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FIG. 1. Invivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks: Substitution of Lys with Arg (R)'is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG132 and harvested 48'h
after transfection. His,-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel): Core proteins conjugated to a number of Hiss-Ub are denoted
with- asterisks. Whole lysates of transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 to C152KR, as
indicated for panel A. Lane 12; empty vector,

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-Ub®*®
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order Kkinetics: (Fig. 2B and D).
MG132 completely blocked the degradation of C173 and C152
(Fig; 2B), and C152K6-23R and C152KR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to 'be 5 to 6 h, whereas those of C152K6-23R ‘and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28y specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28vy involvement in the deg:
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FIG. 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs: used. in the UPR technique. Open boxes indicate the
DHER sequence; which is extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). Ub®*® moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construct; cells were treated with 50
jrg of cycloheximide/ml in the presence or absence of 10 uM MG132 for the
different time periods indicated. Cells were lysed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
At each time point, the ratio.of band intensity of the core protein relative to
the reference: DHFR-HA-Ub®* was determined by densitomietry and is
plotted as a percentage of the ratio at time zero.

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28vy-binding region (aa 44 to
71y (17), we tested the influence of the mutations of C152KR
on the interaction with PA28vy by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28y (F-PA28vy) was ex-
pressed in cells along with C152 or C152KR, F-PA28y precip-
itated along with both C152 and C152KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28vy on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased to
a nearly undetectable level in the presence of PA28y (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG132 increased the
steady-state level of the C152KR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments.
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28vy (Fig: 3C; left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less: core protein undergoes proteasomal degra-
dation in a PA28vy-dependent manner. These results suggest
that PA28y may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28y
with respect to degradation of full-length wild-type (C191) and
mutated (C191KR) core proteins in human hepatoma Huh-7
cells. ‘As expected, exogenous expression of PA28y or E6AP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the C191KR level was decreased with expression of
PA28y but not of E6AP. We further used RNA interference to
inhibit expression of PA28y or E6AP. An increase in the abun-
dance of C191KR was observed with PA28y small interfering
RNA (siRNA) but not with E6AP siRNA: (Fig. 4B). An-in-
crease in the C191 level caused by the activity of SiRNA against
PA28v or E6AP was confirmed as well.

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 20S pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
p73, Rb, SRC-3; and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
208 proteasome independently of ubiquitylation through their
interaction with PA28vy (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation- mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and. Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28vy-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (CI52KR) core expression plasmid in
the ‘presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with' anticore antibodies. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28y-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28v. In some cases, cells were treated with 10 uM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-C191KR with or without F-
PA28v (an empty vector), cells were treated with 50 g of cyclohexi-
mide/ml for different time periods. as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies.
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.

— 195 —



2392 NOTES

A

HAE6AP - - + = = + -

Y
oo C191 C191KR
%)

F-PA28y = - = + =~ - +

corel |
HA-E6AP | |
F-PA28y |
GAPDH
B C191KR ci91
siRNA cé\@gqfoé\fff

core |

E6AP

PA28y

FIG. 4. -Ub-dependent and Ub-independent. degradation of the
full-length core protein in hepatic cells. (A) Huh-7 cells were cotrans-
fected with plasmids for the full-length core protein: (C191) or its
Lys-less mutant (C191KR) in the presence of F-PA28y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lysed and
Western blot analysis was performed using: anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with siRNA against PA28y or E6AP or with
negative control siRNA: Cells were harvested 72 h after transfection
and subjected to Western blot analysis.

viral protein studied that has led to identification of key cellu-
lar: factors responsible for proteasomal: degradation via dual
distinct' mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein; it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may. play.an impor-
tant role in representing the potential for its functional activity.
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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 NS5A 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
HCV replicon and the propagation of the HCV JFHI1 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-
glesstranded positive-sense RNA genome of approximately 9.6
kb, which encodes a large precursor. polyprotein comprising
approximately 3,000 amino 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, NSSA,
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), FKBPS8 (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 modulatet 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. TA. 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 pg each) were transfected into 293T cells, FLAG-tagged VAP proteins coexpressed with EE-tagged VAP-A or
VAP-B were 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 NS5B 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-half region of the MSP do-
main of VAP-B; the biological significanice 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 Huh70OK1,
and embryonic kidney cell line 293T were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma, St. Louis, MO) containing 10% fefal calf

serum (FCS) and nonessential amino acids (NEAA); while Huh 9-13 cells, 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
Huh70K1 cell line exhibits the highest efficiency of propagation of strain JFH1
virus, as: described previously (35). All: cell lines were -cultured-at 37°C in-a
humidified atmosphere with 5% CO,.

Antibodies. 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 residues from 86 to 98, QPHFSISPNW
EGR, which region does not share the homology to VAP-A and VAP-B. The
mouse monoclonal. antibody to: human. VAP-A was purchased 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  antibodies and mouse: anti-B-actin monoclonal
antibody were from Sigma. Rabbit polyclonal antibody to NSSA was prepared as
described previously (34). Mouse anti-NS5A: monoclonal antibody was from
Austral Biologicals: (San Ramon; CA).

Plasmids. A ¢cDNA clone ernicoding NSSA was amplified from HCV genotype
1b strain' J1 (9) (GenBank database: accession number D89815) by PCR, using
Pfu 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 encoding NS5B of the J1 strain was generated 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 generated 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, immunoblotting, and immunoprecipitation. 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 mi of ice-cold phosphate-buffered saline
(PBS), and suspended in 0.2 ml lysis buffer (20 mM Tris-HC], 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 proteins were boiled in 30 ul 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 L.AS-3000 image analyzer (Fujifilm,
Tokyo, Japan). The distribution of VAPs in human organs was determined by
using premade human tissue lysates (Protein medleys; 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 determined by the method
described previously (40). Total RNA was prepared 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 Huli7OK1 cell line according to the method of Zhong et al. (51). The culture
supernatant was collected at 7 days posttransfection and used as the infectious
HCV particles, Huh7OK1 cells in DMEM containing 10% FCS were seeded at
5'% '10* ¢cells per well into a 24-well plate 12 h before infection. The cells were
infected with the JFH1 strain at a multiplicity of infection (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 at 2 h postinfection. The cells were fixed with 4%
paraformaldehiyde at 96 h postinfection and permeabilized with PBS containing
0.2%: Triton X-100. These fixed and perineabilized cells were stained with the
anti-NS5A mouse monoclonal antibody. and Alexa Fluor (AF) 488-conjugated
antibody to mouse immunoglobulin' G' (Molecular 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 protein 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 intracellular expression of core pro-
tein, Huh7OK1 cells were infected with the infectious HCV particles described
above, lysed with the lysis buffer on ice, and applied 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 (Pierce). The intracellular and extracellulat 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 fragment encoding a firefly luciferase was excised
from a pGL3 basic plasmid (Promega, Madison, WI) and introduced into the
downstream region of the Renilla luciferase gene of pRL-CMV. (cytomegalovi-
rus): (Promega): Then, the cDNA fragments encoding the. internal ribosome
entry site (IRES) of the HCV strains Conl and JFHI1 were introduced between
the Renilla and firefly luciferase genes, and the resulting plasmids were: desig-
nated pRL-CMV-HCVCon1 and pRL-CMV-HCVIFHI, respectively (see 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 (see Fig. 4B). Each reporter
plasmid was introduced into Huh7OK1 cells that had been transfected with the
expression plasmid encoding FLAG-green fluorescent protein (GFP), FLAG~
VAP-A, FLAG-VAP-B, or FLAG-VAP-C 24 h previously, and cells were har-
vested at 48 h postiransfection. Luciferase activities 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 serum 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-NS5A antibodies 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 NSSB and interrupts the interaction of
VAP-A and VAP-B with NS5B. VAP-A and VAP-B were iden-
tified as NSSA-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 NSS5A actually occurred,
HA-tagged NS5A. -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 FLAG-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-

— 199 —~



7962 KUKTHARA ET AL.

J. VIROL.

A Lysate IP : HA (NS5A)

HA-NS5A  + + o+ g PN
FLAG-VAP-A + + . .

FLAG-VAP-B + . . .
FLAG-VAP-C
HA-NSSA - Blot:HA
FLAG-VAP-A-
FLAG-VAP-B-
/Blot:FLAG
FLAG-VAP-C-
;
B Lysate IP: HA (NS5B)

HA-NSSB 4+ + + + + + P
FLAG-VAP-A + + + +
FLAG-VAP-B + " +
FLAG-VAP-C _ + o+

HA-NSSB_. Blot:HA

FLAG-VAP-A
FLAG-VAP-B".

FLAG-VAP-C-

b
=

FIG. 2. VAP-C binds to NS5B but not NSSA 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 g 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.ug with empty
plasmid. 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 NS5B, 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 g 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 ug 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 g 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, or 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 g of the plasmid encoding FLAG-tagged VAP-C or empty plasmid, and the levels of expression of NS5A, §-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,
8-actin, VAP-A, VAP-B; and VAP-C were determined by immunoblottifig. 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 NS5A. 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 EMCYV,;

in that order, was prepared as shown in Fig. 4. These repotter
plasmids were introduced into Huh7OK1 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 JFH1; 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 Huh7O0KI1 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 IRES-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. Bottom: the
reporter plasmid was introduced into Huh70K1 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
luciférase gene under the PV or EMCV IRES, in order. Bottom: each
of the reporter plasmids was introduced into Huh70K1 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, Huh70KI 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 nmol/liter by the expression 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. SA). 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 Huh7OK1 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. SA). 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 NSSA in a dose-dependent manner. These results clearly
indicate that the expression of VAP-C negatively regulates
HCY propagation. Overexpression of VAP-C did not affect the
endogenous expression of VAP-A or VAP-B (Fig. 5C), sug-
gesting that suppression of HEV 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 generated 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 small
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
HCYV replication. A single mutation of Pro®® to Ser (P568) 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. Huh70KI1 cells transfected with
0 to 4 p.g of plasmid encoding the FLAG-tagged VAP-A, VAP-B, or VAP-C or empty vector were infected with strain JFHI1 at an MOI of 0.05
at 14 h posttransfection and then harvested at 96 h postirifection. (A) The intracellular and extracellular 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-dctin; 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 pg 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
HCV 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 NS5A 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 JEH1: 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 results 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 PS6S 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, ot 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 pg each; Clonetech) were exam-
ined by immunoblotting using antibodies ‘against VAP-A, VAP-B,
VAP-C, or B-actin. (C) Expression of VAP family proteins in human
liver tissues. Liver samples obtained from four hepatitis C patients (1
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 NSS5A
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
pg 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
pg 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) Huh70K1 cells transfected with 4 g of the expres-
sion plasmids encoding FLAG-tagged P56S VAP mutants or empty
vector were infected with strain JFH1 at an MOI of 0.05at 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 parnel 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- andfor heterodimers with VAP-A (9).
VAP-A and VAP-B form hetero- and homodimers through
their TM regions and interact with NS5A 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 NSS5A, 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-Bclearly
enhanced viral RNA replication in cells infected with the ge-
notype 2a strain JEH1 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 Huh70K1 cells in-
fected with JFHI virus, whereas the expression of these pro-
teins had no effect on the expression of NS5A 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. JFHI1 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.
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The phosphorylation state of NS5A was suggested to control
the interaction between VAP-A and NS5A and the replication
efficiency of HCV RNA (6). Introduction of the adaptive mu-
tations originally identified in the genotype 1b strain Conl into
NSS5A of genotype 1a suppressed the hyperphosphorylation of
NS5A, potentiated interaction with VAP-A, and enhanced the
RNA replication (6). However, we have previously shown that
NSSA of genotype 1a 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 prolyl 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
vitus 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 HCYV 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 functions
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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further suggests the possibility of developing a novel therapeu-
tic measure to eliminate HCV by the exogenous expression of
VAP-C in the hepatocytes of chronic hepatitis C patients.
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VIRAL HEPATITIS

Oxidative Stress Induces Anti-Hepatitis C Virus Status
via the Activation of Extracellular Signal-Regulated Kinase

Masahiko Yano,!3 Masanori Ikeda,! Ken-ichi Abe,! Yoshinari Kawai,!* Misao Kuroki,! Kyoko Mori, !
Hiromichi Dansako,! Yasuo Ariumi,! Shougo Ohkoshi,? Yutaka Aoyagi,® and Nobuyuki Kato!

Recently, we reported that 3-carotene, vitamin D,, and linoleic acid inhibited hepatitis C virus (HCV)
RNA replication in hepatoma cells. Interestingly, in the course of the study, we found that the
antioxidant vitamin E negated the anti-HCV activities of these nutrients. These results suggest that the
oxidative stress caused by the three nutrients is involved in their anti-HCV activities. However, the
molecular mechanism by which oxidative stress induces anti-HCV status remains unknown. Oxida-
tive stress is also known to activate extracellular signal-regulated kinase (ERK). Therefore, we hypoth-
esized that oxidative stress induces anti-HCV status via the mitogen activated protein kinase (MAPK)/
ERK kinase (MEK)-ERK1/2 signaling pathway. In this study, we found that the MEK1/2-specific
inhibitor U0126 abolished the anti-HCV activities of the three nutrients in a dose-dependent manner.
Moreover, U0126 significantly attenuated the anti-HCV activities of polyunsaturated fatty acids,
interferon-y, and cyclosporine A, but not statins. We further demonstrated that, with the exception of
the statins, all of these anti-HCV nutrients and reagents actually induced activation of the MEK—
ERK1/2 signaling pathway, which was inhibited or reduced by treatment not only with U0126 but
also with vitamin E. We also demonstrated that phosphorylation of ERK1/2 by cyclosporine A was
attenuated with N-acetylcysteine treatment and led to the negation of inhibition of HCV RNA repli-
cation. We propose that a cellular process that follows ERK1/2 phosphorylation and is specific to
oxidative stimulation might lead to down-regulation of HCV RNA replication. Conclusion: Our
results demonstrate the involvement of the MEK-ERK1/2 signaling pathway in the anti-HCV status
induced by oxidative stress in a broad range of anti-HCV reagents. This intracellular modulation is

expected to be a therapeutic target for the suppression of HCV RNA replication. (HEPATOLOGY 2009;50:
678-G88.)

epatitis C virus (HCV), which belongs to the
family Flaviviridae, is a single-stranded positive-
sense RNA virus of approximately 9.6 kb.!?
Persistent infection with HCV causes chronic hepatitis,
which often leads to liver cirrhosis and hepatocellular car-
cinoma.? Therefore, HCV infection is a major health
problem worldwide. Interferon (IFN)-based therapies,
including the combination of pegylated IFN with ribavi-

Abbreviations: AA, arachidonic acid; BC, B-carotene; Cid, cyclosporine A;
CyPA. cyelophilin A: DHA, docosabexaenoic acid; DMSO, dimethyl sulfoxide;
EGF, epidermal growth factor: EP4; eicosipentacnoic acid; ERK; extracellular
signal-regulated kinase; FBS, fetal bovine serumy; FLV, fluvastatin; HCV, hepatitis
C virus; IFN, interferon; LA, linoleic acid: MAPK, mitogen-activated protein
kinase; MEK, MAPKIERK kinase; NS54; nonstructural 5A4; PTV, pitavastating
PUFA, polyunsaturated fatty acid; RL, renilla luciferase; ROS; reactive osygen
species; VD2, vitamin Dy VE, vitamin E.
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rin, are the current standard strategies for chronic hepati-
tis, but their sustained virological response rates are
unsatisfactory.®5 There is thus an urgent need for novel
partners with IFN or more effective reagents that may
improve the sustained virological response rate.
Following the development in 1999 of a cell culture
system to support efficient HCV RNA replication,® nu-
merous studies have identified reagents that inhibit HCV
RNA replication and enhance the effect of IEN treat-
ment.”? Some of these reagents are already available for
clinical use. Previously, we also developed a genome-
length HCV RNA (strain O of genotype 1b) replication
system (OR6) with Renilla luciferase (RL) as a reporter in
hepatoma cell lines.!® Using this ORG assay system, we
found that mizoribine,!! as an immunosuppressant, and
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ORN/C-5B/KE

Fig. 1. Schematic gene organiza- g,
tion of the genome-length and sub-
genomic HCV RNA used in this
study. ORN/C-5B/KE encoding the
RL gene was replicated in ORG cells
and ON/3-5B in sO cells. RL in OR6
cells was expressed as a fusion pro-
tein with neomycin phosphotransfer-
ase (NeoR). The arrowhead indicates
the position of K1609E, an adaptive
mutation.

fluvastatin (FLV) and pitavastatin (PTV),%12 as the re-
agents for hypercholesterolemia, suppressed genome-
length HCV RNA replication. Furthermore, in a recent
study!? in which we comprehensively analyzed the activ-
ities of ordinary nutrients on HCV RNA replication,
three nutrients, B-carotene (BC), vitamin D, (VD2), and
linoleic acid (LA), were found to suppress HCV RNA
replication and enhance the antiviral activity of IFN-« or
cyclosporine A (CsA) in an additive or a synergistic man-
ner. Because the anti-HCV activities of these three nutri-
ents, as well as CsA, were canceled by treatment with
antioxidants such as vitamin E (VE) or selenium, we sug-
gested that oxidative stress might be involved in the anti-
HCV  activities of these three nutrients and CsA.
However, the detailed molecular mechanism via which
the oxidative effects of these three nutrients and CsA sup-
press HCV RNA replication has not been explored.

The production of reactive oxygen species (ROS) plays
a pivotal role in various cellular processes, including cell
proliferation, differentiation, and apoptosis.' Whereas
high-level production of ROS resulting from external
stimuli is recognized as an important component of the
pathogenesis of inflammatory and cancerous diseases, en-
dogenously produced ROS at low concentrations are
shown to function as signaling mediators of cellular re-
sponses.'>16 Emerging evidence indicates that these
ROS-triggered responses are mediated primarily via cel-
lular signaling cascades, including a signaling pathway of
extracellular signal-regulated kinase (ERK)1/2, namely
p44/42 mitogen-activated protein kinase (MAPK), which
belongs to the MAPK family.!7:18

Several studies have revealed that certain viral proteins
initiate activation of the MAPK/ERK kinase (MEK)-
ERK1/2 signaling pathway, which may facilitate the viral
replication and infectivity in the infected cells.!®20 The
HCYV cote protein?! and the envelope protein?? have also
been reported to up-regulate this signaling pathway.
However, another study reported that the HCV non-
structural 5SA (NS5A) protein suppressed activating pro-
tein-1 activation by inhibiting the phosphorylation of
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ERK1/2 in replicon cells.?> Moreover, recent studies us-
ing an inhibitor specific to the MEK-ERK1/2 signaling
pathway reported that the direct anti-HCV activities of
IFN-y2* and acetylsalicylic acid® are mediated in part
through the induction of this cascade.

We demonstrate that the activation of MEK-ERK1/2
signaling plays a significant role in the anti-HCV activity
caused by oxidative stress in a broad range of anti-HCV
reagents.

Materials and Methods

Reagents and Antibodies. Dimethyl sulfoxide
(DMSO), BC, VD2, VE, LA, arachidonic acid (AA); ei-
cosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and IFN-vy were purchased from Sigma Aldrich
(St. Louis, MO); and CsA, FLV, U0126, PD98059,
$B203580, and c-Jun N-terminal kinase inhibitor IT were
obtained from Calbiochem (San Diego, CA). Epidermal
growth factor (EGF) was purchased from Toyobo
(Osaka, Japan). PTV was purchased from Kowa Com-
pany, Led. (Tokyo, Japan). Anti-HCV core antibody
(CP11) was purchased from the Institute of Immunology
(Tokyo, Japan), and anti-HCV NS5A antibody was the
generous gift of Dr. A. Takamizawa (Research Founda-
tion for Microbial Diseases, Osaka University). Antibod-
ies specific to ERK1/2 (p44/42 MAPK), MEK1/2, and
phosphorylated (§217/221) MEK1/2 were purchased
from Cell Signaling Technology (Beverly, MA), and anti-
phosphorylated (T202/Y204) ERK1/2 antibody was ob-
tained from BD Biosciences (San Jose; CA). Anti~f3-actin
antibody was purchased from Sigma Aldrich.

Cell Cultures. The cell lines OR6 and sO were cloned
from ORN/C-5B/KE RNA and subgenomic replicon
RNA (ON/3-5B)~replicating cells, respectively (Fig. 1).
These cells were derived from the hepatoma cell line
HuH-7, cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (EBS), peni-
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cillin, streptomycin, and 300 wg/mL of G418 (Geneticin;
Invitrogen, Carlsbad, CA), and passaged twice a week ata
5:1 split ratio. ORN/C-5B/KE and ON/3-5B were de-
rived from HCV-O (strain O of genotype 1b).1°

ORG Reporter Assay. For the RL assay, 1.0-1.5 X 10%
ORG cells were plated onto 24-well plates in triplicate and
precultured for 24 hours. The cells were pretreated with
DMSO or a specific inhibitor for 1 hour and then were
treated with each anti-HCV nutrient or compound in either
the absence (DMSO) or presence of a specific inhibitor for
72 hours. After the treatment, the cells were harvested with
Renilla lysis reagent (Promega, Madison, WI) and subjected
to RL assay according to the manufacturer’s protocol.

Western Blot Analysis. For analysis of the effect of a
specific inhibitor on the anti-HCV activity, 6.0-6.5 X 10*
ORG cells were plated onto 6-well plates and precultured for
24 hours. The pretreatment with DMSO or a specific inhib-
itor for 1 hour and subsequent treatment for 72 hours was
performed in the same manner as for the ORG reporter assay.
For analysis of the activities of each anti-HCV nutrient or
reagent on the MEK-ERK1/2 signaling pathway, 1.0 X 10°
ORG6 or sO cells were plated onto 6-well plates and precul-
tured in 10% FBS-containing medium for 24 hours. After
the preculture, the culture medium was changed to FBS-free
medium and the cells were cultured for 48 hours prior to
treatment with each nutrient or reagent. When the effect of
a specific inhibitor or VE on ERK1/2 phosphorylation was
analyzed, the cells were pretreated with the specific inhibitor
or VE for 1 hour prior to each treatment. Preparation of the
cell lysates, sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, and immunoblotting were then performed as
described.?

Measurement of ROS. ORG cells in 24-well plates
were left untreated or were treated with hydrogen perox-
ide (1 mM), LA (200 uM), and CsA (15 pg/mL) for 30
minutes and then incubated with dihydrodichlorocar-
boxyfluorescein diacetate (Invitrogen) (5 uM) for 15
minutes. Fluorescence was measured with a FLUOROS-
KAN ASCENT fluorescence plate reader (Thermo Fisher
Scientific, Waltham, MA) at an excitation wavelength of
485 nm and emission wavelength of 535 nm.

Cell Growth Assay. To examine the activity of EGF
on ORG cell growth, 6.0-6.5 X 10% ORG cells were plated
onto 6-well plates in triplicate and were pre-cultured for
24 hours. The cells were treated with or without EGF for
72 hours, and the number of viable cells was counted after
trypan blue dye treatment as described.!!

Statistical Analysis. Statistical comparison of the lu-
ciferase activities between the various treatment groups
was performed using the Student # test. P values of less
than 0.05 were considered statistically significant.
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Results

Effects of MEK1/2-Specific Inhibitors on the Anti-
HCV Activities of BC, VD2, and LA in ORG Cells.
Our recent study suggested the involvement of oxidative
stress in the suppressive mechanism of three ant-HCV
nutrients: BC, VD2, and LA.'3 Because there have been
reports of negative regulation of HCV RNA replication
via the MEK-ERK1/2 signaling pathway,>#?5 which is
one of the oxidative stress-induced cellular signaling path-
ways, we hypothesized that the suppression of HCV RNA
replication by these three nutrients might be mediated via
this cascade (Supporting Fig. 1). To test this hypothesis,
we first used an ORG assay system to examine the effects of
U0126 and PD98059, inhibitors specific to MEK1/2, on
the three anti-HCV nutrients at 60% inhibitory concen-
tration. As shown in Fig. 24, treatment with either 5 uM
of U0126 or 10 uM of PD98059 slightly enhanced HCV
RNA replication in comparison with the control. How-
ever, U0126 attenuated the anti-HCV activities of the
three nutrients more clearly than PD98059 (Fig. 2A,B).
U0126 prevented the anti-HCV activities of the three
nutrients in a significant and dose-dependent manner and
exerted complete inhibition against the anti-HCV activi-
ties of BC and LA (Fig. 2C,D), while the inhibitory effect
of PD98059 was more mild (Fig. 2E,F). As shown in Fig.
2G, we also found that U0126 treatment restored the
expressions of HCV proteins, core, and NS5A in a dose-
dependent manner. We further demonstrated  that
knockdown of MEKI or MEK2 by small interfering
RNA negated the anti-HCV activity of LA (Supporting
Fig. 2A-C). These inhibitions by U0126 against the anti-
HCV activities of the three nutrients were not due to the
enhancement of encephalomyocarditis virus/internal ri-
bosomal entry site—driven RL activity, because this activ-
ity was not increased by U0126 (data not shown).
Moreover, treatment with neither SB203580 (an inhibi-
tor specific to p38 MAPK) nor c-Jun N-terminal kinase
inhibitor, both of which belong to the same cascade fam-
ily as MEK-ERK1/2, significantly affected the antd-HCV
activities of the three nutrients: (data not shown). These
results imply that the activation of the MEK-ERK1/2
signaling pathway might be required for the suppression
of genome-length HCV RNA replication by the three
nutrients in cell culture.

Effect of U0126 on the Suppressive Effects of Poly-
unsaturated Fatty Acids and Anti-HCV Reagents in
ORG Cells. Previous studies using a cell culture system
have shown that polyunsaturated fatty acids (PUFAs),
including LA, act as anti-HCV nutrients.?”?% A recent
study reported that lipid peroxidation of PUFAs was cor-
related with their ant-HCV activities, which were pre-
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Fig. 2. U0126 strongly inhibited the-anti-HCV. activities of the anti-HCV nutrients BC, VD2, and LA in OR6 celis. (A,B) Effects’ of MEK-specific
inhibitors-on the three nutrients at the 60% inhibitory concentration. OR6 cells were pretreated with DMSO;-5 uM U0126, or 10 uM PD98059 for
1 hotir; The cells were then treated with: control medium; 10 M BC, 5 uM VD2, or 50° uM LA in either the absence (DMSO) or presence of each
specific inhibitor for 72 hours. After treatment, RL assay was performed as described in Materials and Methods. Shown here is the relative luciferase
activity (%) calculated when the RL activity of the control was assigned as 100%. Data are expressed as the mean = standard deviation of triplicate
samiples from at least threée independent experiments. Asterisks indicate significant difference from treatment with DMSO (*P:< 0.05; *P. < 0.01)
{A). The ratio of the RL activity in the presence of the MEK-specific inhibitor to the RL activity:in the absence of the inhibitor was then calculated
(B). {C-F) OR®6 reporter assays of the dose effects of MEK1/2-specific inhibitors on the three nutrients. OR6 cells were pretreated with DMSO, U0126
(C), or PD98059 (E) at the indicated concentrations for 1 hour. Treatment of the cells with control medium or each of the three nutrients in’ either
the absence (DMSOY) o presenice of each specific inhibitor and the RL assay of harvested OR6 cell samples were performed as described in panels
A and B Asterisks indicate significant difference from treatment with DMSO (*P. < 0.05; **P. < 0.01; ***P < 0.001; NS, not significant): Next,
we calculated the ratio of RL activity in: the presence of the MEK-specific inhibitor, U0126 (D), or PD98059 (F), to the RL activity in the absence
of the inhibitor. {G) Western biot analysis of the dose effects of U0126 on three nutrients. OR6 cells were pretreated and then treated &s in panel
€. The production-of HCV core and NS5A in the cells was analyzed by way of immunoblotting using antibodies specific to-HCV core (top row) and
NS5A: (middle row). B-actin’ was used as a control for the amount of protein loaded per lane (bottom row).

— 211 -



682  YANO ET AL.

vented by treatment with VE.2? This result coincides with
our previous observations on the effects of LA.13 We pro-
posed that the MEK-ERK1/2 signaling pathway might
be involved in the anti-HCV activity of PUFAs, including
LA, because lipid peroxidation is known to be a ROS-
triggered cellular modification.’® As expected, treatment
with U0126 attenuated the anti-HCV activities of four
representative PUFAs in a significant and dose-dependent
manner (Fig. 3A,B).

Moreover, because the anti-HCV activities of BC,
VD2, LA, and CsA, but not FLV, were found to be ne-
gated by VE,!3 we were also interested in the potent role of
the MEK~ERK1/2 signaling pathway in the anti-HCV
mechanism of CsA. Furthermore, the previous study us-
ing a subgenomic replicon system had already shown the
partial involvement of this cascade in the antiviral activity
of IFN-v.24 Therefore, we examined the effects of U0126
on various anti-HCV reagents: IFN-y, CsA, and statins
(FLV and PTV). We confirmed that also in genome-
length HCV RNA replication cells, U0126 significantly
inhibited the anti-HCV activity of IFN-vy (Fig. 3C,D).
Interestingly, consistent with the effects of treatment with
VE,13 the anti-HCV activity of CsA was completely ab-
rogated by U0126 in a significant and dose-dependent
manner, whereas statins were unaffected (Fig. 3C,D).

U0126 restored the reduced expression of HCV pro-
teins by PUFAs, IFN-vy, and CsA in a dose-dependent
manner, whereas statins were unaffected (Fig. 3EF).
These results were supported by additional real-time re-
verse-transcription polymerase chain reaction and immu-
nofluorescence analyses (Supporting Fig. 3A-C). We also
observed that knockdown of MEK1 or MEK2 by small
interfering RNA did not affect the anti-HCV activity of
PTV (Supporting Fig. 2A-C). Collectively, these findings
suggest that the MEK-ERK1/2 signaling pathway may
play a critical role in the negative regulation of HCV RNA
replication by the anti-HCV nutrients BC and VD2, PU-
FAs, and the anti-HCV reagents IFN-y and CsA, but not
statins.

Activation of the MEK—ERK1/2 Signaling Pathway
by Anti-HCV Nutrients and Reagents. To further en-
sure the involvement of the MEK-ERK1/2 signaling
pathway in the suppressive mechanisms of anti- HCV nu-
trients and reagents, we next examined whether these nu-
trients and reagents could actually initiate the activation
of this signaling pathway. After treating the HCV RNA
replicating cells with each of the nutrients and reagents,
we performed immunoblotting specific to the phosphor-
ylation of ERK1/2 and MEK1/2. In the same way as
EGF, a potent activator of these kinases, the three anti-
HCV nutrients (BC, VD2, and LA) enhanced the phos-
phorylation of ERK1/2 and MEK1/2 in both genome-
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length and subgenomic HCV RNA replication cells (Fig.
4A,B). IFN-v, CsA, and all of the PUFAs also up-regu-
lated this cascade in ORG cells (Fig. 4C,D). The increase
in phosphorylation of ERK1/2 was not observed after
either statin treatment (Fig. 4D). The activation of
MEK-ERK1/2 by the three anti-HCV nutrients was ap-
parent until 1 hour after their application and subse-
quently attenuated, although EGF exhibited persistent
enhancement of MEK-ERK1/2 phosphorylation (Fig.
4E). Because the experiments regarding ERK1/2 phos-
phorylation were performed in FBS-free conditions, we
checked the anti-HCV activity of PTV, CsA, and LA in
FBS-free medium. The results revealed that these anti-
HCV reagents and nutrients also inhibited HCV RNA
replication in FBS-free conditions (Supporting Fig. 4).
Taken together, these findings indicate that the anti-
HCV nutrients and reagents activated the MEK-ERK1/2
signaling pathway in HCV RNA replicating cells, provid-
ing further confirmation that this signaling cascade might
be involved in their anti-HCV activities.

MEK1/2-Specific Inhibitors Attenuated the In-
creased Phosphorylation of ERK1/2 by Anti-HCV Nu-
trients/Reagents and EGF. We next tested whether
MEK1/2-specific inhibitors could prevent not only the
suppression of HCV RNA replication but also the activa-
tion of ERK1/2 by the anti-HCV nutrients BC, VD2,
and PUFAs and the anti-HCV reagents IFN-y and CsA.
Consistent with the inhibitory effects on their anti-HCV
activities, U0126 more markedly abrogated the increase
in ERK1/2 phosphorylation by anti-HCV nutrients, re-
agents, and EGF than did PD98059 (Fig. 5A,B). As
shown in Fig. 5C, the enhanced ERK1/2 phosphoryla-
tion by the three nutrients and EGF was reduced by
U0126 in a dose-dependent manner.

VE Attenuated the Increased Phosphorylation of
ERK1/2 by Anti-HCV Nutrients/Reagents and EGF.
Because the suppression of HCV RNA replication by
BC, VD2, LA, and CsA were completely negated by the
treatment with VE in our recent study,'? we investi-
gated whether VE could also inhibit ERK1/2 activa-
tion by anti-HCV nutrients and reagents. As expected,
VE also attenuated the enhanced phosphorylation of
ERK1/2 by not only anti-HCV nutrients and CsA but
also IFN-vy and EGF (Fig. 6A,B). We also demon-
strated that phosphorylation of ERK1/2 by CsA was
attenuated with N-acetylcysteine treatment and led to
the negation of inhibition of HCV RNA replication
(Supporting Fig. 5SA-C). The anti-HCV nutrients and
reagents, whose activities were negated by U0126, were
also inhibited by VE. In contrast, the anti-HCV activ-
ities of statins were not negated by U0126 or VE. We
also demonstrated that LA and CsA induce ROS (Fig.
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Fig. 3. U0126 dose-dependently attenuated the anti-HCV activities of PUFAs, IFN-y, and CsA, but not the statins. (A-D) ORG reporter assays of
the dose effects of U126 on the PUFAs and anti-HCV reagents at the 60% inhibitory concentration. OR6 cells were pretreated with DMSO or U0126
as in Fig. 2C and then freated with control medium, 30 M AA, 45 uM EPA, 45 M DHA, or 50 uM LA (A) and control medium, 0.4 1U/mL IFN-,
0.2 ng/mb CsA; 3 uM FLV, or 1 uM PTV. (C), respectively, in either the:absence (DMSO) or-presence of U0126 for 72 hours. After the treatment,
the RL assay of harvested ORG cell samples was performed as described in Fig.. 2A and 2B. Asterisks. indicate significant difference from treatment
with DMSO (*P < 0.05; **P < 0.01; NS, not significant).. The ratio of the RL activity in. the presence of U0126 to the RL activity in the absence
of U0126 was then calculated (B, D). (E, F) Westem blot analysis of the dose effects of U0126 on the PUFAs and anti-HCV.reagents. The production
of HCV: core (top row) and NS5A (middle row) in the cells treated as in panel A (E) and panel C (F). was analyzed as described in Fig. 2G. B-actin
was used as a-control for the amount of protein loaded per lane (bottom row).
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