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FIG. 5. AcNPV produces IFN-B and IFN-inducible chemokines through a TLR-independent and TRF3-dependent pathways in MEFs.
(A) MEFs (2 x 10* cells/well) prepared from wild-type or MyD88/TRIF double knockout mice were stimulated with ACNPV (10 pg/ml), VSV
(NCP mutant, MOT of 0.1), LPS (10 ug/ml), or poly(I:C) (pIC) (50 pg/ml). After 24 h of incubation, production of IL-6 and IFN-B in culture
supernatants was determined by ELISA. (B) MEFs (3 x 10° cells/well) prepared from wild-type or MyD88/TRIF double knockout mice were
stimulated with AcNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA of TFN-8, MCP-1,
RANTES, and IP-10 was determined by real-time PCR. (C) MEFs (2 x 10* cellsavell) prepared from wild-type. IRF3-deficient, or IRF7-deficient
mice were stimulated with AcNPV (10 wg/ml), LPS (10 pg/ml), or VSV (NCP mutant, MOI of 0.1). After 24 h of incubation, the production of
IL-6 and IFN-B in culture supernatants was determined by ELISA. (D) MEFs (3 X 10° cells/well) prepared from wild-type, IRF3-deficient, or
IRF7-deficient mice were stimulated with ACNPV (10 pg/ml). Total RNA was extracted at the indicated time points, and the expression of mRNA
of IFN-B, MCP-1, RANTES, and IP-10 was determined by real-time PCR. Data are shown as the means * standard deviations.

PECs, and splenic CD11c* DCs, and in nonimmune cells and
raised the possibility of the involvement of a novel TLR- and
IPS-1-independent pathway in the production of type I IFN in
vitro as well as in vivo in response to AcNPV infection.

The frequency of bioactive CpG motifs capable of inducing
immune activation through a TLR9-dependent pathway in the
AcNPV genome was similar to that in E. coli and HSV and was
significantly higher than that in entomopoxvirus (1, 51). Fur-
thermore, it was shown that HSV and murine cytomegalovirus
produce inflammatory cytokines and type I IFN through both
TLRY-dependent and -independent pathways (7, 15, 29, 32,
44). Recently, it was also reported that adenovirus DNA pro-
duced IL-6 and IFN-« through an entirely TLR/MyD88-inde-
pendent pathway in non-pDCs (53), although the presence of

the CpG motifs in the adenoviral genome has not yet been
determined. The current model of TLRY activation by viral
DNA is as follows, The virus particles are internalized into
cells and degraded within the endocytic vesicles, and the di-
gested viral genome subsequently actives TLR9 localized in the
endosomal compartments. Treatment with inhibitors for endo-
somal maturation or acidification efficiently inhibits TLR7 and
TLRY activation by viral RNA and DNA, respectively (8, 32,
33). Interestingly, the production of type I IFN in PECs upon
infection with AcCNPV was resistant to pretreatment with en-
docytosis inhibitors, suggesting that the cytoplasmic recogni-
tion of AcNPV by TLR-independent immune sensors may be
required for type T IFN production in PECs. The purified
AcNPV DNA encapsulated in liposomes induced the produc-
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FIG. 6. AcNPV induces antiviral status in MEFs through an IRF3-dependent pathway. (A) MEFs (3 % 107 cells/well) prepared from wild-type
and IRF3-deficient mice were transfected with AcNPV DNA (25 pg/ml). Total RNA was extracted at the indicated time points, and the expression
of mRNA of [FN-g, IFN-al, MCP-1, RANTES, IL-6, and 1P-10 was determined by real-time PCR. (B) MEFs (2 x 10 cells/well) prepared from
wild-type mice were stimulated with AcNPV (10 pg/ml) or LPS (10 pg/ml) in the presence of the indicated concentrations of chloroquine. After
24 h of incubation, production of IL-6 and TFN- in culture supernatants was determined by ELISA. (C) MEFs (2 x 10* cells/well) prepared
from wild-type and IRF3-deficient mice were incubated with AcNPV (0.016 pg/ml to 2 pg/ml) or poly(1:C) (0.2 pg/ml to 25 pg/ml). After
24 h of incubation, cells were washed extensively with warm medium and infected with VSV (GLPLF mutant, MOI of 0.1). Cell viability was
determined at 24 h postinfection by crystal violet staining and quantitated by spectroscopy. (D) MEFs (2 x 10 cellshvell) prepared from
wild-type, IRF3-deficient, or IRF7-deficient mice were incubated with serial dilutions of murine IFN-a (10" to 10* U/ml). After 24 h of incubation,
cells were washed extensively with warm medium and infected with VSV (GLPLF strain, MOI of 0.1). Cell viability was determined at 24 h
postinfection by crystal violet staining and quantitated by spectroscopy. Values are plotted as means from the triplicate wells. Data are shown as
means * standard deviations. (E) Microscopic observation of MEFs from wild-type mice, showing the antiviral status against VSV infection by
the treatment with AcNPV or poly(I:C) in a dose-dependent manner. PC, infected cells: Mock, mock-infected cells. Samples are shown at a
magnification of x40.

tion of type I IFN through both TLR9/MyD88-dependent and process. However, the precise mechanisms of the immune ac-
-independent pathways in PECs. These results indicate that tivation of immunocompetent cells by ACNPV DNA through a
the genomic DNA of AcNPV is recognized by at least two TLR-independent pathway remain unknown. Therefore, fur-
different pathways, TLR9-dependent endosomal recognition ther studies are needed to determine the molecular mecha-
and TLR9-independent cytoplasmic recognition, and that type nisms underlying the type I IFN production through a TLR-
I IEN production by AcNPV is totally dependent on the latter independent cytoplasmic sensor for baculovirus DNA.
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FIG. 7. Role of IPS-1 in immune activation by AcNPV. (A) PECs and splenic CD11c* DCs (2 X 10° cells/well) prepared from wild-type and
IPS-1-deficient mice were stimulated with ACNPV (10 pg/ml), VSV (NCP mutant, MOI of 0.1), or poly(I:C) (pIC) (50 pg/ml). After 24 h of
incubation, production of IFN-a and IFN-B in culture supernatants was determined by ELISA. (B) MEFs (3 x 107 cellsiwell) prepared from
wild-type and IPS-1-deficient mice were stimulated with ACNPV (10 pg/ml) or VSV (NCP mutant, MOT of 0.1). Total RNA was extracted at the
indicated time points, and the expression of mRNA of [FN-8, MCP-1, RANTES, IL-6, and IP-10 was determined by real-time PCR. Data are

shown as the means * standard deviations.

A novel TLR-independent cytosolic surveillance system for
transfected dsDNA that elicits type I IFN induction through a
TANK binding kinase 1 (TBK1)/I«B kinase-related kinase
(IKKi)/IRF3 pathway has been shown to exist (19, 43). Our
preliminary data also indicate that type 1 IFN production was
severely reduced in TBK1-deficient MEFs in response to
AcNPV and insufficient to protect cells from VSV infection
(data not shown), suggesting the involvement of TBKI in
AcNPV-induced immune activation. Recently, a cytoplasmic
recognition receptor, DAI (DNA-dependent activator of
IRFs), was shown to be activated by dsDNA from a varicty of
sources and to produce type I IFN through an IRF3 and
probably TRF7 pathway (45). However, there are conflicting
reports suggesting a lack of impairment of type I IFN produc-
tion in DAI knockout mice and DAI knockdown murine mac-

rophages or MEFs in response to dsDNA of synthetic B-form
DNA and from bacteria (4, 20). In this study, we have shown
that splenic CD11lc" DCs derived from IRF3-deficient mice
produced a level of type I IFN compatible with that in wild-
type mice in response to AcNPV, in contrast to the lack of
[FN-B production in the PECs derived from the IRF3-deficient
mice. More recently, two groups reported the identification of
a membrane protein, termed mitochondrial mediator of IRF3
activation (MITA) or stimulator of IFN genes (STING), that
activates TRF3 to induce a type I IFN response to viral infection
(21, 52). Although both groups described slightly different char-
acterizations of MITA, or STING, in terms of localization and
signal transduction, both groups exhibited the opinion that MITA
or STING plays a critical role in type I IFN production by B-form
DNA. Although DAI-mediated type I TFN production was more
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dependent on IRF3 than on IRF7, the cytoplasmic DNA sensors,
including DAI and MITA or STING, may participate in the
induction of type I IFN upon infection with AcNPV.

In the cytoplasm, RIG-I and MDAS are critically involved in
the recognition of dsRNA, and the adaptor molecule IPS-1
interacts with RIG-I and MDAS to facilitate TBK1- and IKKi-
mediated IRF3 and IRF7 activation, which leads to termina-
tion of the replication of RNA viruses through the helicase
function. In addition, RIG-I has been shown to discriminate
viral RNAs from the vast number and variety of cellular RNAs
by recognizing a terminal 5’ triphosphate, but not 5 OH or a
5’ methylguanosine cap (37, 39). In this study, both RIG-I- and
[PS-1-deficient MEFs but not immunocompetent cells partially
impaired the production of 1IFN- and IL-6, but not that of
MCP-1, RANTES, and IP-10, in response to AcNPV, suggest-
ing the possible generation of dsRNA in MEFs upon infection
with AcNPV in spite of the lack of replication. Although there
is no evidence for the functional expression of the viral pro-
teins, transcription of immediate-early genes of baculovirus
was detected in HeLa and BHK cells upon infection with
AcNPV by DNA microarray analysis (10) and in HEK293 cells
and rat primary Schwann cells upon infection with Bombyx
mori NPV by reverse transcription-PCR (27). These reports
are consistent with our observations that the RIG-I/IPS-1 path-
way partially participates in type I IFN induction by AcNPV
infection in MEFs,

We have shown previously that an intranasal inoculation of
AcNPV induces protective immunity from a lethal challenge of
influenza A virus in mice (2) and that AcNPV produces type [
IFN in immune cells of mice via a TLR9/MyD88-independent
pathway (1). Our present studies further confirmed that
AcNPV induces a strong antiviral immunity through a TLR-
independent pathway. Although further studies are needed to
clarify the precise mechanisms underlying the antiviral re-
sponses, a TLR-independent and probably TBKI1-IRF3/IRF7-
dependent signaling pathway may contribute to the induction
of protective immunity against viral challenge induced by
AcNPYV infection in vivo.
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Tacrolimus Ameliorates Metabolic Disturbance and
Oxidative Stress Caused by Hepatitis C Virus Core

Protein

Analysis Using Mouse Model and Cultured Cells
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Molecular Virology,' Research Institute for Microbial Diseases,
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Hepatic steatosis and insulin resistance are factors
that aggravate the progression of liver disease caused
by hepatitis C virus (HCV) infection. In the pathogen-
esis of liver disease and metabolic disorders in HCV
infection, oxidative stress due to mitochondriai respi-
ratory chain dysfunction plays a pivotal role, Tacroli-
mus (FK506) is supposed to protect mitochondrial
respiratory function. We studied whether tacrolimus
affects the development of HCV-associated liver dis-
ease using HCV core gene transgenic mice, which
develop hepatic steatosis, insulin resistance, and hep-
atocellular carcinoma. Administration of tacrolimus
to HCV core gene transgenic mice three times per
week for 3 months led to a significant reduction in the
amounts of lipid in the liver as well as in serum
insulin. Tacrolimus treatment also ameliorated oxida-
tive stress and DNA damage in the liver of the core
gene transgenic mice. Tacrolimus administration re-
produced these effects in a dose-dependent manner
in HepG2 cells expressing the core protein. The intra-
hepatic level of tumor necrosis factor-«, which may
be a key molecule for the pathogenesis in HCV infec-
tion, was significantly decreased in tacrolimus-
treated core gene transgenic mice. Tacrolimus thus
reversed the effect of the core protein in the patho-

genesis of HCV-associated liver disease. These results
may provide new therapeutic tools for chronic hepa-
titis C, in which oxidative stress and abnormalities in
lipid and glucose metabolism contribute to liver
pathogenesis. (Am J Pathol 2009, 175:1515-1524; DOI:
10.2353/ajpath.2009.090102)

Hepatitis C virus (HCV) is a major cause of liver disease;
approximately 170 million people are chronically infected
worldwide. Persistent HCV infection leads to the devel-
opment of chronic hepatitis, cirrhosis, and, eventually,
hepatocellular carcinoma (HCC), thereby being a serious
problem from both medical and sociceconomic view-
points."® Recently, a growing amount of evidence show-
ing that HCV infection induces alteration in lipid>’ and
glucose metabolism has accumulated.®® Augmentation
of oxidative stress is also substantiated in HCV infection
by a number of clinical and basic studies.'®~'?

We demonstrated previously that the core protein of
HCV induces HCC in transgenic mice that have marked
hepatic steatosis in the absence of inflammation. '* In this
animat model for HCV-associated HCC, there is augmen-
tation of oxidative stress in the liver during the incubation
period. '© Also noted is an accumulation of lipid droplets
that are rich with carbon 18 monounsaturated fatty acids
such as oleic and vaccenic acids, which is also observed
in liver tissues of patients with chronic hepatitis C com-
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pared with those in patients with fatty liver due to simple
obesity.'® Recently, we have also shown, using the HCV
transgenic mouse model, that the ability of insulin to lower
plasma glucose levels is impaired in association with
HCV infection,'® which would be the basis for the fre-
quent development of type 2 diabetes in patients with
chronic hepatitis C.%?

Disturbances in lipid and glucose metabolism are no-
table features of HCV infection and may be profoundly
involved in the pathogenesis of liver diseases. Although
the mechanism underlying these phenomena is not yet
well understood, the development of clues to correct
these metabolic disturbances occurring in HCV infection,
which have been recently connected to the poor prog-
nosis of patients with chronic hepatitis C, is awaited.
Moreover, a key role for oxidative stress in the pathogen-
esis of hepatitis C,""'? which may be closely associated
with the aforementioned metabolic disorders, has been
identified. The association of oxidative stress augmenta-
tion in HCV infection with mitochondrial respiratory dys-
function'® 317 suggests that one possibility to ameliorate
such a condition is the use of agents that can protect the
mitochondrial respiratory function.

We have conducted information retrieval and screen-
ing for agents that can protect the mitochondrial respira-
tory function. Tacrolimus (FK506), which is widely used in
organ transplantation, is one such agent with evidence
showing protection of the mitochondrial respiratory func-
tion,'®=#" although it shows no antiviral effect. We ex-
plored, using transgenic mouse and cultured cell models
that express the HCV core protein, whether tacrolimus
improves metabolic disturbances including lipid and glu-
cose homeostases as well as oxidative stress augmen-
tation through a possible involvement of mitochondrial
function.

Materials and Methods

Transgenic Mouse and Cultured Cells

The production of HCV core gene transgenic mice has
been described previously.® Mice were cared for accord-
ing to institutional guidelines with the approval by the
institutional review board of the animal care committee,
fed an ordinary chow diet (Oriental Yeast Co., Lid., To-
kyo, Japan), and maintained in a specific pathogen-free
state. Because there is a sex preference in the develop-
ment of liver lesions in the transgenic mice, we used only
male mice. At least five mice were used in each experi-
ment, and the data were subjected to statistical analysis.
HepG2 cell lines expressing the HCV core protein under
the control of the CAG promoter (Hep39J, Hep396, and
Hep397) or a control HepG2 line (Hepswx) carrying the
empty vector were described previously.?*#* Bulk HepG2
cells were also used as a control.

Reagents

Cholesterol esters and lipid standards were purchased
from Sigma-Aldrich (St. Louis, MO), and glycogen and

amyloglucosidase were obtained from Seikagaku Kogyo
(Tokyo, Japan). Other chemicals were of analytical grade
and were purchased from Wako Chemicals (Tokyo, Ja-
pan). Tacrolimus (FK506) was kindly provided by Astellas
Pharma Inc. (Tokyo, Japan). Cyclosporine A (CyA) was
purchased from Sigma-Aldrich.

Administration of Tacrolimus and Cyclosporine A

Tacrolimus (0.1 mg/kg b.wt., suspended in mannitol and
hydroxychlorinated caster oil [HCO-60]), or vehicle only
was administered to the core gene transgenic or control
mice i.p., three times per week for 3 months beginning at 3
months of age. For in vitro experiments, tacrolimus was
added to the culture medium at the final concentration of O
nmol/L, 10 nmol/L, 100 nmol/L, or 1 pmol/L. CyA was also
added to the culture medium al the same concentrations.

Assessment of Glucose Homeostasis

Blood was drawn at different time points from the tail vein,
and plasma glucose concentrations were measured using
an automatic biochemical analyzer (DRI-CHEM 3000V, Fuji
Film, Tokyo, Japan). The levels of serum insulin were deter-
mined by radioimmunoassay (Biotrak, Amersham Pharma-
cia Biotech, Piscataway, NJ) using rat insulin as a standard.
For the determination of the fasting plasma glucose
level, the mice were fasted for >16 hours before the
study. An insulin tolerance test was performed as de-
scribed previously. '®

Lipid Extraction, Measurement of A
Triglyceride Content, and Analysis of Fatty
Acid Compositions

Lipid extraction from the mouse liver tissues or cultured
cells was performed as described previously.'®?* For the
analysis of fatty acid compositions, the residue was meth-
anolysed by the modified Morrison and Smith method
with boron trifluoride as a catalyst.? Fatty acid methyl
esters were analyzed using a Shimadzu GC-7A gas chro-
matograph (Shimadzu Corp., Kyoto, Japan) equipped
with a 30-m-long % 0.3-mm diameter support coated with
ethylene glycol succinate.”

Evaluation of Oxidative and Antioxidative
System

Lipid peroxidation was estimated spectrophotometrically
using thiobarbituric acid-reactive substances and is ex-
pressed in terms of malondialdehyde formed per milli-
gram protein. Reduced glutathione and oxidized gluta-
thione levels were measured as described previously. '®
The total amount of glutathione was calculated by adding
the amounts obtained for glutathione and oxidized gluta-
thione. For the evaluation of DNA damage in cells,
apurinic/apyrimidinic sites were determined using a DNA
Damage Quantification Kit (Dojindo Molecular Technolo-
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gies, Inc., Tokyo, Japan) following the manufacturer’s
protocol.

Determination of Reactive Oxygen Species

Cells were plated onto glass coverslips and examined for
reactive oxygen species (ROS) production as a marker
for oxidative stress. They were loaded for 2 hours with
chioromethyl 2’ 7'-dichlorodihydrofluorescein diacetate
(Molecular Probes inc., Eugene, OR) at a final concen-
tration of 10 wmol/L.?® Results were expressed as relative
fluorescence intensity and normalized to the control cells.
In some experiments, ROS was measured after the incu-
bation with tacrolimus or CyA.

Measurement of Ketone Body Ratio

For the determination of ketone body ratio (KBR), cells
were cultured to confluence on a 3.5-cm dish, and the
medium was replaced with 700 ul of fresh medium. For
anterial KBR, the mice were fasted for >16 hours, fol-
lowed by the drawing of arterial blood. After a 24-hour
incubation, acetoacetate and B-hydroxybutyrate in the
medium were measured by monitoring the production or
consumption of NADH with a Ketorex kit (Sanwa Chem-
ical, Nagoya, Japan).?” The KBR was calculated as the
acetoacetate/B-hydroxybutyrate ratio.

Microarray Analysis

An Affymetrix GeneChip analysis ¢cDNA array system
(Mouse Genome 430A 2.0, Kurabo, Osaka, Japan) was
used for the analysis. Two thousand species of mouse
DNA fragments were spotted on the filter. Genes that
were 1.5-fold increased or decreased in both of the two
tacrolimus-treated mice compared with mice treated with
vehicle were defined as up-regulated or down-regulated,
respectively.

Real-Time PCR and Western Blotting

RNA was prepared from mouse liver tissues using TRIzol
LS (Invitrogen, Carlsbad, CA). The first-strand cDNAs
were synthesized with a first-strand ¢cDNA synthesis kit
(Amersham Pharmacia Biotech, Franklin Lakes, NJ). The
fluorescent signal was measured with an ABI Prism 7000
system (Applied Biosystems, Tokyo, Japan).

The genes encoding mouse tumor necrosis factor
(TNF}-w, sterol regulatory element binding protein (SREBP)-
1c, resistin, stearoyl-CoA desaturase (SCD)-1, and hypoxan-
thine phosphonbosyliransierase were amplified with the
primer pairs 5-GACAAGGTGGGCTACGGGCTTG-3" and
5-TCCCAAATGGGCTCCCTCT-3", 5'-ACGGAGCCATGG-
ATTGCACATTTG-3' and 5'-TACATCTITAAAGCAGCGG-
GTGCCGATGGT-3', 5'-GAAGGCACAGCAGTCTTIGA-3'
and 5-GCGACCTGCAGCTTACAG-3', 5'-TTCCCTCCTG-
CAAGCTCTAC-3" and 5'-CGCAAGAAGGTGCTAAC-
GAAC-3', and 5'-CCAGCAAGCTTGCAACCTTAACCA-3
and 5'-GTAATGATCAGTCAACGGGGGAC-3', respec-
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tively. The sense and antisense primers were located in
different exons to avoid false-positive amplification from
contaminated genomic DNA. Each PCR product was con-
firmed as a single band of the correct size by agarose gel
electrophoresis (data not shown).

Reporter Assay for SREBP-1¢ Promoter Activity

A plasmid encoding firefly luciferase under the control of
the SREBP-1c promoter (pGL3-srebp-1cPro) and a con-
trol plasmid encoding Renilla luciferase (Promega, Mad-
ison, WI) were transfected into 2937 cells. Tacrolimus
was added at a final concentration of 100 nmol/L to the
culture medium of 293T cells transfected with pGL3-
srebp-1cPro with or without an expression plasmid of
HCV core protein at 24 hours after transfection. Cells
were harvested 24 hours after freatment. Luciferase ac-
tivity was measured by using the dual-luciferase reporter
assay system (Promega). Firefly luciferase activity was
standardized with that of Renifla luciferase, and the re-
sults are expressed as the fold-increase in relative lucif-
erase units.

Statistical Analysis

Data are presented as the mean = SE. The significance
of the difference in means was determined by a Mann-
Whitney U test wherever appropriate. P < 0.05 was con-
sidered significant.

Results

Effect of Tacrolimus on Insulin Resistance
Induced by HCV

The core gene transgenic mice exhibit insulin resistance
in the absence of obesity from the age of 2 months.'® In
tacrolimus-treated mice, there was a slight, but not sig-
nificant, reduction in body weight compared with control
mice at the end of tacrolimus administration at 6 months
ol age (Figure 1A). Tacrolimus administration to the core
gene transgenic mice restored the plasma glucose levels
to within normal limit (Figure 18) (P < 0.05), whereas it
caused no significant reduction in the control mice. The
plasma glucose leveis in the vehicle-treated core gene
transgenic mice were higher than those in the core gene
transgenic mice reported previously,'® probably owing to
the older age of mice in the current study than in the
previous one. The levels of serum insulin were also sig-
nificantly reduced by the treatment with tacrolimus for 3
months in the core gene transgenic mice, whereas there
was no significant change in the control mice (Figure 1C).
The reduction in both plasma glucose and serum insulin
levels indicates that the administration of tacrolimus re-
stored the resistance to insulin action, which is atiributed
to the suppression of insutin action in the liver by the core
protein.'® Actually, an insulin tolerance test (1 U/kg b.wt.)
demonstrated the improvement of insulin action in the ta-
crolimus-treated core gene transgenic mice (Figure 1D).
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Figure 1. Effect of tacrolimus (FK506) on glucose and lipid metabolisi in the core gene transgenic mice. Tacrolimus (0.1 mg/kg b.awvt.) or vehicle was administered
1o core gene transgenic or control mice i.p., three times weekly for 3 months beginning at 3 months of age. A: Body weight at the baseline and end of weatment.
B: Plasma glucose level. C: Serum insulin level. D: Insulin tolerance test. Black boxes represent core gene transgenic mice; white boxes represent control mice;
gray boxes represent core gene transgenic mice treated with tacrolimus (Tg-FK). E: Total lipid content in the liver. F: Ratio of oleic/stearic acid [18:1(n-9)/18:01.
G: Ratio of palmitoleic/palmitic acid [16:1(n-9)/16:0]. black bars represent transgenic mice; white bars represent control mice. Tg 3 mo indicates 3-month-old
transgenic mice showing the baseline state just before FK treatment, and Tg indicates 6-month-old transgenic mice, either with or without tacrolimus treatment
for 3 months. Values represent the mean * SE, # = 5 in each group. *P < 0.05. Tg, wansgenic mice; nTg, nontransgenic control mice. **P < 0.01.

Tacrolimus Improves Lipid Metabolism
Disorders in Mice

We then studied whether tacrolimus administration af-
fects lipid metabolism in the mice. The core gene trans-
genic mice developed a marked hepatic steatosis.® ' In
addition, the composition of accumulated lipid was dif-
_ferent from that in the fatty liver as a result of simple
overnutrition: carbon 18 or 16 monounsaturated fatty acid
levels were significantly increased.™ As shown in Figure
1E, the tacrolimus treatment significantly reduced the
lipid content in liver tissues compared with the vehicle
treatment of the care gene transgenic mice (P < 0.05,
n = 5 each), whereas there was no change in the control
mice. The increased ratios of oleic to stearic acid [18:1
(n-9)/18:0] and palmitoleic to palmitic acid [16:1(n-9)/16:
0] in the core gene transgenic mice returned to levels
similar to those in control mice (Figure 1, F and G) (P <
0.05). Thus, the administration of tacrolimus for 3 months
restored the abnormalities in lipid metabolism that were
induced by the core protein of HCV. Histologically, ta-
crolimus significantly improved steatosis in the liver of

core gene transgenic mice, in which micro- and mac-
rovesicular lipid droplets were accumulated in hepato-
cytes, chiefly around the central veins of the liver (Figure
2A). There was no sign of inflammation in the liver with or
without the tacrolimus treatment.

Effect of Tacrolimus on Lipid Metabolism in
HepG2 Cells Expressing HCV Core Protein

To further prove the ameliorating effect of tacrolimus on
lipid metabolism, we then performed experiments using
HepG2 cells that express the core protein.?*?® HepG2
cells, the lipid metabolism of which is somewhat different
from that in normal hepatocytes,?® show a significant
increase in the level of 5,8,11-eicosatrienoic acid [20:3
(n-9)], as a result of activations of the fatty acid enzymes,
A®-, AS. and AS-desaturases, by the core protein
(H. Miyoshi and K. Koike, unpublished data). Incubation
of the core-expressing HepG2 cells with tacrolimus at
100 nmol/L and 1 pmol/L for 48 hours significantly re-
duced the accumulation of 20:3(n-3), whereas CyA treat-
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ment increased the level of 20:3(n-9) in a dose-depen-
dent manner in the core-expressing HepG2 cells (Figure
3, A and B). Neither tacrolimus nor CyA changed the
20:3(n-9) content in HepG2 cells that do not express the
core protein.

Low Dose of Tacrolimus Also Ameliorates
Steatosis and Insulin Resistance

Because the usual dose of tacrolimus for liver transplan-
tation naturally induces an immunosuppressed state in
patients, we conducted a mouse study with a tacrolimus
dose lower than that in the aforementioned study. In this
low-dose experiment, tacrolimus at 0.02 mg/kg b.wt.
(one-fifth of the previous one) was administered to mice
for 1 month from the age of 3 months. Similar to the
results with the dose of 0.1 mg/kg b.wt., there were
significant decreases in the lipid content in the liver
(9.5 + 0.8 [0.02 mg/kg b.wt. tacrolimus] versus 18.7 +
4.4 [vehicle only] mg/g liver; P < 0.05) and serum insulin
concentration (96.6 = 16.9 [0.02 mg/kg b.wt. tacrolimus]
versus 1137.1 + 88.0 [vehicle only] pmol/L; P < 0.05) in
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Figure 2. Morphological analysis of the liver of
the core gene transgenic mice. Representative
cases are shown either treated with tacrolimus
(FK500) or vehicle (H&E staining). A: There is a
prominent improvement of steatosis in the
3-month tacrolimus-treated core gene transgenic
mice compared with the vehicle-treated mice, B:
A prominent improvement in steatosis was ulso
obtained by the administration of one-fifth dose
of tacrolimus for 1 month beginning at 3 months
of age. For histological analysis, two independent
researchers evaluated 40 microscopic fields each,
and u representative picture is shown for each
category. Original magnification, X125, Tg, tans
genic mice; nTg, nontransgenic control mice.

Tg, Vehicle

Tg, FK506

the core gene transgenic mice treated with tacrolimus.
Histological changes are shown in Figure 2B.

Effect of Tacrolimus on Oxidative Stress and
Antioxidative System in Mice

We next examined whether the 3-month administration of
tacrolimus affects the redox state in the core gene trans-
genic mice. In the liver of the core gene transgenic mice,
the ROS level was higher than that in the liver of control
mice as determined by lipid peroxidation.'® Treatment
with tacrolimus significantly reduced the level of thiobar-
bituric acid-reactive substances in the liver of the core
gene transgenic mice (Figure 4A) (P < 0.05). As a result
of oxidative stress overproduction, there was damage in
the DNA of hepatocytes of the core gene transgenic mice
from a young age. ' To evaluate the effect of tacrolimus
on the nuclear DNA damage, the apurinic/apyrimidinic
site index was determined in liver tissues from the core
gene fransgenic mice. As shown in Figure 4B, the
apurinic/apyrimidinic site index in the liver of the core
gene transgenic mice, which was significantly higher
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Figure 3. Effect of tacrolimus (FK506) or CyA on
fatty acid compasitions in HepG2 cells expressing
the core protein. The fatty acid compaositions of the
total cell lipids were analyzed, and the percentage
of 3.8.11-¢icosatrienoic acid [20:3(n-9)] in the core-
expressing and conwrol HepG2 cells was caleu-
lated. A: Treatment with tacrolimus at 0 nmol/L,
100 nmol/L, or 1 pmol/L. B: Treatment with CyA at
O nmol/L, 100 nmol/L. or 1 pmol/L. Black bars
represent core-expressing cells; white bars repre-
sent control cells. Because similar results were ob-
tained by using Hep39), Hep396, and Hep3v7 cell
lines, representtive results using the Hep39) cell
line are shown. Values represent the mean + SE;
n =5 in cach group, *P < 005 and **P < 001
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Figure 4. Effect of merolimus (FR306) on oxidative stress in the core gene lansgenic mice. Tacrolingus (0.1 niz-ky bowtd or vehicle only was administered to the
core gene lransgenic or control mice for 3 months. As Lipid peroxidation in the liver, B aparinic apyomidinic (AP site in the liver as a marker of nuclear DNA
dumage; € Total glutathione level in the liver, Black bars eepresent transgenic mice; white bars represent control mice. Tyg 3 mo indicates 3-month-old trnsgenic
niice, showing the baseline state just before trerolimus freaunent, and Ty indicates ermonth-old transgenic mice, cither with or without 3 menths of erolimus
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acid-reactive substances.

than that in the control mice, was significantly decreased
by the tacrolimus treatment to a level similar to that in the
control mice (P < 0.05).

The level of glutathione, one of the antioxidant sys-
tems, was significantly decreased in the liver of the core
gene transgenic mice presumably as a result of oxidative
stress overproduction but returned to a level similar to
that in the control mice after the 3-month administration of
tacrolimus, although the difference was not statistically
significant (P = 0.063) (Figure 4C). Thus, the oxidative
stress augmentation induced by the core protein of HCV
was reduced by tacrolimus.

Effect of Tacrolimus on Oxidative Stress in
Core-Expressing HepG2 Cells

Evidence for scavenging ROS by the administration of
tacrolimus to the mice prompted us to validate this find-
ing using cultured cells. For this purpose, tacrolimus or
CyA was added to the culture medium of HepG2 cells
that express or do not express the core protein. Alter 24
hours of incubation, tacrolimus decreased the ROS pro-
duction level in the core-expressing HepG2 cells in a
dose-dependent manner (Figure 5A}. in contrast, no de-
crease but rather an augmentation of ROS production
was observed by the treatment with CyA at various con-
centrations (Figure 5B).

Because dysfunction of the mitochondrial respiratory
chain complex 1 is suspected to be the reason for the
ROS production associated with HCV infection (H. Miyoshi
and K. Koike, unpublished data),'®'®'” an increase in
the NADH/NAD™ ratio, which is caused by the repression
of the complex 1 NADH dehydrogenase activity, would
be a good marker for the mitochondrial complex 1 dys-

function. Therefore, we evaluated the effect of tacrolimus
on the accumulation of NADH in the core-expressing
HepG2 cells. The NADH/NAD™" ratio, which is strictly
estimated from a reciprocal of KBR,2%29 was significantly
higher in the core gene transgenic mice than in control
mice (1/atrial KBR} and in HepG2 cells expressing the
core protein than in control cells (1/KBR) (Figure 6A). By
the treatment with 1 umol/L tacrolimus, the ratio signifi-
cantly decreased compared with the baseline (Figure
6B), whereas CyA treatment caused no effect in the
core-expressing HepG2 cells (Figure 6C), as was the
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case in the determination of ROS by chloromethyl 2',7’-
dichlorodihydrofluorescein diacetate.

Changes in Gene Expression by Tacrolimus
Treatment of Mice

We then performed a comprehensive microarray analysis
of gene expression in the liver, which was up- or down-
regulated by tacrolimus. For this analysis, the tacrolimus-
treated mice were compared with the vehicle-treated
mice, in two pairs of the core gene transgenic and control
mice, respectively. Genes that were 1.5-fold increased or
decreased in both of the two tacrolimus-treated mice
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compared with those treated with vehicle were defined as
up-regulated or down-regulated, respectively. As shown
in Table 1, several genes were found to be up-regulated
or down-regulated in both the core gene transgenic and
control mice after the treatment with tacrolimus for 3
months. A number of genes including that for TNF-a were
up- or down-regulated both in the core gene transgenic
and control mice. In contrast, the expressions of some
genes including that for resistin were differentially regu-
lated between the core gene transgenic and control
mice. The expressions of these genes were confirmed by
real-time PCR analysis.

Then, to explore the mechanism by which tacrolimus
reverses the pathological effect of the core protein in the
liver, we examined, by real-time PCR analysis, the ex-
pression of some cellular genes including TNF-«, SREBP-
1c, SCD-1, and proteasome activator 28-y. These genes
or gene products have been suggested to play a pivotal
role in the pathogenesis of HCV-associated liver dis-
ease.?®' TNF-« and SREBP-1c genes have been shown
to be up-regulated in the liver of the core gene transgenic
mice and considered to play a role in the development of
insulin resistance and steatosis.%*' By the treatment of
the core gene transgenic mice with tacrolimus for 3
months, there was a significant decrease in the mRNA
level of both TNF-a and SREBP-1c (Figure 7, A-C) (P <
0.05). The SCD-1 mRNA level was also reduced in the
tacrolimus-treated core gene transgenic mice. Because
down-regulation of SREBP-1c expression by tacrolimus
was observed only in the core gene transgenic mice but
not in control mice, it is estimated that tacrolimus antag-
onizes the action of core protein in its transactivating
function of the SREBP-1c promoter. The down-regulation
of SREBP-1c, then, would lead to the suppression of
SCD-1 expression and amelioration of steatosis. We con-
firmed this by conducting luciferase assays using cul-
tured cells. As shown in Figure 7D, tacrolimus cancelled
the effect of the core protein on the activation of
SREBP-1c gene promoter. The level of the proteasome
activator 28-y protein, which is indispensable for the
action of the core protein in the pathogenesis of HCV-
associated liver lesion,®' was determined by Western
blotting, but there was no change caused by the tacroli-
mus treatment (data not shown).

Discussion

Antiviral treatment for chronic hepatitis C has advanced
markedly. Nearly 50% of patients with chronic hepatitis C

Figure 6. Effect of tacrolimus (FK506) or CyA on NADH accumulation in
HepG2 cells expressing the core protein, A: NADH/NAD ™ was determined in
mice (left) or HepG2 cells (right) with or without the core protein. B: The
ketone body ratio was determined in HepG2 cells with or without the core
protein after incubation with tacrolimus for 24 hours at 0 nmol/L, 10 nmol/L,
100 pmol/L, or 1 pmol/L. C: The ketone body ratio was determined in HepG2
cells with or without the core protein after incubation with CyA for 24 hours
at 0 nmol/L, 10 nmol/L, 100 nmol/L, or 1 pmol/L. Black bars represent
transgenic mice; white bars represent control cells. Because similar results
were obtained by using Hep39), Hep396 and Hep397 cell lines, representa-
tive results using the Hep39] cell line are shown. Values represent the
mean * SE; # = 5 in each group. *P < 0.05. AKBR, arterial KBR; Tg,
transgenic mice; nTg, nontransgenic mice.
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Table 1.

Genes Whose Expression Levels in the Mouse Liver Were Allered by the Treaiment with FK506

Up-regulated in Tg

Down-regulated in Tg

Up-regulated in nTg

Zinc finger protein 69
Down-regutated in nTg

Nuclear factor, erythroid derived 2

DNA segment, human D6S2654E

Fatty acid binding protein 5
epidermal squalene epoxidase

X-linked lymphocyte-regulated 4

Cytochrome P450, family 2.
subfamily b, polypeptide 9

X-linked lymphocyte-regulated 3a

Signal sequence receptor, delta

Resistin

Resistin like alpha

Nuclear receptor subfamily 4, group A, member
insulin-like growth factor binding protein 1
calcium and integrin binding family member 3

Turmnor necrosis factor alpha

Cytochrome P450, family 17, subfamily a,
polypeptide 1

B-cell leukemiaflymphoma 6

Genes wilh altered expression in Tg {columns) of in nTg (rows) are described in a 4 x 4 table. Genes thal were 1.5-fold increased or decreased in
both of the two FK506-realed mice compared with those treated with placebo were defined as up-regulated or down-reguiated. respeclively. Tg, core

gene transgenic mouse; nTg, nontransgenic control molise.

with HCV genotype 1 and high viral loads achieve a
sustained virological response as a result of ribavirin/
peginterferon combination therapy.333 However, the re-
maining patients who could not achieve sustained viro-
logical response continue to experience progression of
chronic hepatitis and have a high probability for devel-
opment of HCC. Although therapies with new agents
such as viral protease or RNA polymerase inhibitors are
being developed, there is hope for development of the
means to retard the progression of chronic hepatitis.

Recently, evidence showing that hepatic steatosis and
insulin resistance are crucial determinants of the progres-
sion of liver fibrosis has accumulated.®* =37 Mareover, the
importance of oxidative stress, which is closely associ-
ated with metabolic disorders such as insulin resistance
and steatosis, is implicated in the pathogenesis of HCV-
associated liver disease. Given the suggested associa-
tion of oxidative stress augmentation with the dysfunction
of mitochondrial respiration in HCV infection,''*'7 one
possibility to ameliorate such a condition is the use of
agents that can protect the mitochondrial respiratory
function. Tacrolimus is one such agent with evidence of
providing protection of the mitochondrial respiratory
function,’®2' although it does not show an antiviral
effect,

In the current study, the administration of tacrolimus
significantly improved the disturbances in lipid and glu-
cose metabolism both in vivo and in vitro. As disorders of
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lipid metabolism associated with HCV infection, hepatic
steatosis and increases in monounsaturated fatty acid
levels have been demonstrated.®*%7'® The latter is
caused by the activalion of fatty acid enzymes such as
A®- or AS-desaturase, resulting in increases in 18:1(n-9)/
18:0 and 16:1{n-9)/16:0 ratios (H. Miyoshi and K. Koike,
unpublished data).'® Tacrolimus ameliorated these lipid
alterations associated with HCV infection with no impact
on mouse body weight. Tacrolimus also improved the
insulin resistance in the HCV mouse model, in which
tyrosine phosphorylation of insulin receptor substrate-1 is
impaired by the HCV core protein.'®

Moreover, tacrolimus treatment ameliorated oxidative
stress augmentation, which is considered to play a piv-
otal role in the progression of liver disease or the devel-
opment of HCC in HCV infection.'®~"® In mice transgenic
for the HCV core gene, in which DNA damage develops
because of oxidative stress augmentation,’ tacrolimus
decreased the levels of peroxylipid and DNA damage
formations. Dysfunction of the mitochondrial respira-
tory chain complex 1 is suspected to be a source of
ROS overproducticn in HCV infection.'®*3'7 To assess
changes in mitochondrial complex 1 function caused by
tacrolimus, the NADH/NAD™ ratio, which reflecis the
complex 1 NADH dehydrogenase activity, was deter-
mined in HepG2 cells expressing the core protein. The
NADH/NAD* ratio, which is strictly estimated from a re-
ciprocal of KBR (1/atrial KBR),?%2° was significantly re-

Figure 7. A~C: Effect of tacrolimus (FRSO6) on
MRNA levels of cellular genes. The mRNA levels
of TNF-a {A), SREBE-1¢ {B), and SCD-} (C)
wenves were determined by real-time PCR analy-
sis in the tacrolimus- or vehicle-treated mouse
livers. The traoscriptions of he genes were nor-
malized with that of hypoxunthine phosphaori-
hosylransterase, and the values are expressed
as relative activities. D Effect of tacrolimus on
the transactivating function of the core protein
on the SREBP-1c promoter. A Inciferase assay
wa performed using a plasmid encoding firefly
luciferase under the control of the SREBP-1¢
promoter with or without the expression of HCV
core protein. Tacrolimus was added at a final
concentration of 100 amol/L to the culture me-
ditn. Blick bars represent ransgenic mice: white
burs represent control cells, Values represeat the
mean & SEw = 3 each gioup, P < 005 Ty,
lransgenic mice; nTE, NoOtRGsgenic mice,
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duced by the addition of tacrolimus but not CyA. Thus,
tacrolimus protected the mitochondrial respiratory chain
complex 1 function from the impact of the core protein,
decreased oxidative stress, and improved steatosis and
insulin resistance.

Some of features induced by the core protein including
steatosis, insulin, and DNA damage were already present
in the core gene transgenic mice at 3 months of age as
the baseline, and those were improved by tacrolimus
treatment. This fact indicates that tacrolimus is not only
preventing the development of core-induced features but
also reversing such changes in the mouse liver.

The tacrolimus dose used in the current study was 0.1
mg/kg b.wt. This is the same dose as that used in recip-
ients of liver or kidney transplantation. The result of a
subexperiment with a lower tacrolimus dose of 0.02
mg/kg b.wt. was similar to that with the dose of 0.1 mg/kg
b.wt. This finding is promising because it indicates that
the “anti-core protein effect” may be achievable at such a
low dose of tacrolimus without provoking strong immuno-
suppression. The tacrolimus concentration (100 nmol/L)
that caused the anti-core protein effect in the cultured cell
study is similar to that in the blood of recipients of liver
transplantation and much lower than those used in pre-
vious studies.'?*® In the current study, tacrolimus was
administered only i.p., although it tacrolimus is adminis-
tered i.v. or p.o. in humans. Therefore, a concern may
arise regarding the administration route. Because the
bioavailability of tacrolimus is approximately 25% (range
from 5 to 93%) in human patients,*® a difference in the
concentrations of tacrolimus may be possible between
i.p. and p.o. administration. However, in human pa-
tients, target levels of tacrolimus concentration are
generally achieved by p.o. administration as the main-
tenance therapy. Therefore, the target concentration
would be achieved in mouse models by p.o. administra-
tion for 3 months as it is in human patients. Our current
results strongly support the notion that tacrolimus can
protect the mitochondrial respiratory function, resulting in
a reduction of ROS production.

There is also a controversy concerning the effect of
tacrolimus on glucose homeostasis. Post-transplantation
diabetes is a complication in kidney or liver transplanta-
tion."®*' In vivo and in vitro studies have shown that
tacrolimus may inhibit insulin secretion from the pancre-
atic B-cells.*® Thus, tacrolimus may have a potential to
induce diabetes. However, there have been no well de-
signed studies on this specific point: in one study, corti-
costeroid withdrawal from tacrolimus-based immunosup-
pression reduced insulin resistance without changing
insulin secretion.”" In our study using the HCV mouse
model, tacrolimus administration at the dose similar to
those in organ transplant recipients decreased serum
insulin levels without increasing plasma glucose levels.
These results point toward the future use of tacrolimus in
vivo for the amendment of metabolic abnormalities, such
as steatosis and insulin resistance, associated with HCV
infection. However, it should be noted that there is a
difference between our mouse model and human pa-
tients. Organ transplant recipients generally have injury
to other bodily organs after a prolonged course of illness,
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whereas the mouse model we have exploited does not. In
addition, our mouse model originally has insulin resis-
tance with the presence of hyperplasia of Langerhans
islands.'® Therefore, the effect of tacrolimus on glucose
homeostasis in the current mouse study may not be
exactly applicable to human patients.

The results of the gene expression analysis by microar-
ray and subsequent real-time PCR were of considerable
interest. Tacrolimus reduced the mRNA levels of TNF-a,
SCD-1, and SREBP-1c genes, which are elevated in both
patients with chronic hepatitis C and HCV core gene
transgenic mice.>°3" The elevation in the TNF-« level
causes insulin resistance in vivo, which is also observed
in HCV core gene transgenic mice.'® The elevations in
SREBP-1c and SCD-1 gene mRNA levels cause the over-
production of triglycerides, leading to the development of
steatosis. The reductions in the expression levels of these
genes may explain the effect of tacrolimus on the im-
provement of steatosis, insulin resistance, and oxidative
stress in these HCV models. Although recent investiga-
tions have shown that the immunosuppressive drugs ta-
crolimus and rapamycin inhibit the expression of different
inflammatory mediators,**** the anti-inflammatory func-
tions of these drugs are not well established. Our in vitro
and in vivo experiments confirmed that tacrolimus inhib-
ited the induction of ROS generation, which is mediated
by the core protein. Our data indicate that the inhibition of
ROS formation may explain part of the favorable effect of
immunosuppressive agents on inflammatory conditions.

In conclusion, our results demonstrate that tacrolimus
has protective potential against damage caused by the
HCV core protein including the induction of steatosis,
insulin resistance, and oxidative stress, both in mice and
cultured cells. Although more studies are required to
elucidate the precise mechanism underlying the potential
of tacrolimus in reversing the pathogenesis in HCV infec-
tion, these results may provide new therapeutic tools for
chronic hepatitis C, in which oxidative stress and abnor-
malities in lipid and glucose metabolism contribute to
liver pathogenesis.
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Persistent infection with hepatitis C virus (HCV) is a major cause of chronic liver diseases. The aim of this
study was to identify host cell factor(s) participating in the HCV replication complex (RC) and to clarify the
regulatory mechanisms of viral genome replication dependent on the host-derived factor(s) identified. By
comparative proteome analysis of RC-rich membrane fractions and subsequent gene silencing mediated by
RNA interference, we identified several candidates for RC components involved in HCV replication. We found
that one of these candidates, creatine kinase B (CKB), a key ATP-generating enzyme that regulates ATP in
subcellular compartments of nonmuscle cells, is important for efficient replication of the HCV genome and
propagation of infectious virus. CKB interacts with HCV NS4A protein and forms a complex with NS3-4A,
which possesses multiple enzyme activities. CKB upregulates both NS§3-4A-mediated unwinding of RNA and
DNA in vitro and replicase activity in permeabilized HCV replicating cells. Qur results support a model in
which recruitment of CKB to the HCV RC compartment, which has high and fAuctuating energy demands,
through its interaction with NS4A is important for efficient replication of the viral genome, The CKB-NS4A

association is a potential target for the development of a new type of antiviral therapeutic strategy.

Hepatitis C virus (HCV) infection represents a significant
glabal healthcare burden, and current estimates suggest that a
minimum of 3% of the world’s population is chronically in-
fected (4, 19). The virus is responsible for many cases of severe
chronic liver diseases, including cirrhosis and hepatocellular
carcinoma (4, 16, 19). HCV is a positive-stranded RNA virus
belonging to the family Flaviviridae. 1ts ~9.6-kb genome is
translated into a single polypeptide of about 3,000 amino acids
(aa), in which the nonstructural (NS) proteins NS2, NS3,
NS4A, NS4B, NSSA, and NSSB reside in the C-terminal half
region (6, 34, 44). NS4A, a small 7-kDa protein, functions as a
cofactor for NS3 to enhance NS3 enzyme activities such as
serine protease and helicase activitics. The hydrophobic N-
terminal region of NS4A, which is predicted to form a trans-
membrane e-helix, is responsible for membrane anchorage of
the NS3-4A complex (8, 44, 50), and the central region of
NS4A is important for the interaction with NS3 (10, 44). A
recent study demonstrated the involvement of the C terminus
of NS4A in the regulation of NSSA hyperphosphorytation and
viral replication (28),

The development of HCV replicon technology several years
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ago accelerated research on viral RNA replication (7, 44).
Furthermore, a robust cell culture system for propagation of
infectious HCV particles was developed using a viral genome
of HCV genotype 2a, JFH-1 strain, enabling us to study every
process in the viral life cycle (27, 47, 54). RNA derived from
genotype la, HCV H77, containing cell-culture adaptive mu-
tations, also produces infectious viruses (52). Using these sys-
tems, it has been reported that the HCV genome replicates in
a distinct, subcellular replication complex (RC) compartment,
which includes NS3-5B and the viral RNA (2, {4, 33). The RC
forms in a distinct compartment with high concentrations of
viral and cellular components located on detergent-resistant
membrane (DRM) structures, possibly a lipid-raft structure (2,
41), which may protect the RC from external proteases and
nucleases. Almost all processes in viral replication are depen-
dent on the host cell’s machinery and involve intimate inter-
action between viral and host proteins. However, the func-
tional roles of host factors interacting with the HCV RC in
viral genome replication remain ambiguous.

To gain a better understanding of cellular factors that are
components of the HCV RC and that function as regulators of
viral replication, a comparative proteomic analysis of DRM
fractions from HCV replicon and parental cells and subse-
quent RNA interference (RNAI) silencing of selected genes
were performed. We identified creatine kinase B (CKB) as a
key factor for the HCV genome replication. CKB catalyzes the
reversible transfer of the phosphate group of phosphocreatine
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(pCr) to ADP to yield ATP and creatine and is known to play
important roles in local delivery and cellular compartmental-
ization of ATP (48, 51). The findings obtained here suggest
that recruitment of CKB to the HCV RC, through CKB inter-
action with NS4A, is essential for maintenance or enhance-

ment of viral replicase activity.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents. Human hepatoma cell line Huh-7.5.1 (54)
was kindly provided by Francis V. Chisari. Cell lines carrying subgenomic rep-
licon RNAs, namely, SGR-N (41) and SGR-JFHI1 (23), were derived from the
HCV-N (17) and JFH-1 striins (24), respectively. Mouse monoclonal antibodies
(MADs} against HCY NS3 (Chemicon, Temecula, CA). NS4A (Santa Cruz
Biotechnology, Inc., Santa Cruz. CA), NS3A (Biodesign, Saco, ME), NS5B (2),
FLAG (M2; Sigma-Aldrich, St. Louis, MO). glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Chemicon), and Flotillin-1 (BD Biosciences, San Jose, CA)
and polyclonal antibodies (PAbs) against CKB (mouse [Abnova, Taipei, Tai-
wan|. goat [Santa Cruz]}, hemagglutinin (HA; Sigma-Aldrich), and FLAG (Sigma-
Aldrich) were used. Cyclocreatine (Cer; also known as 2-imino-{-imidazo-
lidineacetic acid), pCr. and phosphopyruvic acid (pPy) were purchased from
Sigma-Aldrich. Recombinant CKB and pyruvate kinase (PK) were obtained
from Acris (Herfold, Gernuny) and Calbiochem (San Diego, CA). respectively.

Proteome analysis, RC-rich membrane fractions of cells were isolated as
described previously (2. 41). Briefly. cells were lysed in hypotonic buffer. After
remnoving the nuclei, supernatants were treated with F% NP-40 for 60 min, mixed
with 70% sucrose, overlaid with 55 and 10% sucrose, and centrifuged at 38,00
rpm for 14 h. Protcins from membranc fractions were purified by using a 2D
Clean-Up kit (GE Healtheare, Tokyo, Japan), followed by labeling with flucres-
cent dyes: CyS for replicou cells, Cy3 for parental cells, and Cy2 for the protein
standard containing equal amounts of both cell samples. Two-dimensional flu-
orescence dilference gel electrophoresis (2D-DIGE) was performed using Im-
mobiline DryStrip as the first-dinsension gel and 12.5% polyacrylamide gel as the
sccond-dimension gel. The 2D-DIGE npages were antalyzed quantitatively using
the DeCyder software (GE Healthcare). Student ¢ test was performed on differ-
ences between the tested samples using DeCyder biological variation analysis
module. Samples were analyzed in triplicate. The protein spats of interest were
excised {rom the gel, subjected to in-gel digestion using trypsin or lysyl endo-
peptidase and analyzed by liquid chromatography (MAGIC 2002 System;
Michrom Bioresources, Auburn, CA) directly connected to electrospray ionizit-
tion-ion trap mass spectrometry (LCQ-decaXP; Thermo Electron Corp.,
iwakura, Japan). The results were subjected to database (NCBlnr) search by
Mascot server software (Matrix Science, Boston, MA) for peptide assignment.

Plasmids. A human CKB cDNA (43; kindly provided by Oriental Yeast Corp.,
Tokyo. Japan) was inserted into the EcoRI site of pCAGGS, yielding
pCAGCKB. To generate expression plasmids for HA-tagged versions of wild-
type and deletion mutated CKB, the corresponding DNA fragments were am-
plificd by PCR, followed by introduction into the BgllI site of pCAGGS. A
fragment representing the inactive mutant CKB-C283$ was syathesized by PCR
mutagenesis. To geuerate FLAG-tagged NS protein expression plasmids, DNA
fragments encoding either NS3, NS4A, NS4B. NS5A. or NSSB protein were
amplified from HCV strains NIHJI (1) and JFH-{ (23) by PCR. followed by
cloning into the EcoRI-EcoRV sites of pcDNA3-MEF (20). To generate an
HA-tagged NS3 expression plusmid, a fragment encoding NS3 with the HA tag
sequence at jts N terminus was inserted into pCAGGS.

siRNA transfection. The small interfering RNAs (siRNAs) targeted to CKB
(CKB-1 [3-UAAGACCUUCCUGGUGUGGTT-3"] and CKB-2 [5'-CGUCAC
CCUUGGUAGAGUUTT-3']) and the scramble negative control siRNA (o
CKB-2 (5-GGCGUACUAGCUUAUUCGCTT-¥) were purchased from
Sigma. Cells in a 24-well plate were transfected with siRNA using HiPerFect
transtection reagent (Qiagen, Tokyo, Japan) according to the manufacturer's
instructions, The siRNA sequences for the other genes used in the sSiRNA
screening e available upon request.

HCV infection. Culture media from Huh-7 cells transfected with in vitro-
transcribed RNA corresponding 10 the full-length JFH-1 (47} was collected,
concentsated, and used for the infection assay (3).

Quantitication of HCV core protein and RNA. To estimate the levels of HCY
vore protein, aliquots of culture supernatants or of cell lysates were assayed by
using HCV Core enzyme-tinked imnunosorbent assay Kits (3). Totat RNA was
isolated from harvested cells using TRIzol (Invitrogen, Carlsbad, CA}). Copy
numbers of the viral RNA were determined by reverse transcription-PCR (RT-
PCR) (2, 30, 46).

1. VIrROL.

Immunaprecipitation, immunoblot analysis, and immunoHuorescence micros-
copy. The analyses, as well as DNA transfection, were performed essentially as
previously described (42). Cells were lysed in immunoprecipitation lysis butfer
(30 mM Tris-HCI [pH 7.6], 150 mM NaCl, [% sodium deaxycholate, 156 NP-40,
(.14 sodiwm dodecyl sulfate, 1 mM dithiothreitol, 1 mM calcium acetate). For
immunoprecipitation, supernatants of cell lysates were precipitated with anti-
FLLAG antibody and protein A-Sepharose Fast Flow beads {GE healtheare ). For
immunofluorescence nticroscopy. anti-CKB goat PAb and anti-NS4A MAb as
primary antibodies and Alexa Fluor 555-conjugated donkey anti-goal immuno-
globwlin G (Invitrogen) and Alexa Fluor 488-conjugated rahbit anti-mouse im-
munoglobulin G (Invitrogen) as secondary antibodies were used and observed
under an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany).

Immunoelectron microscopy. Postembedding immunostaining using the col-
loidal gold-labeling method was performed as described previously (38). Cells
were fixed in 4% parafonnaldehyde-14 glutaraldebyde at 4°C for [ k. After
dehydration through a graded series of ethanol, cells were embedded in LR
While {(London Resin Company, London, United Kingdom) and sectioned.
Alter blocking. section grids were incubated with a mixture of anti-NS4A and
anti-CKB antibodies at 4°C overnight, followed by treatment with a mixture of
18-nm collvidal gold-conjugated donkey anti-mouse impenoglobulin G and
12-nm colloidal gold-conjugated donkey anti-gout immunoglobulin G antibodies
(Juckson Immunoresearch, West Grave, PA) at 4°C avernight. The sections were
stained with uranyl acetate and observed under a transmission electron micro-
scope.

Measurement of CK activity and cellulnr ATP level. Cells were lysed with
passive lysis buffer (Promega, Madison, WI), and CK activities were meuasured
based on Oliver methads (40), in which the activity of converting creatine phos-
phate and ADP to creatine and ATP was measured. ATP levels in cell lysates
were measured by using a CeliTiter-Glo luminescent cell viability assay (Pro-
mega).

RNA replication assays in permeabilized replicon cells and in vitre, The RNA
synthesis assay using permeabilized replicon cells was based on a previously
described method (33). Briefly, SGR-JFH1 cells were treated with 5 pp of
actinomycin D/mi for 2 h, followed by permeabilization with 30 pp of digito-
nin/ml for § min. The resulting mix was incubated with 500 uM concentrations
of ATP, GTP, and CTP; §0 pCi of UTP (Ju-*PJUTP): 5 pg of actinomycin
D/inl; and 5 mM pCr with or without 20 U of CKB/Aml for + h at 27°C. RNA was
extracted by using TRIzol and analyzed by 1% formaldehyde agarose gel elec-
teophoresis. The cell-free RNA replication assay was performed as described
previously (2).

In vitro helicase assays. Helicase activity on double-stranded RNA (dsRNA)
was investigated as described previously (11) with some modifications. The 5
end of the release strand was lubeled with {y-**P]JATP using T4 polynucleotide
kinase (Ambion}. The dsRNA substrate was oblained by annealing the labeled
RNA with a template strand RNA at a molar ratio of 1:1. The helicase assay
mixture contained 5 nM dsRNA, helicase enzyme (80 nM NS3 or NS3-4A [kindly
provided by R. De Francesco]). 6 mM ATP, in the presence or absence of 20 U
of CKB/ml in an assay buffer (25 mM MOPS-NaOH [pH 7.0, 2.5 mM dithio-
threitol, 100 pg of bovine serum wlbumin/mi, 3 mM MgCly, 5 mM pCr, 2.5 U of
RNase inhibitor/ml). After the helicase reaction, samples were electrophoresed
in a native 8% polyacrylamide gel and autoradivgraphed.

To determine the effect of PK/pPy systemn on the helicase activity, PK and pPy
were used instead of CKB and pCr. Helicase uctivity on dsDNA was measured
based on hemaogeneous lime-resolved (luorescence quenching using a Trupoint
helicase assay kit (Perkin-Elmer, Waltham, MA} according to the manufacturer’s
instructions.

In vilro protease assay. In vitro HCV protease activity of NS3-4A or NS3 was
analyzed by using a SensoLyieHCV pratease assay kit (AnaSpec, San Jose, CA)
according to the manufacturer’s instructions.

RESULTS

1dentification of host factors involved in HCV RNA replica-
tion by comparative proteomic analysis of DRM fractions and
RNAI silencing. To identify host proteins involved in the HCV
RC, proteome profiles of the RC-rich membrane fraction in
Huh-7 cells harboring subgenomic replicon RNA derived from
genotype b, N isolate (SGR-N) were compared to those of
parental cells by 2D-DIGE. We confirmed that the DRM frac-
tion obtained from SGR-N cells is functionally active in a

- 1015 -



VoL. 83, 2009

INVOLVEMENT OF CKB IN HCV GENOME REPLICATION

5139

C

I1B: DRM 1344 protein spots Huh-7
Huh7 SGR-N Huh > SGR SGR > Huh ‘a
25% 93%  4.6% ¥.r KB
— 5%, 5% rees <
[ ]nsse g ' = .
g ' 5
o s [ A3 .
Cell-free replication Oy . | e 3
Huh7 SGR-N b} ! 23 SGR-N
E je g L5e” 3 é ¥
é ’;: : B @, c W;“
grael] o <3 L€ —cks
- | HCV RNA ‘e o
0_ -
B 0 1 R
Log volume &
ratio
D 10 L E DRM
: |L
é l—
E ‘ 1 Flotillin-1
<9 i |75t
é o5 | Huh-7 SGR-N
5 ki Whole cell
=5
S Jdb - CKB
S :
% ) — GAPDH
@ A w S A Huh-7 SGR-N
PILREST S &
§ °f "8 g5 R
O
&

FIG. 1. Comparative proteomic analysis of DRM fractions and RNAi silencing. (A) Preparation of functionally active RC fraction for proteome
analysis. DRM fractions obtained from SGR-N cells and parental Huh-7 cells were analyzed by immunoblotting with anti-NS5A and anti-NS5B
antibodies (upper panel) and by the cell-free RNA replication assay (lower panel). (B) Histogram representation of proteins detected in 2D-DIGE.
Images were analyzed quantitatively by the DeCyder software. The left and right y axis, respectively, indicate the spot frequency and the maximum
volume of each spot, given against the log volume ratio (x axis). (C) Comparison of 2D-DIGE maps of proteins from DRM f{ractions of SGR-N
cells and Huh-7 cells. Enlarged 2D-DIGE gel images of regions containing protein spots of CKB (arrows) are shown. (D) Effects of siRNAs of
genes selected from comparative proteome analysis on HCV RNA replication. SGR-N cells were transfected with siRNA specific to cathepsin D,
CKB (siCKB-1), GRP58, GST, Hsp70 protein 4, GRP94, HMG-coenzyme A synthase, or Tat binding protein 7 or with nontargeting (NC) siRNA.
AL 48 h posttransfection, total RNA was isolated and HCV RNA levels were assessed by real-time RT-PCR. (E) Enrichment of CKB in the DRM
of HCV replicon cells. Equal amounts of DRM fractions from SGR-N and parental Huh-7 cells, or whole-cell lysates from both cells were analyzed
by immunoblotting with antibodies against CKB, flotilin-1 or GAPDH.

cell-free replication assay (Fig. 1A). Three independent pro-
teome experiments were performed for a reliable analysis of
protein expression. Approximately 1,300 spots were resolved in
cach gel, and 4 to 5% of the protein spots represented a
>2-fold increase in the membrane fraction of replicon cells in
each experiment (Fig..1B). The protein spots that exhibited
high reproducibility (an example shown in Fig. 1C) were ex-
cised, digested by trypsin or lysyl endopeptidase, and analyzed
by mass spectromeltry, which identified the corresponding pro-
teins in 27 cases (Table 1). Among the proteins implicated in a
variety of functional categories, 10 were involved in protein
folding, mainly as chaperones, 7 were metabolic and biosyn-
thesis enzymes including proteins for redox regulation or en-

ergy pathways, 3 were involved in cytoskeleton organization,
and 3 proteins were related to cellular processes, mainly pro-
teolysis pathways. The viral NS proteins identified as difteren-
tially expressed proteins in the analysis were not listed.

In order to identify host factors involved in HCV replication,
we examined the effects on viral RNA replication of transfec-
tion of SGR-N cells with siRNAs against genes encoding nine
proteins belonging to diverse classes of biological functions
(Table 1). Each siRNA reduced the HCV RNA level to 47 to
76% of the level of the siRNA control (Fig. 1D). None of the
siRNAs tested exhibited considerable cytotoxicity against the
replicon cells, ruling out overt toxicity as a mechanism for
inhibition of viral RNA replication. Among the candidate
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TABLE 1. Selected proteins that reproducibly increased in the DRM fraction of SGR-N cells®

P (Student Coverage

Avg ratio 1 test) (%) Protein name Molecular function GI no.
5.56 0.04 27 GRPY%4 Protein folding 15010550
4.99 0.07 47 Hsp60 Protein folding 6996447
3.73 0.07 6 tRNA guanine transglycosylase Metabolism 30583205
3.56 0.06 23 KIAA0088 Unknown 577295
3.32 0.07 4 Thioredoxin-related protein Unknown 20067392
3.32 0.13 12 Tat binding protein 1 (TBP-1) Cellular processes 20532400
3.06 0.14 22 Aldehyde dehydrogenase | Metabolism 2183299
3.06 0.14 14 Chaperonin TRiC/CCT, subunit 2 Protein folding 54696794
2.96 0.04 14 Heat shock 70-kDa protein 4 (HSPA4) Protein folding 62268609
2.96 0.04 29 GRP58 Metabolism/protein folding 2245365
2.94 0.01 37 Mutant B-actin Cytoskeleton organization 28336
2.65 0.17 a3 Glutathione S-transferase (GST) Catalytic activity 2204207
2.53 0.04 37 Keratin 19 Cytoskeleton organization 6729681
2.46 0.08 6 Heterogencous nuclear ribonuclcoprotein K Nucleic acid modification 460789
245 0.001 13 HMG-coenzyme A synthase Metabolism 30009
24 0.02 31 CKB Energy pathway/metabolism 180570
24 0.02 11 Cathepsin D Cellular processes 30582659
24 0.02 I C8orf2 Unknown 37181322
2.36 0.1 38 Tropomyosin 4-anaplastic lymphoma kinase fusion protein ~ Cytoskeleton organization 14010354
2.36 0.1 6 Calreticulin Protein folding 30583735
233 0.01 29 Quinolinate phosphoribosyltransferase Metabolism 30583301
229 0.04 25 Protein disulfide isomerase-related protein 5 Protein folding 1710248
2.29 0.04 16 Tat binding protein 7 (TBP-7) Cellular processes 263099
2.05 0.11 24 Calumenin Metabolism 2809324
2.05 0.12 10 TRIC/CCT, subunit 5 Protein folding 24307939
203 0.07 20 Hsp90 beta Protein folding 34304590
2.01 0.07 10 TRIC/CCT, subunit 1 Protein folding 36796

“ The spectra obtained by tandem mass spectrometry were collected using data-dependent mode, and the results were subjected to database (NCBInr) search by
Mascot server software (Matrix Science, London, United Kingdom) for peptide assignment. Coverage, the ratio of the portion of protein sequence covered by matched

peplides 1o the whole protein sequence. GI no., Genlafo identifier number.

genes examined, we observed a reproducible inhibition of
HCV RNA replication by two independent siRNAs targeting
CKB (see below).

CKB participates in HCV RNA replication and the propa-
gation of infectious virus. CKB is a brain-type creatine kinase
isoenzyme and is also detected in a variety of other tissues,
including human liver (32). Steady-state levels of CKB in the
DRM fraction, as well as in whole-cell lysate of SGR-N cells
were compared to those from parental cells by Western blot-
ting. The CKB level in the DRM fraction of replicon cells was
higher than that in parental cells (Fig. 1E), confirming the
results of the proteome analysis described above. In contrast,
the CKB level in whole cells was similar in both cells (Fig. 1E).
These results suggest participation of posttranslational modi-
fication, such as translocation to the DRM fraction, of CKB in
replicon cells.

Figure 2A shows the inhibitory effect on HCV RNA repli-
cation of CKB siRNA; siCKB-2, the sequence of which does
not overlap with the sequence of siCKB-1 used in the above
siRNA screening (Fig. 1D). Transfection with siCKB-2 effec-
tively decreased the cellular level of CKB enzymatic activity
(data not shown), as well as the abundance of CKB protein
(Fig. 2A), and resulted in 60% reduction in the viral RNA level
in SGR-N cells compared to the cells treated with control
siRNA. This inhibitory effect of siRNA on HCV RNA abun-
dance was also observed in JFH-1-derived subgenomic repli-
con (SGR-JFHI) cells. The viral RNA level in the cells trans-
fected with siCKB-2 decreased by 50% compared to the
control (Fig. 2A). We also tested the CKB mutant, CKB-

(2838, in which Cys at aa 283, near the catalytic site, has been
replaced with Ser (Fig. 3A) and which is known to be enzy-
matically inactive and to work in a dominant-negative manner
(22, 29). As expected, overexpression of CKB-C283S resulted
in a reduction in HCV RNA replication in SGR-N cells (Fig.
2B). We obtained a similar result in SGR-JFH1 cells, as de-
scribed below (Fig. 3E).

To further examine the involvement of CKB in HCV RNA
replication, we tested the effect of Cer, a substrate analogue
and possible inhibitor for CK in either SGR-N, SGR-JFH1
(Fig. 2C), or Huh7 cells transiently replicating luciferase-sub-
genomic replicon (data not shown). We found dose-dependent
inhibition of HCV RNA replication but no observed effect on
total cellular levels of protein and ATP (Fig. 2D) in the rep-
licon setting used. '

We next examined whether the knockdown of CKB or treat-
ment with Cer would abrogate the production of HCVee. At
72 h posttransfection with siCKB-2, the HCV core level in cells
infected with HCVce was significantly reduced (Fig. 2E).
Treatment of the infected cells with Cer at various concentra-
tions also reduced the intracellular and supernatant core level
and subsequently decreased HCVcc production (Fig. 2F).
These results demonstrate that suppression of the HCV RNA
replication by the siRNA-mediated knockdown of CKB or
treatment with CKB inhibitor leads to reduction of the pro-
duction of infectious virus.

CKB interacts with HCV NS4A. Having established a role
for CKB in HCV RNA replication, we then tried to determine
to how CKB influences the HC'V life cycle. It has been re-
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FIG. 2. Involvement of CKB in HCV replication. (A and E) Knockdown of endogenous CKB in SGR-N and SGR-JFH1 cells (A) or
HCVcc-infected cells (E). Cells were transfected with siRNA against CKB (siCKB-2) or control siRNA (siCont) and were harvested at 72 h
posttransfection. Real-time RT-PCR for HCV RNA levels and immunoblotting for CKB and GAPDH were performed. (B) SGR-N cells were
transfected with pCAGCKB-C283S or empty vector, and HCV RNA levels and expression of CKB and CKB-C283S were determined 72 h
posttransfection. SGR-N and SGR-JFHI cells (C) or HCVcc-infected cells (F) were treated with Cer at various concentrations for 72 h, followed
by quantification of HCV RNAs and total cellular proteins. ATP levels (D) were determined after transfection with siCKB-2, pPCAGCKB-C283S,
or treatment with Cer for 72 h in SGR-N cells. The ATP levels in the cells transfected with negative control siRNA (left), empty vector (middle),
and no treatment (right) were set at 100%, respectively. (F) HCVcc-infected cells were treated with Cer, and the viral core protein levels in cells
(left) and supernatants (middle) were determined at 72 h postinfection. Collected culture supernatants were inoculated into naive Huh-7.5.1 cells
after the removal of Ccr. After 72 h, the core proteins in cells were determined (right panel). All data are presented as averages and standard
deviation values for at least triplicate samples. *, P < 0.05 against control such as transfection with siCont (A and E) or empty vector (B) or
nontreatment (C, D, and F).

ported that interaction of CKB with some cellular proteins is gesting that aa 297 to 357 of CKB are important for its inter-
required for local availability of CKB activity and local gener- action with NS4A. It is noted that the expression of CKB aa
ation of ATP (22, 29). To examine the possible interaction of 297 to 357 in cells was undetected, presumably due to its
CKB with HCV NS proteins, HA-tagged CKB (HA-CKB) was misfolding and/or instability. To verify a role for CKB-NS4A
coexpressed with FLAG-tagged NS proteins (NIHJ1 strain), interaction in HCV RNA replication, we further determined
followed by immunoprecipitation with an anti-FLAG antibody. the effect of expression of either CKB-C283S or its internal
CKB was shown (o specifically interact with NS4A. No or little deletion lacking aa 297 to 357 (CKB-C283Sdel297-357) on
interaction was observed between CKB and either NS3, NS4B, viral replication in SGR-JFH1 cells. As expected, the HCV
NS5A, or NS5B (Fig. 3B). CKB-NS4A interaction was also RNA level was significantly decreased by CKB-C283S, whereas

found with the JFH-1 strain (Fig. 3C). this effect was not observed by CKB-C283Sdel297-357
To identify the CKB region required for the interaction with (Fig. 3E).

NS4A, various deletion mutants of CKB were generated (Fig. NS4A is a 54-residue small protein composed of three do-

3A). An immunoprecipitation assay indicated that NS4A was ~ mains: the N-terminal membrane anchor, the central domain

coimmunoprecipitated with either a full-length CKB, a C-ter- responsible for interacting with NS3, and the C-terminal acidic

minal deletion (aa 1 to 357), an N-terminal deletion (aa 297 to  domain. To define the portion in NS4A responsible for its
381), or CKB-C283S, but not with aa 1 to 296, aa 1 to 247, or interaction with CKB, we constructed three NS4A deletion
aa 1 to 184 (Fig. 3D, upper middle panel). Further, internal mutants, each separately expressing one of the NS4A domains,
deletions of CKB (CKBdel297-357 and CKB-(C283Sdel297- with a FLAG tag (Fig. 3F). CKB proved to interact with the
357) failed to interact with NS4A (Fig. 3D, lower panel), sug- central domain, aa 21 to 39, of NS4A, which is involved in
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