKB was
upregulated in the fraction of Huh-7 cells carrying the geno-
type 1b Conl isolate-derived HCV replicon, as determined
using stable isotope labeling by amino acids combined with
one-dimensional electrophoresis (30). However, the effect of
CKB on regulation of the HCV life cycle was not examined in
that study.

In conclusion, CKB interacts with HCV NS4A and is impor-
tant for efficient replication.of the viral genome. Recruitment
of CKB to the HCV replication machinery through its inter-
action. with NS4A may have important implications for the
maintenance or enhancement of the functional replicase activ-
ity in the RC compartment, where high-energy. phosphoryl
groups. are required:: A strategy for specific interception of
energy supply at the subcellular site of HCV genome replica-
tion by disruption of the. NS4A-CKB . interface may lead to
development of a new type of antiviral agent.
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Human vesicle-associated membrane protein-associated protein (VAP) subtype A (VAP-A) and subtype B
(VAP-B) are involved in the regulation of membrane trafficking, lipid transport and metabolism, and the
unfolded protein response. VAP-A and VAP-B consist of the major sperm protein (MSP) domain, the coiled-
coil motif, and the C-terminal transmembrane anchor and form home- and heterodimers through the trans-
membrane domain. VAP-A and VAP-B interact with NS5B and NS5A of hepatitis C virus (HCV) through the
MSP domain and the coiled-coil motif, respectively, and participate in the replication of HCV. VAP-C is a
splicing variant of VAP-B consisting of the N-terminal half of the MSP domain of VAP-B followed by the
subtype-specific frameshift sequences, and its biological function has not been well characterized. In this study,
we have examined the biological functions of VAP-C in the propagation of HCV. VAP-C interacted with NS5B
but not with VAP-A, VAP-B, or NS5SA in immunoprecipitation analyses, and the expression of VAP-C inhibited
the interaction of NS5B with VAP-A or VAP-B. Overexpression of VAP-C impaired the RNA replication of the
HCYV replicon and the propagation of the HCV JFH1 strain, whereas overexpression of VAP-A and VAP-B
enhanced the replication. Furthermore, the expression of VAP-C was observed in various tissues, whereas it
was barely detected in the liver. These results suggest that VAP-C acts as a negative regulator of HCV
propagation and that the expression of VAP-C may participate in the determination of tissue tropism of HCV

propagation.

Hepatitis C virus (HCV) is a major causative agent of
chronic liver disease and thus a major public health problem,
infecting at least 3% of the world population (47). HCV in-
fection proceeds to the persistent stage in approximately 80%
of patients, leading to the development of cirrhosis in 20% to
50% of patients, of whom approximately 5% eventually de-
velop hepatocellular carcinoma (12). HCV encompasses a sin-
gle-stranded positive-sense RNA genome of approximately 9.6
kb, which encodes a large precursor polyprotein comprising
approximately 3,000 amiro acids (26). The structural proteins
are cleaved from the N-terminal one-fourth of the polyprotein
by the host signal peptidase and signal peptide peptidase (23,
32, 33), resulting in the maturation of the capsid protein, two
envelope proteins and viroporin p7. The NS2 protease cleaves
after the carboxyl terminus, and then NS3 cleaves the appro-
priate downstream positions to produce NS4A, NS4B, NS5A,
and NS5B (8, 42), all of which form the replication: complex
along with several host proteins (5, 21). NS5B is the RNA-
dependent RNA polymerase, which is a main enzymatic com-
ponent of the replication complex of HCV (3), while NS5A is
a membrane-anchored zinc-binding phosphoprotein that ap-
pears to possess diverse functions; including the suppression of
host defense and the regulation of the virus’s replication (1, 4,
6, 41), although its biological function remains unclear.
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The NS5A protein has been shown to interact with several
host proteins, including vesicle-associated membrane protein
(VAMP)-associated protein (VAP) subtype A (VAP-A) (44)
and subtype B (VAP-B) (9), FKBP8 (34), MyD88 (1), FBL2
(46), human butyrate-induced transcript 1 (hB-ind1) (40), and
so on (25). VAP-A and VAP-B also bind to NS5B, although it
remains unclear whether these interactions modulate HCV
replication positively or negatively (9, 44). VAP-A and VAP-B
have been shown to associate with the cytoplasmic face of the
endoplasmic reticulum (ER) and the Golgi apparatus (38) and
to. consist of  the: major sperm protein: (MSP) domain, the
coiled-coil domain, and the transmembrane (TM) region, in
that order (30, 39), as shown in Fig. 1A. VAP was originally
reported as a protein binding to VAMP, which is a synaptic
vesicle.: SNARE protein required for synaptic-vesicle fusion in
the nematode Aplysia californica, and was designated the 33-
kDa VAMP-associated protein, VAP-33 (39).. Two mamma-
lian-homologues, VAP-A and VAP-B, were subsequently iden-
tified (30, 38). The transcription of VAP-A and VAP-B is
ubiquitously detected in mammalian organs, including the
heart, placenta, lung, liver, skeletal muscle, and pancreas (30),
suggesting that VAP family proteins are involved in diverse
cellular functions other than neurotransmitter release (30, 38,
49). Several VAP-interacting proteins share the FFAT motif
(two phenylalanines in an acidic tract), which has the consen-
sus amino acid sequence EFFDAXE, as determined by a com-
parison among oxysterol binding proteins (OSBPs), OSBP-
related proteins (ORPs) (20), and the ceramide transport
protein CERT (10, 19), contributing to the regulation of fatty
acid metabolism. The interaction of VAP family proteins with
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FIG. 1. VAP-C interacts with neither VAP-A nor VAP-B. (A) Structures of VAP family proteins. The MSP domain, the coiled-coil domain,
and the TM region are indicated as MSP, CC, and TM, respectively, (B) Interaction among VAP family proteins. The expression plasmids encoding
VAP proteins or empty vector (1 g each) were transfected into 293T cells, FLAG-tagged VAP proteins coexpressed with EE-tagged VAP-A or
VAP-B wete immunoprecipitated (IP) with anti-FLAG antibody, and the resulting precipitates were examined by immunoblotting using anti-
FLAG or anti-EE antibody. One percent of the volume of the lysate was used as an input control. The data in each panel are representative of

the results of three independent experiments. +, present.

other host proteins, including VAMP and tubulin, is indepen-
dent of the FFAT motif (16, 36,.38;.50). The third subtype of
VAP is VAP-C, which is-an-alternative spliced- isoform. of
VAP-B, consisting of the N-terminal half of the MSP. domain
and the subtype-specific 29 amino acids. (Fig. 1A). However; its
tissue- distribution and physiological function remain largely
unknown.

Glutathione S-transferase pulldown and immunoprecipita-
tion analyses revealed that both VAP-A and VAP-B interact
with N'S5B and NS5A through the MSP domain and the coiled-
coil- domain, respectively: (9; 44), and the MSP:- domains of
VAP-A ‘and VAP-B exhibit 82.3% homology. “Although
VAP-C possesses the N-terminal-haif region of the MSP. do-
main of VAP-B, the biological significance of VAP-C in the
propagation of HCV has: not yet been clarified. In this study,
we examined the expression of VAP-C in human tissues and
the effects of VAP-C expression on the RNA replication, trans-
lation, and particle formation of HCV.

MATERIALS AND METHODS

Cell lines, Cells of the human hepatoma cell line Huh-7, cell line Huh70K1,
and embryonic kidney cell line 293T were maintained in Dulbecco’s modified
Eaglc’s medium (DMEM) (Sigma, St. Louis, MO) containing 10% fetal calf

scrum (FCS) and nonessential amino acids (NEAA), while Huh 9-13 cclls, which
possess a subgenomic HCV RNA replicon of genotype 1b (21), were cultured in
DMEM supplemented with 10% FCS, NEAA, and 1 mg/ml G418. The
Huli7OK1 cell line exhibits the highest efficiency of propagation of strain JFHI
virus; as' described previously (35). All-cell fincs were cultured at 37°C in a
humidificd atmosphere with 5% CO,.

Antibodics. Chicken anti-human VAP-B- antibody was described previously
(9). Rabbit anti-human VAP-C antibody was prepared by immunization using
synthetic peptides of the amino acid residucs from 86 to 98, QPHFSISPNW
EGR, which region docs not share the homology to VAP-A and VAP-B. The
mouse monoclonal antibody to human VAP-A'was purchascd from BD Phar-
mingen (San Diego, CA). Mouse monoclonal antibodies to influenza virus hem-
agglutinin (HA) and the GluGlu (EE) tag were from Covance (Richmond, CA).
Mouse and rabbit anti-FLAG antibodics and mouse anti-B-actin monoclonal
antibody were from Sigma. Rabbit polyclonal antibody to NSSA was prepared as
described  previously (34). Mouse anti-NSSA monoclonal” antibody was from
Austral Biologicals (San-Ramon, CA).

Plasmids. A ¢cDNA clone encoding NSSA was amplificd from HCV genotype
1b strain J1 (9) (GenBank database accession number D89815) by PCR, using
Pfit turbo DNA polymerase (Stratagene, La Jolla, CA). The fragments were then
cloned into- the ‘appropriate sites in pEF-FLAG pGBK: puro (13). The DNA
fragment cncoding NS5B of the J1 strain was gencrated by PCR and cloned into
pCAGGs-PUR (31). The DNA fragment encoding human VAP-A was amplified
by PCR from a human fetal-brain library (Clontech, Palo- Alto, CA) and was
introduced into pEF-FLAG pGBK puro and pEF-EE. hygro (13), as described
previously (9). A DNA fragment encoding VAP-C was amplified from cDNA of
hepatoma cell line Huh-7 and was introduced into pEF-FLAG pGBK puro.
Pro®-to-Ser (P56S) mutants of VAPs were gencrated by site-directed mutagen-
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esis (11). All PCR products were confirmed by sequencing with an ABI Prism
3130 genetic analyzer (Applied Biosystems, Tokyo, Japan).

Transfection, i blotting, and i precipitation. Cells were seeded
onto a six-well tissue culture plate 24 h before transfection. The plasmids were
transfected into cells by liposome-mediated transfection using TransIT LT1
(Mirus Bio, Madison, WI). These transfected cells were harvested at 36 h post-
transfection, washed three times with 1 ml of ice-cold phosphate-buffered saline
(PBS), and suspended in 0.2 ml lysis buffer (20 mM Tris-HCI, pH 7.4, containing
135 mM NaCl and 1% Triton X-100) supplemented with protease inhibitor
cocktail (Roche, Indianapolis, IN). The cell lysates were sonicated at 4°C for 5
min, incubated for 30 min at 4°C, and centrifuged at 15,000 rpm for 30 min at
4°C. The supernatant was subjected to immunoprecipitation analyses as de-
scribed previously (27). The immunoprecipitated protcins were boiled in 30 pl of
loading buffer and then subjected to sodium dodecyl sulfate-12.5% polyacryl-
amide gel electrophoresis. The proteins were transferred to polyvinylidene di-
fluoride membranes (Millipore, Bedford, MA) and then reacted with primary
antibody and secondary horseradish peroxidase-conjugated antibody. The immu-
nocomplexes were visualized with Super Signal West Femto substrate (Pierce,
Rockford, IL) and detected by using an LAS-3000 image analyzer (Fujifilm,
Tokyo, Japan). The distribution of VAPs in human organs was determined by
using premade human tissue lysates (Protein medlcys; Clonetech), which are
aliquots of various organ lysates prepared from samples from several people, and
liver tissues obtained during surgery after approval of the ethical committee of
Kyushu University Graduate School of Medicine.

Real-time PCR. The HCV genomic RNA was dctermined by the mcthod
described previously (40). Total RNA was preparcd from cells by using an
RNeasy mini kit (Qiagen, Tokyo, Japan). First-strand cDNA was synthesized
using an RNA LA PCR kit (Takara Bio, Inc., Shiga, Japan) and random primers.
Expression of the appropriate gene was estimated by using platinum SYBR
green quantitative PCR SuperMix UDG (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. Fluorescent signals were estimated by using an ABI
Prism 7000 system (Applied Biosystems). The 5’ untranslated region of HCV
and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA were am-
plified using primer pairs described previously (40). The amount of HCV
genomic RNA was normalized with that of GAPDH mRNA.

Focus-forming assay. The viral RNA of the JFH1 strain was introduced into
the Huh70K1 ccll line according to the method of Zhong ct al. (51). The culture
supernatant was collected at 7 days posttransfection and uscd as the infectious
HCYV particles. Huh70K1 cells in DMEM containing. 10% FCS were sceded at
5 X 10* cells per well into a 24-well plate 12 h before infection. The cells were
infected with the JFHI1 strain at a multiplicity of infcction (MOI) of 0.05 and
incubated at 37°C for 2 h. The medium was replaced with fresh DMEM con-
taining 10% FCS and NEAA al 2 h postinfection. The cells were fixed with 4%
paraformaldehydc at 96 h postinfection and permeabilized with PBS containing
0.2% Triton X-100. These fixed and permeabilized cells were stained with the
anti-NS5A mouse monoclonal antibody and Alexa Fluor (AF) 488-conjugated
antibody to mouse immunoglobulin G (Moleccular Probes, Eugene, OR). Clus-
ters of infected cells stained with the NS5A antibody were derived from a single
infectious focus, and virus titers were represented as focus-forming units/ml.

Quantification of the HCV core protein by ELISA. The HCV core protcin was
quantified by using an Ortho HCV antigen enzyme-linked immunosorbent assay
(ELISA) test (Ortho Clinical Diagnostics, Tokyo, Japan) according to the man-
ufacturer’s instructions. To determine the intraccllular cxpression of core pro-
tein, Huh7OKT cclls were infected with the infectious HCV particles described
above, lysed with the lysis buffer on ice, and applicd to the ELISA after 100- to
10,000-fold dilution with PBS. Total protein was quantified by using a Micro
BCA protein assay reagent kit (Picrce). The intraccliular and extracclular levels
of expression of the core protein were normalized by the total amount of protein.

Effect of the VAP expression on the cap-independent translational activity of
the viral IRES. The cDNA frapment encoding a firefly lucifcrase was excisced
from a pGL3 basic plasmid (Promega, Madison, WI) and introduced into the
downstream region of the Renilla luciferase gene of pRE-CMV . (cytomegalovi-
rus) {Promega). Then, the ¢cDNA fragments cncoding the internal ribosome
entry site (IRES) of the HCV strains Conl and JFH1 were introduced between
the Renilla and firefly luciferase genes, and the resulting plasmids were desig-
nated pRE-CMV-HCVConl and pRL-CMV-HCVIJFHI, rcespectively (sce Fig,
4A). The IRES region of HCV was replaced with that of poliovirus (PV) or
encephalomyocarditis virus. (EMCV),. and. the plasmids designated pRL-
CMV-PV and pRL-CMV-EMCV, respectively (sce Fig. 4B). Each reporter
plasmid was introduced into Huh70K1 cells that had been transfected with the
expression plasimid encoding FLAG-green fluorescent protein (GFP), FLAG-
VAP-A, FLAG-VAP-B, or FLAG-VAP-C 24 h previously, and cclls were har-
vested at 48 h posttransfection, Luciferase activitics in cells were measured by
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using a dual-luciferase reporter assay system (Promega). The activity of firefly
luciferase was normalized with that of Renilla luciferase and represented as
relative luciferase activity (RLU).

Indirect immunofluorescence assay. The Huh 9-13 cells were cultured on glass
slides and transfected with the expression plasmids encoding FLAG-tagged
VAPs, P56S VAP mutants, or empty vector, The resulting cells were fixed at 72 h
posttransfection with 4% paraformaldehyde in PBS at room temperature for 30
min. After being washed twice with PBS, cells were permeabilized for 20 min at
room temperature with PBS containing 0.25% saponin and blocked with PBS
containing 1% bovine scrum albumin (BSA-PBS) for 60 min at room tempera-
ture. The cells were then incubated with BSA-PBS containing rabbit anti-FLAG
and mouse anti-NSSA antibodics at 37°C for 60 min, washed three times with
PBS containing 1% Tween 20 (PBS-T), and incubated with BSA-PBS containing
AF 488-conjugated goat anti-rabbit immunoglobulin G and AF 594-conjugated
goat anti-mouse antibodies at 37°C for 60 min. Finally, the cells were washed
three times with PBS-T and observed with a FluoView FV1000 laser-scanning
confocal microscope (Olympus, Tokyo, Japan).

RESULTS

VAP-C interacts with neither VAP-A nor VAP-B. The length
of VAP-A was originally reported to be 242 amino acids but
was recently corrected to 249 amino acids in the GenBank
database due to the detection of 7 extra amino acids in the N
terminus (Fig. 1A). VAP-C is a splicing variant of VAP-B that
shares the N-terminal half of the MSP domain with VAP-B but
lacks the coiled-coil motif and TM region (Fig. 1A). The region
spanning residues 71 to 99 of VAP-C exhibits no homology to
VAP-A and VAP-B, due to the frameshift. VAP-A and VAP-B
form homo- or heterodimers via their TM domains, which is
required for HCV replication (9, 44). To examine whether
VAP-C is capable of interacting with VAP-A and VAP-B,
FLAG-tagged VAP-A, -B, or -C was coexpressed with EE-
tagged VAP-A or -B in 293T cells and was immunoprecipitated
with the anti-FLAG antibody. Although EE-tagged VAP-A
and VAP-B were coprecipitated with FLAG-tagged VAP-B
and VAP-A, as reported previously, FLAG-VAP-C was pre-
cipitated with neither EE-VAP-A nor EE-VAP-B (Fig. 1B).
These results indicate that VAP-C does not interact with
VAP-A and VAP-B.

VAP-C binds. to. NS5B_and interrupts the interaction of
VAP-A and VAP-B: with NS5B. VAP-A and VAP-B were iden-
tified: as NS5A-binding proteins by yeast two-hybrid screening
(9, 44). The coiled-coil domains of VAP-A and VAP-B were
involved in the binding to NS5A, contributing to the efficiency
of HCV replication (9, 44). However, VAP-C does not have
the coiled-coil- domain. (Fig. 1A) and; therefore, VAP-C was
expected not to interact with NS5A. To examine: whether or
not interaction between VAP-C and NS5A actually occurred,
HA-tagged: -NSSA was ' coexpressed - with. FLAG-tagged
VAP-A, -B, or -C in 293T cells and was immunoprecipitated
with anti-HA antibody: (Fig. 2). The results showed that the
expression level of FEAG-VAP-C in the transfected cells was
comparable to that of FLAG-VAP-A or FLAG-VAP-B (Fig.
2A, left). Although FLAG-tagged VAP-A and VAP-B were
coprecipitated with. HA-NS5A, no precipitation of FLAG-
VAP-C with NS5A was detected (Fig. 2A, right), indicating
that VAP-C does not interact with NS5A.

The RNA-dependent RNA polymerase NS5B was shown to
interact with VAP-A through the MSP domain (44). The re-
gion spanning residues 1 to 70 of VAP-C is the same as the
N-terminal-half region of the MSP domain of VAP-B and
exhibits 77% homology to that of VAP-A (Fig. 1A). To exam-
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FIG. 2. VAP-C binds to NS5B but not NS5A and interrupts the interaction of VAP-A and VAP-B with NS5B. (A) The expression plasmids
encoding NS5A or VAP proteins (1 pg each) were transfected into 293T cells after adjusting the total amounts of DNA to 2.0 pg with empty
plasmid. HA-tagged NS5A was coexpressed with either FLAG-tagged VAP-A, VAP-B, or VAP-C in 293T cells and immunoprecipitated (IP) with
anti-HA antibody, and the resulting precipitates were immunoblotted using anti-FLAG or anti-HA antibody. (B) The expression plasmids
encoding NS5B or VAP proteins (1 g each) were transfected into 293T cells after adjusting the. total amounts of DNA to 3.0 g with empty
plismid. HA:tagged NS5B was coexpressed with either FLAG-tagged VAP-A or VAP-B in the presence or absence of FLAG-tagged VAP-C in
293T cells and immunoprecipitated (IP) with anti-HA antibody, and the resulting precipitates were immunoblotted using anti-FLAG or anti-HA
antibody. One percent of the lysate was used as an input control. The data in each panel are representative of the results of three independent

experiments. +, present.

ine whether VAP-C is capable of interacting with NSSB, as are
VAP-A and VAP-B, HA-NS5B was coexpressed with FLAG-
VAP-A, FLAG-VAP-B, or FLAG-VAP-C in 293T cells and
was immunoprecipitated with anti-HA antibody (Fig. 2B). Al-
though substantial amounts of FLAG-tagged VAP-A, VAP-B,
and VAP-C were coexpressed, and although all three were
coprecipitated with HA-NS5B at comparable levels; the inter-
action of HA-NS5B with FLAG-tagged VAP-A or VAP-B was
impaired by the coexpression of VAP-C, while FLAG-VAP-C
was: coprecipitated with-HA-NS5B instead of FLAG-tagged
VAP-A or VAP-B. These results suggest that VAP-C is capa-
ble of binding to NS5B-and that the expression of VAP-C
interrupts the interactions of NS5B with VAP-A and VAP-B.

Expression. of ‘'VAP-C impairs the  replication of HCV.
VAP-A and VAP-B are known to support the replication of
HCV RNA (2, 7). To examine the effect of VAP-C on the
replication of HCV, FLAG-VAP-C was expressed in HCV
replicon cells, Huh 9-13, in which a subgenomic HCV RNA of
the genotype 1b strain Conl was autonomously: replicating.
Huh 9-13 cells transfected with a.plasmid encoding FLAG-
VAP-C were harvested periodically up to 72 h posttransfec-
tion. The levels of replication of viral RNA and expression of
NS5A were determined by real-time PCR and immunoblot-

ting, respectively (Fig. 3). The expression of VAP-C reduced
the intracellular RNA of the subgenomic HCV replicon in
accordance with the incubation period after transfection with
the expression plasmid of FLAG-VAP-C; the empty plasmid
did not reduce the intracellular RNA (Fig. 3A). The expression
of NS5A was gradually decreased and was undetectable at 72 h
posttransfection, in contrast to the increase of VAP-C expres-
sion (Fig. 3B).

Next, to determine the effects of VAP-C expression on the
replication of HCV; Huh 9-13 cells were transfected with 0 to
4 pg of the expression plasmid encoding VAP-A, VAP-B, or
VAP-C and the replication of the subgenomic HCV RNA was
determined at 48 h posttransfection. Although the HCV rep-
licon cells transfected with 4 g of a plasmid encoding FLAG-
VAP-B exhibited enhancement of the RNA replication, those
transfected with an equivalent amount of plasmid encoding
FLAG-VAP-A or empty vector showed a slight reduction of
HCV RNA replication. In contrast, the replicon cells trans-
fected: with a plasmid- encoding FLAG-VAP-C exhibited a
clear reduction of the HCV RNA replication in a dose-depen-
dent manner (Fig. 3C). The expression of FLAG-tagged
VAP-A, VAP-B, or VAP-C in the replicon cells was increased
in correspondence with the amount of the transfected plasmid
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FIG. 3. Expression of VAP-C impairs the replication of HCV. (A) HCV replicon cells (Huh 9-13) were transfected with 4 pg of the expression
plasmids encoding FLAG-tagged VAP-C or empty vector, and the level of intracellular HCV. RNA was determined at 0, 12, 24,48, 0r 72 h
posttransfection by real-time PCR after normalization with GAPDH mRNA. The value of HCV RNA at 0 h posttransfection in the cell line
transfected with the empty plasmid is represented as 100%. Data in this panel are shown as means * standard deviations. (B) Huh 9-13 cells were
transfected with 4 pg of the plasmid encoding FLAG-tagged VAP-C or empty plasmid, and the levels of expression of NS5A, B-actin, and VAP-C
were determined at 0, 12, 24, 48, or 72 h posttransfection. by immunoblotting using anti-NS5A, anti-B-actin; or anti-FLAG tag antibody. (C) Huh
9-13 cells were transfected with 0 to 4 ug of the plasmids encoding FLAG-tagged VAP-A, VAP-B, or VAP-C or empty vector, and the level of
intracellular HCV RNA was determined at 72 h posttransfection as described for panel A. Data in this panel are shown as means + standard
deviations. (D) Huh 9-13'cells treated as described for panel C were harvested at 72 h posttransfection, and the levels of expression of NS5A,
B-actin, VAP-A, VAP-B, and VAP-C were determined by immunoblotting. The data in each panel are representative of the results of three

independent experiments.

(Fig. 3D), and the expression: of NS5A-was suppressed in
accordance with the expression of FLAG-VAP-C, whereas
the expression of FLAG-~VAP-A and FLAG-VAP-B exhib-
ited no-effect on the expression of NSSA. These results
suggest that the expression of VAP-C impairs the replica-
tion of HCV. RNA.

VAP-C exhibits no effect on' the IRES-dependent transla-
tion. The expression of VAP-C was shown: to suppress: the
replication of the HCV- RNA: replication-of the replicon cells.
Next, to determine the effect of VAPs on the translation of
HCV RNA, the reporter plasmid encoding the Renilla lucifer-
ase gene under the control of the CMV promoter and the
firefly luciferase gene under the IRES of HCV, PV, or EMCV,

in that order, was prepared as shown in Fig. 4. These reporter
plasmids were introduced into Huh70K1 cells 24 h after trans-
fection of the expression plasmids - encoding VAP-A,
VAP-B, or VAP-C and harvested at 48 h posttransfection,
and then the RLUs were determined. Although VAP-C
exhibited a slight increase in the IRES-dependent transla-
tions of the HCV strains Conl and JFHI, no significant
effect of the expression of the VAPs on the HCV IRES-
dependent translation was observed (Fig. 4A). Similarly, the
expression of each of the VAPs in Huh70K1 cells exhibited
no significant effect on the IRES-dependent translation of
PV:or EMCV (Fig. 4B). These results indicate that the
suppression of HCV RNA replication by the expression of
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FIG. 4. VAP-C exhibits no effect on the viral TRES-dependent
translation. (A) Top: structure of a reporter plasmid encoding the
Renilla luciferase gene under the control of the CMV promoter and
the firefly luciferase gene under the HCV IRES, in order. Boltom: the
reporter plasmid was introduced into Huh7OK1 cells 24 h after trans-
fection of the expression plasmids encoding VAP-A, VAP-B, or
VAP-C, the cells harvested at 48 h posttransfection, and the RLUs
determined after standardization with the expression of Renilla lucif-
erase. (B) Top: structure of a reporter plasmid encoding the Renilla
luciferase gene under the control of the CMV promoter and the firefly
Iuciferase gene under the PV or EMCV IRES, in order. Bottom: each
of the reporter plasmids was introduced into Huh7O0K1 cells, and the
RLU values were determined as described for panel A, Data in this
figure are shown as the means % standard deviations.

VAP-C was not due to the suppression of the IRES-depen-
dent translation of the viral RNA genome.

VAP-C impairs HCV propagation. To examine the effect of
VAP expression on HCV propagation, Huh70K1 cells trans-
fected with the expression plasmids encoding VAP-A, VAP-B,
or VAP-C were infected with JFH1 virus, and the levels of
production of the viral RNA, core protein, and infectious par-
ticles were determined at 96 h postinfection. The production of
intracellular and extracellular viral RNA was increased: up to
10 to 30 times and 2 to 3 times, respectively, by the expression
of VAP-A or VAP-B whereas it was clearly decreased in a
dose-dependent- manner by the expression. of VAP-C (Fig.
5A). Although the extracellular core protein was increased
from 0.6 to 2.6 nmolfliter by. the cxpression of VAP-A or
VAP-B, as seen in the production of viral RNA, the intracel-
lular core protein showed only a marginal increase (40 to 65

J. VIROL.

nmol/liter) (Fig. 5A). Although the reason for the discrepancy
between the intracellular production of viral RNA and core
protein is not known at the moment, some mechanisms other
than RNA translation might be involved, because VAP expres-
sion exhibited no effect on the HCV IRES-dependent transla-
tion, as shown in Fig. 4A. In contrast to the enhancement of
core protein production by the expression of VAP-A or
VAP-B, the expression of VAP-C significantly reduced both
the intracellular and extracellular expression of the core pro-
tein (Fig. 5A). Furthermore, the production of infectious par-
ticles in the culture supernatants of Huh70K1 cells infected
with JFH1 virus was slightly enhanced by the expression of
VAP-A or VAP-B, whereas it was suppressed by the expres-
sion of VAP-C (Fig. 5A). To further confirm the effects of
VAPs on the expression of HCV proteins, Huh70K1 cells
transfected with various amounts of the expression plasmids of
VAP-A, VAP-B, or VAP-C and infected with the JFH1 virus
were examined by immunoblotting (Fig. 5B). Although the
expression of VAP-A or VAP-B exhibited no effect on NS5A
expression, VAP-C expression clearly decreased the expression
of NS5A in a dose-dependent manner. These results clearly
indicate that the expression of VAP-C negatively regulates
HCYV propagation. Overexpression of VAP-C did not affect the
endogenous expression of VAP-A or VAP-B (Fig. 5C), sug-
gesting that suppression of HCV propagation by VAP-C is not
due to the reduction of VAP-A or VAP-B expression.

Lack of VAP-C expression in human livers. VAP-C consists
of the first 70-amino acid residues of VAP-B and the subtype-
specific 29 amino acid residues derived from frameshift (Fig.
1A). The VAP-C-specific antibody gencrated by immunization
with the peptide corresponding to the residues from 86 to 98
clearly detected VAP-C but neither VAP-A nor VAP-B in cells
transfected with expression plasmids encoding FLAG-tagged
VAP-A, VAP-B, or VAP-C (Fig. 6A). To determine the dis-
tribution of VAPs in human organs, the pool lysates of various
organs prepared from several people were examined by immu-
noblotting (Fig: 6B). Expression of VAP-A was detected
clearly in the kidney, lung, prostate, and liver; slightly in the
duodenum; uterus, vagina, and bladder; and barely in the smali
intestine. and: stomach. VAP-B was detected clearly in the
bladder, kidney, and prostate and slightly in the duodenum,
small intestine, uterus, vagina, and liver. Expression of VAP-C
was detected clearly in the stomach, uterus, kidney, and blad-
der; slightly in the: duodenum, small intestine, and prostate;
and barely detected in the vagina, lung, and liver. Several
bands smaller than the expected size of VAP-C were observed
in the stomach, duodenum, small intestine, uterus, vagina,
prostate, and bladder. Because the main target of HCV repli-
cation is thought to be the liver, we next examined the expres-
sion of VAPs in individual human liver samples. VAP-A and
VAP-B were clearly detected in the liver tissues obtained from
chronic hepatitis C patients and a healthy donor, but no ex-
pression of VAP-C was detected (Fig. 6C). These results sug-
gest that the expression of VAP-C may participate in the de-
termination of tissue tropism of HCV propagation.

Substitution of Ser for Pro®® in VAPs leads to suppression of
HCV replication. A single mutation of Pro®® to Ser (P56S) of
VAP-B has been reported to be highly associated with amyo-
trophic lateral sclerosis (ALS), and the P56S mutation of
VAP-B but not of VAP-A has been shown to induce large
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FIG. 5. VAP-C impairs HCV propagation but does not affect endogenous expression of VAP-A or VAP-B. Huh7OK1 cells transfected with
0 to 4 pg of plasmid encoding the FLAG-tagged VAP-A, VAP-B, or VAP-C or empty vector were infected with.strain JFH1 at an MOI of 0.05
at14 h posttransfectuon and then harvested at 96 h postinfection. (A) The intracellular and extraceflular expression levels of viral RNA (top) and
core protein (middle) were determined by real-time PCR and ELISA, respectively. Infectious viral titers in the culture supernatants were
determined by focus-forming assay (bottom). Data in this panel are shown as the means = standard deviations. (B) The expression levels of NS5A,
B-actin, VAP-A, VAP-B, and VAP-C were determined by immunoblotting using anti-NS5A, anti-B-actin, or anti-FLAG tag antibody. (C) The
embryonic kidney cell line (293T), the cured hepatoma cell line (Huh70K1), and the replicon cell line (Huh 9-13) were transfected with 2 pg of
the plasmid encoding FLAG-tagged VAP-C (+) or empty plasmid. In the case of the infected cells, Huh7OK1 cells were infected with strain JFH1
at an MOI of 0.05, reseeded onto the tissue culture plate at 96 h postinfection, and then transfected with 2 g of the plasmids. These cells were
harvested at 36 h-posttransfection and examined by immunoblotting using antibodies to VAP-A, VAP-B, FLAG, NS5A, and B-actin. The data in
each panel are representative of the results of three independent experiments.

aggregations of ER in culture cells and to sequester the wild-
type protein into ubiquitinated inclusions (29, 37). To examine
the effects on the replication of HCV of the P56S mutation in
VAPs, FLAG-tagged VAP mutants  were expressed in the
HCYV replicon cells. RNA replication of the subgenomic rep-
licon in Huh 9-13 cells was impaired by the expression of each
of the mutant VAPs (Fig. 7A, left). The expression of NSSA in
the replicon cells was decreased by the’ expression of the mu-
tant VAPs in a dose-dependent manner (Fig. 7A, right). Next,
to examine the effect of the expression of the P56S VAP
mutants on HCV propagation, Huh70K1 cells expressing the
FLAG-tagged VAP mutants were infected with JFHL1 virus.
The production of intracellular and extracellular viral RNA at
96 h postinfection was decreased by the expression of the P56S
mutation in VAPs (Fig. 7B). Although the resuits of a previous

study indicated that the expression of the P56S mutant of
VAP-B but not that of VAP-A induced a large aggregation of
ER in hamster ovary cell line CHO (37); the P56S mutants of
VAP-A and VAP-B but not that of VAP-C exhibited accumu-
lation of membranous aggregates in Huh 9-13 cells (Fig. 7C).
These results indicate that the P56S mutation in both VAP-B
and VAP-A induces aggregation of ER in human hepatoma
cells, which in turn leads to the suppression of HCV propaga-
tion.

DISCUSSION

The replication of HCV has been shown to require several
host proteins, including VAP-A/VAP-B (6, 9, 44), FBL2 (46),
FKBPS (34), hB-ind1 (40), Hsp90 (28, 34, 45), and cyclophilins
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FIG. 6. Distribution of VAPs in human tissues. (A) Anti-VAP-C
antibody specifically recognizes VAP-C. Human embryonic kidney
293T cells transfected with expression plasmid encoding FLAG-tagged
VAP-A, VAP-B, or VAP-C or empty vector were harvested at 48 h
posttransfection and examined by immunoblotting using anti-FLAG
tag, anti-VAP-C, and anti-B-actin antibodies. (B) The premade human
tissue lysates “Protein medleys” (20 jug each; Clonetech) were exam-
ined by immunoblotting using. antibodies- against VAP-A, VAP-B,
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to 4) and one healthy donor (HD) were examined by immunoblotting
as described above. The data in each panel are representative of the
results of three independent experiments. PC. indicates 293T cells
transfected with expression plasmid encoding VAP-A, VAP-B, and
VAP-C.

(15, 48). VAP-A has been detected in a detergent-resistant
membrane fraction that was shown to be capable of replicating
HCV RNA in vitro, and the interaction of VAP-A with NS5A
is required for the efficient replication of HCV genomic RNA
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FIG.. 7. Substitution of Ser for Pro*® in VAPs leads to suppression
of HCV replication. (A) Left: Huh.9-13 cells were transfected with 4
wg of the expression plasmids: encoding. FLAG-tagged P56S VAP
mutants or empty vector, and the level of intracellular HCV RNA was
determined at 72 h posttransfection by real-time PCR after normal-
ization with GAPDH mRNA. The value for HCV RNA at 0 h post-
transfection in the cell line transfected with the empty plasmid is
represented as 100%. Data in this panel are shown as the means *
standard deviations. Right: Huh 9-13 cells were transfected with 0 to 4
g of the FLAG-tagged P56S VAP mutant plasmids or empty vector,
and the levels of expression of NS5A, B-actin, and' the mutant VAPs
were determined by immunoblotting at 72 h posttransfection: The data
in each panel are representative of the results of three independent
experiments. (B) Huh7OK1 cells transfected with 4 ug of the expres-
sion plasmids encoding FLAG-tagged P56S VAP mutants or empty
vector were infected with strain JFH1 at an MOI of 0.05 at 14 h
posttransfection; and the intracellular (left) and extracellular (right)
expression levels of viral. RNA were determined by real-time. PCR
after normalization with GAPDH mRNA at 96 h postinfection. Data
in this panel are shown as the means * standard deviations. (C) Levels
of expression of wild-type VAPs, P56S mutant VAPs, and NS5A in
Huh 9-13 cells at 72 h after transfection with the expression plasmids
encoding FLAG-tagged VAPs or P56S VAP mutants were determined
by immunofluorescent assay. The data in each panel are representative
of the results of three independent experiments.
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(2, 7) and is modulated by the phosphorylation of NS5A (4, 6).
VAP-B also participates in HCV replication through the for-
mation of homo- and/or heterodimers with VAP-A (9).
VAP-A and VAP-B form hetero- and homodimers through
their TM regions and interact with NSSA and NS5B through
the coiled-coil domain and MSP domain, respectively (9, 44).
VAP-C is a splicing variant of VAP-B, consisting of the N-
terminal half of VAP-B and the subtype-specific amino acid
residues generated by the frameshift. However, the biological
significance of VAP-C in the life cycle of HCV has not been
determined. In this study, we have demonstrated that VAP-C
is capable of binding to HCV NS5B but not to NS5A, VAP-A,
and VAP-B due to the lack of the coiled-coil and TM regions.
The expression of VAP-C inhibited the interaction of VAP-A
and VAP-B with NS5B, impaired the RNA replication and
particle formation of HCV, and was barely detected in human
liver cells. These results suggest that VAP-C acts as a negative
regulator for HCV propagation and is partly involved in the
determination of the tissue specificity of HCV replication.

Overexpression of VAP-A but not of VAP-B inhibited the
incorporation of the vesicular stomatitis virus (VSV) envelope
glycoprotein G (VSV-G) into ER vesicles in CHO cells, re-
sulting in impairment of membrane protein transport from the
ER to the Golgi apparatus (37). VAP-B was shown to be
involved in the. unfolded protein response, which is. an ER
reaction to suppress the accumulation of misfolded proteins,
and the expression of the P56S VAP-B mutant was suggested
to nullify the unfolded protein response induced by VAP-B, to
produce a large aggregation of ER, and to be involved in the
development of ALS (17, 37). These data suggest that VAP-A
and VAP-B possess different physiological functions; however,
the contributions of the proteins to the life cycle of HCV have
not been characterized. The expression of VAP-B but not of
VAP-A resulted in an enhancement of the replication:of the
subgenomic HCV. RNA of the genotype 1b strain Conl,
whereas the expression of either VAP-A or. VAP-B clearly
enhanced viral RNA replication in“cells infected with the ge-
notype 2a strain JFH1 virus, suggesting that the contributions
of VAP-A and VAP-B to viral RNA replication might: differ
among the genotypes of HCV. The expression of VAP-B or
VAP-A enhanced RNA replication in the HCV replicon cells
and the secretion of viral RNA; core protein, and infectious
particles into the culture supernatants of Huh7OK1 cells in-
fected with JFHI virus, whereas-the expression of these pro-
teins had no effect on the expression of NSS5A or on IRES-
dependent translation. Thus, further studies will be needed to
clarify the molecular mechanisms underlying the posttransla-
tional enhancement of HCV production by the expression of
VAP-A and VAP-B. In: contrast to the expression of VAP-A
and VAP-B; the expression of VAP-C clearly suppressed the
RNA replication of both the genotype 1b RNA replicon cells
and the genotype 2a strain JFH1 virus; by.which both the
expression of the viral proteins and the viral particle produc-
tion were drastically impaired. Furthermore, the expression of
the P56S mutants of VAP-A and VAP-B reduced RNA repli-
cation in HCV replicon cells and propagation of the JFH1
virus, probably due to the induction of aggregation of the ER.
The reason why ER aggregation was induced by the expression
of the P56S VAP-A mutant in Huh7 cells but not in CHO cells
(17, 37) is not known at the moment.

HUMAN VAP-C IS A NEGATIVE REGULATOR FOR HCV 7967

The phosphorylation state of NS5A was suggested to control
the interaction between VAP-A and NSSA and the replication
efficiency of HCV RNA (6). Introduction of the adaptive mu-
tations originally identified in the genotype 1b strain Conl into
NS5A of genotype 1a suppressed the hyperphosphorylation of
NSS5A, potentiated interaction with VAP-A, and enhanced the
RNA replication (6). However, we have previously shown that
NSS5A of genotype la could bind to VAP-A and VAP-B at a
level similar to that of genotype 1b despite the adaptive mu-
tations (9). In this study, overexpression of each of the VAP
proteins exhibited no effect on the mobility of NS5A in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 3 and
5), suggesting that there is no correlation between the VAP-
dependent regulation of HCV propagation and the phosphor-
ylation state of NS5A.

FKBPS exhibits peptidyl proly! cis-frans isomerase activity
and interacts with NS5A and Hsp90 through the tetratricopep-
tide repeat (TPR) domain, and these interactions are sug-
gested to be involved in the correct folding of the HCV repli-
cation complex (34). Treatment of cells with inhibitors of the
ATPase activity of Hsp90, such as geldanamycin and its deriv-
atives, impairs the RNA replication and particle production of
HCV (28, 34, 45). The MSP domain of VAP-A was shown to
interact with the TPR1 protein, which has a TPR domain and
forms the chaperone complex with Hsp90 (22). Knockdown of
the TPR1 protein or treatment with Hsp90 inhibitors in mam-
malian cells has been shown to inhibit the transport of VSV-G,
leading to accumulation of the glycoprotein in the Golgi ap-
paratus (22). The VAP-A- or VAP-B-induced enhancement of
virus production might be attributable to the recruitment of
Hsp90 into the replication complex through the interaction
with the MSP domain.

VAP-A is well known to interact through the MSP domain
with a number of mammalian and yeast proteins sharing the
FFAT motif, including OSBPs, ORPs (20), and CERT (10, 19),
and to be involved in the regulation of biosynthesis or traffick-
ing of sterols and lipids. HCV replication and infection have
been shown to be regulated by lipid components and to be
capable of being inhibited by treatment with several inhibitors
targeting lipid biosynthesis (14; 18). The intracellular membra-
nous web structure observed in HCV replicon cells was shown
to-be resistant to detergent treatment, suggesting that the lipid
raft-like structure abundant in cholesterol and sphingolipid is
generated by the replication of HCV. RNA (2, 24). Therefore,
it might be feasible to speculate that VAP-A and VAP-B are
involved in the construction of the HCV replication complex
consisting of viral proteins and host cellular lipid components
and that VAP-C interrupts the VAP-A and VAP-B furictions
and negatively regulates HCV propagation. Although the mo-
lecular mechanisms and the biological significance remain to
be clarified, the MSP domain of VAP proteins was processed
in human leukocytes and secreted into human serum (43).
Further studies are needed to clarify the biogenesis and bio-
logical functions of the truncated VAP proteins in the replica-
tion of HCV.

In summary, we have shown that VAP-C is capable of sup-
pressing the RNA replication and particle production of HCV
by inhibiting the binding of- VAP-A and VAP-B to NS5B
through the N-terminal half of its MSP domain. The clear
suppression of HCV propagation by the expression of VAP-C
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Proteomics Analysis of Mitochondrial Proteins Reveals

Overexpression of a Mitochondrial Protein Chaperon,

Prohibitin, in Cells Expressing Hepatitis C Virus Core
Protein

Takeya Tsutsumi,! Mami Matsuda,? Hideki Aizaki,? Kyoji Moriya,' Hideyuki Miyoshi,! Hujime Fujie,’
Yoshizumi Shintani,! Hiroshi Yotsuyanagi,! Tatsuo Miyamura,? Tetsuro Suzuki,? and Kazuhiko Koike!

The hepatitis C virus (HCV) core protein is involved in viral pathogenesis such as oxidative
stress induction and lipid metabolism disturbance, and is primarily located in the cytoplasm
and endoplasmic reticulum in association with lipid droplets as well as in the mitochondria.
To clarify the impact of the core protein on mitochondria, we analyzed the expression
pattern of mitochondrial proteins in core protein-expressing cells by two-dimensional poly-
acrylamide gel electrophoresis. Several proteins related to the mitochondrial respiratory
chain or protein chaperons were identificd by mass spectrometry. Among the identified
proteins with consistently different expressions, prohibitin, a mitochondrial protein chap-
eron, was up-regulated not only in core-expressing cells but also in full-genomic replicon
cells and livers of core-gene transgenic mice. The stability of prohibitin was increased
through interaction with the core protein. Further analysis demonstrated that interaction of
prohibitin with mitochondrial DNA-encoded subunits of cytochrome c oxidase (COX) was
disturbed by the core protein, resulting in a significant decrease in COX activity. Conclusion:
The HCV core protein affects the steady-state levels of a subset of mitochondrial proteins
including prohibitin, which may lead to an impaired function of the mitochondrial respi-
ratory chain with the overproduction of oxidative stress. (HEPATOLOGY 2009550:378-386.)

he hepatitis C virus (HCV) is a causative agent of
chronic hepatitis, which often leads to cirrhosis
and, evenrually, to the development of hepatocel-
lular carcinoma (HCC). However, the mechanism of
hepatocarcinogenesis in HCV infection is not yer fully
elucidated. The HCV core protein forms the viral nucleo-

Abbreviations: 2D-PAGE, nwo-dimensional polyacrylamide gel elecrrophoresis;
COX, cytochrome ¢ osidasz; ER, endoplasmic reticulym;: Erel, ER protein endo-
plasmic oxidoreduction-1; HCC, hepatocellular carcinoma; FHCY, hepatitis C vi-
yus; HSP, heat shock protein; IFN, interferon; MuSOD, manganese superoxide
dismutase; NS, nonstructwral: OST48, oligosaccharyltransferases-48; PDH, pyru-
vate dehydrogenase: PDI, protein disulfide isomerase; ROS, reactive oxygen species;
TFA, trifluoroacetic acid.
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capsid protein and has various properties that modulate
cellular processes in numerous ways. The core protein
binds to cellular proteins, suppresses or enhances apopto-
sis, and modulates the transcription of some host genes.!
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In addition, transgenic mice expressing the core protein
develop HCC,?* indicating a direct conuribution of the
core protein to the pathogenesis of hepatitis C.

The core protein is mostly localized to the endoplasmic
reticulum (ER), but we and other groups have shown its
localization to the mitochondria in cultured cells and
transgenic mice.>>¢ In addition, the double structure of
mitochondrial membranes is disrupted in hepatocytes of
core-gene transgenic mice.>4 Evidence suggests that the
core protein modulates some mitochondrial functions,
including fatry acid B-oxidation, the impairment of
which may induce lipid abnormalities and hepatic steato-
sis. In addition, the mitochondrion is an important source
of reactive oxygen species (ROS). In livers of transgenic
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mice hatboring the core gene, increased ROS production
has been observed.”? A recent study found, by the pro-
teomic profiling of biopsy specimens, thatan impairment
in key mitochondrial processes, including fatty acid oxi-
dation and oxidative phosphorylation, and in the re-
sponse to oxidative stress occurs in HCV-infected human
liver with advanced fibrosis.'® Therefore, it is probable
that the HCV core protein affects mitochondrial func-
tions because such pathogenesis is observed in both HCV
core-transgenic mice and HCV-infected patients.!!-13

The recent progress in proteomics has opened new ave-
nues for disease-related biomarker discovery. Among pro-
teomics approaches, two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) is a technique for the separation
and identification of proteins in a sample by displacement in
two dimensions oriented at right angles to one another. This
method is generally used as a component of proteomics and
is the step used for the isolation of proteins for further char-
acterization by mass spectrometry. 2D-PAGE is particularly
useful when comparing two related samples such as healthy
and diseased dssue. For example, proteins that are more
abundant in diseased dssue may represent novel drug targets
or diagnostic markers. In fact, several candidate biomarkers
for many human cancers have been identified by this ap-
proach.'¥ There are, however, tens of thousands of proteins
inacell, differing in abundance over six orders of magnitude.
2D-PAGE is not sensitive enough to detect rare proteins,
and hence many proteins are not resolved. Therefore, split-
ting a sample into different fractions is often necessaty to
reduce the complexity of protein mixtures prior to 2D-
PAGE. For this advantage, Lescuyer et al.'s performed a
2D-PAGE of human mitochondrial proteins derived from
the placenta and identified proteins mainly by peptide mass
fingerprinting.

In this study, we performed a 2D-PAGE of mitochon-
driaisolated from HepG2 cells stably expressing the HCV
core protein and identified several proteins of different
expressions when compared with control HepG2 cells.
Among up-regulated proteins in the core-expressing cells,
we focused on prohibitin, which functions as a mitochon-
drial protein chaperon, and found that the core protein
interacts with prohibitin and represses the interaction be-
tween prohibitin and subunit proteins of cytochrome ¢
oxidase (COX), which may lead to decreases in the ex-
pression level of the proteins and in COX activity. These
results may explain the pathogenesis of liver disease in
HCYV infection including ROS induction.

Materials and Methods

Cells and Purification of Mitochondria. Hep39

cells,’6 which stably express the HCV core protein, and
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control HepG2 cells (Hepswx) were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal
bovine serum and 1 mg/mL G418. Mitochondria were
purified using Nycodenz (Nycomed Pharma, Ziirich,
Switzerland) according to the protocols reported by
Okado-Matsumoto et al.’” For transient transfection ex-
periments, HepG2 cells were transfected with a core-ex-
pression plasmid using TransIT-LT1 (Mirus  Bio,
Madison, WI). Huh7 cells harboring HCV genotype 1b
full-genomic (RCYM1)'® or subgenomic replicon (5-15),
and livers of 3-month-old core-gene transgenic mice?
were also used for the analysis.

2D-PAGE. Gel electrophoresis in the first dimension
was performed using an immobilized pH gradient gel (Im-
mobiline Dry Strip gel, pH 4-7 linear, 13 cm; GE Health-
care, Uppsala, Sweden). The two-dimensional separation
was performed on 12.5%, 14 X 16 cm?, SDS polyacryl-
amide gels. After the electrophoresis, gels were silver-stained
using a silver staining kit (GE Healthcare) according to the
manufacturer’s protocols. The stained gels were scanned and
electronic images of the gels were analyzed using ImageMas-
ter 2D Elite software (GE Healthcare).

In-Gel Digestion and Matrix-Assisted Laser De-
sorption lonization, Time-of-Flight Mass Spectrome-
try (MALDI-TOF-MS). Protein spots on the gels were
excised and a “control” piece was cut from a blank region
of the gel and processed in parallel with the sample. In-gel
digestion with trypsin was performed as reported.!® The
resulting peptides were concentrated using Zip-Tip C18
(Millipore, Bedford, MA). The peptide mixtures were
eluted from Zip-Tip with 75% acetonitrile in 0.1% trif-
luoroacetic acid (TFA). The matrix (-cyano-4-hydroxy-
cinnamic acid dissolved in 50% acetonitrile, 0.1% TFA)
was deposited on a dried sample target. Then 0.5-pL
aliquots of the analyte solution were deposited onto ma-
trix surfaces and the solvent was allowed to evaporate at
ambient temperature. The digests were analyzed with a
TOF mass spectrometer, PE Biosystems Voyager DE
STR MALDI (Foster City, CA).

Database Analysis. For protein identification the
measured monoisotopic masses of the peptides were ana-
lyzed using MS-Fit provided by UCSF (hup://prospector.
ucsf.edu/ucsthimi3.2/msfit.htm).

Immunoblotting and hnmunoprecipitation. Puri-
fied mitochondria were lysed and sonicated in RIPA
buffer, then centrifuged at 16,000 rpm for 10 minutes.
Protein concentration was determined using a BCA Pro-
tein Assay Reagent Kit (Pierce Biotechnology, Rockford,
IL). The samples were separated by sodium dodecyl sul-
fate (SDS)-PAGE and electrotransferred onto a polyvi-
nylidene fluoride membrane (Immobilon; Millipore,
Japan), then blocked with BlockAce (Snow Brand, To-
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kyo, Japan). The membrane was subsequently incubated
with specific primary antibodies followed by horseradish
peroxidase-conjugated secondary antibodies and visual-
ized using SuperSignal West Pico Chemiluminescent
Substrate (Pierce). Antibodies against the core protein
(Anogen, Mississauga, Canada), manganese superoxide
dismutase (MnSOD) (BD Biosciences, San Jose, CA),
prohibitin (Neomarkers, Fremont, CA), oligosacclraryl-
transferase-48 (OST48), hear shock protein (HSP) 60
(Santa-Cruz Biotechnology, Santa Cruz, CA), pyruvate
dehydrogenase (PDH), ubiquinol-cytochrome ¢ oxi-
doreductase, COX (Molecular Probes, Eugene, OR), pro-
tein disulfide isomerase (PDI), ER protein endoplasmic
oxidoreduction-1 (Ero1)-Le, and IkBa (Cell Signaling
Technology, Danvers, MA), were used as primary anti-
bodies. For immunoprecipitation experiments, cells were
lysed in NET-N buffer (20 mM Tris-HCl [pH 8.0}, 100
mM NaCl, 1 mM EDTA, 0.5% Nonider P-40) and the
lysates were incubated with anti-prohibitin overnight fol-
lowed by the addition of protein Sepharose 4B (GE
Healthcare), then washed with the same buffer five times.
Immunoprecipitates were subjected to SDS-PAGE fol-
lowed by immunoblotting with specific antibodies.

Determination of COX Activity. COX activity was
determined with a MitoProfile Rapid Microplate Assay
Kit (MitoSciences, Eugene, OR) using 10 pg of purified
mitochondria. The assay was performed three times inde-
pendently.

Statistical Analysis. Results are expressed as means ®
SE. The significance of the difference in means was deter-
mined by Student’s # test or Mann-Whitney’s U test.

Results

Presence of HCV Core Protein in Purified Mito-
chondria. Increasing evidence suggests that the HCV

p PH?

Fig. 1. 2D-PAGE of mitochondria purified from
core-expressing cells. (A) Whole-cell lysates (WCL)
and purified mitochondria (mito) derived from
core-expressing cells were subjected to SDS-PAGE
and immunoblotted with anti-core, anti-subunit of
complex | (mitochondrial protein), or anti-OST48,
PDI, Ero1la (ER proteins) antibodies. (B) Purified
mitochondria of core-expressing cells were sub-
jected to 2D-PAGE and the gel was stained with
siiver. The numbers shown on the right are molec-
ular weights. (C) Purified mitochondiia of core-
expressing and contiol cells were subjected to
SDS-PAGE and blotted with an anti-E1/3 subunit of
PDH (PDH E1f3), anti-MnSOD, or anti-HSP60 an-
tibody.

core protein is localized to mitochondria as well as to ER
and the nucleus. Therefore, we first investigated whether
the core protein is expressed in the mitochondria of core-
expressing (Hep39) cells used in this study. We used Ny-
codenz discontinuous gradients to extract mitochondria
as described.'” In the mitochondria derived from core-
expressing HepG2 cells, the core protein was detected by
immunoblotting, whereas ER resident proteins such as an
ER-specific type I transmembrane protein OST48, ER-
resident molecular chaperon PDI, and ER membrane-
associated N-glycoprotein Erol-La, were not (Fig. 1A).
In this fraction, reduced nicotinamide adenine dinucle-
otide (NADH)-ubiquinone oxidoreductase, complex I of
mitochondrial oxidative phosphorylation system, was
more strongly expressed than that in the whole cell. These
resules indicate that the purified mitochondria fraction
was free of ER, and that a portion of the core protein was
localized to the mitochondria in core-expressing cells.
Proteomics Analysis of Mitochondria by 2D-PAGE.
For proteomics analysis, purified mitochondrial proteins
derived from core-expressing cells were subjected to 2D-
PAGE followed by silver-staining of the gel. In this study
we analyzed only acidic proteins using IPG strips covering
pH 4 to pH 7 because the analysis of acidic proteins by
2D-PAGE is relatively easy. The mitochondrial fraction
was also extracted from Hepswx, a control cell line resis-
tant to G418 but does not express the core protein, then
similarly subjected to 2D-PAGE and used for comparing,
the expression pattern. We repeated the above procedure
(purification of mitochondria, 2D-PAGE, and silver-
staining) five times, and confirmed a similar expression
pattern in core-expressing cells, The representative gel im-
age is shown in Fig. 1B. ImageMaster 2D Elite software
detected about 1100 spots on the silver-stained acidic gel,
i.e., at pH 4-7 and Mrs of 20-100 kDa. The number of

e
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Table 1. Proteins of Differential Expression in Mitochondria
of Core-Expressing Cells

Fold Change

Proteln Name {Mean * SD}
Increased
Succinyl-CoAketoacid CoA transferase 10.43 * 1.29
NADH-specific isocitrate dehydrogenase a subunit precursor 9,64 +4.66
Unknown 8.65 * 2.40
GrpE-like protein co-chaperon 5.71 +0.49
Leucine aminopeptidase 426+ 1,14
Pyruvate dehydrogenase E1 component b subunit 3.79 134
CGO15alt2 3.18 £ 0.80
HSP70 3.11 % 138
Prohibitin 2.60 = 0.24
3-Hydroxyisobutyrate dehydrogenase 247 £0.77
HSPC108 2.46 * 0.69
MnSOD 2.35 £ 0.65
Ubiguinol-cytochrome ¢ oxidoreductase core | protein 2.00 +0.23
Decreased
Aldehyde dehydrogenase 2 0.12 +0.02
Aldehyde dehydrogenase 5 precursor 0.25 = 0.03
ATP synthase a subunit isoform 1 0.50 £ 0.09
Reference protein
HSPGO 1.02 £ 0.02

protein spots was smaller than those reported in a recent
study investigating the human placental mitochondrial
proteome.'?

' Prohibitin
HSP60
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We then compared the intensity of the spots berween
core-expressing and control cells. Analysis of repeated ex-
periments by Student’s # test revealed 13 increased and
three decreased spots in intensity in core-expressing cells.
These spots were excised and digested with trypsin, then
proteins were identified by mass spectrometry. The names
of the identified proteins are listed in Table 1. Among
them were proteins related to mitochondrial respiratory
chain, protein chaperons, and lipid metabolism. Because
antibodies to some of these proteins are commercially
available, expression levels of the proteins were examined
by immunoblotting. The expression levels of the PDH-
E1 subunit and MnSOD, which were identified as in-
creased proteins, were higher in core-expressing cells than
in control cells (Fig. 1C), whereas that of HSPGO, which
was identified as having a similar expression, was un-
changed.

Up-regulation of Prohibitin by the Corve Protein.
Among the identified proteins, we focused on prohibitin,
an up-regulated protein in mitochondria of core-express-
ing cells (Fig. 2A). Prohibitin is a mirochondrial protein
associated with cell proliferation.?¢ It also works as a chap-
eron of mitochondtial proteins.21:22 We confirmed an in-
creased prohibitin expression level in core-expressing cells

core + -
- Prohibitin
HSP60
core vector

> HSP60

- Core (WCL)
prohlbltin/SPE0

©Yg NY

Fig. 2. Up-regulation of prohibitin in core-expressing cells. (A) Protein spot corresponding to prohibitin (arrow) in 2D-PAGE. (B) Purified
mitochondria from core-expressing or control cells were subjected to SDS-PAGE and immunoblotted with anti-prohibitin or anti-HSP60 antibody. (C)
Mitochondria were purified from growing (Gr) or confluent (Co) cells in 100-mm dishes and subjected to SDS-PAGE, then immunoblotted with an
anti-prohibitin or anti-HSPGO antibody. (D) HepG2 cells in six-well plates were transfected with different amounts (pg) of core-expressing plasmid
and mitochondrial proteins were analyzed by immunoblotting with anti-prohibitin or anti-HSP60 antibody. The expression levels of the core protein
in whole-cell lysates (WCL) were also determined. (E) Cells harboring HCV replicon were untreated or treated with IFN and expression levels of
prohibitin in mitochondria were determined. Expression of HCV core and NS5A proteins was also examined. FG, full-genomic replicon cells; SG,
subgenomic replicon cells. (F) Expression levels of prohibitin in mitochondria were determined in liver tissues HCV core-gene transgenic and
nontransgenic mice. Prohibitin/HSPG0 expression levels were determined by densitometry. C-Tg, core-gene transgenic mouse; NT, nontransgenic

litermate (n = 3) *P < 0.05.
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by immunoblotting (Fig. 2B). Because prohibitin is asso-
ciated with cell proliferation, it is possible that prohibitin
expression changed according to the cell proliferative sta-
tus. As shown in Fig, 2C, core-expressing cells had high
prohibitin expression levels in the cells in both confluent
growth and growing statuses compared with control cells.
We also determined the expression levels in cells synchro-
nized with aphidicolin followed by I-mimosine treatment
and found an increased expression level in core-expressing
cells (data not shown). To exclude the possibility that the
increased prohibitin expression level is due to the expan-
sion of limited cell clones, not specific to the core protein
expression, we examined prohibitin expression in cells
transiently expressing the core protein and found that
prohibitin expression level increased dose-dependently in
core-expressing cells (Fig. 2D). We also examined the
prohibitin expression levels in Huh7 cells harboring full-
or subgenomic HCV replicon. For this purpose, we used
interferon (IFN)-treated replicon cells (cured cells) as a
control. Core and nonstructural (NS)5A proteins were
not detected after treatment of full-genomic replicon cells
with IEN, suggesting a successful elimination of replicon.
Prohibitin expression levels in cells with full-genomic rep-
licon were increased compared with those in IFN-treated
cured cells, whereas levels of prohibitin expression were
low in subgenomic replicon cells regardless of TFN-treat-
ment (Fig. 2E). In addition, prohibitin expression levels
were also increased in livers of 3-month-old transgenic
mice expressing the core protein compared with those in
nontransgenic littermates (Fig. 2F).

We next sought to determine the mechanism of the
increased steady-state level of prohibitin in core-express-
ing cells. To determine prohibitin messenger RNA
(mRNA) expression, we performed a real-time polymer-
ase chain reaction (PCR) using specific primers/probe.

10 (h) ;xpm n;on
Prohibitin s s s i ‘£ .
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Fig. 3. Increased protein stability of prohibitin in
core-expressing cells. (A) RNA was extracted from
core-expressing and control cells, and the amount
of specific mMRNA was determined by real-time PCR
with specific primers/probe against prohibitin, The
amount of prohibitin MRNA was standardized by
that of 18S ribosomal RNA (18S RNA). (B) Cells
were incubated with 100 ng/mL cycloheximide and
hatvested at the timepoints indicated above the
lanes (numbers are hours of cycloheximide treat-
ment). Whole-cell lysates were subjected to SDS-
PAGE and immunoblotted with anti-prohibitin, anti-

o core IkBer, or anti-vinculin (as an internal standard)

- e-contol  @ntibody. The intensity of each band was measured
. by densitometry, and expression levels (prohibitin/
vinculin} are shown in the right panel. (C) Cells
were harvested after incubation with 20 uM
MG132 for 8 hours and subjected to immunoblot-
10 ting with anti-prohibitin, anti-lkB, or anti-vinculin
antibody.

control
= +

No difference in prohibitin mRNA was observed berween
core-expressing and control cells (Fig. 3A). We next de-
termined the stability of prohibitin in these cells. By treat-
ing the cells with cycloheximide, the expression levels of
prohibitin gradually decreased in control cells (Fig. 3B).
On the other hand, in core-expressing cells prohibitin was
hardly degraded by cycloheximide treatment for 10
hours, whereas IkBa was equally degraded in both cells.
This result suggests that prohibitin was stabilized in the
presence of the core protein. Because prohibitin has been
shown to be degraded by proteasome,? we examined ex-
pression levels of prohibitin in the presence of proteasome
inhibitor MG132. By treatment with MG132, prohibitin
expression was increased to the similar level in core-ex-
pressing and control cells. These results suggest that the
core protein may inhibit proteasomal degradation of pro-
hibitin by some mechanism, including the prevention of
degradation by interaction with the core protein. Then,
core-expressing cells were lysed and subjected to immu-
noprecipitation with an anti-prohibitin antibody. As
shown in Fig. 4, the core protein was coimmunoprecipi-
tated with-an anti-prohibitin antibody. To exclude a non-
specific interaction with the antibody or Sepharose beads,
cells expressing a small amount of prohibitin by transtec-
tion with small interfering RNA (siRNA) against prohib-
itin were also examined. In these cells the amount of the
coimmunoprecipitated core protein decreased. In addi-
tion, the core protein was not coimmunoprecipitated by
control immunoglobulin G (IgG), indicating a specific
interaction of prohibitin with the core protein, These re-
sults suggest that prohibitin expression increased in core-
expressing cells owing t the increased stability
presumably by interaction with the core protein.
Iinpaired Chaperon Function of Prohibitin in
Core-Expressing Cells. We next examined the effect of
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Fig. 4. Interaction of the core protein with prohibitin. Core-expressing
and control cells were transfected with or without siRNA against the
prohibitin gene, then harvested and lysed in NET-N buffer 3 days after
transfection. Whole-cell lysates (WCL) were immunoprecipitated (IP) with
an anti-prohibitin antibody or control IgG and immunoblotted with anti-
prohibitin or anti-core antibody. Supernatants after the immunoprecipi-
tation were harvested and similarly immunoblotted (Post-1P).

the interaction of prohibitin with the core protein on the
function of prohibirin. Prohibitin works as a chaperon of
mitochondrial proteins. Nijtmans et al.?! demonstrated
that prohibitin exerts a chaperon function particularly for
the stabilization of mitochondrial DNA-encoded pro-
teins, COX is a mitochondrial respiratory complex IV
formed by 14 subunits, 10 of which are encoded by nu-
clear DNA and the rest by mitochondrial DNA.2* We
examined the interaction of prohibitin with subunit IT of
COX encoded by mitochondrial DNA. As shown in Fig.
5A, the level of COX II coimmunoprecipitated with an
anti-prohibitin antibody was decreased in core-expressing
cells, although the amount of immunoprecipitated pro-
hibitin was higher than that in control cells. On the other
hand, the subunit IV of COX encoded by nuclear DNA
was similarly coimmunoprecipitated between core-ex-
pressing and control cells. When prohibitin expression
was decreased by siRNA transfection, coimmunoprecipi-
tation of COX subunits was similarly decreased with the
amount of immunoprecipitation of prohibitin itself being
low. We next determined expression levels of COX sub-
units in the mitochondria in these cells. Expression levels
of mitochondrial DNA-encoded subunits I and IT in core-
expressing cells were decreased, whereas the levels of nu-
clear DNA-encoded subunits IV and VIb were similar to
those in control cells. When transfected with prohibitin-
siRNA, expression levels of all of the COX subunits ex-
amined were decreased in both core-expressing and
control cells, suggesting that protein levels of these sub-
units are dependent on prohibitin (Fig. 5B, see Support-
ing Fig. 1 for densitometry). Similar data were observed
when blots for COX 11 and IV were developed together in
the same membrane (Supporting Fig. 2). We also deter-
mined COX activity in these cells and found that core-
expressing cells had a significantly decreased COX activity
(about 70% of that in control cells, Fig. 5C). These results
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suggest that interaction of prohibitin with the core pro-
tein is associated with an impaired function of prohibitin
as a mitochondrial chaperon, which may trigger disor-
dered assembly and function of mitochondrial respiratory
complexes.

Discussion

In the present study we analyzed expression levels of
mitochondrial proteins in HepG2 cells expressing the
HCV core protein and identified a set of proteins with
different expressions. Some of those proteins were related
to the mitochondrial respiratory chain (Table 1). Because
the core protein was shown to be associated with the in-
duction of oxidative stress,”? the core protein may mod-
ulate the expression and function of proteins forming
mitochondrial respiratory complexes, which naturally
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Fig. 5. Effects of core-prohibitin interaction on interaction/expression
of COX subunit proteins and COX activity. (A) Whole-cell lysates (WCL) of
core-gxpressing and control cells were subjected to immunoprecipitation
with an anti-prohibitin antibody or control 1gG, and the interaction of
prohibitin with COX subunits was determined by immunoblotting of
immunoprecipitated proteins (IP). Supernatants after the immunoprecipi-
tation were harvested and similarly immunoblotted (Post-IP). (B) Cells
were transfected with or without siRNA against the prohibitin (Phb) or
GFP gene and harvested 3 days after transfection for purification of
mitochondria. Purified mitochondria were subjected to SDS-PAGE and
immunablotted with several anti-COX subunits antibodies. The expression
levels of HSP60 were also examined as an Internal control, (C) COX
activity was determined by measuring cytochrome ¢ oxidation, The
activity was normalized by taking the average rate of control cells as 1.
Data shown are means = SE (n == 5). *P < 0.05.



