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associated carcinogenesis, especially in the early stages of
chronic hepatitis.

pSmad3L Prominence in Heparocytic Nuclei in
Proportion to Plasma HBV DNA Levels. Because
HCC risk is related to plasma HBV DNA levels and
chronic inflammation,” we next investigated the correla-
tion of hepatocytic pSmad3L positivity with plasma HBV
DNA levels and necroinflammatory activity in chronic
hepatitis B patients (Fig. 2). Positivity of hepatocytic nu-
clei for pSmad3L in chronic hepatitis B specimens grad-
ually increased in propostion to amounts of HBY DNA.
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Sixteen sera samples of 35 patients with abundant
Smad3L phosphorylation (scores 3 to 4) but only seven
sera samples of 35 patients with little Smad3L phosphor-
vlation (scores 0 to 2) contained more than 5.0 log cop-
ies/mL (45.7% versus 20.0% [P = 0.02}) (Fig. 2A).
However, 23 of 35 chronic hepatitis B patients with
abundant Smad3L phosphorylation and 22 of 35 patients
with lictle Smad3L phosphorylation showed a high level
of inflammatory activity (A 2 to 3) (65.7% versus 62.9%
[P = 0.80}) (Fig. 2B). These results indicated that HBY
itself could up-regulate the hepatocytic phosphorylation
at Smad3L, but inflammation could not strongly affect
linker phosphorylation.

To further confirm the direct effects of HBV, besides
chronic inflammation, on phosphorylation at Smad3L in
early chronic hepatitis B, we examined the degrees of
pSmad3L and pSmad3C in a group of patients with licdle
fibrosis (F1), little inflammation (A1), and high plasma
HBV DNA. Smad3L was highly phosphorylated in hepa-
tocytic nuclei, whereas the phosphorylation at Smad3C
was suppressed (Fig. 2C). Of 20 chronic hepatitis B sam-
ples, 12 samples showed abundant Smad3L phosphoryla-
tion (scores 3 to 4), but only five samples had abundant
Smad3C phosphorylation (60.0% versus 25.0% [P =
0.03}) (Table 4).

HBx Protein Involvement in c-Myc-Mediated On-
cogenic Activity via the pSmad3L Pathway in Human
Chronic Hepatitis B. Integrated viral sequences pro-
duce HBx protein, which brings about up-regulation
of ¢-Myc oncoprotein.?® We thetefore investigated
whether HBx protein affected Smad3L phosphoryla-
tion and expression of c-Myc in biopsy specimens from
HBV-infected livers by immunostaining sections for

Fig. 2. In propottion to plasma HBY DNA [evels, JNK-dependent
pSmad3L became prominent in the nuclei of hepatocytes in human early
chronic hepatitis B. (A} Positivity for pSmad3L in hepatocytic nuclei in
chronic hepatitis B specimens was greater in proportion to plasma HBV
DNA levels. Patlents with strong pSmad3L. positivity in hepatocytic nuclel
{staining scored as 3 or 4) had more HBV DNA in plasma than patients
with weak pSmad3L positivity (staining scored as 0 to 2). Hepatocytic
Smad3 phosphorylation in chronic hepatitis B specimens is scored as
follows: 0, no phosphorylation; 1, <\25%; 2, 25% to 50%; 3, 50% to
75%:; 4, >75%. (B) Degree of Smad3 phosphorylation at the linker
region did not strongly corelate with necroinflammatory activity of
chronic hepatitis B. Hepatocytic Smad3 phosphorylation at the linker
region_in livers with necroinflammatory activities of A2 to A3 was
essentially similar to phosphorylation in those with activities of A0 to AL,
Extent of necrolnflammatory activity: 1, 0: 0, 1; 8, 2; &, 3. (C) Smad3
in the nuclel of hepatocyles was phosphorylated intensely at linker region
(o pSmad3L column) but sparsely at the C-terminal region {a pSmad3C
column). The liver specimen showing minimal fibrosis (F1) and inflam-
mation (A1) was obtained from patient 10 in Table 2 who showed high
plasma HBV DNA and was diagnosed with HCC 4 years later,
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Table 4. Clinicopathologic Features, Smad3L/C Phosphorylation, and Plasma HBV DNA Levels in Specimens from Patients
with Early Chronic Hepatitis B

Patient pSmad3L pSmad3C Fibrotic Inflammatory HBV DNA (log
No. Sex Age staining* staining* Staget Activityt copies/ml)
1 M 46 4 2 1 1 5.6
2 M 45 4 2 1 1 5.4
3 F 38 3 1 1 1 6.2
4 F 49 3 1 1 1 5.2
5 F 52 3 1 1 1 6.1
6 F 40 3 2 1 1 5.8
7 F 28 3 2 1 1 5.6
8 M 38 3 2 1 1 5.5
9 M 44 3 2 1 1 5.3
10 F 40 3 2 1 1 5.4
11 M 55 3 2 1 1 5.1
12 F 43 3 3 1 1 5.8
13 M 34 2 1 1 1 5.2
14 M 28 1 1 1 1 5.2
15 F 35 1 2 1 1 5.1
16 M 30 1 2 1 1 53
17 M 45 1 3 1 1 52
18 M 38 1 4 1 1 5.6
19 M 54 1 4 1 1 5.2
20 M 48 1 4 1 1 5.4

Abbreviations: F, female; HBV, hepatitis 8 virus; M, male; pSmad3C, C-terminally phosphorylated Smad3; pSmada3L, linker-phosphorylated Smads3.
*Hepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,

50% to 75% Smad3 phosphorylation; 4, >>75% Smad3 phosphorylation.

tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet’s classification.

pSmad3L, paired with sections immunostained for
HBx and c-Myec.

In specimens from patient 3 in Table 2 with chronic
hepatitis B, pSmad3L, HBx, and c-Myc were distributed
in hepatocytes throughout liver lobules (Fig. 3A and Sup-
plementary Fig. 2). Double immunofluorescence studies
in chronic hepatitis B specimens confirmed that
pSmad3L was colocalized in HBx- and ¢-Myc—immuno-
reactive hepatocytes (Fig. 3B). HBx and c-Myc expression
increased in hepatocytes of hepatitis B specimens as
Smad3 showed more phosphorylation at the linker region
(Fig. 3C).

Increased [NK/pSmad3L/c-Myc Oncogenic Signal-
ing and Impaired pSmad3Clp21 YAF! Tumor-Sup-
pressive Signaling as Chronic Hepatitis B Progresses
From Cirrhosis to HCC. We further investigated tu-
mor-suppressive and oncogenic Smad3 signaling in biopsy
specimens during HBV-related hepatocarcinogenesis by
staining sections using anti-pSmad3L Ab and anti-
pSmad3C Ab, paired with sections stained for anti-c-Myc
Ab and anti-p21WAF! Ab. Although pSmad3L accelerates
tumor growth by up-regulating c-Myc, pSmad3C partici-
pates in tumor suppression by up-regulating p21WAF! tran-
scription. 1620

In specimens from a patient with chronic hepatitis B,
the distribution of pSmad3L fit well with the pattern
shown by c-Myc immunolabeling (Fig. 4A, chronic hep-

atitis panel): both were strong in hepatocytes throughout
liver lobules. Linker phosphorylation and ¢-Myc staining
increased further as chronic liver disease progressed
through cirrhosis to HCC (Fig. 4A, cirrhosis and HCC
panels).

Distribution of pSmad3C resembled the pattern ob-
tained by p21%A¥! staining in chronic hepatitis B spedi-
mens (Fig. 4B, chronic hepatitis panel). As with
pSmad3C distribution, hepatocytes showed increased
p21 ¥4 staining in nuclei. In contrast to intense staining
for pSmad3L and c-Myc, pSmad3C and p21¥AF! grajn.
ing decreased in hepatocytic nuclei in cirrhotic liver (Fig.
4B, cirthosis panel). Nuclear pSmad3C and p21¥AF! jm.
munostaining showed only a scattered distribution
throughout HCC specimens (Fig. 4B, HCC panel).
Semiquantitative analyses of positivity for pSmad3L,
pSmad3C, and ¢-Myc in HBV-related chronic liver dis-
ease showed increasing pSmad3L/c-Myc and decreasing
pSmad3C as chronic hepatitis B progressed from cirrhosis
(F4) o HCC (Table 1).

We next quantified the extent of phosphorylation at
Smad3L and Smad3C by immunoblotting with do-
main-specific Abs against phosphorylated Smad3 in
tissue samples representing various stages of HBV.-re-
lated chronic liver disorders. The linker region of
Smad3 showed very little phosphorylation in normal
liver (Fig. 4C, a pSmad3L panel). Remarkable up-
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Fig. 3. HBx might be involved in c-Myc-mediated encogenic activity in
human chronic hepatitis B via the pSmad3L pathway. (A) Hepatocytes of
chronic hepatitis B specinmens from patient 3 in Table 2 showed diffuse
immunostaining for pSmad3l, HBx, and ¢-Myc. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity. Bar = 50 um. {B) pSmad3L in hepatocytic nuclei of chronie
hepatitis B specimens was colocalized with HBx and ¢-Myc proteins,
Sections of chronic hepatitis B tissues were stained for immunofiuores-
cence to simullaneously detect pSmad3L (red) and HBx or c-Myc
{green), Yellow color indicates overdap of proteins. Hepatocyles immu-
noreactive for pSmad3L showed colocalization of HBx (upper column)
and ¢-Mye Qower column). Bar = 50 pum. (G} HBx and ¢-Myc expression
increased in hepatocytes of chionic hepatitis B specimens as Smad3
was increasingly phosphorylated at the linker region, HBx and ¢-Myc
expression was greater in hepatocytes with high phosphorylation at
Smad3L {steining scored as 3 or 4) than in hepatocyles with staining
seored as 0 to 2. The extent of HBx and o-Myc expression is indicated as
that of pSmad3L positivity: (1, 0, 10, 1, E, 2 3. M 4. P < 008,
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regulation of pSmad3L was seen with progression of
hepatic fibrosis and carcinogenesis. In cirrhotic liver
and HCC, pSmad31. was far more abundant than in
chronic hepatitis. In contrast, pSmad3C gradually de-
creased as disease stages progressed toward HCC (Fig.
4C, a pSmad3C panel).

We previously reported that Smad3L served as a sub-
strate for JNK.'? To address the functional relationship
between activated JNK and Smad3L phosphorylation
during hepatocarcinogenesis, we presently assayed kinase
activity in virro. Although JNK from normal liver showed
little ability to phosphorylate Smad3 at the linker region,
JNK from livers involved by chronic hepatitis B, cirrhosis,
and HCC could directly phosphorvlate Smad3L (Fig.
4D). These results suggested that JNK in preneoplastic
liver tissues and HCC directly phosphorylated the linker
region of Smad3.

Collectively, JNK/pSmad3L/c-Myc onogenic sig-
naling in hepatocytes came to predominate while the
tumor-suppressive pSmad3C/p21¥AF! pathway became
quiescent as chronic hepatitis B progressed to cirrhosis and
then HCC,

Selective Blockade of Linker Phosphorylation Abol-
ishes pSmad3L-Mediated Cell Growth in HBx-Ex-
pressing Hepatocytes. pSmad3L, HBx, and ¢-Myc were
colocalized in preneoplastic lesions including chronic
hepatitis and cirrhosis (Fig. 3). These findings suggest that
HBx oncoprotein might alter hepatocytic TGE-B signal-
ing in chronic hepatitis B. We investigated this hypothesis
using HBx-expressing hepatocytes. Selective blockade of
linker phosphorylation by a mutant Smad3 lacking the
JNK-dependent linker phosphorylation sites abolished
pSmad3L-mediated cell growth in HBx-expressing hepa-
tocytes (Supplementary Figs. 3-5). These results suggest
that HBx activated the JNK/pSmad3L pathway, further
promoting cell proliferation by up-regulating c-Myc tran-
scription (Fig. 5).

Activation of the pSmad3Lic-Myc Pathway as HBx
Transgenic Mouse Livers Progress Through Hyperpla-
sia to HCC. We further investigated localization of
pSmad3L, HBx, and <Myc during HBx-induced
hepatocarcinogenesis in HBx transgenic mouse livers.
Beginning at the age of 2 months, HBx rtransgenic
mouse liver showed centrilobular foci of cellular alter-
ation with cytoplasmic vacuolation surrounding the
central veins where bromodeoxyuridine was upraken
into the hepatocytes.®

In this hyperplastic mouse liver, phosphorylation at
Smad3L was observed in heparocytic nuclei in the centri-
lobular region, and distribution of pSmad3L was similar
to those of HBx and c-Myc (Fig. 6A). pSmad3L, HBx,
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Fig. 4, As chronic hepatitis B progressed through cirrhosis to HCC, JNK/pSmad3L/c-Myc ongogenic signaling started to increase, whereas the
tumor-suppressive pSmad3C/p21%4" pathway decreased. (A) pSmad3L and c-Myc increased as human chronic hepatitis 8 progressed through
cirrhosis to HCC. (B) pSmad3C and p2 1™ decreased as human chronic hepatitis B progressed through cirrhosls te HCC. All sections in A and B
were counterstained with hemotoxylin (blue). Brown staining indicates specific Ab reactivity. Bar = 50 um, {C) Immunoblotting of pSmad3L and
pSmad3C in HBV-related chionic liver diseases. Cell lysates obtained from hepatocellular carcinoma (HCC) and surrounding nonneoplastic liver
tissues including chronic hepatitis B (CH) ot liver cirthosis (LC) as well as uninvolved nomal liver tissues from a patient with a metastatic liver tumor
were subjected to anti-Smad3 immunoprecipitation (IP) and were then immunoblotted with each anti-pSmad3 Ab (upper panels). Relative amounts
of endogenous Smad3 were determined via immuneblotting using anti-Smad3 Ab {bottom panel). (D) INK In human HBV-related chronic liver tissue
directly phosphorylated Smad3 at the linker region. Cell lysates obtained from HCC and surrounding nonneoplastic liver tissue including chronlc
hepatitis {CH) and liver cirrhosis (LC) from HBV-infected patients, as well as uninvolved normal liver tissue from a patient with a liver metastasls, were
subjected to anti-phospho-INK1/2 immunoprecipitation {IP), and were then mixed with bacterially expressed GST-Smad3 and GST-Smad2. After jn
vitro kinase assay, phosphorylation of Smad3L was analyzed via immunoblotting using anti-pSmad3L antihody (upper panel). Total Smad3 and

Smad2 were determined via immunoblotting using anti-Smad2/3 Ab {lower panel).

and c-Myc were distributed diffusely in HCC specimens
(Fig. 6B, HCC panel). Semiquantitative analyses of pos-
itivity for these molecules in HBx transgenic mouse livers
also revealed that hepatocytic pSmad3L, HBx, and ¢-Myc
increased as mouse liver progressed through hyperplasia
to HCC (Fig. 6C). Double immunofluorescence studies
in hyperplastic specimens confirmed that pSmad3L was
colocalized in HBx- and ¢-Myc-immunoreactive hepato-
cytes (Fig. 6D).

Success in comparative study of HBx, pSmad3L, and
e-Myc positivity during human and mouse hepatocarci-
nogenesis identified pSmad3L as a key regulatory element

that offers a general framework for understanding the
origins of HBV-related HCC.

Chronic Hepatitis B Patients with Hepatocytes Pos-
itive for pSmad3L and Negative for pSmad3C In-
creased Risk of HCC Development. We finally
investigated whether phosphorylation levels of Smad3
could affect the risk of neoplastic evolution in the patients
with chronic hepatitis B (Table 2). To compare HCC
incidence, patients were classified into those with abun-
dant (scores 3 to 4) and limited (scores 0 to 2) Smad3
phosphorylation in hepatocytic nuclei. HCC developed
in six of 28 patients with abundant Smad3L phosphory-
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Fig. 5. Reversibifity of Smad3-cependent signaling between tumor
suppression and oncogenesis in HBx-expressing hepatocytes. Hepato-
cytes exhibit TGF-B- dependent Smad3 phosphorylation at the C-terminal
fegion, which results in growth inhibition by repression of c-Myc. High
expression of HBX protein in hepatocyles tends to shul down pSmad3cC-
mediated signaling and favor acquisition of constitutively active JNK-
mediated pSmad3L signaling, which fosters cell growth by up-regulating
¢c-Myc. Selective blockade of linker phosphorylation by a mutent Smad3
tacking the INK-dependent finker phosphorylation sites (Smad3EPSM)
restores the TGF-B-dependent lumor-suppressive response Involving
pSmad3C that is shown by parental hepatocytes.

lation, but in only one of 32 patients with limited
Smad3L phosphorylation (log-rank = 0.03) (Fig. 7A). In
contrast, HCC developed only in the patients with lim-
ited Smad3C phosphorylation, and no patients with
abundant hepatocytic pSmad3C developed HCC (log-
rank = 0.009) (Fig. 7B).

Several studies have analyzed risk factors for HCC oc-
currence in patients with HBV-related chronic liver dis-
case, including elevated plasma HBY DNA% and
seropositivity for hepatitis B e antigen.’ In the univariate
analysis, HCC occurrence in high pSmad3L positivity
(P = 0.01), low pSmad3C positivity (P = 0.03), and
plasma HBV-DNA levels of more than 5.0 log copies/ml.
(P = 0.05) showed P values less than 0.10, thus being
significantly associated with HCC {Table 5). All variables
with stadistical significance in the univariate analysis were
entered in the multivariate analysis, and high pSmad3L
and low pSmad3C positivity were considered signifi-

cantly predictive of HCC development within 12 years.

Hepatocytic positivitiy for pSmad3l. and pSmad3C
should allow us to distinguish chronic hepatitis B patients
at high and low risk for the development of HCC in near
future.

Discussion

In patients with chronic hepatitis B, persistent HBV
infection is clearly the primary inducer of HCC.!7 Com-

MURATA ET AL, 1213

parative studies that seek to identify conserved oncogenic
signaling common to HCC in both humans and experi-
mental animals will help to eventually identify the molec-
ular pathways that drive the development of HCC.¥
Much is known about the morphologic changes of cells
and tissues that precede and accompany development of
HCC in humans, allowing earlier diagnosis in some in-
stances.® A variety of molecular alterations have been
detected in fully developed HCC and to a lesser extent in
morphologically defined preneoplastic precursor le-
sions.2? Our current studies compared pSmad3L- and
pSmad3C-mediated signaling in biopsy specimens of
chronic hepatitis, cirrhosis, or HCC from 90 patients
with chronic HBV infection versus signaling in prenco-
plastic and neoplastic liver lesions of HBx transgenic
mice. Taken together with the results of in vitro experi-
ments using HBx-expressing hepatocytes, our findings in-
dicate that the HBx oncoprotein participates direcdy in
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis
in patients with early chronic hepatitis B (Fig. 7C). Ac-
cording to the two-step model of carcinogenesis (initia-
tion and promotion), tumor formation can be explained
by permanent HBx-dependent activation of the JNK/
pSmad3L cascade that has a tumor promoter-like action.

HCC is 2 human neoplasm associated with viral infec-
tion."? At present, hepatitis virus—associated carcinogen-
esis can be seen as a multifactorial process that includes
both direct and indirect mechanisms.!® A major factor in
the process of HCC development is the host immune
system.? Chronic inflammation, degeneration, and re-
generation induced by the host cellular immune response
are common to a variety of human liver diseases, and
subsequent cellular proliferation might increase the risk of
cancer. We previously reported that increased phosphor-
vlation of Smad3L and decreased phosphorylation of
Smad3C were associated with an increased risk of HCV-
related HCC.2® Similarly to HCV-related chronic liver
disease, strong pSmad3L positivity was observed in the
late stages of HBV-related chronic liver disease (F3 to
F4) (Fig, 1C). Considering the development of HCC
in HCV core gene-transgenic mice,®' hepatitis viruses
themselves together with the host immune response
might promote human hepatocarcinogenesis via the
JNK/pSmad3L pathway during the late stage of the
carcinogenic process in both HBV- and HCV- related
chronic liver disease.

However, HBV and HCV have different roles in hu-
man hepatocarcinogenesis when early chronic heparitis
(F1 to F2) is considered. The histological severity of-
HCV-related liver disease cotrelates closely with the risk

-150-



1214 MURATA ET AL HEPATOLOGY, Apnil 2009
A 2 pEmad L Wby oM B s plmaddy, o By My
-
i
L
5
= g2
-§ &
& i
= .
g&wﬁ%
i LS. S ¥ SO
5 e #a
B gn % 5 LR
; i
2 P & % * 45
b M b ]
L] - 8 - L]

st TEBET 100 et 1
Norasst vgg: Hee Nerwat %?fg: #ee

Rores gi’;%f: HOO

Fig. 8. The pSmad3l/c-Myc pathway was activated as HBx transgenic mouse liver progressed through hyperplasia to HCC. {A} Distribution of
pSmad3L, HBx, and ¢-Myc In byperplastic specimens from HBx transgenic mouse liver, (B) Distributions of pSmad3L, HBx, and ¢-Mye in normal liver,
hypemlasia, and HCC specimens from HBx transgenic mice. Immunostaining for pSmad3t, HBx, and ¢-Myc was present in hyperplastic hepatocytes
susrounding central velns in HBx transgenic mouse liver {{A) and (B), hyperplasia panels}, and was distributed diffusely in HCC specimens [{B}, HCC
panell. All sections were counterstained with hemotoxylin (blue). Brown color Indieates specific Ab reactivity. Bar = 50 pm, {C) Hepatodylic
pSmad3l, HBX, and ¢-Mye increased as HBx transgenic mouse liver progressed from hyperplasia to HCC. Staining for pSmad3L, HBx, and oMy was
detected minimally in normat mouse livers, but was strongly up-regulated in neoplastic livers. In HCC, pSmad3L, HBx, and ¢-Myc were significantly
greater than in livers with hyperplasia. *P <0 0.05. Extent of pSmad3L, HBx, and o-Mye: 0, 0: L4 1; 12, 2; B8, 3; M, 4, (D} Hepatocytic pSmad3l
in hyperplastic spacimens from HBx transgenic mouse liver was colocalized with HBX and ¢-Myc. Hyperplasia sections of HBx transgenic mouse livers
were stained for immunofluorescence to simultaneously detect pSmad3L {red) and HBx or c-Myc {green). Yellow color indicates overlap of proteins,

Hepatocytes immunoreactive for pSmad3L showed colacalization of HBx {upper column} and c-Mye (lower column). Bar = 50 .

of HCC.3 In contrast, HCC occasionally develops in
healthy HBV surface antigen carriers, who are persistently
infected with HBV but have normal liver function param-
eters and no necroinflammarion.® This indicates that
HBYV itselt has a direct influence on hepatocarcinogenesis
in early chronic hepatitis B. Although integration of the
viral genome iito chromosomal DNA has not been re-
ported in patients with HCV infection, integration of
HBYV has been detected in almost all cases of chronic
hepatitis B,* leading to activation of the HBx-mediated
oncogenic pathway.? It is noteworthy that HCC devel-
oped in patient 10 (Table 2), who showed strong
pSmad3L positivity of hepatocytic nudlei but had mini-
mal necroinflammatory activity (A1) or fibrosis (F1). In
summary, HCV contributes indirectly to the develop-
ment of HCC through chronic inflammation in early

chronic hepatitis C. In contrast, HBV directly triggers the
JNK/pSmad3L oncogenic pathway in eardy chronic hep-
atitis B, thus playing a role beyond mere stimulation of
the host immune response.

Our findings also open up a new avenue to understand-
ing the development and progression of hepatic fibrogen-
esis.** Whereas HSCs have traditionally been considered
as the principal source of liver fibrosis, mature hepatocytes
can acquire a mesencymal phenotype and perform the
functions of activated HSC—that is, they can contribute
to fibrogenesis.*>3 In support of this notion, pSmad3L-
mediated signaling promotes liver fibrosis by hepatocytes
as well as activated HSCs during long-standing carcino-
genesis.' 182 In this manner, either HBV- or HCV-re-
lated chironic hepatitis progresses through fibrogenesis to
HCC.
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Fig. 7. Chionic hepatitis B patients with hepatocytes positive for
pSmad3L and negative for pSmad3C increased risk of HCC development. (A)
HCEC occurred subsequently among patients whose hepatocytes In chronic
hepatitis B specimens were strongly positive for pSmad3L. Incidence of HCC
was significantly higher in patients with abundant Smad3L phosphorylation
{scores 3 to 4, sofid line) in hepatoeytic nuclel versus those with sparse
Smad3L phosphorylation {scores O to 2, dotted line). (B) HCC did not ocour
subsequently among patients whose hepatocytes in chronic hepatitis B
specimens were stongly positive for pSmad3C. HCC occumed only in
patients with sparse Smad3C phosphorylation (scores O to 2, solid line) in
hepatocytic nuclel, while no patients with abundant Smad3C phosphoryla-
tion {scores 3 to 4, dotted line) have developed HCC. Cumulative rates of
HEC occurrence from chronic hepatitis B were compared between cases with
high and low phosphorylation of Smad3L and Smad3C (Kaplan-Meier
analysis and log-rank test). {C) HBx protein shifted hepatic TGF-8 signaling
from the lumor-suppressive pSmad3C pathway to the oncogenic INK-de-
pendent pSmad3l pathway in eatly stages of chronic hepatitis B. Normal
hepatocyles exhibited TGF-B-dependent Smad3 phosphorylation at the
Ceminal region, which is related to growth inhibition by up-regulation of
p21%¥1 HBx protein activates JNK, promoting the oncogenic pSmad3t
signaling, which fosters cell growth by up-regulating ¢-Mye, In a mean time
reducing tumar-suppressive pSmad3C-mediated signaling
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The general biomedical approach to HCC is shifting
away from population risk assessment and empirical
treatment of patients to predictive personalized medi-
cine based on molecular classification and targeted
therapy.?” Better knowledge of the risk factors associ-
ated with the occurrence of HCC can improve the
effectiveness of surveillance programs. Our approach
has identified pSmad3L and pSmad3C as prognostic
markers that may prove to be clinically useful, Such
predictive markers could allow us to select patients
with chronic hepatitis B who have a high or low risk of
developing HCC. Although the latter group could be
followed up on an annual basis, the patients with a high
risk require targeted surveillance measures to allow
carly diagnosis of HCC.

Phosphorylation of many transcription factors is con-
trolled by the dynamic interplay between kinases and
phosphatases. In this regard, we studied the kinetics of
both linker and C-terminal phosphorylation of Smad3 in
parental and HBx-expressing hepatocytes in response to
TGE-B (unpublished observation). In parental hepato-
cytes, the levels of linker and C-terminal phosphorylation
peaked at 30 minutes after the start of exposureto TGE-g
and then gradually declined. However, HBx-expressing
hepatocytes showed constitutive phosphorylation at
Smad3L during continuous exposure to TGE-B. Several
lines of evidence have identified small C-terminal domain
phosphatase (SCP1-3) and protein phosphatase magne-
sium 1A (PPM1A) as the linker and C-terminal phospha-
tases, respectively.’”3® Accordingly, SCP1-3 and PPM1A
may reverse domain-specific phosphorylation in normal
hepatocyes. In contrast, HBx-expressing hepatocytes may
not show induction or activation of SCP1-3. Alterna-
tively, linker phosphorylation in HBx-expressing hepato-
cytes might be resistant to SCP1-3.

Many researchers have been seeking key transcription
factors regulating tumor-suppressive pathways that are al-
tered in cancer. Our current model of JNK/pSmad3L
signaling during HBV-related chronic liver disease sug-
gests that specific inhibitors of the JNK/pSmad3L path-
way might inhibit the progression of HCC. With respect
to molecular targeting therapy for human HCC,
pSmad3L and pSmad3C should be assessed as biomarkers
to evaluate the benefit from specific inhibition of the

JNK/pSmad3L pathway.
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Table 5. Variables with Independent Predictive Value for HCC in Univariate and Multivariate Analyses

Univariate Analysis Multivariate Analysis
No. of Patients Hazard Ratio Hazard Ratio
Characteristics n with HCC (%) {85% Ci) P Value (95% Ci) P Value

pSmad3L positivity*

Low (1 and 2) 32 1(3) 1.00 1.00

High (3 and 4) 28 6 (21) 3.8(1.4-10.6) 0.01 14.8 (1.8-118.5) 0.01
pSmad3C positivity*

High (3 and 4) 30 0(0) 1.00 1.00

Low {1 and 2) 30 7(23) 2.8(0.001-7.0) 0.03 16.4 (1.0-125.0) 0.04
Fibrotic staget

Low (F1 and F2) 39 4 (10) 1.00 1.00

High (F3) 21 3(14) 1.9(0.7-5.4) 0.24 3.9 (0.4-38.6) 0.24
Inflammatory activityt

Low (AQ and Al) 23 1(8) 1.00 1.00

High (A2 and A3) 37 6 (16) 1.8 (0.7-4.8) 0.27 0.2(0.02-1.1) 0.06
HBV DNA (copies /mL)

<105 42 3(7) 1.00 1.00

>108 18 4(22) 1.9 (1.03.5) 0.05 2.5 (0.9-6.9) 0.08
HBeAg

Negative 42 4 (10) 1.00 1.00

Positive 18 3(17) 2.1(0.5-9.5) 032 9.9(1.1-89.3) 0.03

Abbreviations: Cl, confidence interval; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; pSmad3c, C-terminally phosphorylated
Smad3; pSmad3L, linker-phosphorylated Smad3. )

*Hepatocytic Smad3 phosphorylation In chronic hepatitis B specimens is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphonation; 2, 25% to
50% Smad3 phosphorylation; 3, 50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

References

i.

[

Llovet JM, Burroughs A, Bruix J. Hepatocellular carcinoma. Lancet 2003:
362:1907-1917.

. El-Serag HB. Hepatocellular carcinoma: recent wrends in the United

States. Gastroenterology 2004;127(Suppl):275-34S.

. Brechot C, Pourcel C, Louise A, Rain B, Tiollais P. Presence of integrated

hepatitis B virus DNA sequences in cellular DNA of human hepatocellular
carcinoma. Nature 1980;286:533-535.

. Kim CM, Koike K, Saito I, Miyamura T, Jay G. HBx gene of hepatitis B

virus induces liver cancer in transgenic mice. Nature 1991:351:317-320.

. Yu DY, Moon HB, Son JK, Jeong S, Yu SL, Yoon H, et al. Incidence of

hepatocellular carcinoma in transgenic mice expressing the hepatitis B
virus X-protein. ] Hepatol 1999;31:123-132.

. Koike K, Moriya K, lino S, Yotsuyanagi H, Endo Y, Miyamura T, et al.

High-level expression of hepatitis B virus HBx gene and hepatocarcino-
genesis in transgenic mice. HEPATOLOGY 1994:19:810-819.

. Benn}, SuF, Doria M, Schneider R}]. Heptitis B virus HBx protein induces

transcription factor AP-1 by activation of extracellular signal-related and
c-Jun N-terminal mitogen-activated protein kinases. ] Virol 1996;70:
4978-4985.

. Robents AB, Spom MB. The transforming growth factor-Bs. In: Spom

MB, Roberts AB, eds. Peptide Growth Factors and Their Receptors. Ber-
lin: Springer-Verlag, 1990:419-472.

. Heldin CH, Miyazono K, ten Dijke P. TGEF-B signaling from cell mem-

brane to nucleus through SMAD proteins. Nature 1997;:390:465-47 1.

. Massagué J. TGF-B signal transduction. Annu Rev Biochem 1998:67:

753-791.

. Kretzschmar M, Doody ], Timokhina I, Massague ]. A mechanism of

repression of TGF-B/Smad signaling by oncogenic Ras. Genes Dev 1999;
13:804-816.

- Mori §, Marsuzaki K, Yoshida K, Furukawa F, Tahashi Y, Yamagata H, et

al. TGF-B and HGF transmit the signals through JNK-dependent
Smad2/3 phosphorylation at the linker regions. Oncogene 2004;23:7416-
7429.

13.

16.

17.

20.

21.

22,

23.

—153-

Furukawa F, Matsuzaki K, Mori S, Tahashi Y, Yoshida K, Sugano Y, et al.
P38 MAPK mediates fibrogenic signal through Smad3 phosphorylation in
rat myofibroblasts. HEpATOLOGY 2003;38:879-889.

. Matsuura 1, Denissova NG, Wang G, He D, Long J, Liu F. Cyclin-

dependent kinases regulate the antiproliferative function of Smads. Nature
2004;430:226-231.

- Yamagata H, Matsuzaki K, Mori S, Yoshida K, Tahashi Y, Furukawa F, et

al. Acceleration of Smad2 and Smad3 phosphorylation via c-Jun NH(2)-
terminal kinase during human colorectal carcinogenesis. Cancer Res 2005;
65:157-165.

Sekimoto G, Matsuzaki K, Yoshida K, Mori S, Murata M, Seki T, et al.
Reversible Smad-dependent signaling between tumor suppression and on-
cogenesis. Cancer Res 2007;67:5090-5096.

Arany PR, Rane SG, Roberts AB. Smad3 deficiency inhibits v-ras-induced
transformation by suppression of JNK MAPK signaling and increased
farnesyl transferase inhibition. Oncogene 2008;27:2507-2512.

. Yoshida K, Matsuzaki K, Mori S, Tahashi Y, Yamagata H, Furulawa F, et

al. Transforming growth factor-B and platelet-derived growth factor signal
via c-Jun N-terminal kinase-dependent Smad2/3 phosphorylation in rat
hepatic stellate cells after acute liver injury. Am J Pathol 2005;166:1029-
1039.

. Block TM, Mehta AS, Fimmel CJ, Jordan R. Molecular viral oncology of

hepatocellular carcinoma, Oncogene 2003:22:5093-5107.

Matsuzaki K, Murata M, Yoshida K, Sekimoto G, Uemura Y, Sakaida N,
et al. Chronic inflammation associated with hepatitis C viral infection
perturbs hepatic TGF-8 signaling, promoting cirrhosis and hepatocellular
carcinoma. HEPATOLOGY 2007:46:48-57.

Desmet V], Gerber M, Hoofnagle JH, Manns M. Scheuer PJ. Classifica-
tion of chronic hepatitis: diagnosis, grading and staging. HepaToLoGY
1994:19:1513-1520.

Cox DR. Regression models and life-tables. ] R Star Soc (B) 1972;34:187-
220.

Pardali K, Moustakas A. Actions of TGF-B as tumor suppressor and pro-
metastatic factor in human cancer. Biochim Biophys Acta 2007:1775:21-
62,



HEPATOLOGY, Vol. 49, No. 4, 2009

25.

26.

27.

28.

30.

3t

. Chen CJ, Yang HI. Su ], Jen CL, You SL. Lu SN, et al. REVEAL-HBV

study group. Risk of hepatocellular carcinoma across a biological gradient
of serum hepatitis B virus DNA level. JAMA 2006;295:65-73.

Feitelson MA. c-Myc overexpression in hepatocarcinogenesis. Human Pa-
thology 2004;35:1299-1302.

Yang HI, Lu SN, Liaw YF, You SL, Sun CA, Wang LY, et al. Taiwan
community-based cancer screening project group. Hepatitis B e antigen
and the risk of hepatocellular carcinoma. N Engl ] Med 2002;347:168-
174.

Thorgeirsson SS, Lee JS, Grisham JW. Functional genomics of hepatocel-
tular carcinoma. HEPATOLOGY 2006;43:145-150.

Theise ND, Park YN, Kojiro M. Dysplastic nodules and hepatocarcino-
genesis. Clin Liver Dis 2002;6:497-512.

. Thorgeirsson S8, Grisham JW. Molecular pathogenesis of human hepato-

cellular carcinoma. Nat Genet 2002;31:339-346.

Chisari FV, Klopchin K, Moriyama T, Pasquinelli C, Dunsford HA, Sell §,
et al. Molecular pathogenesis of hepatocellular carcinoma in hepatitis B
virus transgenic mice. Cell 1989;59:1145-1156.

Moriya K, Fujie H, Shintani Y, Yotsuyanagi H, Tsutsumi T, Ishibashi K,
et al. The core protein of hepatitis C virus induces hepatocellular carci-
noma in transgenic mice. Nat Med 1998:4:1065-1067.

32.

33.

34.

35.

36.

37.

38.

-154-

MURATA ET AL. 1217

Di Bisceglie AM. Hepatitis C and hepatocellular carcinoma. HepaToLOGY
1997:26 (Supp!):345-38S.

Popper H, Shafritz DA, Hoofnagle JH. Relation of the hepatitis B virus
carrier state to hepatocellular carcinoma. HEPATOLOGY 1987:7:764-772.
Inagaki Y, Okazaki 1. Emerging insights into transforming growth factor 8
Smad signal in hepatic fibrogenesis. Gut 2007;56:284-292.

Kaimori A, Potter ], Kaimori JY, Wang C, Mezey E, Koteish A. Trans-
forming growth factor-81 induces an epithelial-to-mesenchymal transi-
tion state in mouse hepatocytes in vitro. ] Biol Chem 2007;282:22089-
22101.

Weng HL, Ciuclan L, Liu Y, Hamzavi }, Godoy P, Gaitantzi H, et al.
Profibrogenic transforming growth factor-B/activin receptor-like kinase 5
signaling via connective tissue growth factor expression in hepatoqytes.
HEPATOLOGY 2007:46:1257-1270.

Lin X, Duan X, Liang YY, Su Y, Wrighton KH, Long }, et al. PPMIA
functions as a Smad phosphatase to terminate TGFg signaling. Cell 2006;
125:915-928.

Wrighton KH, Willis D, Long ), Liu F, Lin X, Feng XH. Small C-terminal
domain phosphatases dephosphonyate the regulatory linker regions of
Smad2 and Smad3 to enhance transforming growth factor-8 signaling.
] Biol Chem 2006;281:38365-38375.



Proteomics Analysis of Mitochondrial Proteins Reveals

Overexpression of a Mitochondrial Protein Chaperon,

Prohibitin, in Cells Expressing Hepatitis C Virus Core
Protein

Takeya Tsutsumi,! Mami Matsuda,” Hideki Aizaki,? Kyoji Moriya,' Hideyuki Miyoshi,! Hajime Fujie,!
Yoshizumi Shintani," Hiroshi Yotsuyanagi,' Tatsuo Miyamura,2 Tetsuro Suzuki, and Kazuhiko Koike!

The hepatitis C virus (HCV) core protein is involved in viral pathogenesis such as oxidative
stress induction and lipid metabolism disturbance, and is primarily located in the cytoplasm
and endoplasmic reticulum in association with lipid droplets as well as in the mitochondria.
To clarify the impact of the core protein on mitochondria, we analyzed the expression
pattern of mitochondrial proteins in core protein-expressing cells by two-dimensional poly-
acrylamide gel electrophoresis. Several proteins related to the mitochondrial respiratory
chain or protein chaperons were identified by mass spectrometry. Among the identified
proteins with consistently different expressions, prohibitin, a mitochondsrial protein chap-
eron, was up-regulated not only in core-expressing cells but also in full-genomic replicon
cells and livers of core-gene transgenic mice. The stability of prohibitin was increased
through interaction with the core protein. Further analysis demonstrated that interaction of
prohibitin with mitochondrial DNA-encoded subunits of cytochrome ¢ oxidase (COX) was
disturbed by the core protein, resulting in a significant decrease in COX activity. Conclusion:
The HCV core protein affects the steady-state levels of a subset of mitochondrial proteins
including prohibitin, which may lead to an impaired function of the mitochondrial respi-
ratory chain with the overproduction of oxidative stress. (HEPATOLOGY 2009;50:378-386.)

he hepatitis C virus (HCV) is a causative agent of
chronic hepatitis, which often leads to cirrhosis
and, eventually, to the development of hepatocel-
lular carcinoma (HCC). However, the mechanism of
hepatocarcinogenesis in HCV infection is not yet fully
elucidated. The HCV core protein forms the viral nucleo-
capsid protein and has various properties that modulate
cellular processes in numerous ways. The core protein

Abbreviations: 2D-PAGE, two-dimensional polyacrylamide gel electrophoresis;
COX. cytochrome c oxidase; ER, endoplasmic reticulum; Erol, ER protein endo-
plasmic oxidoreduction-1;: HCC, hepatocellular carcinoma; HCV, hepatitis C vi-
rus; HSP, heat shock prosein; IFN, inserferon; MnSOD, manganese superoxide
dismuzase; NS, nonstrucrural; OST48, oligosaccharyloransferases-48; PDH, pyru-
vate debydrogenase; PDI, prosein disulfide isomerase; ROS, reactive oxygen species;
TFA. rrifluoroacetic acid.
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binds to cellular proteins, suppresses or enhances apopto-
sis, and modulates the transcription of some host genes.!
In addition, transgenic mice expressing the core protein
develop HCC,? indicating a direct contribution of the
core protein to the pathogenesis of hepatitis C.

The core protein is mostly localized to the endoplasmic
reticulum (ER), but we and other groups have shown its
localization to the mitochondria in cultured cells and
transgenic mice.>%¢ In addition, the double structure of
mitochondrial membranes is disrupted in hepatocytes of
core-gene transgenic mice.24 Evidence suggests that the
core protein modulates some mitochondrial functions,
incuding fauwty acid B-oxidation, the impairment of
which may induce lipid abnormalities and hepatic steato-
sis. In addition, the mitochondrion is an important source
of reactive oxygen species (ROS). In livers of transgenic
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mice harboring the core gene, increased ROS production
has been observed.” A recent study found, by the pro-
teomic profiling of biopsy specimens, that an impairment
in key mitochondrial processes, including fatty acid oxi-
dation and oxidative phosphorylation, and in the re-
sponse to oxidative stress occurs in HCV-infected human
liver with advanced fibrosis.'® Therefore, it is probable
that the HCV core protein affects mitochondrial func-
tions because such pathogenesis is observed in both HCV
core-transgenic mice and HCV-infected patients.!1-13

The recent progress in proteomics has opened new ave-
nues for disease-related biomarker discovery. Among pro-
teomics approaches, two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) is a technique for the separation
and identification of proteins in a sample by displacement in
two dimensions oriented at right angles to one another. This
method is generally used as a component of proteomics and
is the step used for the isolation of proteins for further char-
acterization by mass spectrometry. 2D-PAGE is particularly
useful when comparing two related samples such as healthy
and diseased tssue. For example, proteins that are more
abundant in diseased tissue may represent novel drug targets
or diagnostic markers. In fact, several candidate biomarkers
for many human cancers have been identified by this ap-
proach. 4 There are, however, tens of thousands of proteins
in a cell, differing in abundance over six orders of magnitude.
2D-PAGE is not sensitive enough to detect rare proteins,
and hence many proteins are not resolved. Therefore, split-
ting a sample into different fractions is often necessary to
reduce the complexity of protein mixtures prior to 2D-
PAGE. For this advantage, Lescuyer et al.!'s performed a
2D-PAGE of human mitochondrial proteins derived from
the placenta and identified proteins mainly by peptide mass
fingerprinting.

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

Materials and Methods

Cells and Purification of Mitochondria. Hep39
cells,'s which stably express the HCV core protein, and
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control HepG2 cells (Hepswx) were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal
bovine serum and 1 mg/mL G418. Mitochondria were
purified using Nycodenz (Nycomed Pharma, Ziirich,
Switzerland) according to the protocols reported by
Okado-Matsumoto et al.!” For transient transfection ex-
periments, HepG2 cells were transfected with a core-ex-
pression plasmid using TransIT-LT1 (Mirus Bio,
Madison, WI). Huh7 cells harboring HCV genotype 1b
full-genomic (RCYM1)!8 or subgenomic replicon (5-15),
and livers of 3-month-old core-gene transgenic mice?
were also used for the analysis.

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

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

Database Analysis. For protein identification the
measured monoisotopic masses of the peptides were ana-
lyzed using MS-Fit provided by UCSF (http://prospector.
ucsf.edu/ucsthtml3.2/msfic.htm).

Immunoblotting and Immunoprecipitation. Puri-
fied mitochondria were lysed and sonicated in RIPA
buffer, then centrifuged at 16,000 rpm for 10 minutes.
Protein concentration was determined using a BCA Pro-
tein Assay Reagent Kit (Pierce Biotechnology, Rockford,
IL). The samples were separated by sodium dodecyl sul-
fate (SDS)-PAGE and electrotransferred onto a polyvi-
nylidene fluoride membrane (Immobilon; Millipore,

Japan), then blocked with BlockAce (Snow Brand, To-
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kyo, Japan). The membrane was subsequently incubared
with specific primary antibodies followed by horseradish
peroxidase-conjugared secondary antibodies and visual-
ized using SuperSignal West Pico Chemiluminescent
Substrate (Pierce). Antibodies against the core protein
(Anogen, Mississauga, Canada), manganese superoxide
dismutase (MnSOD) (BD Biosciences, San Jose, CA),
prohibitin (Neomarkers, Fremont, CA), oligosaccharyl-
transferase-48 (OST48), heat shock protein (HSP) 60
(Santa-Cruz Biotechnology, Santa Cruz, CA), pyruvate
debydrogenase (PDH), ubiquinol-cytochrome ¢ oxi-
doreducrase, COX (Molecular Probes, Eugene, ORY), pro-
tein disulfide isomerase (PDI), ER protein endoplasmic
oxidoreduction-1 (Erol)-La, and I«Ba (Cell Signaling
Technology, Danvers, MA}, were used as primary anti-
bodies. For immunoprecipitation experiments, cells were
lysed in NET-N buffer (20 mM Tris-HCl [pH 8.0}, 100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) and the
lysates were incubated with anti-prohibitin avernight fol-
lowed by the additon of protein Sepharose 4B (GE
Healthcare), then washed with the same buffer five times.
Immunoprecipitates were subjected to SDS-PAGE fol-
lowed by immunoblotting with specific antibodies.

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

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

Results

Presence of HCV Core Protein in Purified Mito-

chondria. Increasing evidence suggests thar the HCV

Fig. 1. 2D-PAGE of mitochondda purified from
core-expressing cells, {A) Whole-cell lysates (WCL)
and purified mitochondris (mito) derived from
core-expressing cells were subjected to SDS-PAGE
and immunoblotted with anti-core, anti-subunit of
complex | {mitochoadral protein), or anti-0ST48,
PDI, Erolia {(ER proteins) antibodies. (B} Purified
mitachondria of core-expressing cells were sub-
jected to 2D-PAGE and the gel was stained with
silver. The numbers shown on the rdght are molec-
ular weights. (C) Purfied mitochondda of core-
expressing and control cells were subjected to
SDS-PAGE and blotted with an anti-E18 subunit of
PDH (PDH E18), anti-MnSOD, or anti-HSP60 an-
tibody.

3.0
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core protein is localized to mitochondria as well as to ER
and the nucleus. Therefore, we first investigated whether
the core protein is expressed in the mitochondria of core-
expressing (Hep39) cells used in this study. We used Ny-
codenz discontinuous gradients to extract mitochondria
as described.'” In the mitochondria derived from core-
expressing HepG2 cells, the core protein was detected by
immunoblotting, whereas ER resident proteins such as an
ER-specific type | transmembrane protein OST48, ER-
resident molecular chaperon PDL, and ER membrane-
associated N-glycoprotein Erol-La, were not (Fig. 1A).
In chis fraction, reduced nicotinamide adenine dinucle-
otide (NADH)-ubiquinone oxidoreductase, complex I of
mitochondrial oxidative phosphorylation system, was
more strongly expressed than that in the whole cell, These
results indicate that the purified mitochondria fraction
was free of ER, and that a portion of the core protein was
localized ro the mitochondria in core-expressing cells.
Proteontics Analysis of Mitochondria by 2D-PAGE,
For proteomics analysis, purified mitochondrial proteins
derived from core-expressing cells were subjected to 2D-
PAGE followed by silver-staining of the gel. In this scudy
we analyzed only acidic proteins using IPG strips covering
pH 4 to pH 7 because the analysis of acidic proteins by
2D-PAGE is relatively easy. The mitochondrial fraction
was also extracted from Hepswx, a control cell line resis-
tant to G418 but does not express the core protein, then
similarly subjected to 2D-PAGE and used for comparing
the expression pattern. We repeated the above procedure
(purification of mitochondria, 2D-PAGE, and silver-
staining) five times, and confirmed a similar expression
pattern in core-expressing cells. The representative gel im-
age is shown in Fig. 1B. ImageMaster 2D Elite software
detected about 1100 spots on the silver-stained acidic gel,
i.e,, at pH 4-7 and Mrs of 20-100 kDa. The number of
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Table 1. Proteins of Differential Expression in Mitochendria
of Core-Expressing Cells

fold Change

Protein Name {Mean = SD)

Increased
Succinyl-CoAketoacid CoA transferase 1043 + 129
NADH-specific isocitrate dehydrogenase a subunit precursor 9.64 x 466

Unkarown 8.65 £ 240
GipE-fike protein co-chaperon 8,71 + 049
Leucine aminopeptidase 426 + 1.4
Pyruvate dehydrogenase E1 component b subunit 379+ 134
CGO15alt2 318 £ 0.80
HSPTO 341+ 138
Prohibitin 280 024
3-Hydronyisobutyrate dehydrogenase 247 £ 077
HSPC108 2.46 £ 0.69
MnSOD 2,35 £ 0.65
Ubiquingl-cytochrome ¢ exidoreductase core | protein 2.00 + 0.23
Decreased
Aldehyde dehydrogenase 2 0.12 £ 0.02
Aldehyde dehydrogenase § precursos 0,25 + 0.03
ATP synthase a subunit isoform 1 0.50 = 0.09
Reference protein
HSPEO 102 + 0.02

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

C ~Gr Lo
core + - * -
Prohibitin ™ s s S

IFN
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We then compared the intensity of the spots between
core-expressing and control cells. Analysis of repeated ex-
petiments by Student’s ¢ test revealed 13 increased and
three decreased spots in intensity in core-expressing cells.
These spots were excised and digested with trypsin, then
proteins were identified by mass spectrometry. The names
of the identified proteins are listed in Table 1. Among
them were proteins related to mitochondrial respiratory
chain, protein chaperons, and lipid metabolism. Because
antibodies to some of these proteins are commercially
available, expression levels of the proteins were examined
by immunoblotring. The expression levels of the PDH-
E1B subunit and MnSOD, which were identified as in-
creased proteins, were higher in core-expressing cells than
in control cells (Fig. 1C), whereas that of HSP60, which
was identified as having a similar expression, was un-
changed.

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

Prohibitin

HSPE0

- HSP60

Core (WCL)
protubitinHSPEC

4

o¥g NY

Fig. 2. Up-regulation of prohibitin in core-expressing cells, (A} Protein spot conresponding to protibitin {arow) in 2D-PAGE. (B) Purified
mitochandria from core-expressing or control cells were subjected to SDS-PAGE and immunoblotied with anti-prohibitin or anti-HSP6O antibody. {9
Mitochondria were purified from growing {Gr} or confluent (o) cells in 100-mm dishes and subjected to SDS-PAGE, then immunobiotted with an
anti-prohibitin or anti-HSPEO antibody, (D) HepG2 cells in six-well plates were transfected with different amounts (pg) of core-expressing plasmid
and mitochondrial proteins were analyzed by immunoblotting with anti-prohibitin or anti-HSPBO antibody. The expression levels of the core protein
in whole-cell lysates (WCL) were also detenmined. (E) Cells harboring HCV replicon were untreated or treated with IFN and expression levels of
prohibitin in mitochondria were determined. Expression of HCV core and NSBA proteins was also examined. FG, full-genomic replicon cells; SG,
subgenomic replicon cells. (F) Expression levels of prohibitin in mitochondria were determined in liver tissues HCV core-gene transgenic and
nontransgenic mice. Prohibitin/HSPBO expression levels were determined by densitornetry, C-Tg, core-gene transgenic mouse; NT, nontransgenic

litermate (n = 3) *P < 0.DB.
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Fig. 3. increased protein stability of prohibitin in
core-gxpressing cells. (A) RNA was extracted from
core-expressing and control cells, and the amount
of specific mRNA was determined by real-time PCR
with specific primers/probe against prohibitin, The
amount of prohibitin mRNA was standardized by
that of 185 ribosomal RNA (18S RNA), (B) Cells
were incubated with 100 ng/mi cycloheximide and
harvested at the timepolnts indicated above the
lanes (numbers are hours of cycloheximide treat-
ment). Whole-cell lysates were subjected 1o SDS-
PAGE and immunoblotted with anti-prohibitin, anti-
IxBe, or anti-vinculin {as an iaternal standard)
antibody, The intensity of each band was measured
by densitometry, and expression tevels (prohibitin/
vinculin) are shown in the rght panel. (C} Celis
were harvested after incubation with 20 uM
MG132 for 8 hours and subjected to immunoblot-
ting with anti-prohibitin, anti-lkBa, or antivinculin

~w~ core
~ & - conteol

Tine of CHX freatment {h) antibody.

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

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

No difference in prohibitin mRNA was observed between
core-expressing and control cells (Fig. 3A). We next de-
termined the stability of prohibitin in these cells, By treat-
ing the cells with cycloheximide, the expression levels of
prohibitin gradually decreased in control cells (Fig. 3B).
On the other hand, in core-expressing cells prohibitin was
hardly degraded by cycloheximide treatment for 10
hours, whereas IkBar was equally degraded in both cells.
This result suggests that prohibitin was stabilized in the
presence of the core protein. Because prohibitin has been
shown to be degraded by proteasome,?* we examined ex-
pression levels of prohibitin in the presence of proteasome
inhibitor MG132. By treatment with MG 132, prohibitin
expression was increased to the similar level in core-ex-
pressing and control cells. These results suggest that the
core protein may inhibit proteasomal degradation of pro-
hibitin by some mechanism, including the prevention of
degradation by interaction with the core protein. Then,
core-expressing cells were lysed and subjected to immu-
noprecipitation with an anti-prohibitin antibody. As
shown in Fig. 4, the core protein was coimmunoprecipi-
tated with an anti-prohibitin antibody. To exclude a non-
specific interaction with the antibody or Sepharose beads,
cells expressing a small amount of prohibitin by transfec-
tion with small interfering RNA (siRNA) against prohib-
itin were also examined. In these cells the amount of the
coimmunoprecipitated cote protein decreased. In addi-
tion, the core protein was not coimmunoprecipitated by
control immunoglobulin G (IgG), indicating a specific
interaction of prohibitin with the core protein. These re-
sults suggest that prohibitin expression increased in core-
expressing cells owing to the increased stability
presumably by interaction with the core protein.
Impaived Chaperon Function of Probibitin in
Core-Expressing Cells. We next examined the effect of
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Fig. 4. Interaction of the core protein with prohibitin, Core-expressing
and control cells were transfected with or without siRNA against the
prohibitin gene, then harvested and lysed in NET-N buffer 3 days after
transfection. Whole-cell lysates (WCL} were immunoprecipitated (iP} with
an anti-prohibitin antibody or control 1gG and immunoblotted with anti-
prohibitin or anti-core antibody. Supematants after the immunoprecipi-
tation were hamvested and similarly immunoblotted (Post-iP}.

the interaction of prohibitin with the core protein on the
function of prohibitin. Prohibitin works as a chaperon of
mitochondrial proteins. Nijtmans et al.>' demonstrated
that prohibitin exerts a chaperon function particularly for
the stabilization of mitochondrial DNA-encoded pro-
teins. COX is a mitochondrial respiratory complex 1V
formed by 14 subunits, 10 of which are encoded by nu-
clear DNA and the rest by mitochondrial DNA.2 We
examined the interaction of prohibitin with subunic 11 of
COX encoded by mitochondrial DNA. As shown in Fig.
SA, the level of COX I coimmunoprecipitated with an
anti-prohibitin antibody was decreased in core-expressing
cells, alchough the amount of immunoprecipitated pro-
hibitin was higher than that in control cells. On the other
hand, the subunit IV of COX encoded by nuclear DNA
was similarly coimmunoprecipitated between core-ex-
pressing and control cells. When prohibitin expression
was decreased by siRNA transfection, coimmunoprecipi-
tation of COX subunits was similarly decreased with the
amount of immunoprecipitation of prohibitin itself being
low. We next determined expression levels of COX sub-
units in the mitochondria in these cells. Expression levels
of mitochondrial DNA-encoded subunits I and Il in core-
expressing cells were decreased, whereas the levels of nu-
clear DNA-encoded subunits IV and VIb were similar to
those in control cells. When transfected with prohibitin-
siIRNA, expression levels of all of the COX subunits ex-
amined were decreased in both core-expressing and
control cells, suggesting that protein levels of these sub-
units are dependent on prohibitin (Fig. SB, see Support-
ing Fig. 1 for densitometry). Similar data were observed
when blots for COX I1and IV were developed rogether in
the same membrane (Supporting Fig. 2). We also derer-
mined COX activity in these cells and found that core-
expressing cells had a significandy decreased COX activity
(about 70% of that in control cells, Fig. 5C). These results
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suggest that interaction of prohibitin with the core pro-
tein is associated with an impaired function of prohibitin
as a mitochondrial chaperon, which may trigger disor-
dered assembly and function of mitochondrial respiratory
complexes.

Discussion

In the present study we analyzed expression levels of
mitochondrial proteins in HepG2 cells expressing the
HCV core protein and identified a set of proteins with
different expressions. Some of those proteins were related
to the mitochondrial respiratory chain (Table 1). Because
the core protein was shown to be associated with the in-
duction of oxidative stress,”” the core protein may mod-
ulate the expression and function of proteins forming
mitochondrial respiratory complexes, which naturally

A weL P PostiP

»
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Fig. 5. Effects of core-prohibitin interaction on interaction/expression
of COX subunit proteins and COX activity. {A) Whole-cell lysates (WCL) of
core-expressing and control cells were subjected to immunoprecipitation
with an anti-prohibitin antibody or control 1gG, and the interaction of
prohibitin with COX subunits was deternined by Immunoblotting of
immunoprecipitated proteins (IP). Supernatants after the Immunoprecipi-
tation were harvested and similady immunoblotted {Post-IP). (B) Cells
were transfected with or without SiRNA against the prohibitin (Phb) or
GFP gene and havested 3 days after transfection for purification of
mitochondria. Purified mitochondria were subjected to SDS-PAGE and
immuncblotted with several anti-COX subunits antibodies. The expression
levels of HSP60 were also examined as an intemal control {C) COX
activity was determined by measwring cytochrome ¢ oxidation, The
activity was normalized by taking the average rate of control cells as 1.
Data shown are means % SE (n = 5), *P <€ 0.05.
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leads to ROS accumulation. In addition, MnSOD, which
plays a key role in protecting cells from oxidative damage,
was up-regulated in core-expressing cells, reflecting ROS
increase in the cells. Several protein chaperons such as
HSP70 and GrpE-like protein co-chaperon were also
identified as up-regulated proteins. Because these proteins
are known to be important in the mitochondrial protein-
import mechanisms, the modulated expression of these
proteins may be associated with the different expressions
of the identified mitochondrial proteins.

Prohibitin, a mitochondrial protein chaperon, was
identified as an up-regulated protein in core-expressing
cells. Prohibitin is a ubiquitously expressed and highly
conserved protein that was originally determined to play a
predominant role in inhibiting cell-cycle progression and
cellular proliferation by attenuating DNA synthesis. 2025
Prohibitin is present in the nucleus and interacts with
transcription factors that are important in cell cyce pro-
gression. In core-expressing cells used in this study, pro-
hibitin was also detected in the nucleus and its expression
level was also higher than that in control Hepswx cells or
HepG2 cells (data not shown). The growth rate of core-
expressing cells, however, was similar to that of control
cells (data not shown). The physiological significance of
the high expression level of prohibitin in the nucleus re-
mains to be determined, but it may be related to enhanced
apoptosis by Fas ligand, as shown by Ruggieri et al.,!¢
because prohibitin interacts with E2F, Rb, and p53 and
modulates the transcription activity of these factors and
induces apoptosis.26:27

Mitochondrial prohibitin acts as a protein chaperon by
stabilizing newly synthesized mitochondrial translation
products through direct interaction.2! We examined the
interaction between prohibitin and mitochondrially en-
coded subunit II of COX and found a suppressed inter-
action between these proteins in core-expressing cells. In
addition, there are several studies that showed the associ-
ation of prohibitin with the assembly of mitochondrial
respiratory complex I as well as complex IV (COX).21.28
Complex I also consists of both nuclear- and mitochon-
drial-DNA-encoded subunits; therefore, it is probable
that the assembly and function of complex I are impaired
by the core protein. We attempted to examine the inter-
action of prohibitin with the mitochondrial DNA-en-
coded subunit of complex I, but commercially available
antibodies against this subunit could not detect the pro-
tein itself by immunoblotting (data not shown). With
respect to the complex I function, we found a decreased
complex I activity in core-expressing cells (H. Miyoshi et
al., manuscript in preparation). Other groups have also
shown that complex I activity is decreased in the liver of
transgenic mice harboring HCV core and envelope genes®
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as well as in cultured cells.?* From these findings, the
interaction between prohibitin and the core protein may
impair the function of complex I as well as complex IV,
leading to an increase in ROS production. In fact, the
suppression of the prohibitin function is shown to result
in an increased production of ROS,30 a phenomenon ob-
served in core-expressing cells used in this study (Mivoshi
etal,, in prep.) as well as in the liver of core-gene trans-
genic mice”® Interestingly, Berger and Yaffe!' showed
that loss of function of prohibitin leads to an altered mi-
tochondrial morphology, that is, the loss of the normal
reticular morphology and organized mitochondrial distri-
bution. In hepatocytes from the core-gene transgenic
mice, we observed a change in morphology of mitochon-
dria, a disappearance of the double structure of mitochon-
drial membranes.2 These changes in mitochondrial
morphology are somewhat different, but the dysfunction
of prohibitin may be responsible for the morphological
abnormality of mitochondria observed in the core-gene
transgenic mice.

We concluded that prohibitin overexpression is due to
increased stability induced by the interaction with the
core protein. In this study we showed that prohibitin
might be degraded by proteasome, although we could not
detect ubiquitinated forms of prohibitin. If the degrada-
tion is mediated by ubiquitin as reported,? it is possible
thar the interaction with the core protein interferes with
ubiquitin-binding and protects prohibitin from degrada-
tion by proteasome. Some posteranslational protein mod-
ifications such as phosphorylation are other possible
factors for the stabilization, because prohibitin can be
serine-phosphorylated??; however, in our examination no
serine/threonine/tyrosine phosphorylation of prohibitin
was detected in core-expressing cells (data not shown).
Thus far, there are no studies showing that prohibitin
stabilization leads to a suppressed function as a mitochon-
drial chaperon. Therefore, this finding is novel and note-
worthy because the prohibitin expression level has been
considered to be proportional to the chaperon function.
Prohibitin is highly expressed in several human tu-
mors.3334 In addition, a 2D-PAGE of the hepatoma cell
line HCC-M identified prohibitin as a positively regu-
lated protein.3> In these studies, the mechanism of
prohibitin overexpression was not elucidated, but consid-
ering that prohibitin is associated with the inhibition of
cell proliferation, the function of prohibitin is suppressed
by stabilization by some molecules in the tumor, similar
to the mechanism we suggest in the current study.

In addition to HepG2 cells constitutively expressing
the core protein, increased prohibitin expression levels
were also found in livers of core-gene transgenic mice.
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The difference in expression levels between the transgenic
mice and nontransgenic littermates, however, was a little
bit smaller than that in the studies of HepG2 cells. This
may be due to the low expression level of the core protein
in the transgenic mice compared with that in core-ex-
pressing HepG2 cells because the expression level of pro-
hibitin was proportionally increased to that of the core
protein as shown in this study (Fig. 2D). Otherwise, there
might be some in vivo mechanism for suppressing prohib-
itin expression in mice.

In this study, COX subunit IV as well as Il were found
to interact with prohibitin (Fig. 5A). Although there are
no studies demonstrating that prohibitin also works as
chaperon for nuclear DNA-encoded mitochondrial pro-
teins as far as we investigated, knockdown of prohibitin
expression by siRNA led to decreases in expression levels
of both nuclear (COX IV, VIb) and mitochondrial (COX
I, II) DNA-encoded subunits in mitochondria (Fig. 5B
and Supporting Figs. 1 and 2). We showed that COX IV
interacts with prohibitin (Fig. 4), suggesting that prohib-
itin also works for stable expression of nuclear DNA-
encoded COX IV. Degrees of decrease in COX IV and
VIb expression, however, were smaller than those in I and
I1. Prohibitin might contribute to stabilization of COX
IV and VIb by mechanism(s) other than chaperon func-
tion. Steglich et al.* showed that prohibitn regulates
protein degradation by the m-AAA protease in mitochon-
dria. Recentlv, Da Cruz et al.?” showed that SLP-2, a
member of the stomatin gene family, interacts with pro-
hibitin and regulates the expression of mitochondrial pro-
teins such as COX IV and ND6 of complex I encoded by
nuclear DNA by AAA proteases. In view of these findings,
COX IV and VIb expression in mitochondria is depen-
dent on prohibitin but other factors may also be involved
in the atrainment of stable expression of these subunits.
The expression levels of COX Il and IV in the whole-cell
lysates were not so drastic among cell samples (Fig. 5A)
compared to those in the mitochondria (Fig. 5B). The
reason is not clear, but it is possible that redundant pro-
teins such as improperly folded proteins by lack of chap-
erons were included in the whole-cell lysates.

In summary, we analyzed mitochondrial proteins in
core-expressing HepG2 cells by proteomics analysis and
identified prohibitin as an up-regulated protein. The dys-
function of prohibitin induced by the core protein may
lead to ROS overproduction in the mitochondrion,
which plays a key role in the pathogenesis of chronic
hepatitis C. The restoration of prohibitin function might
be a therapeutic option for correcting the dysregulated
assembly and dysfunction of mitochondrial respiratory
chain complexes.
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Tacrolimus Ameliorates Metabolic Disturbance and
Oxidative Stress Caused by Hepatitis C Virus Core

Protein
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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 mitochondrial 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 genme 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-a, 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 discase. 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 socioeconomic 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
animal 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.2°

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 MCV infection with mitochondrial respiratory dys-
function'®'3'7 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,*®2" 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.??2® 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 0
nrmol/L, 10 nmol/L, 100 nmol/L, or 1 wmol/L. CyA was also
added to the culture medium at 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, Fu;ji
Film, Tokyo, Japan). The levels of serum insulin were deter-
mined by radicimmunoassay (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
Triglyceride Content, and Analysis of Fatty
Acid Compositions

Lipid extraction from the mouse liver tissues or cultured
cells was performed as described previously.®24 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-fong X 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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