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Fig. 5 - Motility of HCC cells after down-regulation of LGR5. Cells transfected with siControl, si585, or si662 were cultured for 2
days. Cell monolayers were scratched and photographed at 24 h. A: HepG2. B: PLC/PRF/5. C: Migration distance.

other non-metastatic [20]. It is quite interesting that KYN-2 and Li7
which express low levels of LGR5 were categorized as highly
metastatic, whereas HepG2 and PLC/PRF/5 which express high levels
of LGRS were categorized in the non-metastatic group. Our previous
clinicopathological study also showed that overexpression of LGRS
was more frequent in HCC with well to moderate differentiation
compared with poorly differentiated HCC, although the difference
was not statistically significant [6]. Here, we showed that the level of
LGR5 expression in HCC cells affected the morphology of the tumors
and their metastatic properties. Our present findings showed similar
analogies with the features of clinical HCC regarding LGR5 expres-
sion. There is a possibility that high levels of LGR5 expression in HCC
be the cause of the typical morphological and biological character-
istics of some subclasses of HCC.

We observed similar morphological changes from various kinds
of tumor cells by overexpression or down-regulation of LGR5
(unpublished data). One recent report showed that suppression of

LGRS expression in colorectal cancer cells enhanced tumor forma-
tion with increased cell motility, while cells overexpressing LGRS
tend to grow in ‘colonies’ with tight cell-to-cells contact and had
reduction in cell motility [10]. Their observations on morphological
changes and some other biological functions of LGR5 are mostly in
agreement with our results, although the background of cell linage
is different. Therefore, we think that our observations from the
present study are not specific only to HCC, but are more generally
applicable to the certain types of tumors.

Since the ligand of LGR5 has long been unknown, LGR5 has
been categorized as an orphan receptor. Recently, R-spondins
(Roof plate-specific Spondin, RSPOs) has been reported as ligands
of LGR5 and required for sufficient activation of Wnt/B-catenin
signaling [11,12,14]. To know whether overexpression of LGR5
affects the expression of RSPOs and potentiate Wnt/B-catenin
signaling, we additionally measured expression of R-Spondin 1
(RSPO1) mRNA, and analyzed Wnt/B-catenin signaling level with
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TOPflash/FOPflash TCF-luciferase reporter system (Supplemen-
tary Fig. 3). The expression of RSPO1 was not dependent on or
related to in parallel with LGR5 expression. In HCC cell lines with
high levels of LGR5 expression (HepG2), a high expression level of
RSPO1 was observed. However, RSPO1 was also highly expressed in
KIM 1 with low levels of LGR5. Also in LGR5-overexpressing cell
(KY-G1, KY-S1) and empty vector cell (KY-V2, KY-V3), the expres-
sion of RSPO1 was not affected. In colorectal cell lines, expression
level of RSPO1 was low in high LGR5 expressed cells, LoVo, whereas
it was high in low expressed LGR5 cells, HCT116. We found that
TOPFLASH/FOPFLASH ratio in LGR5-overexpressing KY-G1 cells was
not significantly different from the vector-transfected clone.
Furthermore, nuclear accumulation of B-catenin which is usually
accompanied with activated Wnt signaling pathway was not
detected in the LGR5-overexpressing clone (Fig. 1H). These results
suggest that morphological changes and some other properties
given from aberrant expression of LGR5 in tumor cells are not likely
regulated by augmented Wnt signaling through R-spondin/LGR5
signaling pathway.

In this study we have shown that high levels of LGR5 expression
confer cells with some of the properties of stem cells, including
sphere formation and enhanced survival. In addition, high levels of
LGR5 expression in vivo transformed tumors from a diffuse to a
more nodular phenotype and from a metastatic to a less metastatic
phenotype. These rather complicated biological roles of LGR5 may
explain some of the complexity of human cancers, and further
detailed studies of LGR5 would shed light on its biological functions
and on the development of effective treatment strategies for cancer.
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Background & Aims: Diacylglycerol kinases (DGKs) were Introduction

recently recognized as key regulators in cell signaling pathways.

We investigated whether DGKa is involved in human hepatocel- Hepatocellular carcinoma (HCC) is one of the most common solid
lular carcinoma (HCC) progression. tumors worldwide and its incidence is continuing to increase
Methods: We silenced or overexpressed DGKa in HCC cells [1,2]. The main therapies for HCC are curative strategies such as
and assessed its effect on tumor progression. DGKo expression liver resection or liver transplantation [3,4]. As these treatments
in 95 surgical samples was analyzed by immunohistochemistry, are only viable for patients with preserved liver function, or for
and the expression status of each sample was correlated with those with access to a donor organ, there are many patients with
clinicopathological features. incurable HCC [5,6]. In addition, the long-term outcome after
Results: DGKo was detected in various HCC cell lines but at very these therapies remains unsatisfactory because of high recur-
low levels in the normal liver. Knockdown of DGKu significantly rence rates [3,5]. Therefore, new novel therapeutic strategies for
suppressed cell proliferation and invasion. Overexpression of HCC are required.

wild type (WT) DGKa, but not its kinase-dead (KD) mutant, sig- HCC is associated with increased expression and activity of
nificantly enhanced cell proliferation. DGKo knockdown mitogen-activated protein kinase (MAPK) signaling intermediates
impaired MEK and ERK phosphorylation, but did not inhibit Ras [7,8]. Activated Ras induces the Raf-MAPK/ERK kinase (MEK)-
activation in HCC cells. In a xenograft model, WT DGKa. overex- extracellular signal-regulated kinase (ERK) cascade, which regu-
pression significantly enhanced tumor growth compared to the lates various cellular responses, including proliferation, survival,
control, but KD DGKao mutant had no effect. Immunohistochem- and migration [7-9].

ical studies showed that DGKo was expressed in cancerous tissue, Diacylglycerol kinase (DGK) catalyzes the phosphorylation of
but not in adjacent non-cancerous hepatocytes. High DGKa diacylglycerol (DG) to generate phosphatidic acid (PA) [10-14].
expression {>20%) was associated with high Ki67 expression DG and PA are recognized as important second messengers,
(p <0.05) and a high rate of HCC recurrence (p = 0.033) following and play key roles in signal transduction and cellular function
surgery. In multivariate analyses, high DGKo expression was an [11-14]. DGKs have critical tasks in signal transmission from
independent factor for determining HCC recurrence after surgery. many receptors, and modulate diverse cellular processes, regulat-
Conclusions: DGKa is involved in HCC progression by activation ing both DG and PA levels. To date, 10 mammalian DGK isozymes
of the MAPK pathway. DGKo: could be a novel target for HCC ther- (a-0) have been identified, and all have the catalytic region in
apeutics as well as a prognostic marker. common [10-14]. DGKa is subdivided into the type I group due
© 2012 European Association for the Study of the Liver. Published to its calcium-binding EF-hand motifs and recoverin homology
by Elsevier B.V. All rights reserved. domain [15-17]. This enzyme was first identified in T lympho-

cytes/thymus and enhances interleukin 2-induced T cell prolifer-
ation [15,18,19]. Another report demonstrated that DGKo
overexpression resulted in a defect in T cell receptor signaling
characteristic of anergy [20,21]. These reports collectively sug-
Keywords: Liver cancer; Diacylglycerol; Phosphatidic acid; Diacylglycerol kinase; gest that DGKo has various biological roles.

MAP kinase. .
Received 21 November 2011; received in revised form 2 February 2012; accepted 13 . Here, we foun,d that DGKa was expressed in s?veral human
February 2012; available online 14 March 2012 liver cancer cell lines, but only at very low levels in the normal
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School of Medical Sciences, Kyushu University, 3-1-1, Maidashi, Higashi-ku, form was downregulated and then conversely overexpressed in
Fukuoka 812-8582, Japan. Tel.: +81 92 642 5466; fax: +81 92 642 5482. two CC cell lines b ectine small interferin
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Abbreviations: HCC, hepatocellular carcinoma; MAPK, mitogen-activated protein i (si .) an O(_ expression plasmi s respectively. ‘nter-
kinase; DGK, diacylglycerol kinase; DG, diacylglycerol; PA, phosphatidic acid; estingly, this study clarified that DGKo positively regulated pro-
siRNA, small interfering RNA; ERK, extracellular signal-regulated kinase; MEK, liferation and invasion of human HCC cells through activation
MAPK/ERK kinase; HGF, hepatocyte growth factor; WT, wild type; KD, kinase of MAPK signaling. Furthermore, immunohistochemical studies

dead; FACS, fluorescence activated cell sorting.
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of surgical samples suggested that high DGKo expression was
associated with HCC recurrence after surgery.

Materials and methods
Cell culture

Human HCC cell lines, HuH7, PLC/PRF/5, HLE, and Hep3B, were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum,
100 IU/ml penicillin, and 100 mg/ml streptomycin sulfate (Life Technologies, Inc.,
Carlsbad, CA). All cells were maintained at 37 °C in 5% CO».

Antibodies and reagents

Anti-pig DGKa polyclonal antibodies (cross-reactive with human DGKo) were
prepared as described previously [22]. Other antibodies were obtained from com-
mercial sources as follows: anti-Ras antibody (Upstate Biotechnology, Inc.,
Waltham, MA), anti-ERK1/2, anti-phosphorylated-ERK1/2 (Thr-202/Tyr-204),
anti-MEK1/2, and anti-phosphorylated-MEK1/2 (Ser-217/221) antibodies (Cell
sSignaling Technology Inc., Beverly, MA), anti-actin, anti-GAPDH and anti-cyclin
D1 monoclonal antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA),
anti-Ki67 monoclonal antibodies (Dako, Tokyo, Japan) and anti-GFP monoclonal
antibodies (Nacalai Tesque, Kyoto, Japan). Recombinant human hepatocyte
growth factor (HGF) was purchased from Peprotech (Rocky Hill, NJ).

Human tissue samples

Samples from 95 patients who had undergone liver resection for HCC without
preoperative treatment at the Department of Surgery and Science, Kyushu Uni-
versity Hospital, between January 1998 and December 2002 were analyzed by
immunohistochemistry. Patients’ clinical features are shown in Table 1. Histolog-
ical diagnoses of the tumors were based on the General Rules for the Clinical and
Pathological Study of Primary Liver Cancer by the Liver Cancer Study Group of
Japan [23]. Written, informed consent was obtained from each patient for the
study of tissue excised from surgical specimens. The Kyushu University Medical
human investigation committee gave approval for this study.

Plasmids

cDNAs encoding wild type (WT) DGKot and kinase-dead (KD) DGKa were
generated as previously described [15,24] and were subcloned into pEGFP-C3
and pcDNA 1.1 vectors. Cells were transiently transfected using Lipofectamine
LTX (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. To
generate stable cell lines that permanently expressed exogenous GFP alone,
GFP-DGKat WT or GFP-DGKot KD, 1 pg of linearized DNA was transfected, and
cells were selected for neomycin resistance using 2 mg/ml of G418. Individual
clones were isolated and tested for expression of GFP by Western blot
analysis.

Immunohistochemistry

Paraffin sections of samples were deparaffinized. Heat-induced epitope retrieval
was performed in 0.1 M NaOH citrate buffer (pH 7.0), and the samples were
heated in an autoclave. Immunoreactivity was independently graded by two liver
pathologists. At least 1000 cancer cells in five high-power fields were
counted.

RNA interference

To silence the expression of human DGKa, the following oligonucleotides (Invit-
rogen, Carlsbad, CA) were used: DGKal sense; 5'-CGAGGAUGGCGAGAUGG-
CUAAAUAU-3', and DGKa2 sense; 5'-GCGAGUCAAGCAUUGGUCUUGGCAA-3'. As
a negative control, scrambled siRNA was used. The annealed oligonucleotide
duplex siRNA (10 nM) was transfected into cells using Lipofectamine RNAi max
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Cell proliferation assays

PLC/PRF/5 and HuH7 cells were seeded in 60 mm dishes at a density of 2 x 10°.
After days 0, 2. 4, 6, and 8 of transfection with plasmid or siRNA, cells were tryp-
sinized. Cells excluding trypan blue were counted using a hemocytometer.

Invasion assays

Invasion analyses were performed as described previously {25]. Invasive indexes
were calculated using the following formula: Invasion index (%)= (number of
cells that invaded through Matrigel insert membrane)/(number of cells that
migrated through control insert membrane). Each experiment was performed
in triplicate wells and repeated three times.

Protein extraction and Western blot analysis

Protein extraction and Western blot analysis were performed as described [26].
To measure the relative density of immunoreactive bands, images were scanned
and analyzed by Image ] software (National Institute of Health., Bethesda, MD).

Affinity precipitation of activated Ras

Cells were lysed in lysis buffer (50 mM Tris pH 7.5, 10 mM MgCl, 0.5 M NaCl, and
2% Igepal). The supernatant was incubated with 10 pl of Raf-Ras-binding domain
(RBD)-GST beads (Cytoskeleton Inc., Denver, CO), which selectively interacted
with active GTP-bound Ras. The beads were washed three times with wash buffer
(25 mM Tris pH 7.5, 30 mM MgCl,, 40 mM NaCl) containing 5 mM MgCl,, and then
boiled in SDS sample buffer. Ras associated with Raf-RBD-GST and total Ras in cell
Iysates were detected with anti-Ras antibody using Western blot analysis.

Fluorescence-activated cell sorting (FACS)

HCC cells were transfected with siRNA. After 48 h, cells were incubated with
40 ng/ml of HGF for 48 h. Adherent and floating cells were then pooled and
washed with ice-cold PBS, Cells were fixed with ice-cold 70% ethanol and labeled
with PI, followed by FACS. G1, S and G2/M populations were quantified using
FACS Scan Cell Sorter (BD Biosciences, Tokyo, Japan) using Flowjo software (Tree
Star, Ashland, OR).

Xenograft model

BALB/c male nude mice (Charles River, Yokohama, Japan) were maintained
according to the Institutional Animal Care and Use Committee of the Kyushu Uni-
versity Graduate School of Medical Sciences. Tumors were generated by subcuta-
neously injecting 5 x 108 PLC/PRF/5 cells stably expressing endogenous GFP
alone, GFP-DGKo WT, or GFP-DGKa: KD. Tumor dimensions were measured once
a week, and tumor volume was calculated using the following formula: tumor
volume (mm?) = (the largest diameters)/2 x (the smallest diameters)/2 [27]. Mice
were euthanized when tumors reached 10% of their body weight or when the skin
overlying tumors became ulcerated.

Statistical analysis

JMP 8] Version (SAS Institute, Cary, NC) was used for all analyses. All experiments
were independently performed three times in triplicate. Comparisons between
groups were made using Wilcoxon test with continuous variables and Fisher’s
exact test for comparisons of proportions. Survival curves were estimated using
the Kaplan-Meier method, and the differences in survival rates between groups
were compared by the log-rank test. Multivariate analysis was performed using
Cox's proportional hazard regression model to evaluate the independent factors
predictive of patients’ survival. By multivariate analysis, we examined the follow-
ing six clinicopathological factors, which were significant factors in the univariate
analysis: (1) positive for hepatitis C virus antibody; (2) indocyanine green 15-min
retention test (>15% vs. <15%); (3) positive for intrahepatic metastasis; (4) DGKa
(high vs. low expression); (5) liver cirrhosis, (6) AFP (>40 vs. <40). Data are
expressed as mean & standard deviation. p Values of <0.05 were considered to
be significant.
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Table 1. Relationship between DGKea expression and clinicopathological factors.

JOURNAL OF HEPATOLOGY

Factors All patients DGKa expression p value
Low High
(n = 95) (n=78) (n=17)

Gender, male (%) 80 78 88 0.51
Age (yr) 63+9 64 £ 10 61+9 0.41
HBsAg positive (%) 21 19 29 0.34
Anti-HCV Ab positive (%) 61 60 65 0.79
Albumin {(g/di) 4004 40+04 4.0+05 0.59
Total bilirubin (mg/dl) 09%03 0903 0903 0.60
AST (lU/L) 51+28 52 +29 45+ 22 0.38
ALT (JU/L) 54 + 43 53 +34 6473 0.34
ICG-R15 (%) 16+9 16+8 158 0.49
Platelet (x 10%/pl) 69+ 114 69 + 124 78 + 84 0.77
Child-Pugh A/B, C (%) 84/16 84/16 88/12 0.49
AFP (ng/ml) 7050 (1.7-41,000) 9000 (1.7-5600) 607 (5.3-41,000) 1.00
Cirrhosis (%) 31 31 24 0.77
Tumor size (cm) 4.2+341 42+32 47+£286 0.54
Stage I, WL, IV (%)* 42/58 45/55 24176 0.17
Differentiation: 70/30 68/32 76/24 0.57
well, moderately/poorly (%)

Portal vein invasion (%) 47 46 59 0.43
Intrahepatic metastasis (%) 23 19 41 0.06

DGKo, diacylglycerol kinase o; HBsAg, hepatitis B surface antigen; anti-HCV Ab, anti- hepatitis C virus antibody; ALT, alanine aminotransferase; AST, aspartate amino-

transferase; [CG-R15, indocyanine green 15-min retention test; AFP, a-fetoprotein.

*Tumor staging was defined according to the Liver Cancer Study Group of Japan [23].

Results
DGKuw is upregulated in HCC

DGKua, expression in HCC cell lines was examined by Western
blotting. Fig. 1A shows that DGKo was expressed in all HCC cell
lines, but was almost insignificant in primary cultured normal
hepatocytes prepared from surgically resected specimens of
patients with liver metastasis, indicating that DGKa is expressed
in HCC and the expression is stronger than in non-cancerous
hepatocytes.

Knockdown of DGK« suppresses HCC cell proliferation and invasion

To determine the role of DGKa in HCC, DGKa expression was
suppressed by siRNA in two HCC cell lines, PLC/PRF/5 and
HuH7. We used these cell lines for analysis because they have dif-
ferent features: PLC/PRF/5 cells are positive for hepatitis B surface
antigen and represent poorly differentiated HCC, whereas HuH7
cells are negative for hepatitis B surface antigen and represent
well differentiated HCC [28,29]. DGKa-specific siRNA successfully
silenced the expression of DGKa 48 h after transfection in PLC/
PRF/5 (Supplementary Fig. 1A) and HuH7 (data not shown) cells.
As previous reports demonstrated that DGKa positively regulates
T cell proliferation and vascular endothelial cell invasion [18,30],
the proliferation and invasion of DGKa-silenced HCC cells were
compared to those of wild type cells. Knockdown of DGKo
expression significantly inhibited HCC cell proliferation (Fig. 1B
and C). FACS analysis also showed that loss of DGKa increased
G1 phase and reduced G2/S phase of HCC cells (Fig. 1D).

Furthermore, DGKa knockdown decreased cyclin D1 expression,
indicating that it may be a target of DGKa (Fig. 1E). Next, the
invasive activity of DGKa in HCC cells was investigated. Silencing
of DGKea reduced cell invasion (Fig. 1F). These results suggest that
DGKa plays a key role in promoting HCC cell proliferation and
invasion.

Overexpression of DGKu« catalytic activity promotes HCC cell
proliferation

In the reverse experiment, we overexpressed DGKa in HCC cells.
Exogenous GFP alone, GFP-DGKa WT, and GFP-DGKa KD pro-
teins were expressed by transfecting plasmids (Supplementary
Fig. 1B); exogenous WT DGKa expression was about five times
that of endogenous DGKa in HCC cells (data not shown). WT
DGKo. overexpression significantly enhanced HCC cell prolifera-
tion (Fig. 2A and B). Although the expression level of KD DGKa
was almost the same as that of WT DGKo (Supplementary
Fig. 1B), this mutant failed to affect the extent of cell proliferation
(Fig. 2A and B), indicating that DGKa catalytic activity is required
to promote cell proliferation.

DGKuw. activates the Ras-Raf-MEK-ERK pathway in HCC cells

To elucidate the mechanism by which DGKa enhances cell prolif-
eration and invasion, HGF-induced ERK1/2 activation in DGKu-
silenced HCC cells was subsequently examined. It has been
reported that activation of the Ras-Raf~MEK-ERK pathway is
ubiquitous in human HCC, and its activation is associated with
tumor growth and invasion [8,31]. In PLC/PRF/5 and HuH7, DGKa
depletion significantly inhibited the increase in ERK1/2 phos-
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Fig. 1. DGKo expression in HCC cell lines and inhibition of HCC cell proliferation and invasion caused by silencing of DGKa. (A) DGKa expression in human HCC cells
and normal hepatocytes (NH) was analyzed. At the indicated times after transfections, (B) PLC/PRF/5 and (C) HuH7 cells were counted. (D) Histograms show DNA content
(x-axis) plotted vs. relative cell number (y-axis). (E) After DGKa knockdown, cyclin D1 expression was analyzed. (F) Following DGKo knockdown, cancer cells that had
migrated through the membrane to the lower surface were counted. Data shown are representative of at least three experiments. Asterisks (*) indicate statistical

significance between DGKa-specific and scrambled siRNA.

phorylation, following stimulation with HGF for 5 min, by 90%
and 50%, respectively (Fig. 2C and D and Supplementary Fig. 2A
and D). The effect of DGK« silencing on HGF-induced phosphory-
lation of kinases upstream of ERK1/2, MEK1/2 was subsequently
examined. In PLC/PRF/5 and HuH7, depletion of DGK« also inhib-
ited MEK1/2 phosphorylation, following 5 min of HGF stimula-
tion, by 55% and 50%, respectively (Fig. 2C and D and
Supplementary Fig. 2B and E). In contrast, DGKa depletion did
not impair the activity of Ras following 5 and 30 min of HGF stim-
ulation, but significantly activated Ras compared with the con-
trol, following HGF stimulation for 60 min in PLC/PRF/5 and
HuH7, by 40% and 50%, respectively (Fig. 2C and D and Supple-
mentary Fig. 2C and F). Collectively, these results suggest that
DGKa plays an important role in activation of HGF-induced
MAPK pathways, and that the target component of DGKu is
upstream of MEK and downstream of Ras.
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DGKu induces tumor growth in xenograft models

We generated stable cell lines expressing either exogenous GFP
alone, GFP-DGKa WT or GFP-DGKa KD. To investigate whether
DGKa enhanced tumor growth in vivo, xenograft models were
generated by subcutaneous injection of these stable transfor-
mants. Successful overexpression in xenograft models was con-
firmed by Western blotting (Fig. 3C). Overexpression of WT
DGKa promoted significant subcutaneous tumor growth com-
pared to that of GFP alone (Fig. 3A). There were no significant dif-
ferences in tumor growth between GFP alone and KD DGKa
(Fig. 3B). Overexpression of WT DGKa, but not KD DGKa, acti-
vated MEK and ERK, and induced cyclin D1 upregulation
(Fig. 3C). Ki67 is a nuclear protein expressed in all proliferating
cells [32]. To compare the rate of cell proliferation, subcutaneous
tumors were immunostained with anti-Ki67 antibody 42 days
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Fig. 2. Effect of DGKo overexpression on HCC cell proliferation and impaired
activation of MAPK signaling in DGKa-silenced HCC cells following HGF
stimulation. At the indicated times after transfection, (A) PLC/PRF/7 and (B)
HuH7 cells were counted. Data shown are representative of at least three
experiments. Asterisks (*) indicate statistical significance between cells transfec-
ted with WT DGKo and GFP alone or KD DGKa. (€ and D) Ras-GTP precipitated
with GST-Raf-RBD and total Ras, phosphorylated-MEK1/2 (p-MEK1/2), total
MEK1/2, total ERK, phosphorylated-ERK1/2 (p-ERK1/2) and DGKu in cell lysates
were detected by Western blotting. Downregulation of p-MEK1/2 and p-ERK1/2,
but not Ras-GTP in DGKo-silenced HCC cells at all times after HGF stimulation.

after injection with stably-expressing tumor cell lines. Tumors
with overexpressed WT DGKa had significantly higher levels of
Ki67 than those expressing GFP alone or KD DGKo (77% vs. 27%
or 33%, respectively; p <0.05) (Fig. 3D and E). DGKa activated
MAPK signaling, and positively regulated cell proliferation in
HCC in vivo models, which correlated with the results observed
in in vitro models.

High DGKo expression in HCC is a risk factor for recurrence after
hepatectomy

Western blot analysis showed that DGKa was detected at higher
levels in cancerous tissues from surgical samples than in adjacent
non-cancerous tissues (Fig. 4A). DGKo expression was immuno-
histochemically examined in 95 HCC resected tissue samples.
Normal bile duct cells showed specific DGKo expression and
were used as the internal positive control in all cases. DGKa
immunoreactivity in cancer cells was observed in the cytoplasm
and partially in the nucleus; however, hepatocytes from matched
adjacent non-cancerous tissues were negative for DGKa immu-
noreactivity (Fig. 4B). The 95 cases were divided into two groups:
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Fig. 3. Effect of DGKa on in vivo growth of PLC/PRF/5 cell-derived tumors. GFP
alone, GFP-WT DGKa, or GFP-KD DGKa stable cell lines were injected subcu-
taneously into nude mice. (A) Forty-two days after injection, tumors were
photographed. (B) Tumor growth was monitored for 42 days. (C) Phosphorylated-
MEK (p-MEK) 1/2, total MEK1/2, phosphorylated-ERK (p-ERK) 1/2, total ERK, and
cyclin D1 were detected. (D) Tumor samples were subjected to immunohisto-
chemistry using Ki67 (400 x magnification). (E) Cell numbers positive for Ki67
are shown as meanzS.D. Asterisks (*) indicate the statistical significance
between tumors overexpressing WT DGKo and tumors overexpressing GFP alone
or KD DGKa.

a high DGKa expression group (n = 17) with >20% of cancer cells
staining positively for DGKa, and a low DGKa expression group
with <20% cancer cells staining positively for DGKo.. Table 1
shows a comparison of the clinicopathological factors between
the high and low DGKa expression groups. There were no signif-
icant differences in clinicopathological factors between the two
groups. Ki67 was also detected in the nuclei of cancer cells but
not in corresponding non-cancerous tissues (Fig. 4B). The high
DGKo expression group had significantly more positive Ki67
staining than the low DGKa expression group (11% vs. 3.7%;
p <0.05) (Fig. 4C). Phosphorylated-ERK1/2 expression was also
detected in cancer cells but not in adjacent non-cancerous tissues
(Fig. 4B); however, it could not be compared with DGKet expres-
sion by immunohistochemistry because it was expressed at low
levels (12/95; 12%). Disease-free survival after hepatectomy
was compared between the two groups; the disease-free survival
rates of the low DGKu-expressing patients (59% at 3-year and
47% at 5-year) was significantly better than that of high-express-
ing patients (48% at 3-year and 18% at 5-year) (p = 0.033; Fig. 4D).
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Fig. 4. DGKa expression in HCC samples. (A) DGKo expression in cancerous
tissues (T), adjacent non-cancerous tissues (N) collected from surgical resection,
and normal liver tissues (NL) was analyzed by Western blotting. DGKa expression
levels were quantified by densitometry and normalized to B-actin. (B) DGKa, Ki67
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chemistry. Normal bile duct cells indicated positive immunostaining for DGKo
(400 x magnification). (C) Cell numbers positive for Ki67 are shown as
mean * S.D. Asterisks (*) indicate significant difference. (D) Disease-free survival
curves after hepatectomy of the HCC patients comparing high and low DGKu
expression.

A multivariate analysis of recurrence-free survival after hepatec-
tomy was carried out using the Cox proportional hazards regres-
sion model. High DGKa expression was one of the independent
risk factors for determining HCC recurrence after surgery
(p=0.0184; Table 2), as were intrahepatic metastasis (p=
0.0004), AFP >40 ng (p = 0.0287), and liver cirrhosis (p = 0.0295).
The relative risk for HCC recurrence after hepatectomy in
patients with high DGKa-expressing tumors was 232 times
greater than that of patients with low DGKo-expressing
tumors.

Table 2. Multivariate analysis of recurrence of HCC by Cox’s proportional
hazard model.

Factors Odds ratio p value
(95% Cl)

Intrahepatic metastasis

Positive vs. negative 3.32(1.75-6.10) 0.0004
DGKa

High vs. low expression  2.32 (1.15-4.42) 0.0184
AFP >40 (ng/ml) 2.06 (1.07-3.89) 0.0287
Liver cirrhosis 1.92 (1.07-3.40) 0.0295

Cl, confidence interval; DGKa, diacylglycerol kinase o; AFP, a-fetoprotein.

Discussion

Previous reports showed that DGKo enhanced interleukin 2-
induced G1 to S transition and subsequent proliferation of T cells
[18]. Another study reported that HGF induces DGKa activation
in breast cancer cells, and is required for invasion [33]. Taken
together, these findings imply that DGKa induces cell prolifera-
tion and invasion. Our findings have demonstrated the impor-
tance of DGKa as a potential tumor growth promoter in HCC.
Furthermore, the inactive mutant, KD DGKa, failed to affect the
extent of cell proliferation, thus, DG consumption or PA produc-
tion might play an important role in the regulation of cell prolif-
eration. It is known that the level of PA is also increased in cells
transformed by oncogenes to promote proliferation [34,35]. As
our study did not directly demonstrate DG consumption or PA
production by DGKa in HCC, further studies are required to fully
account for the mechanism as to how DGKa contributes to the
progression of HCC. However, our results suggest that inhibition
of DGKo, or the catalytic activity could reduce HCC growth.

The therapeutic target for cancer should be the cancer-specific
gene, whose upregulated or downregulated expression is limited
to only cancerous cells, in order to enhance the effect of the ther-
apy and to reduce side effects. In this study, DGKa expression
was upregulated in HCC cell lines compared with normal hepato-
cytes, and was also increased in primary HCC tissue compared
with adjacent non-tumor tissue in vivo. DGKa may be a novel tar-
get for HCC because of the specificity of HCC.

The MAPK signaling cascade is essential for the transduction
of extracellular signals to the nucleus, regulating a wide variety
of pathophysiological processes such as proliferation, differentia-
tion, migration and carcinogenesis [36], and is the prominent
pathway upregulated in HCC [37], making it an obvious target
in the strategy for HCC treatment. This current study provides
the first evidence that DGKa is a critical component in the MAPK
pathway activated by HGF in HCC. Knockdown of DGKo impaired
phosphorylation of ERK and of MEK, but not Ras activity. In addi-
tion, DGK« silencing activated Ras more strongly than the control,
following 60 min of HGF stimulation. Ras was inactivated by ERK
phosphorylation through negative feedback mechanisms [38].
These facts imply that the target component of DGKa might be
Raf. We previously showed that DGKn activated the MAPK path-
way induced by EGF, by augmenting the activity and heterodi-
merization of Raf in Hela [39]. DGKo may contribute to
activation of the MAPK pathway instead of Ras activation in
HCC progression.

In conclusion, DGKa expressed in human HCC appears to have
an important role in cell proliferation and invasion in HCC via

82 Journal of Hepatology 2012 vol. 57 | 77-83



activation of the MAPK cascade, and may determine the degree of
malignancy of HCC. Inhibition of DGKa might contribute to sup-
pression of HCC growth, thus DGKa could be a novel target for
HCC therapeutics as well as a prognostic marker.
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We read with interest the article by Tsuge et al. [1] pub-
lished in the recent issue of the Journal of Gastroenterol-
ogy. Treatment with nucleot(s)ide analogue (NUC)
strongly suppresses the replication of hepatitis B virus
(HBV) leading to a high rate of serum HBV DNA nega-
tivity. However, the incidence of relapse after the cessation
of NUC:s is high. Criterion for safe discontinuation of NUC
therapy after long term therapy is not established to date. In
HBe antigen positive patients, seroconversion, HBV DNA
negativity and consolidation therapy of >6 months may be
a consensus criteria but 30-50 % of patients fulfilling this
criteria experience a relapse. In HBe antigen negative
patients, NUC therapy is generally recommended until HBs
antigen becomes undetected. Tsuge et al. [1] measured
serum HBV RNA plus DNA by real time PCR and showed
that the serum HBV DNA + RNA titer following
3 months of NUC treatment was a significant predictor of
early (within 24 weeks) HBV DNA rebound after discon-
tinuation of NUC. The serum HBV DNA + RNA titer was
also associated with ALT rebound in HBe antigen positive
patients. The results of the study by Tsuge et al. indicate
that serum HBV DNA + RNA titer may serve as predictor
of relapse after discontinuation of NUC.

The high rate of relapse after discontinuation of NUC is
due to the persistence of HBV replication in the liver even
during the NUC therapy. The replicative intermediate form
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of HBV, covalently closed circular DNA (cccDNA), may
not be eliminated by NUC therapy and serves as a template
for viral pre-genomic messenger RNA [2]. This concept
was proved by a study showing that quantification of intra-
hepatic HBV cccDNA had a high accuracy of predicting
sustained virological response after NUC discontinuation
[3]. Still, we need a non-invasive and clinically usable
marker for the assessment of HBV replication in the liver
during NUC therapy. The measurement of HBV core
related antigen may be an alternative [4]. The rationale of
measuring HBV RNA in serum was that immature HBV
particles including HBV RNA are released from hepato-
cytes during NUC treatment under the circumstances that
pre-genomic HBV RNA are transcribed from HBV
cccDNA, packaged into HBV core particles, but not
reverse transcribed into plus-strand HBV DNA due to
strong interference by NUC, and the excessive amounts of
these immature particles are accumulated in hepatocytes
[5, 6]. Tsuge et al. showed that serum HBV DNA + RNA
titer following 3 months of NUC treatment was signifi-
cantly lower in patients with no rebound of HBV DNA. By
using a cut-off value of 4.8 log copies/mL, the cumulative
incidence of HBV DNA rebound was significantly lower in
patients with serum HBV DNA -+ RNA titer < 4.8 log at
3 months of NUC treatment. The same groups previously
showed that HBV RNA levels at 3 months of lamivudine
treatment were predictor of early emergence of resistant
mutations [7]. Taken together, serum HBV DNA + RNA
titer may be linked to the level of HBV replication in the
liver during NUC therapy. Monitoring of serum HBV
DNA 4 RNA response may be utilized in various decision
makings in treatment of HBV patients with NUC therapy.

Based on these important findings, several questions may
remain for future elucidation. Commercially available tran-
scription-mediated amplification and hybridization assay
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(TMA) detects both HBYV DNA and RNA. We do recognize
that detection sensitivity of this assay is not sensitive but
could this assay be used in alternative to real time PCR? In
the present study, duration of therapy was 36 weeks in
average. The question is whether serum HBYV DNA + RNA
decrease further by a longer duration of therapy and whether
monitoring of serum HBV DNA + RNA (at the end of
treatment) serve as a predictor of safe discontinuation after
long term NUC therapy. Various protocols of sequential
interferon therapy starting with NUC are reported in an
attempt to enhance the antiviral activity or to achieve drug-
free status [8)]. However, their outcome varies considerably
and negative HBe antigen at the start of interferon is the only
predictor of response [9]. Since 26 out of 36 patients in the
study by Tsuge et al. received sequential interferon therapy,
serum HBV DNA -+ RNA titer may be an alternative pre-
dictor of favorable response to sequential interferon therapy.
Further investigation may be necessary to solve these issues
but readers of the journal may be interested if comments can
be made by the authors.
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Hepatic oxidative stress in ovariectomized transgenic mice
expressing the hepatitis C virus polyprotein is augmented
through suppression of adenosine monophosphate-
activated protein kinase/proliferator-activated receptor
gamma co-activator 1 alpha signaling
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Aim: Oxidative stress plays an important role in
hepatocarcinogenesis of hepatitis C virus (HCV)-related
chronic liver diseases. Despite the evidence of an increased
proportion of females among elderly patients with HCV-
related hepatocellular carcinoma (HCC), it remains unknown
whether HCV augments hepatic oxidative stress in postmeno-
pausal women. The aim of this study was to determine
whether oxidative stress was augmented in ovariectomized
(OVX) transgenic mice expressing the HCV polyprotein and to
investigate its underlying mechanisms.

Methods: OVX and sham-operated female transgenic mice
expressing the HCV polyprotein and non-transgenic litter-
mates were assessed for the production of reactive oxygen
species (ROS), expression of inflammatory cytokines and anti-
oxidant potential in the liver.

Results: Compared with OVX non-transgenic mice, OVX

transgenic mice showed marked hepatic steatosis and ROS
production without increased induction of inflammatory

cytokines, but there was no increase in ROS-detoxifying
enzymes such as superoxide dismutase 2 and glutathione
peroxidase 1. In accordance with these results, OVX trans-
genic mice showed less activation of peroxisome proliferator-
activated receptor-y co-activator-1a. (PGC-1¢), which is
required for the induction of ROS-detoxifying enzymes, and
no activation of adenosine monophosphate-activated protein
kinase-o (AMPKa), which regulates the activity of PGC-1c.

Conclusion: Our study demonstrated that hepatic oxidative
stress was augmented in OVX transgenic mice expressing
the HCV polyprotein by attenuation of antioxidant potential
through inhibition of AMPK/PGC-1a signaling. These results
may account in part for the mechanisms by which HCV-
infected women are at high risk for HCC development when
some period has passed after menopause.

Key words: antioxidant potential, glutathione peroxidase,
reactive oxygen species, superoxide dismutase

INTRODUCTION

ERSISTENT HEPATITIS C virus (HCV) infection is a
major risk factor for the development of hepatocel-
lular carcinoma (HCC) in Japan. Approximately 70% of
Japanese HCC patients are currently diagnosed with
HCV-associated cirrhosis or chronic hepatitis C.! Never-
theless, the mechanisms underlying HCV-associated
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hepatocarcinogenesis are incompletely understood.
Notably, there is sex disparity in HCC development, that
is, male sex has been demonstrated to be an indepen-
dent risk factor associated with HCC development.**
It is proposed that estrogen-mediated inhibition of
interleukin (IL)-6 production by Kupffer cells reduces
the HCC risk in females.® In addition, the proportion of
females among elderly patients with HCV-related HCC
has recently increased in Japan.® These results suggest
that menopause may be a risk factor associated
with HCC development in female patients with HCV
infection.

Numerous studies have shown that oxidative stress
is present in chronic hepatitis C to a greater degree
than in other inflammatory disease,”® and is related to
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hepatocarcinogenesis in HCV-associated chronic liver
diseases.”!® We have previously demonstrated that trans-
genic mice expressing the HCV polyprotein develop
liver tumors including HCC, in connection with oxida-
tive stress induced by HCV and iron overload." Inter-
estingly, such hepatocarcinogenesis was observed only
in male transgenic mice, suggesting that females are
resistant to oxidative stress in these transgenic mice.
On the other hand, it is reported that ovariectomy
increases nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activity’? and decreases
mitochondrial-reduced glutathione levels in rats.””
However, it remains unknown how HCV affects
ovariectomy-induced oxidative stress. Investigation of
this issue may provide a clue for understanding why the
incidence of HCC increases in elderly postmenopausal
women with HCV infection. The aim of this study was
to determine whether HCV proteins amplify oxidative
stress induced by ovariectomy and to investigate the
mechanisms underlying this.

METHODS

Animals

ONTAINING THE FULL-LENGTH polyprotein-

coding region under the control of the murine
albumin promoter/enhancer, the transgene pAlbSVPA-
HCV has been described in detail.'*** Of the four trans-
genic lineages with evidence of RNA transcription of
the full-length HCV-N open reading frame (FL-N), the
FL-N/35 lineage proved capable of breeding in large
numbers. There is no inflammation in the transgenic
liver."®

Experimental design

Female FL-N/35 transgenic mice and their normal
female C57BL/6 littermates were anesthetized for
surgery and underwent either a bilateral ovariectomy or
sham operation at the age of 4-6 weeks. We studied
ovariectomized (OVX) transgenic mice (n=5), sham-
operated transgenic mice (n=5), OVX non-transgenic
mice (n=5) and sham-operated non-transgenic mice
(n=5). These mice were fed a normal rodent diet, bred,
maintained, and killed by i.p. injection of 10% pento-
barbital sodium preceded by 20-h fasting at the age of
24 weeks. All experimental protocols and animal main-
tenance procedures used in this study were approved by
the Ethics Review Committee for Animal Experimenta-
tion of Kawasaki Medical School.
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Histological procedures

A portion of liver tissue was immediately snap-frozen in
liquid nitrogen for determination of the hepatic triglyc-
eride concentration. The remaining liver tissue was fixed
in 4% paraformaldehyde in phosphate-buffered saline
and embedded in paraffin for histological analyses.
Liver sections were stained with hematoxylin—-eosin.

Serum leptin concentration

The serum leptin level was measured using a Rat
Leptin Elisa kit (Morinaga Institute of Biological
Science, Yokohama, Japan) according to the manufac-
turer’s instructions.

Hepatic triglyceride content

Lipids were extracted from the homogenized liver tissue
by the method of Bligh and Dyer.'® The triglyceride level
was measured with a TGE-test Wako kit (Wako Pure
Chemicals, Tokyo, Japan), according to the manufac-
turer’s instructions. Protein concentrations in liver were
determined by the method of Lowry et al.,'” using a DC
protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA).

In situ detection of reactive oxygen

species (ROS)

In situ ROS production in the liver was assessed by
staining with dihydroethidium, as described previ-
ously.”® In the presence of ROS, dihydroethidium
(Invitrogen, Carlsbad, CA, USA) is oxidized to ethidium
bromide and stains nuclei bright red by intercalating
with the DNA." Fluorescence intensity was quantified
using National Institutes of Health image analysis soft-
ware for 3 randomly selected areas of digital images for
each mouse.

Hepatic iron content

Hepatic iron content was measured by atomic
absorption spectrometry, as described previously,'’ and
expressed as micrograms Fe per gram of tissue (wet
weight).

Derivatives of reactive oxygen metabolites
(dROM) and biological antioxidant
potential (BAP)

The levels of dROM and BAP were measured using a Free
Radical Elective Evaluator (Wismerll, Tokyo, Japan), as
described previously.”® Measurement of dROM is based
on the ability of the transition metal ions to catalyze the
formation of alkoxy and peroxy radicals from hydroper-
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oxides present in serum. The results are expressed in
conventional units as Carrtelli units (U.CARR), where
1 U.CARR corresponds to 0.8 mg/L H,0,. Measurement
of BAP is based on the ability of antioxidants to reduce
ferric (F**) ions to ferrous (Fe**) ions.

RNA isolation and real-time reverse
transcription polymerase chain reaction
(RT-PCR)

Total RNA was isolated using an RNeasy mini kit
(QIAGEN, Hilden, Germany) and reverse-transcribed
into ¢cDNA by using a Superscript III reverse transcrip-
tion kit (Invitrogen). The PCR reactions were run in the
ABI Prism 7700 sequence detection system (Applied
Biosystems, Foster, CA, USA). The levels of mRNA
were determined using cataloged primers (Applied
Biosystems) for mice (tumor necrosis factor
[TNF]-0, Mm00443258_m1; IL-1B, Mm00434228_m1;
IL-6, Mm00446190_m1; HAMP [gene encoding
hepcidin], Mm00519025_mlL; superoxide dismutase 2
[SOD2], Mm01313000_m1; glutathione peroxidase 1
[GPx1], Mm00656767_gl; and sirtuin 3 [SIRT3],
MmO00452131_m1). Expression of these genes was nor-
malized to expression of glyceraldehyde 3-phosphate
dehydrogenase mRNA (GAPDH, Mm99999915_g1).

Isolation of mitochondria and
nuclear fraction

Mitochondrial extraction from liver tissue was per-
formed using a Qproteome Mitochondrial Isolation kit
(QIAGEN) according to the manufacturer’s instructions.
The nuclear fraction from liver tissue was prepared using
a Nuclear Extraction kit (Panomics, Fremont, CA, USA)
according to the manufacturer’s instructions.

Immunoblotting

Liver lysates and the mitochondrial and nuclear
fractions from liver were separated by sodium
dodecylsulfate polyacrylamide gel electrophoresis. The
proteins were transferred to polyvinylidene difluoride
membranes {Millipore, Bradford, MA, USA), blocked
overnight at 4°C with 5% skim milk and 0.1%
Tween-20 in Tris-buffered saline, and subsequently
incubated for 1 h at room temperature with goat anti-
human SOD2 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit antihuman GPx1 antibody
(Abcam, Cambridge, MA, USA), rabbit antihuman
SIRT3 antibody (Abcam), rabbit antihuman peroxisome
proliferator-activated receptor-y co-activator-1a (PGC-
10) antibody (Abcam), rabbit antihuman adenosine
monophosphate-activated protein kinase-o. (AMPKa)
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antibody (Cell Signaling Technology, Boston, MA,
USA), rabbit antihuman phospho-AMPKor (Thr172)
antibody (Cell Signaling Technology), rabbit antihu-
man mitochondrial heat shock protein 70 antibody
(HSP70; Thermo Scientific, Rockford, IL, USA), rabbit
antihuman f-actin antibody (Cell Signaling Technol-
ogy) or rabbit antimouse lamin B1 antibody (Abcam).
The membranes were washed and incubated with horse-
radish peroxidase (HRP)-conjugated donkey antigoat
immunoglobulin (Ig)G (Santa Cruz Biotechnology) or
HRP-conjugated donkey antirabbit IgG (GE Healthcare
Life Sciences, Pittsburgh, PA, USA).

Statistical analysis

Quantitative values are expressed as mean + standard
deviation. Two groups among multiple groups were
compared by the rank-based Kruskal-Wallis ANOVA test
followed by Scheffé’s test. The statistical significance of
correlation was determined by the use of simple regres-
sion analysis. P < 0.05 was considered to be significant.

RESULTS

Ovariectomy enhanced hepatic steatosis in
FL-N/35 transgenic mice

S CONFIRMATION OF successful ovariectomy-

induced suppression of endogenous estrogen
production, the uterine weight of OVX mice was signifi-
cantly decreased compared with that of sham-operated
mice (Table 1). Dietary intake, bodyweight, liver weight
and serum leptin levels were significantly greater in OVX
mice than in sham-operated mice regardless of whether
they were transgenic or non-transgenic (Table 1). Inter-
estingly, the serum alanine aminotransferase (ALT) level
was significantly higher in OVX transgenic mice than
in mice in the other three groups, but the levels were
comparable in OVX non-transgenic and sham-operated
non-transgenic mice (Table 1). To determine why OVX
transgenic mice have a higher ALT level, we investigated
the liver histology of the mice in the four groups
(OVX transgenic, sham-operated transgenic, OVX non-
transgenic and sham-operated non-transgenic mice).
In contrast to the mild to moderate degree of hepatic
steatosis noted in OVX non-transgenic mice and
sham-operated transgenic mice, OVX transgenic mice
developed severe hepatic steatosis (Fig. 1a) without
infiltration of inflammatory mononuclear cells. Hepatic
triglyceride content was measured to quantify the degree
of steatosis. The triglyceride content was significantly
greater in OVX transgenic mice than in mice in the other
three groups (Fig. 1b), which was consistent with the
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Table 1 Body, liver and uterus weight and serum biochemical parameters

Hepatology Research 2013

Body, liver, and uterus

Non-transgenic

weight and serum

Transgenic

biochemical parameters Sham-operated OVX Sham-operated OVX
Bodyweight (g) 21.5+1.2 30.7 £ 4.9* 27.7+4.6 342 +3.8%*
Liver weight (g) 0.86 £0.075 1.09 £0.236* 0.90 +£0.102 1.18 £ 0.156**
Ratio of liver to bodyweight 0.038 +£0.037 0.035+0.003 0.031 £0.002 0.034 + 0.006
Uterus weight (g) 0.08 £0.01 0.01+£0.02* 0.09 £0.01 0.01 £0.01**
Total dietary intake (g) 337+24 429 £ 13* 368 +28 490 £ 31**
Serum glucose (mg/dL) 222.9%110.0 275141214 284.0+84.1 259.7 + 108.9
Serum ALT (IU/L) 15.5£6.5 30.6 £38.1 21.8+11.4 281.2 £ 165.1***
Serum triglyceride (mg/dL) 99.9+9.7 78.9+10.8 983+11.4 89.7+13.3
Serum leptin (ng/mL) 0.45+0.14 1.31£031* 0.65 £ 0.22 1.60 +0.28**

Data are mean = standard deviation.

*P < 0.05 compared with sham-operated non-transgenic mice. **P < 0.05 compared with sham-operated transgenic mice. ***P < 0.01

compared with mice in the other three groups.
ALT, alanine aminotransferase; OVX, ovariectomized.

results for hepatic steatosis. Thus, the increase in the
serum ALT level in the OVX transgenic mice was thought
to reflect the hepatic steatosis.

ratio of liver to bodyweight of OVX non-transgenic mice
(Table 1). We have previously demonstrated that iron-
overloaded male FL-N/35 transgenic mice expressing

the HCV polyprotein develop severe hepatic steatosis
through increased ROS production.” Therefore, we
examined whether ROS production was relevant to the
marked hepatic steatosis observed in the OVX transgenic
mice. Ovariectomy significantly increased ROS (super-

Ovariectomy increased ROS and IL-6
production in the liver

Only OVX transgenic mice showed marked hepatic ste-
atosis, regardless of the comparable diet intake and the

(a) Sham-operated OvX (b)

e . R N : mg/g
protein

g 700+

(]

o

(2]

§ 600~}

<

S

2

9]
o
2

Hepatic triglyceride content
[&) N
Q Qo
.2

aof

Sham ovX Sham ovX

Transgenic
ny
o
g

-
o
?

Nontransgenic Transgenic

Figure 1 Hepatic steatosis and triglyceride content in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) Hepatic steatosis in mice in each group (H&E, original magnification x 100). (b) Hepatic triglyceride content
in mice in each group (n = 5). The results are shown as box plot profiles. The bottom and top edges of the boxes are the 25th and
75th percentiles, respectively. Median values are shown by the line within each box. *: P < 0.05 versus mice in the other three

groups.

© 2013 The Japan Society of Hepatology

428



Hepatology Research 2013 Ogxidative stress in OVX HCV transgenic mice 5

(a) Sham-operated ovX (b)
L *%
QC) 22-
2 ~ T
£ & 20 -
2 8
5 18+
8
£ 167 *
@
o 14
2 S
) = 12
2 T
& 2 10
]...
8
Sham OovX Sham ovX
Nontransgenic Transgenic

Figure 2 Reactive oxygen species (ROS) production in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) Frozen liver sections from mice in each group were stained with dihydroethidium (DHE). (b) Fluorescence
intensity was quantified by NIH image analysis software for three randomly selected areas of digital images for five mice in each
group. The results are shown as box plot profiles. The bottom and top edges of the boxes are the 25th and 75th percentiles,
respectively. Median values are shown by the line within each box. *: P < 0.05 versus sham-operated non-transgenic mice. **:
P < 0.05 versus sham-operated nontransgenic mice, OVX non-transgenic mice and sham-operated transgenic mice.

oxide) production in both transgenic mice and non- cantly increased hepatic expression of IL-6 mRNA to the
transgenic mice, but the level of ROS production was same degree in both transgenic mice and non-transgenic
greater in the OVX transgenic mice than in the OVX mice (Fig.3). This ovariectomy-induced increase in
non-transgenic mice (Fig. 2). We next measured inflam- hepatic IL-6 mRNA was consistent with the results of a
matory cytokine levels in the liver. Ovariectomy signifi- previous report that OVX mice produced more hepatic
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Figure 3 Expression levels of inflammatory cytokines in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. The mRNA levels of interleukin (IL)-6, IL-1f and tumor necrosis factor (TNF)-o. were measured by real-time
reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice.
[, Sham; @, OVX.
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Figure 4 Hepatic iron content and hepcidin mRNA level in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. (a) Hepatic iron content in mice in each group (n = 5). The results are shown as box plot profiles. The bottom
and top edges of the boxes are the 25th and 75th percentiles, respectively. Median values are shown by the line within each box.
*P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice. (b) The mRNA level of hepcidin
was measured by real-time reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of
target mRNA in the liver were normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs

sham-operated transgenic mice. &, Sham; M, OVX.

IL-6 than non-OVX mice after chemically induced liver
injury.® There also was a trend for increase in TNF-ot and
IL-1p mRNA expression after ovariectomy in both the
transgenic mice and non-transgenic mice, but their
increases did not reach statistical significance, probably
because of the large deviation (Fig. 3). These results sug-
gested that inflammatory cytokines were unlikely to be
associated with greater ROS production in OVX trans-
genic mice than in OVX non-transgenic mice.

Hepatic iron content and hepcidin
expression level in the liver

We previously reported that male FL-N/35 transgenic
mice developed hepatic iron accumulation through the
reduced transcription of hepcidin,'® a negative regulator
in iron homeostasis.?** Excess divalent iron can be
highly toxic, mainly via the Fenton reaction producing
hydroxyl radicals.” Therefore, we measured hepatic
iron content to assess whether greater ROS production
resulted from increased hepatic iron accumulation in
OVX transgenic mice. Unexpectedly, ovariectomy sig-
nificantly decreased hepatic iron content to the same
degree in both transgenic mice and non-transgenic mice
(Fig. 4a). These results are potentially explained by
significantly increased transcription of hepcidin after
ovariectomy (Fig. 4b). Ovariectomy-induced increase in
hepatic IL-6 mRNA may in turn account for increased
hepcidin transcription, because IL-6 acts to stimulate
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hepcidin expression through the STAT3 pathway.”
These results suggested that hepatic iron content was not
related to greater ROS production in OVX transgenic
mice than in OVX non-transgenic mice.

Attenuated antioxidant potential against
ovariectomy-induced ROS production in
FL-N/35 transgenic mice

The increase in inflammatory cytokine production and
the hepatic iron content after ovariectomy were compa-
rable in transgenic and non-transgenic mice. Neverthe-
less, the serum ALT level, hepatic steatosis and ROS
production were greater in OVX transgenic mice than
in OVX non-transgenic mice. Therefore we measured
dROM and BAP in serum to compare antioxidant poten-
tials in OVX transgenic and OVX non-transgenic mice.
We confirmed the significant negative correlation
between the ratio of BAP to dROM and hepatic content
of superoxide (Fig. 5). As expected, the values for dROM
were higher in OVX mice than in sham-operated mice,
regardless of whether they were transgenic or non-
transgenic. However, a significant increase in the BAP
value was found in OVX non-transgenic mice but not in
OVX transgenic mice, which resulted in a lower ratio of
BAP to dROM in the OVX transgenic mice than in the
OVX non-transgenic mice (Table 2).

The first line of defense against ROS is the detoxifying
enzymes that scavenge ROS. These include SOD and
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Figure 5 Negative correlation between the ratio of biological
antioxidant potential (BAP) to derivatives of reactive oxygen
metabolites (dROM) and hepatic content of superoxide.
R=-0.453, P<0.05. Hepatic content of superoxide was
determined based on the area of dihydroethidium (DHE)
fluorescence.

GPx1. Therefore we next investigated the expression
levels of SOD2 and GPx1. The hepatic expression levels
of SOD2 mRNA and GPx1 mRNA were significantly
greater in OVX non-transgenic mice than in sham-
operated non-transgenic mice, but were comparable in
OVX transgenic mice and sham-operated transgenic
mice (Fig. 6a). Western blot analysis of the hepatic
mitochondria fractions also showed significant
increases of SOD2 and GPx1 expression in OVX
non-transgenic mice but not in OVX transgenic mice
(Fig. 6b). These results suggested that antioxidant
defense mechanisms may be induced against
ovariectomy-related ROS production in non-transgenic
mice but not in transgenic mice.

Oxidative stress in OVX HCV transgenic mice 7

SIRT3 and PGC-10a expression in OVX
FL-N/35 transgenic mice

Proliferator-activated receptor-y co-activator-1¢, is a
master regulator of mitochondrial biogenesis and respi-
ration® and required for the induction of many ROS-
detoxifying enzymes, including SOD2 and GPx1 upon
oxidative stress.”® SIRT3 is a member of a class III
histone deacetylase and is reported to mediate PGC-1a-
dependent induction of ROS-detoxifying enzymes.” In
accordance with the changes in SOD2 and GPx1 levels
after ovariectomy, the hepatic expression of SIRT3
mRNA was significantly greater in OVX non-transgenic
mice than in sham-operated non-transgenic mice, but
comparable in OVX transgenic mice and sham-operated
transgenic mice (Fig. 7a). Western blot analysis of
hepatic mitochondria showed a significant increase of
SIRT3 expression in OVX non-transgenic mice but not in
OVX transgenic mice (Fig. 7a).

Proliferator-activated receptor-y co-activator-1¢ inter-
acts with various nuclear receptors in addition to per-
oxisome proliferator-activated receptor-y and is docked
to the promoter of its target genes by all these nuclear
receptors. Therefore, we investigated PGC-10. expres-
sion levels not only in liver homogenates but also in
the nuclear fraction of mouse liver. The expression
levels of PGC-1a in liver homogenates were compa-
rable in sham-operated and OVX non-transgenic mice
and in sham-operated and OVX transgenic mice.
However, the expression levels of PGC-lo in the
nuclear fraction of the liver significantly increased after
ovariectomy in both non-transgenic and transgenic
mice, and OVX transgenic mice had a lower PGC-1a
expression level than OVX non-transgenic mice
(Fig. 7b). These results suggested that the antioxidant
potential against ovariectomy-induced ROS production
may be reduced in OVX transgenic mice through lesser
activation of PGC-lo than in OVX non-transgenic
mice.

Table 2 Derivatives of reactive oxygen metabolites (dROM), biological antioxidant potential (BAP) and ratio of BAP to dROM

Non-transgenic Transgenic
Sham-operated OvVX Sham-operated OvVX
dROM (U.CARR) 145.2+£15.1 158.7 £ 15.9* 170.8 +10.4 199.3£21.1**
BAP (umol/L) 3217 +123 3644 £177* 3362+178 3542+ 140
Ratio of BAP to dROM 223+23 23.1+2.0 20.8+1.8 17.8+1.9%**

Data are mean * standard deviation.

*P < 0.05 compared with sham-operated non-transgenic mice. **P < 0.05 compared with sham-operated transgenic mice. ***P < 0.05

compared with ovariectomized (OVX) non-transgenic mice.
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Suppressed AMPK activation in OVX FL-N/35
transgenic mice

Proliferator-activated receptor-y co-activator-1o. activity
is modulated through both transcriptional regulation
and regulation of its activity by post-translational modi-
fications.”® AMPK is one of the signaling pathways regu-
lating PGC-1a and acts both through modulation of
PGC-1o transcription and by phosphorylation of the
PGC-1a protein.® HCV has been shown to reduce the
kinase activity of AMPK through Ser485/491 phos-
phorylation of AMPK.? Therefore, we examined the
expression levels of AMPK to investigate the mecha-
nisms underlying the lower PGC-1a expression in the
nuclear fraction of the OVX transgenic liver. The expres-
sion levels of AMPKo, which is one of the three subunits
(o, B and y) of AMPK, were comparable in sham-
operated and OVX mice and in non-transgenic and
transgenic mice. However, the expression level of phos-
phorylated AMPKo. was significantly greater in OVX
non-transgenic mice than in mice in the three other
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Nontransgenic

Transgenic transgenic mice. B, Sham; W, OVX.

groups, though it was similar in sham-operated trans-
genic mice and OVX transgenic mice (Fig.7c). In
addition, its levels were significantly greater in non-
transgenic mice than in transgenic mice (Fig. 7c). These
results suggested that AMPK was activated in OVX non-
transgenic mice, but not in OVX transgenic mice,
because AMPK is active only after phosphorylation of
the a-subunit at a threonine residue within the kinase
domain (T172) by upstream kinases.*® Taken together,
the results in the present study suggested that OVX
FL-N/35 transgenic mice developed marked hepatic ste-
atosis concomitant with increased ROS production via
attenuation of antioxidant potential through inactiva-
tion of the AMPK/PGC-1a signaling pathway.

DISCUSSION

HE OVX MICE in the present study were assumed to
be a standard model for evaluating the biological
effect of ovariectomy because the effects of ovariectomy
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Figure 7 Expression levels of sirtuin 3 (SIRT3), peroxisome proliferator-activated receptor-y co-activator-1o. (PGC-1a), adenosine
monophosphate-activated protein kinase & (AMPKa), and phosphorylated AMPKo. (P-AMPKa) in sham-operated and ovariecto-
mized (OVX) FL-N/35 transgenic and non-transgenic mice. (a) The mRNA levels of SIRT3 were measured by real-time reverse
transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. Immunoblots for SIRT3 were performed using the mitochondrial fractions of liver lysates from
five mice in each group. (b) Immunoblots for PGC-1a were performed using liver lysates and their nuclear fractions from five mice
in each group. *P < 0.05 vs mice in the other three groups. **P < 0.05 vs sham-operated transgenic mice. (c) Immunoblots for
AMPKo and P-AMPKo, were performed using liver lysates from five mice in each group. *P < 0.05 vs mice in the other three groups.

**P < 0.05 vs sham-operated transgenic mice. [, Sham; B, OVX.

on dietary intake, bodyweight, uterine weight, liver
weight and serum leptin levels were similar to the results
from previous studies.’!** Ovariectomy increased ROS
(superoxide) production in both transgenic liver and in
non-transgenic liver, which was consistent with the
ovariectomy-induced increase in NADPH oxidase activ-
ity and the protective effect of estrogen against mito-
chondrial oxidative damage' found in previous studies.
Of note was the much greater degree of ROS production
after ovariectomy in transgenic mice than in non-

transgenic mice. These results suggested that HCV
protein expression has the potential to increase the sen-
sitivity to oxidative stress in the liver. At least two pos-
sibilities may account for the increased sensitivity to
oxidative stress in FL-N/35 transgenic mice. One possi-
bility is an additive effect of HCV-induced ROS produc-
tion on ovariectomy-induced oxidative stress. The HCV
core protein has been shown to inhibit mitochondrial
electron transport® and to induce ROS production.®
In fact, basal ROS production tended to be higher in
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