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Pathogenesis of lipid metabolism disorder in hepatitis C:
Polyunsaturated fatty acids counteract lipid alterations induced
by the core protein
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Background & Aims: Disturbance in lipid metabolism is one of
the features of chronic hepatitis C, being a crucial determinant
of the progression of liver fibrosis. Experimental studies have
revealed that the core protein of hepatitis C virus (HCV) induces
steatosis.

Methods: The activities of fatty acid metabolizing enzymes were
determined by analyzing the fatty acid compositions in HepG2
cells with or without core protein expression.

Results: There was a marked accumulation of triglycerides in
core-expressing HepG2 cells. While the oleic/stearic acid (18:1/
18:0) and palmitoleic/palmitic acid ratio (16:1/16:0) were com-
parable in both the core-expressing and the control cells, there
was a marked accumulation of downstream product, 5,8,11-
eicosatrienoic acid (20:3(n-9)) in the core-expressing HepG2
cells. The addition of eicosatetraynoic acid, which inhibits
delta-6 desaturase activity which is inherently high in HepG2
cells, led to a marked accumulation of oleic and palmitoleic acids
in the core-expressing cells, showing that delta-9 desaturase was
activated by the core protein. Eicosapentaenoic acid (20:5(n-3))
or arachidonic acid (20:4(n-6)) administration significantly
decreased delta-9 desaturase activity, the concentration of
20:3(n-9), and triglyceride accumulation. This lipid metabolism
disorder was associated with NADH accumulation due to mito-
chondrial dysfunction, and was reversed by the addition of pyru-
vate through NADH utilization.

Conclusions: The fatty acid enzyme, delta-9 desaturase, was acti-
vated by HCV core protein and polyunsaturated fatty acids coun-
teracted this impact of the core protein on lipid metabolism.

Keywords: Steatosis; Oleic acid; Core protein; Lipid metabolism; Desaturase;
Hepatocellular carcinoma; NADH.

Received 31 March 2010; received in revised form 8 June 2010; accepted 5 July 2010;
available online 22 September 2010

= Corresponding author. Address: Department of Gastroenterology, Graduate
School of Medicine, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan. Tel.: +81 3 5800 8800; fax: +81 3 5800 8799.

E-mail address: kkoike-tky@umin.ac.jp (K. Koike).

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; PUFA,
polyunsaturated fatty acids; PPAR, peroxisome proliferators-activated receptors;
SREBP, sterol regulatory element binding protein; EPA, eicosapentaenoic acid; AA,
arachidonic acid; ETYA, eicosatetraynoic acid; NADH, nicotinamide adenine din-
ucleotide; KBR, ketone body ratio.

These results may open up new insights into the mechanism of
lipid metabolism disorder associated with HCV infection and pro-
vide clues for the development of new therapeutic devices.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Persistent hepatitis C virus (HCV) infection leads to the develop-
ment of chronic hepatitis, cirrhosis, and eventually, hepatocellular
carcinoma (HCC), thereby being a serious problem worldwide
both in medical and in socio-economical settings [1]. Histologi-
cally, several distinct features, such as bile duct damage, lymphoid
follicle formation, and steatosis, (fatty change) characterize
chronic hepatitis C [2-4]. Among these, steatosis is reproducible
in experimental systems, both in vitro and in vivo, in which HCV
proteins, particularly the core protein of HCV, are expressed. The
introduced core gene induces the formation of lipid droplets in
the cytoplasm of cultured cells [5,6], and in transgenic mice, it
induces hepatic steatosis resembling that in chronic hepatitis C
patients {7-10].

In addition, evidence has accumulated showing that steato-
sis is a crucial determining factor for the progression of liver
fibrosis [11-13]. Steatosis and serum lipid profiles are also
associated with sustained virological response to ribavirin/
interferon combination therapy [14,15]. Moreover, HCV trans-
genic mice resemble chronic hepatitis C patients in terms of
the development of HCC, implying that the HCV core protein
is one of the most important viral molecules in the pathogen-
esis of hepatitis C [16,17]. It would thus be meaningful to
explore the precise role of the core protein in modulating lipid
metabolism, which may also be involved in hepatocarcinogen-
esis. More recently, involvement of the metabolism of lipids
such as sphingolipids or cholesterol has been implicated in
the replication of HCV, with a formation of lipid rafts, which
are considered to be the place for HCV replication [18,19],
hereby highlighting again the importance of lipid metabolism
in HCV infection.
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Fig. 1. Effect of the core protein on fatty acid composition in HepG2 cells. The
fatty acid compositions of the total cell lipids were analyzed and the ratios of
18:1/18:0 and 16:1/16:0 in the core-expressing and control HepG2 cells were
calculated. (A) Concentrations of triglycerides. (B) Percentages of stearic acid
(18:0) and oleic acid (18:1(n-9)), and the 18:1/18:0 ratio. (C) Percentages of
palmitic acid (16:0) and palmitoleic acid (16:1(n-9)), and the 16:1/16:0 ratio. (D)
Percentage of eicosatrienoic acid (20:3(n-9). (E) Schematic display of synthetic
pathway of n-9 fatty acids. Light blue bars indicate contro} cells and dark blue
bars indicate core-expressing cells. Values represent the mean £ SE, n =5 in each
group. *p <0.05, **p <0.01.

Previously, we reported that the concentration of oleic acid
(18:1(n-9)) was increased compared with that of stearic acid
(18:0) in liver tissues of chronic hepatitis C patients as well
as in those of mice transgenic for the HCV core gene [8]. Such
a change may lead to increased membrane fluidity, owing to
the lower melting temperature of monounsaturated fatty acids,
resulting in incremental metabolism and proliferation of hepa-
tocytes [20-22]. On the other hand, polyunsaturated fatty acids

JOURNAL OF HEPATOLOGY

(PUFAs), such as eicosapentaenoic acid (20:5(n-3)) and arachi-
donic acid (20:4(n-6)), are known to activate the nuclear tran-
scription of peroxisome proliferator-activated receptors (PPAR)
and suppress the sterol regulatory element binding protein
(SREBP)-1. While PPARy induces delta-9 desaturase (stearoyl-
CoA desaturase) gene expression, PUFAs suppresses delta-9
desaturase activity [23]. In the current study, we determined
fatty acid desaturase activities by analyzing the fatty acid com-
positions in HepG2 cells expressing HCV core protein by chro-
matography. In addition, we determined whether exogenous
PUFAs restore HCV-associated changes in fatty acid
metabolism.

Materials and methods
Reagents

Eicosapentaenoic acid (EPA), arachidonic acid (AA), and eicosatetraynoic acid
(ETYA) were purchased from Sigma Chemical (St. Louis, MO). Other chemi-
cals were of analytical grade and purchased from Wako Chemicals (Tokyo,
Japan).

Cell culture

This study was performed using HepG2 cell lines expressing the HCV core protein
under the control of the CAG promoter (Hep39}, Hep396 and Hep397), or a con-
trol HepG2 line (Hepswx) carrying an empty vector, which were described previ-
ously [24], and control bulk HepG2 cells. They were maintained in Dulbecco’s
modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum
(Invitrogen), 1 mg/ml G418, 100 U/ml penicillin, and 100 pg/ml streptomycin in
a humidified atmosphere at 37 °C in 5% CO,. Fatty acids were dissolved in DMEM
containing defatted bovine serum albumin. The ratio of fatty acids to albumin
(mole/mole) was 0.7. The cells were exposed to fatty acid-albumin complexes
at various concentrations for 48 h. All the experiments were repeated at least five
times.

Lipid extraction, measurement of triglyceride content, and analysis of fatty acid
composition

Total cell lipids were extracted by Foch’s method. The cells were washed twice
with phosphate-buffered saline and collected by centrifugation. The cell pellets
were homogenized with 10 vole of chloroform: methanol solution (2:1), and
the mixture was shaken for 5 min. The lower phase was then washed with 4 vole
of saline, dried on anhydrous sodium sulfate, and evaporated to complete dry-
ness. For the analysis of fatty acid composition, the residue was methanolysed
by the modified Morrison and Smith method with boron trifluoride as a catalyst
[25]. Fatty acid methyl esters were analyzed using a Shimadzu GC-7A gas chro-
matograph (Shimadzu Corp., Kyoto, Japan).

Measurement of the ketone body ratio and lactate/pyruvate

The cells were cultured to confluence on 3.5 cm dishes, and the medium was
replaced with 700 pl of fresh one. After 24 h of incubation, the levels of ace-
toacetate and B-hydroxybutyrate in the medium were measured by monitor-
ing the production or consumption of nicotinamide adenine dinucleotide
(NADH) with Ketorex kit (Sanwa Chemical, Nagoya, Japan) [26]. The ketone
body ratio (KBR) was calculated as the acetoacetate/p-hydroxybutyrate ratio.
The lactate and pyruvate levels in the medium were measured at random
times by the lactate oxidase method and pyruvate oxidase method,
respectively. .

Effect of pyruvate on lipid metabolism

In some experiments, pyruvate (Wako Chemicals) was added to culture medium
at a final concentration of 0, 1, 5, or 10 mM. After 48 h of incubation at 37 °C, the
cells were harvested and subjected to fatty acid composition analysis or real-time
PCR analysis. :
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Real-time PCR

RNA was prepared from cultured cells using TRIzol LS (Invitrogen, Carlsbad, CA).
The fluorescent signal was measured using ABI prism 7000 (Applied Biosystems,
Tokyo, Japan). The genes encoding mouse sterol regulatory element-binding
proteins (SREBP)-1a, SREBP-1c, delta-9 desaturase, and hypoxanthine phosphori-
bosyltransferase were amplified with the primer pairs CACAGCGGTTTTGAACGAC
and CTGGCTCCTCTTTGATCCCA, ACGGAGCCATGGATTGCACATTTG and TACATCTT
TAAAGCAGCGGGTGCCGATGGT, TTCCCTCCTGCAAGCTCTAC and CGCAAGAAGG
TGCTAACGAAC, and CCAGCAAGCTTGCAACCTTAACCA and GTAATGATCAGTCAAC
GGGGGAC, respectively.

Statistical analysis

Data are presented as the mean % SE. The data were analyzed by Mann-Whitney
U test. Differences were considered statistically significant when p <0.05.

Results

.

Triglyceride content in HepG2 cells expressing HCV core protein

To validate the relationship between the lipid accumulation and
the core protein, we first determined the triglyceride contents in
core-protein-expressing HepG2 clones (core-expressing cells),
Hep39], Hep396, Hep397, and control HepG2 cells. Core-express-
ing Hep396 cells contained significantly larger amounts of tri-
glyceride than the control cells (Fig. 1A, p <0.01), which are
consistent with the results of previous studies on culture cells
and transgenic mice [6,7,27]. Similar results were obtained with
the other core-expressing cell lines.

Fatty acid compositions of total cell lipids

Analysis on the fatty acid compositions of total lipids revealed
that the concentration of oleic acid (18:1(n-9)) and the ratio of
oleic acid/stearic acid (18:1/18:0) in the core-expressing cells
are similar to those in the control cells (Fig. 1B). The ratio of pal-
mitoleic acid (16:1(n-9))/palmitic acid (16:1/16:0) was higher in
the core-expressing cells than that in the control cells, but the
difference was not significant (Fig. 1C). This rather dissociates
from the results obtained in HCV core gene transgenic mice, in
which the 18:1/18:0 ratio was significantly higher than that in
control mice, thereby suggesting an increased delta-9 desaturase
activity as a consequence of the HCV core protein expression [8].
However, it should be noted that the concentration of 5,8,11-
eicosatrienoic acid (20:3(n-9)), a downstream product of n-9
fatty acid desaturation, was approximately13 times higher in
the core-expressing cells than that in the control cells (Fig. 1D
and E, p <0.01). This is due to the fact that the activity of the
delta-6 desaturase, an enzyme downstream of delta-9 desaturase,
is also high in HepG2 cells, resuiting in the relatively lower con-
centration of 18:1 in the core-expressing cells despite the high
delta-9 desaturase activity. Actually, the delta-6 desaturase activ-
ity has been shown to be inherently high in HepG2 cells [28,29].

To verify this possibility, we administered ETYA, which inhib-
its delta-6 desaturase activity, to the cell cultures. Because simi-
lar resuits were obtained with the other core-expressing HepG2
cell lines, subsequent experiments were carried out using the
Hep396 cell line. The addition caused significant increases in both
18:1/18:0 and 16:1/16:0 ratios in the core-expressing cells but
not in the control cells (Fig. 2A 0 vs. 10 pg/ml and 0 vs. 50 pg/
ml; p <0.05, respectively). When compared between the
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Fig. 2. Effect of ETYA on delta-9 desaturase index. HepG2 cells with or without
the core protein were incubated with ETYA for 48 h. The fatty acid compositions
of the total cell lipids were analyzed, and the ratios of 18:1/18:0 (A) and 16:1/
16:0 (B), and the percentage of eicosatrienoic acid (20:3(n-9) (C) were computed.
Light blue bars indicate control cells and dark blue bars indicate core-expressing
cells. N=5 in each group. *p <0.05. ETYA, eicosatetraynoic acid.

core-expressing cells and control cells after the treatment with
50 pg/ml ETYA, the 18:1/18:0 ratio was higher and the 16:1/
16:0 ratio was significantly higher (Fig. 2B, p <0.05) in the core-
expressing cells. ETYA (50 pg/mi) significantly decreased the con-
centration of 20:3(n-9) in the core-expressing cells (Fig. 2C, p
<0.01). These results suggest that the HCV core protein enhances
the activities of delta-9, and possibly, delta-5 desaturases, modu-
lating fatty acid metabolism in HepG2 cells, in which the delta-6
desaturase activity is intrinsically high (Fig. 1E) [28,29].

PUFAs modify fatty acid compositions and decrease triglyceride
contents in HepG2 Cells

PUFAs are known to suppress the activities of both delta-9 and
delta-6 desaturases. We, therefore, added PUFA, EPA, or AA, to
the culture cell medium to examine the effect of PUFAs on the
fatty acid compositions in HepG2 cells expressing the core pro-
tein. EPA and AA individually decreased the 18:1/18:0 and
16:1/16:0 ratios in a similar extent in both the core-expressing
cells and the control cells (Fig. 3, p <0.05). EPA and AA also signif-
icantly decreased the concentration of 20:3(n-9) in the core-
expressing cells in a dose-dependent manner (Fig. 4, p <0.05).
In addition, EPA and AA individually decreased the triglyceride ,
concentration in cells, in particular, in the core-expressing cells
(Fig. 5, in core-expressing cells, p <0.01; in control cells, p
<0.05, respectively).

Ketone body ratio and lactate/pyruvate ratio

Although the mechanism by which the HCV core protein
enhances fatty acid desaturation is yet unclear, one possibility
is the creation of an overreduced state in the core-expressing
cells. The overreduced state or the accumulation of NADH in cells
is known to accelerate the activities of fatty acid desaturases
[30,31]. Such a condition may originate from the dysfunction of
the mitochondrial electron transfer system (ETS), which has been
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Fig. 4. Effect of EPA and AA on the concentration of 20:3(n-9). HepG2 cells with
or without the core protein were incubated with EPA (A) or AA (B) for 48 h. The
fatty acid compositions of the total cell lipids were analyzed and the percentages
of the C20:3(n-9) fraction were measured. Light blue bars indicate control cells
and dark blue bars indicate core-expressing cells. N =5 in each group. *p <0.05.

suggested to be associated with HCV infection by the action of
the HCV core protein [32-35]. Then, we explored the possibility
that an increase in the NADH level, which is caused by the mito-
chondrial ETS dysfunction, induces the activation of fatty acid
desaturases. Because fatty acid synthesis or fatty acid desatura-
tion is accompanied by the oxidation of NAD(P)H, we measured
the ketone body ratio (KBR) in the culture medium to estimate
the redox state in the HepG2 cells expressing the core protein.
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'Fig. 5. Effect of EPA and AA on triglyceride content. HepG2 cells with or without

the core protein were incubated with EPA (A) or AA (B) for 48 h. The triglyceride
volume of the total cell lipids was measured and the triglyceride contents in the
cells were calculated. Light blue bars indicate control cells and dark blue bars
indicate core-expressing cells. N= 5 in each group. "p <0.05, **p <0.01.

The KBR, which is in equilibrium with the intramitochondrial
NAD*/NADH [26,36], in the culture medium of the core-express-
ing cells, was significantly lower than that of control cells (Fig. 6A,
p <0.01). The ratio of lactate to pyruvate (lactate/pyruvate), which
is proportional to the cytosolic NADH/NAD" [26], in the culture
medium of the core-expressing cells was significantly higher than
that of control cells (Fig. 6B, p <0.05). These results, the higher
NADH/NAD* ratio in both determinations, indicate that NADH
accumulates .in the core-expressing HepG2 cells, resulting in
the overreduced state, as a consequence of the core protein
expression. The amounts of total ketone bodies were significantly
higher in the core-expressing cells than that in the control cells
(Fig. 6C).

Effects of pyruvate on lipid metabolism ih core-expressing cells

The addition of pyruvate into -this constitutive core protein
expression system, in which the pyruvate metabolism is in equi-
librium, is expected to cause a reduction in the NADH level along
with increases in the levels of lactate and NAD", because pyruvate
tends to be converted to lactate by the action of lactate dehydro-
genase. (LDH) under the condition of high NADH/NAD" ratio
[26,36]. Actually, the addition of pyruvate into the culture med-
ium at various concentrations increased the KBR and reduced
the amount of 5,8,11-eicosatrienoic acid (20:3 (n-9)) (Fig. 6D, p
<0.05 at 10 mM pyruvate), while it had no effect on the control
cells. It also caused a reduction in the amount of triglyceride in
the core-expressing cells but not in the control cells (Fig. 6E). This
finding strongly supports the notion that NADH accumulation is,
at least, one of the causes of the activation of fatty acid desaturas-
es in this HCV model. The mRNA levels of anti-oxidant genes sig-
nificantly decreased after the incubation with pyruvate at 10 mM
(catalase, 1.27 £0.06 vs. 0.91+0.05; glutathione synthetase
1.39£0.04 vs. 1.01£0.06; glutathione peroxidase 1.48+0.03
vs. 1.23+0.07, pyruvate (=) vs. pyruvate (+), p <0.05, respec-
tively), suggesting that pyruvate reduced the levels of oxidative
stress in the core-expressing HepG2 cells.
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Fig. 6. NADH accumulation and effect of pyruvate in core-expressing cells.
HepG2 cells with or without the core protein were subjected to the determination
of ketone body ratio (A) and lactate/pyruvate ratio (B) for the precise estimation
of NAD*/NADH and NADH/NAD", (C) Total ketone bodies. (D) The percentages of
the C20:3(n-9) fraction were measured after incubation with pyruvate at various
concentrations. (E) The total amount of triglyceride was measured after incuba-
tion with pyruvate at various concentrations. Light blue bars indicate control cells
and dark blue bars indicate core-expressing cells. N=5 in each group. *p <0.05,
**p <0.01.

Expression of SREBP-1 and desaturase genes in core-expressing cells

We previously showed that the core protein activates the expres-
sion of the SREBP-1c gene, which regulates the production of tri-
glyceride [37] in the liver. We, therefore, examined the mRNA
levels. of genes associated with lipid metabolism in the current
system. As shown in Fig. 7, the mRNA levels of SREBP-1c and
delta-9 (stearoyl CoA) desaturase genes, but not that of the
SREBP-1a gene, were significantly higher in the core-expressing

cells than that in the control cells. Of note, the mRNA levels of
the former two genes significantly decreased after the incubation
with AA. The treatment with pyruvate also reduced the mRNA
levels of the two genes, but the difference was not statistically
significant compared with the control.

Discussion

The core protein of HCV modulated the activities of delta desat-
urases and changed the saturation states of fatty acids. The
observed change in the HepG2 cells, namely, an increase in the
amounts of unsaturated fatty acids, may support cell prolifera-
tion, by increasing the fluidity of the cell membrane as reported
previously [20]. In the HepG2 cells expressing the core protein,
the delta-6 desaturase activity was as high as that of the delta-
9 desaturase, leading to the accumulation of a downstream prod-
uct, 20:3(n-9) fatty acid. This was, unexpectedly, in contrast to
our previous result on the liver tissues of HCV core gene trans-
genic mice, in which the 18:1/18:0 and 16:1/16:0 ratios were sig-
nificantly higher than that in the liver tissues of normal
littermate mice, indicating the activation of delta-9 desaturase
[8]. The 16:1/16:0 and 18:1/18:0 ratios observed in the control
HepG2 cells were consistent with the results of a previous study:
the delta-6 desaturase activity is inherently higher in HepG2 cells
than in normal mouse hepatocytes [28,29]. This may explain the
difference in the effect of the core protein on lipid metabolism in
these two systems, namely, HepG2 cells and mouse liver tissues.
The significant increase in the delta-9 desaturase index and high
concentration of 20:3(n-9) by the administration of ETYA, a
delta-6 desaturase inhibitor, indicate the activation of delta-9
desaturase in the core-expressing cells. The results of real-time
PCR analysis for determining the mRNA levels of these enzymes
corroborated the current estimation of desaturase activities as
determined by fatty acid analysis.

The mechanism underlying the activation of fatty acid desatu-
ration by the HCV core protein is still unclear, but one possibility
is the presence of an overreduced state in the core-expressing cells.
The HCV core protein is closely associated with mitochondrial dys- .
function, in particular, that of the respiratory chain complexes,
resulting in an impairment of NADH oxidation [32-35]. NADH
accumulation leads to an increase in desaturase activities through
the augmentation of microsomal electron transfer [38]. In fact, the
KBR in the core-expressing cells was significantly lower than that
in the control cells, indicating the accumulation of NADH within
the cells. The addition of pyruvate resulted in an increase in the
KBR and a reduction in the amounts of triglyceride and 5,8,11-
eicosatrienoic acid (20:3 (n-9)) while it had no effect on the control
cells, strongly supporting the notion that NADH accumulation
induced by the core protein is, at least, one of the causes of the acti-
vation of fatty acid desaturases in this HCV model.

Another possible mechanism underlying the accelerated
desaturation is the activation of SREBP-1c, which controls the
expression of delta-9 desaturase. In fact, the level of SREBP-1c
mRNA was higher in the core-expressing cells than that in the
control cells as reported previously [37]. The relief of NADH accu-
mulation by pyruvate administration resulted in the reduced
accumulation of triglyceride and unsaturated fatty acids, which
was accompanied by the reduction in SREBP-1c and delta-9
desaturase gene expression levels. The intracellular accumulation
of NADH might be involved in the activation of the SREBP-1c gene
expression by the core protein. Thus, NADH accumulation, which
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Fig. 7. Effect of pyruvate and AA on mRNA levels of lipid-associated genes. The mRNA levels of SREBP-1c (A), delta-9 desaturase (B) and SREBP-1a (C) genes were
determined by real-time PCR analysis. The transcription of the genes was normalized with that of hypoxanthine phosphoribosyltransferase, and the values are expressed as
relative activities. Light blue bars indicate control cells and dark blue bars indicate core-expressing cells. N =5 in each group. *p <0.05. SREBP, sterol regulatory element

binding protein.

is induced by the core protein through the impairment of the
mitochondrial complex function [35];, may be a key event that
leads to the SREBP-1c activation, the desaturase activation, and
the development of steatosis associated with HCV infection.

EPA and AA (PUFAs), which are known to suppress desaturase
activities, lowered the 18:1/18:0 and 16:1/16:0 ratios and
decreased the concentration of 20:3(n-9) concomitantly with that
of triglyceride, regardless of the presence of the core protein, prob-
ably through SREBP-1c suppression (Fig. 7) [39]. On the other hand,
the administration of EPA or AA did not affect the KBR in the core-
expressing or control cells (data not shown), limiting the PUFAs
ability to counteract the effect of the core protein. This is in contrast
to the fact that the addition of pyruvate caused an increase in the
KBR and a reduction in the amounts of triglyceride and 5,8,11-
eicosatrienoic acid (20:3 (n-9)), while it had no effect on the control
cells.

Fatty acid desaturation is closely associated with increased
membrane fluidity [20], leading to augmented cell metabolism
and higher cell division rates [21,22]. Although the relationship
between carcinogenesis and lipid metabolism altered by the HCV
core protein remains to be further clarified, alterations in lipid
metabolism, in particular, in the desaturation of fatty acids, are clo-
sely associated with HCV infection, and PUFAs could prevent the
pathogenesis of HCV-associated disorders involving lipid
metabolism.
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Background: The clinical significance of autotaxin (ATX), a key enzyme for the production of the bioactive
lysophospholipid lysophosphatidic acid remains unknown. Serum ATX enzymatic activity reportedly
increases in parallel with liver fibrosis and exhibits a gender difference.

Methods: Serum ATX antigen level, measured easier than the activity, was evaluated as a marker of liver
fibrosis in 2 cohorts of chronic liver disease caused by hepatitis C virus. ]

Results: In the first cohort, serum ATX level correlated significantly with liver fibrosis stage and was the best
parameter for prediction of cirrhosis with an area under the receiver operating characteristic curve (AUROC)
of 0.756 in male and 0.760 in female, when compared with serum hyaluronic acid and aminotransferase-to-
platelet ratio index, an established marker of liver fibrosis. In another cohort, serum ATX level correlated
significantly with liver stiffness, a novel reliable marker of liver fibrosis, being the second-best parameter in
male (AUROC, 0.799) and in female (AUROC, 0.876) for prediction of significant fibrosis, and the best
parameter in male (AUROC, 0.863) and the third-best parameter in female (AUROC, 0.872) for prediction of
cirrhosis, both of which were judged by liver stiffness.

Conclusions: Serum ATX level may be a novel marker of liver fibrosis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The bioactive lysophospholipid lysophosphatidic acid (1- or 2-
acyl-lysophosphatidic acid; LPA) elicits a variety of biological responses,
such as neurogenesis, angiogenesis, smooth-muscle contraction, platelet
aggregation, and wound healing [1,2]. LPA has aiso been shown to
contribute to cancer progression and metastasis [3,4]. From a clinical
viewpoint, LPA is reportedly increased in the plasma of ovarian cancer
patients, compared with healthy control subjects [5]. Furthermore, LPA
is reportedly present in minimally modified LDL and within the intima
of atherosclerotic lesions, where it may play a role in the early phase of
atherosclerosis [6]. Thus, the information on how and where LPA is
produced in the body fluids, especially the plasma and serum, is very
important. This, however, had long remained unknown until recently.
LPA production in the serum reportedly involves several phospholi-
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pases, including phosphatidylserine-specific phospholipase A1, secre-
tory phospholipase A2 group lIA, lecithin-cholesterol acyltransferase,
and lysophospholipase D (lysoPLD) [7]. In particular, lysoPLD is the
most important enzyme for the production of serum LPA. This lipase
hydrolyzes lysophosphalipids, mainly lysophosphatidylcholine, to
produce LPA. Two different groups succeeded in cloning lysoPLD and
found that this enzyme is identical to the soluble form of autotaxin
(ATX) [8,9]; ATX was originally isolated from the conditioned medium
of A2058 human melanoma cells as a potent cell motility-stimulating
factor [10]. The enhanced expression of ATX has been reported in
various malignant tumor tissues, such as non-small cell lung cancer [11}.
The (patho)physiological functions of ATX are now thought to be
explained by its ability to produce LPA [7-9], and ATX is the only factor
known to exhibit lysoPLD activity in the serum [9]. In sera from
heterozygous ATX-null mice, both lysoPLD activity and LPA concentra-
tions were about half of those observed in sera from wild-type mice,
showing that ATX is responsible for the bulk of LPA production in the
serum [12,13]. On the other hand, when ATX-depleted human [14],
mouse [12], or bovine [15] serum was prepared using immunoprecip-
itation with an anti-ATX monoclonal antibody, the lysoPLD activity was



1202 H. Nakagawa et al. / Clinica Chimica Acta 412 (2011) 1201-1206

negligible in ATX-depleted serum, indicating that ATX fully accounts for
serum lysoPLD activity [14,15]. In line with these findings, a strong
correlation between serum ATX activity and plasma LPA level was
observed in human [16] and in mice [17]. Considering the importance of
ATX as an enzyme that exerts lysoPLD activity and produces LPA, the
measurement of serum ATX concentrations was deemed important. In
fact, we previously reported that the lysoPLD enzymatic activity assay
was promising for laboratory testing [18].

To date, we have been focusing on a potential role of LPA in
(patho)physiology of the liver, and we showed that LPA stimulates the
proliferation [19] and contractility [20,21] of hepatic stellate cells, a
key player in liver fibrogensis. This evidence prompted us to examine
whether LPA and ATX were pathophysiologically involved in liver
fibrosis. During an experiment to clarify this point, we found that
plasma LPA level and serum ATX activity increased in parallel with
liver fibrosis in human [16], and in rats [17].

Recently, ATX immunoenzymetric system has been developed
[22], which needs much less time to obtain the results compared to
ATX activity assay. Using this assay, serum ATX level has been shown
to be strongly correlated with serum ATX activity in healthy subjects
and in patients with chronic liver disease, with higher levels observed
in female than in male [22]. In this study, we examined whether
serum ATX level could be useful as a marker of liver fibrosis in the
clinical setting.

2. Patients and methods
2.1. Patients

All the enrolled patients had chronic liver disease caused by
hepatitis C virus (HCV; C-CLD), defined as having persistent liver
damage for >6 months, serum anti-HCV antibody positivity and a
detectable HCV RNA level. Patients with the following conditions were
excluded from the study: double infection with both HBV and HCV,
the presence of other causes of liver disease, including alcoholism
(=80 g of ethanol daily for at least 5 y) and hepatocellular carcinoma.

ATX level was first examined in stored serum samples of C-CLD

patients (n=74) with histological analysis of the liver, which were

collected between January 1994 and December 2002 with informed
consent at the Department of Gastroenterology, University of Tokyo
Hospital, Tokyo, Japan.

Furthermore, 134 patients with C-CLD among patients who were
seen in the Department of Gastroenterology, University of Tokyo
Hospital, between April 2007 and. August 2009 were also enrolled.
These patients underwent a liver stiffness measurement and were
without active liver damage with >100 U/l of alanine aminotransfer-
ase (ALT) and cardiac insufficiency, because liver stiffness value has
been shown to be unreliable to predict the degree of liver fibrosis in
those conditions [23-25].

This study was carried out in accordance with the ethical
guidelines of the 1975 Declaration of Helsinki and was approved by
the Institutional Research Ethics Committee of the Faculty of Medicine
of the University of Tokyo. Informed consent from the patients was
obtained for the use of the serum samples.

2.2. Measurement of ATX activity

ATX activity was measured as lysophospholipase D activity using
an enzymatic photometric method with the determination of the
choline level after the addition of the substrate lysophosphatidylcho-
line, as previously described [9].

2.3. Measurement of ATX antigen

Serum ATX antigen concentration was determined using a specific
2-site enzyme immunoassay, as previously described, in which the

Table 1
Characteristics of patients.

Variables A retrospective A cohort analyzed with
cohort liver stiffness

Age () 63+9 67+10

Male/female 42/32 59/75

AST (U/1) 76.5439.3 4444224

Platelet count (x10%/u) 11.5+4.3 14.2 4+ 6.1

Serum ATX level (mg/l) 2404096 2204122

Serum hyaluronic acid level (ng/ml)  198.6 £200.2 194142353

Fibrosis stage

Male FO & F1/F2 & F3/F4 1/25/16 NA

Female FO & F1/F2 & F3/F4 2/10/20 NA

Liver stiffness value (kPa) NA 11.6+88

Male £7.65/7.65<, £13.01/13.01< NA 27/14/18

Female £7.65/7.65<, £13.01/13.01< NA 37/11/27

Values are expressed as the mean 4 SD.
NA, not available.

within-run and between-run CVs were 3.1—4.6% and 2.8-4.6%,
respectively [22].

2.4. Histological staging

Liver biopsy was performed under sonography, in which a Tru-cut
needle (14-gauge) under sonography was used to obtain an enough
hepatic tissue. The samples were all at least 10 mm in length. Fibrosis
stage, determined according to the METAVIR group scoring system,
was classified as FO, no fibrosis; F1, portal fibrosis without septa; F2,
few septa; F3, numerous septa without cirrhosis; or F4, cirrhosis.

2.5. Measurement of liver stiffness

Liver stiffness was measured using transient elastography (Fibro-
Scan 502; EchoSens, Paris, France), as described previously [26-28].
Briefly, the measurements were performed in the right lobe of the
liver through the inter-costal spaces with the patient lying in the
dorsal decubitus position. Liver stiffness measurement was consid-
ered valid only when at least ten acquisitions were successful with a
success rate of at least 60% and the ratio of inter-quartile range to the
median value was larger than 30%. Liver stiffness value was expressed
in kilopascals (kPa).

2.6. Statistical analysis
The correlation between two groups, in which the data points

were distribution-free, was analyzed using Spearman's rank correla-
tion coefficient. Trends of serum ATX levels in accordance with

5
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Serum ATX activity (umol/L/min)

Fig. 1. Correlation of serum ATX level with serum ATX activity in patients with C-CLD.
Data from 68 patients were used to analyze a correlation between serum ATX level and
serum ATX activity.
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Fig. 2. Correlations of serum ATX level with liver fibrosis stage in male and female patients with C-CLD. Data from 42 male paﬁents and 32 female patients were used to analyze a

correlation between serum ATX level and liver fibrosis stage.

fibrosis stage were assessed with the Jonckeere-Terpstra test. A two-
sided P-value less than 0.05 was considered statistically significant.
Statistical procedures were performed using SAS, ver 9.1 (SAS
Institute, Inc., Cary, NC). :

3. Results
3.1. Patients

The characteristics of the patients in the retrospective cohort whose
serum samples were collected between January 1994 and December
2002, and those in another cohort whose serum samples were collected
between April 2007 and August 2009, are summarized in Table 1. There
were more patients with advanced fibrosis stage in the retrospective
cohort compared to the cohort analyzed with liver stiffness value;
approximately half of patients had cirrhosis in the retrospective cohort.

3.2. Relationship between serum ATX level and serum ATX activity in
patients with C-CLD )

Serum ATX level was recently shown to be strongly correlated
with serum ATX activity in healthy subjects [22]. We first examined a
correlation between serum ATX level and serum ATX activity in
patients with C-CLD. As shown in Fig. 1, a strong correlation between
serum ATX level and serum ATX activity (p=0.971, P<0.001) was
confirmed in 68 patients with C-CLD, in whom both serum ATX level
and serum ATX activity were measured [22].

3.3. Performances of serum ATX level for the prediction of liver fibrosis
stage

In the retrospective cohort, serum ATX level was significantly
correlated with liver fibrosis stage in both male (P=0.016, Jonckheere~
Terpstra test) and female (P=0.005), as demonstrated in Fig. 2.
Then, the performances of serum ATX level for the prediction of liver
fibrosis stage were analyzed in comparison with serum hyaluronic
acid level and aspartate aminotransferase-to-platelet ratio index (APRI),
an established marker of liver fibrosis [29]. Because serum ATX level
exhibits a gender difference [22], we evaluated serum ATX level in both
male and female patients. Fig. 3 shows the receiver operator character-
istic (ROC) curves for serum ATX level, serum hyaluronic acid level
and APRI with regard to the prediction of cirrhosis. Table 2 depicts the
area under the ROC curves (AUROCs) for the three parameters. AUROCs
of serum ATX level for predicting cirrhosis were 0.756 in male and 0.760
in female, which were better than those of serum hyaluronic acid level or
APRL Because this retrospective cohort had a bias with more patients
with advanced liver fibrosis, the performances of the three markers to
predict significant fibrosis were not analyzed.

3.4. Performances of serum ATX level for the prediction of liver stiffness
value

Then, serum ATX level was further evaluated in another cohort
with more patients with mild fibrosis (Table 1). In this recent cohort,
liver stiffness value was employed as an indicator for liver fibrosis,
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Fig. 3. Receiver operator characteristics (ROC) curves illustrating the relationship between sensitivity and 1 - specificity for serum ATX level, serum hyaluronic acid level, and APRI
for discriminating cirrhosis in male and female C-CLD patients. Data from 42 male patients and 32 female patients were used in the ROC statistical analyses comparing the

discriminating accuracy of three parameters. HA, hyaluronic acid.
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Table 2
Area under the receiver operator characteristic curves (AUROCs) for the three
parameters discriminating cirrhosis.

Parameter AUROC (95% (i)
Male
ATX 0.756 (0.608-0.904)
HA 0.739 (0.581-0.897)
APRI 0.686 (0.516-0.857)
Female
’ ATX 0.760 (0.588-0.933)

HA 0.740 (0.534-0.946)
APRI 0.642 (0.441-0.843)

HA, hyaluronic acid.

because 1) the strict attention to ethical concerns regarding the
performance of liver biopsies for the sole purpose of assessing the
liver fibrosis stage was paid, and 2) the general reliability of liver
stiffness value in the diagnosis of liver fibrosis has been reported
based on the evidence that liver stiffness value is strongly correlated
with the fibrosis stage, as determined by a liver biopsy [26,30-34]. The
significant correlation was observed between serum ATX level and
liver stiffness value, as shown in Fig. 4. Spearman'’s rank correlation
coefficients between serum ATX level and liver stiffness value were
0.635 in male patients (P<0.001) and 0.638 in female patients
(P<0.001), respectively.

Then, we analyzed the performances of serum ATX level, serum
hyaluronic acid level, and APRI for the prediction of liver stiffness
value. Because a previous meta-analysis showed 7.65 kPa to be the
lower limit of stage F2 with significant fibrosis and 13.01 kPa to be the
lower limit of stage F4 with cirrhosis in the conventional classifica-
tions of liver fibrosis [33], the abilities of these 3 parameters to
discriminate a liver stiffness of <7.65 kPa from a liver stiffness of
>7.65 kPa and a liver stiffness of <13.01 kPa from a liver stiffness of
>13.01 kPa were analyzed. Fig. 5 shows ROC curves for serum ATX
level, serum hyaluronic acid level, and APRI with regard to the
prediction of >7.65 kPa or 13.01 kPa of liver stiffness value. Table 3
depicts AUROCs for the 3 parameters. To predict >7.65 kPa of liver
stiffness value, serum ATX level was the second best parameter both
in male and in female. Serum ATX level had a sensitivity of 70.0% and a
specificity of 73.1% with 1.36 mg/l in male, and a sensitivity of 86.5%
and a specificity of 70.6% with 2.11 mg/l in female for the prediction
of >7.65 kPa of liver stiffness value. To predict >13.01 kPa of liver
stiffness value in male, serum ATX level was the best parameter,
followed by serum hyaluronic acid level, and APRI In female,
however, serum hyaluronic acid level was the best parameter
to predict >13.01 kPa of liver stiffness value, followed by APRI and
serum ATX level. Serum ATX level had a sensitivity of 82.4% and a
specificity of 74.4% with 1.58 mg/l in male, and a sensitivity of 81.5%
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and a specificity of 77.3% with 2.56 mg/] in female for the prediction
of >13.01 kPa of liver stiffness value.

4. Discussion

The current study indicates that serum ATX level was significantly
correlated with liver fibrosis stage and liver stiffness value. Then, the
performance of serum ATX level in the prediction of cirrhosis was
better than serum hyaluronic acid and APRL Furthermore, serum ATX
level was the second-best parameter in male and in female for
predicting >7.65 kPa of liver stiffness, a cut-off for significant fibrosis
by meta-analysis [33] and the best parameter in male and the third-
best parameter in female for predicting >13.01 kPa of liver stiffness, a
cut-off for cirrhosis by meta-analysis [33]. Collectively, serum ATX
level may be a useful marker of liver fibrosis, comparable with serum
hyaluronic acid. When compared to APR], serum ATX level may be
comparable in female patients and better in male patients as a liver
fibrosis marker. Of note, a gender-dependent difference in serum ATX
level needs to be taken into consideration when using it as a marker
of liver fibrosis.

Because the retrospective cohort analyzed with liver fibrosis stage
was smaller and had a bias with more patients with advanced liver
fibrosis, serum ATX level was further evaluated in another cohort with
more patients with mild fibrosis. In this cohort, we rather chose to
employ liver stiffness value as an indicator for liver fibrosis because
of ethical considerations. Transient elastography has been shown a
reliable tool for assessing liver fibrosis [26,30-34]. According to a
previous study for which liver biopsy data was available, serum
hyaluronic acid level was effective for discriminating significant
fibrosis, with an AUROC of 0.85, and for discriminating cirrhosis, with
an AUROC of 0.81, in C-CLD patients [35]. Of note, the AUROC for the
serum hyaluronic acid level was 0.814 in male and 0.875 in female
for the discrimination of a liver stiffness of <7.65 kPa from a liver
stiffness of >7.65 kPa, i.e., significant fibrosis, and 0.859 in male and
0.901 in female for the discrimination of a liver stiffness of £13.01 kPa
from a liver stiffness of >13.01 kPa, i.e., cirrhosis, in the current study.
These results were comparable to previous data, suggesting that our
current analysis is similarly reliable, compared with studies based on
liver histology.

ATX mRNA expression has been predominantly found in brain,
lung, duodenum and adrenals and also determined in liver, skeletal
muscle, heart at a substantial level [36], suggesting that ATX transcript
is expressed in many tissues or organs. Although a regulatory
mechanism of ATX expression in various organs has not been clarified
yet, we previously demonstrated that serum ATX activity is increased
in liver fibrosis, which let us examine whether ATX production might
be increased in the liver. As a result, ATX mRNA expression in the liver
was not increased in a carbon tetrachloride-induced rat model of liver
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Fig. 4. Correlations of serum ATX level with liver stiffness value in male and female patients with C-CLD. Data from 59 male patients and 75 female patients were used to analyze a

correlation between serum ATX level and liver stiffness value,
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Fig. 5. Receiver operator characteristics (ROC) curves illustrating the relationship between sensitivity and 1 - specificity for serum ATX level, serum hyaluronic acid level, and APRI
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patients. Data from 59 male patients and 75 female patients were used in the ROC statistical analyses comparing the discriminating accuracy of three parameters. HA, hyaluronic acid.

fibrosis, suggesting that the mechanism of the increase of serum ATX
activity might involve the reduction of ATX clearance in the liver [16].
The evidence of early rise in serum ATX activity at 3 h after 70%
hepatoctemy in rats is in line with this speculation [16]. In fact, recent
evidence indicates that sinusoidal endothelial cells specifically take up
ATX in the blood [37]. Therefore, the uptake of ATX by sinusoidal
endothelial cells explains, at least in part, the usefulness of serum ATX
level as a marker of liver fibrosis. Of interest, sinusoidal endothelial

Table 3
Area under the receiver operator characteristic curves (AUROCs) for the three
parameters discriminating various liver stiffness categories.

Category of liver stiffness Parameter AUROC (95% C1)

<7.65 kPa vs. >7.65 kPa

Male ATX 0.799 (0.683-0.914)
HA 0.814 (0.703-0.924)
APRI 0.741 {0.596-0.886)

Female ATX 0.876 (0.798-0.955)
HA 0.875 (0.792-0.958)
APRI 0.900 (0.831-0.968)

<13.01 kPa vs. »13.01 kPa

Male ATX 0.863 (0.762~0.965)
HA 0.859 (0.746-0.971)
APRI 0.689 (0.509-0.870)

Female ATX 0.872 (0.791-0.953)
HA 0.901 (0.830-0.973)
APRI 0.899 (0.827-0.970)

HA, hyaluronic acid.

cells also take up hyaluronic acid [38]. However, the kinetics of ATX
and hyaluronic acid in the blood are distinctly different: serum ATX
level exhibits a gender difference [22], but serum hyaluronic acid level
does not. Severely impaired renal function leads to an increase in
serum hyaluronic acid level [39,40] but not in serum ATX level [41].
Furthermore, the diet affects serum hyaluronic acid level [42] but not
serum ATX level. These points can be advantage of serum ATX level
over serum hyaluronic acid level as a liver fibrosis marker. Another
advantage of serum ATX level is that serum hyaluronic acid level is
increased in patients with chronic inflammation [43], but not serum
ATX level [44], suggesting that serum ATX level may be more specific
marker of liver fibrosis than serum hyaluronic acid level.

Regarding APRI, the performance for diagnosing cirrhosis was
worst among the three parameters both in male and female and
the performance for predicting liver stiffness was also worst in
male, This poorer performance of APRI for predicting liver fibrosis and
liver stiffness especially in male patients with C-CLD was unexpected
[45]. Because the previous analyses of APRI as a marker of liver fibrosis
were mainly performed in patients in US and Europe [45], ethnic
differences might explain the distinct performances of APRI for
predicting cirrhosis and liver stiffness. Nonetheless, APRI as a marker
of liver fibrosis should be carefully applied, at least in Japanese male
patients with C-CLD.

Our current evidence may shed a light on novel clinical significance
of ATX; serum ATX level increases correlatively with liver fibrosis and
is useful as its marker. A further study is needed to clarify a potential
pathophysiological role of ATX in liver fibrosis as a regulator of plasma
LPA level.
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List of abbreviations

ATX autotaxin

LPA lysophosphatidic acid
lysoPLD lysophospholipase D

C-CLD  chronic liver disease caused by hepatitis C virus
HCV hepatitis C virus

ALT alanine aminotransferase

APRI aspartate aminotransferase-to-platelet ratio index
ROC receiver operator characteristic

AUROC area under the receiver operator characteristic curve
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Apoptosis Signal-Regulating Kinase 1 Inhibits
Hepatocarcinogenesis by Controlling the
Tumor-Suppressing Function of Stress-Activated
Mitogen-Activated Protein Kinase

Hayato Nakagawa,' Yoshihiro Hirata,' Kohsuke Takeda, ? Yoku Hayakawa1 Takehiro Sato,” Hiroto Kinoshita,"
Kei Sakamoto,” Wachiko Nakata,' Yohko Hikiba,® Masao Omata,* Haruh1k0 Yoshida," Kazuhiko Koike,'
Hidenori Ichijo,” and Shin Maeda'’

The stress-activated mitogen-activated protein kinases (MAPKs), c-Jun NH2-terminal kinase
(JNK), and p38 have been implicated in hepatocarcinogenesis. Although the many interre-
lated functions of JNK and p38 are precisely regulated by upstream signaling molecules, little
is known about upstream regulators. We investigated the role of apoptosis signal-regulating
kinase 1 (ASK1), a major player in the regulatmn of JNK and p38 activities, in hepatocarcino-
genesis using a mouse hepatocellular carcinoma (HCC) model. ASK1-deficient (ASK1~ =y
and wildtype (WT) mice were treated with diethylnitrosamine on postnatal day 14 Strlkmgly,
after 7 months, approximately three times as many tumors developed in ASK1~'" mice as in
WT mice. Although JNK and p38 activation were attenuated in ASK1~'~ HCCs relative to
WT HCCs, cell proliferation was comparable in HCCs from both types of mice. On the other
hand, both cancer cell apoptosis and hyperphosphorylation of BimEL, a proapoptotic Bcl-2
family member, were suppressed in the ASK1™'~ HCCs. ASK1~'~ mice showed remarkable
resistance to Fas-induced hepatocyte apoptosis iz vivo, probably because of attenuated JNK-
mediated BimEL phosphorylation and mitochondrial apoptotic pathway activation. The
reintroduction of ASK1 to ASK1™'~ mouse liver using an adenoviral vector restored Fas-
induced hepatocyte death and phosphorylation of JNK and BimEL. Similar findings were
obtained in tumor necrosis factor alpha-induced hepatocyte apoptosis. Furthermore,
ASK1 was involved in DNA damage-induced p21 up-regulation through a p38 pathway.
Conclusion: ASK1 is involved in death receptor-mediated apoptosis and DNA-damage
response by way of stress-activated MAPK in the liver, and thus acts as a tumor suppressor
in hepatocarcinogenesis. This study provides new insight into the regulation of stress-
activated MAPK signaling in hepatocarcinogenesis. (HEPATOLOGY 2011;54:185-195)

epatocellular carcinoma (HCC) is the third portant roles in hepatocarcinogenesis. In particular,

most common cause of cancer mortality; clinical and experimental studies have implicated the

thus, understanding the molecular carcino- stress-activated mitogen-activated ~ protein  kinase
genic mechanism is an important issue.' Several (MAPK) cascades that converge on c-Jun NH,-
molecular pathways have been reported to play im-

Abbreviations: ALT, alanine aminotransferase; ASK1, apoptosis signal-regulating kinase 1; DEN, diethylnitrosamine; GalN, galactosamine; HCC, hepatocellular
carcinoma; JNK, ¢-Jun NH2-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MAP3K, mitogen-activated protein kinase kinase
kinase; TINF-o, tumor necrosis factor-o.
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terminal kinase (JNK) and p38 as key regulators of
hepatocarcinogenesis.”™®

JNK and p38 have complex functions and modulate
a wide range of cellular effects, including apoptosis,
proliferation,(differentiation, migration, and inflamma-
tion.” Evidence implicating the JNK and p38 signaling
pathways in the development of various types of can-
cer is strong, although certain cells use these signaling
pathways to combatr cancer development, whereas
others use these pathways as cancer promoters.®’
Crosstalk between the JNK and p38 pathways further
complicates the roles of these pathways in carcinogene-
sis.” Although determining the mechanisms regulating
these complex and multifunctional signaling pathways
is essential for the development of new therapeutic
approaches, these mechanisms yet well
understood.

The activities of JNK and p38 are tightly regu-
lated by upstream MAPK kinases and MAPK kinase
kinases (MAP3Ks). Acting far upstream in the intra-
cellular MAPK signaling cascade, MAP3Ks respond
to intracellular and extracellular stimuli and deter-
mine cell fate.'” Apoptosis signal-regulating kinase 1
(ASK1), a ubiquitously expressed MAP3K, selectively
- activates the JNK and p38 signaling pathways in
response to a variety of stimuli, including reactive
oxygen species and cytokines, and has been widely
accepted as a major player in the modulation of
JNK and p38 activities regulating cell death.'' In
liver disease, ASKI1 is involved in acetaminophen-
induced acute liver injury.12 Furthermore, recent
reports revealed that ASK1 participates in colon and
skin cancer development through the regulation of
apoptosis and inflammation.’? 14 However, involve-
~ment of ASK1 in hepatocarcinogenesis has not been
reported.

In this study we examined whether ASKI plays a
role in hepatocarcinogenesis using a diethylnitrosamine
(DEN)-induced mouse HCC model. We found that
ASK1 deficiency promoted the development of HCC,
and ASK1 inhibited hepatocarcinogenesis by control-
ling the tumor-suppressing function of stress-activated
MAPK.

are not

Materials and Methods -

Animals. Male ASK1-deficient (ASK17/7), JNK1 -,
JNK27'7, and C57BL/6 wildtype (WT) mice (Clea
Japan, Tokyo, Japan) were used in the experiments.
ASK17/~, JNKl"/", and JNK2M/' mice were gener-
ated as described'®'® and backcrossed the
C57BL/6 strain at least 14 times. Mice were main-

into
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tained under conventional conditions under a light/
dark cycle.

All of the experimental protocols were approved by
the Ethics Committee for Animal Experimentation
and conducted in accordance with the National Insti-
tutes of Health (NIH) Guidelines for the Care and Use
of Laborarory Animals.

Drug Administration and Experimental Design in
an In Vivo Model. In the DEN-induced HCC
model, DEN (Sigma, St. Louis, MO) dissolved in
phosphate-buffered saline (PBS) was injected intra-
peritoneally into mice (25 mg/kg) on postnatal day
14. Mice were sacrificed after 7 months and their liv-
ers were removed and examined for visible tumors. In
the DEN-induced acute liver injury model, mice were
injected intraperitoneally with 100 mg/kg DEN. In
the Fas-induced liver injury model, mice (8-10 weeks
old) were injected intraperitoneally with the agonistic
anti-Fas antibody Jo2 (0.4 pgl/g body weight; BD
Pharmingen, CA) dissolved in PBS. In the lipopoly-
saccharide  (LPS)/D-galactosamine  (GalN)-induced
liver injury model, mice were injected intraperitone-
ally with LPS (20 pg/kg; Sigma) and GalN (1,000
mg/kg; Wako). Some mice were pretreated with JNK -
inhibitor SP600125 (25 mg/kg; Biomol, PA) or p38
inhibitor SB203580 (25 mg/kg; Wako, Osaka, Japan)
dissolved in PBS containing 10% dimethyl sulfoxide.
Inhibitors were administered intraperitoneally 1 hour
before Jo2 or DEN injection. Histological analyses,
RNA extraction, real-time polymerase chain reaction
(PCR), and generation of bone marrow chimeric
mice were performed as described in the Supporting
Information.

Cells and RNA Interference. The human HCC cell
lines HuH7 (Human Science, Tokyo, Japan) and
PLC/PRF/5 (Riken, Tsukuba, Japan) and a human
normal hepatocyte line (ACBRI, Kirkland, WA) were
cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum. Cell numbers
were determined using a Cell Counting Kit-8
(Dojindo Laboratories, Kumamoto, Japan). RNA oli-
gonucleotides were synthesized by Qiagen (Hilden,
Germany), and small interfering RNA (siRNA) trans-
fections were performed using RNAIMAX (Invitrogen,
Carlsbad, CA). Ultraviolet (UV) irradiation was per-
formed using a UVB lamp (UVP, Upland, CA).

Immunoblotting and  Coimmunoprecipitation
Analysis. Details are described in the Supporting In-
formation. Anti-ASK1 and anti-phospho-ASK1 anti-
bodies were as described.'®!”
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Fig. 1. Increased HCC develop- ASK1-
ment in ASK1 ™/~ mice. (A) Livers
from 7-month-old DEN-treated WT
and ASK1™/~ mice. (B) Tumor
numbers, maximal tumor sizes, and B

tumor-occupied areas in WT and

ASK1™~ mouse livers. Data are Tumor number
expressed as means =+ standard *
error of the mean (SEM) (WT, n = 20

14; ASKL™/~, n = 12). *P < 15

0.05, compared with WT mice. (C) 1

Typical histological appearance of 10

livers (left) and HCCs (right) from

DEN-treated WT and ASK1™~ mice 5

(hematoxylin  and eosin  [H&E] 0.

staining). wT ASK1*

Infection of Recombinant Adenovirus. Recombi-
nant adenoviruses encoding fi-galactosidase (LacZ) and
HA-tagged ASK1 (Ad-ASK1) were constructed as
described.'® Adenoviruses were diluted in PBS and
injected into the tail vein 48 hours before Jo2 adminis-
tration (1 x 10% plaque-forming units [PFU]/mouse).

Statistical Analyses. Statistical analyses were per-
formed using Student’s 7 test or analysis of variance
(ANOVA), followed by Dunnett’s test where appropri-
ate. P < 0.05 was considered statistically significant.

Results

Loss of ASK1 Accelerates Chemically Induced
Hepatocarcinogenesis. To determine the role of ASK1
in hepatocarcinogenesis, male WT and ASK1™/~ mice
were injected with 25 mg/kg DEN on postnatal day
14. After 7 months, untreated WT and ASK1™'~ mice
revealed no spontaneous liver dysfunction or tumor
formation, whereas all mice given DEN developed typ-
ical HCCs. Strikingly, the number of detectable
tumors was approximately three times higher in
ASK1™'™ mice than in WT mice, and the tumor-
occupied areas were also more extensive in ASK1™'~
mice than in WT mice (Fig. 1B,C). The maximum
tumor size tended to be larger in ASK1™~ mice, but
the difference was not statistically significant (Fig. 1B).
DEN-induced liver tumors were histologically similar
to well-to-moderately differentiated human HCCs,
and the pathological characteristics of the tumors from

(mm)
12

10

Maximal size Tumor area

*

L N L 2 -]

WT

WT ASK1* ASK1+

WT and ASK1™'™ mice were similar (Fig. 1C). Thus,
loss of ASK1 accelerated DEN-induced HCC
development.

Role of ASK1 in Cancer Cell Proliferation and
Apoprosis. We compared the characteristics of DEN-
induced HCCs in WT and ASK1™'~ mouse livers.
The phosphorylation level of JNK, but not of p38,
was higher in HCCs than in nontumor tssues, and
JNK and p38 phosphorylation levels were lower in
ASK17/~ HCCs than in WT HCCs (Fig. 2A). How-
ever, important downstream substrates of stress-
activated MAPK involved in cell-cycle and tumor
promotion, such as cJun and cyclin D1, were
expressed at comparable levels in WT and ASK17™/~
mice (Fig. 2A). Additionally, the frequency of cells
positive for proliferating cell nuclear antigen (PCNA),
a marker of cell proliferation, was similar for the WT
and ASK1™/~ HCGCs (Fig. 2B). Because ASKI
appeared to be expressed at slightly higher levels in
HCCs than in nontumor tissues (Fig. 3A), we exam-
ined whether ASKI affects cancer cell proliferation
in wvitro by treating the HCC cell line HuH7 with
ASK1-specific siRNA. ASKl-silencing decreased JNK
phosphorylation (but not p38 phosphorylation) and
cJun expression, decreased cyclin - D1 expression
slightly, and inhibited cell proliferation slightly (Fig.
3C,D), suggesting that the ASKI-JNK pathway
weakly ‘enhances HCC cell proliferation. A similar
result was also observed in the PLC/PRF/5 HCC cell
line (Fig. 3D). However, as discussed above, the WT
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Fig. 2. Role of ASK1 in HCC cell proliferation. (A) Western blot analysis of the indicated proteins in nontumor (NT) and HCC liver tissues from
WT and ASK1™/~ mice. f-Actin was used as a loading control. (B) Representative PCNA staining of WT and ASK1™/~ HCC tissue sections. Bar
graph showing frequencies of PCNA-positive cells. Data are expressed as means = SEM (n = 9 per group). (C) Expression levels of indicated
proteins in HuH7 cells 48 hours after transfection with ASK1 or control siRNA. (D) Numbers of HuH7 and PLC/PRF/5 cells counted after trans-
fection. Data are plotted as means = standard deviation (SD).

and ASK1™/~ HCCs exhibited similar ¢-Jun expression  does not promote cancer cell proliferation and that
-and cell proliferation rates in wvivo, suggesting that there are other reasons for accelerated hepatocarcino-
other compensatory pathways promote c-Jun expres- genesis in ASK1™/~ mice.

sion and cell proliferation in ASK1™'~ HCCs. Based Next, we compared the numbers of apoptotic cells
on these results, we conclude that the loss of ASK1 in the WT and ASKI1™/~ mice livers using the

A TUNEL By TUNEL positive cells

Fig. 3. Apoptosis is suppressed
in ASK1™/~ HCC tissues. (A) Rep-
resentative TUNEL-stained sections
of HCC tissues from WT and
ASK1™/~ mice. (B) Frequencies of
TUNEL-positive apoptotic cells in

i . nontumor and HCC liver tissues.
NT HCC Data are expressed as means =
D6~ SEM (n = 9 per group). *P <
& EWINT 0.05, compared with HCC tissue
3 Ask1+ NT from WT mice. (C) Western blot
Z‘ggficc analysis of the indicated proteins
* in nontumor and HCC liver tissue
* from WT and ASK1™~ mice. (D)
Relative mRNA levels for death
ligands and receptors in nontumor
and HCC liver tissues from WT and
ASK1™/~ mice determined by real-
time PCR. Data are expressed as
means * SEM (n = 9 per group).
- B *P < 0.05, compared with nontu-
IFNy TNFR1 DRS Fas mor tissue from WT mice.
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Fig. 4. Involvement of ASK1 in Fas-induced hepatocyte apoptosis. Mice were injected intraperitoneally with the anti-Fas antibody Jo2 (0.4 1g/g).
(A) Representative images of WT and ASK1™/~ mouse livers 5 hours posttreatment. (B) Histological images of H&E-stained liver obtained 5
hours posttreatment. (C) TUNEL-stained liver sections from WT and ASK1™/~ mice taken 5 hours” posttreatment. (D) Serum ALT levels 2, 3.5,
and 5 hours posttreatment. Data are expressed as means = SEM-(n = 3 per group at 2 hours; n = 5 per group at 3-and 5 hours). *P <
0.05, compared with WT mice. (E,F) Analysis of the role of ASK1 in hematopoietic cells in Fas-induced liver injury. (E) Serum ALT levels 5 hours
after Jo2 administration to bone marrow-chimeric mice. WT mice were transplanted with WT or ASK17/~ mouse-derived bone marrow cells. Data
are expressed as means = SEM (n = 5 per group). (F) Histological image of H&E-stained liver obtained 5 hours after Jo2 administration.

terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay. As shown in Fig.
3A,B, significantly fewer apoptotic tumor cells were
found in ASK1™'~ HCCs than in WT HCCs. Con-
sistent with this, caspase-3 activation was significantly
attenuated in ASK1™'~ HCCs (Fig. 3C). Messenger
RNA (mRNA) levels for the death ligands tumor ne-
crosis factor-oo (TNF-2) and FasL and the death recep-
tor TRAIL-R2/DR5 were higher in HCCs than in
nontumor tissues, but did not differ significantly
between WT and ASK1™'~ HCCs (Fig. 3D). These
findings indicate that death receptor pathways were
activated in DEN-induced HCC tissues, but ASKI
does not regulate the expression of the main modula-
tors. Furthermore, the expression levels of Bcl-2 fami-
lies were almost identical in WT and ASK1™'~ mice,
as shown by western blot analysis: (Fig. 3C). However,
slower migration of the proapoptotic Bcl-2 family
member BimEL band, indicating hyperphosphoryla-
tion of BimEL, was more predominant in WT HCCs
than with ASK1™'~ HCCs (Fig. 3C). JNK-mediated
Bim phosphorylation has been reported to play an im-
portant role in death receptor-mediated apoptosis in
the liver,’”?" and defective death receptor signaling is
considered to be a cause of tumor immune escape.

Based on these results, we hypothesized that the loss of
ASK1 might accelerate hepatocarcinogenesis by allow-
ing cells to escape death receptor-mediated apoptosis.

ASK1 Is Involved in Fas-Induced Hepatocyte
Apoptosis. To evaluate whether ASK1 plays a role in
Fas-mediated hepatocyte apoptosis, WT and ASK1™/~
mice were injected intraperitoneally with -agonistic
anti-Fas antibody (Jo2), which causes severe liver dam-
age through apoptotic Fas signaling. Because a recent
report showed that the death pathway in hepatocytes
loses its dependence on mitochondria when the cells
are cultured on plamc:s,22 we assessed -the role of ASK1
in Fas-mediated apoptosis using an 7z vive model. As
shown in Fig. 4A, the liver from WT mice turned
dark red at 5 hours after injection, which was indica-
tive of widespread hemorrhage. In contrast, the liver
from ASK1™'~ mice showed only slight reddening.
The histological examination revealed extensive hepatic
apoptosis and hemorrhage in WT mice, but only focal
apoptotic change in ASKI '~ mice (Fig. 4B,C). Con-
sistent with these observations, serum alanine amino-
transferase (ALT) levels in ASK1 ™'~ mice were signifi-
cantly lower than those in WT mice (Fig. 4D).

On  the other hand,  secondary inflammatory
responses have been reported to modulate Jo2-induced
liver injury.””> To rule out the possibility that ASK1
may be involved in Jo2-induced secondary inflamma-
tory responses, we performed Jo2-induced liver injury
experiments using bone marrow chimeric mice. WT

mice transplanted with ASK1™™ or WT mouse-
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Fig. 5. Analysis of the Fas-signaling pathway. (A) ASK1 activation in WT mouse liver after Jo2 injection. Total liver lysates were immunoprecipi-
tated with ASK1 antibody and analyzed for ASK1 activation by immunoblotting with antibody specific for phospho-ASK1. (B) Western blot analy-

sis of the indicated proteins in WT and ASK1™~ mouse liver. (C)

Western blot analysis of Bax and cytochrome ¢ in the cytosolic and

mitochondrial fractions of WT and ASK1™/~ mouse liver. (D) Western blot analysis of BimEL in total liver lysates and of cytochrome c¢ in mito-
chondrial liver fractions from WT and ASK1 ™/~ mice 5 hours after Jo2 administration. (E) Effect of INK inhibitor and p38 inhibitor on Fas-induced

BimEL phosphorylation. (F) Bar graph shows serum ALT levels 5 hours

after Jo2 administration to mice pretreated with vehicle, JNK inhibitor, or

p38 inhibitor. Data are expressed as means = SEM (n = 5 per group). *P < 0.05, compared with vehicle-treated mice.

derived bone marrow cells showed similar extents of

liver injury after Jo2 injection (Fig. 4E,F). These .

results suggest that ASK1 is involved in Fas-mediated
direct hepatocyte apoptosis.

ASK1 Is Required for Activation of the JNK-Bim
Pathway in Fas-Induced Apoptotic Signaling. We
observed ASK1 phosphorylation after Jo2 administra-
tion in WT mouse liver, suggesting that ASKI was
activated in Fas signaling 7z vivo (Fig. 5A). Expression
levels of antiapoptotic proteins which have been
reported to be implicated in Fas-induced liver injury
were not affected by the absence of ASK1 (Fig. 5B).
On the other hand, Jo2-induced JNK, p38, and cas-
pase-3 activations were significantly attenuated in
ASK1™/~ mice compared with WT mice (Fig. 5B).

Bim is phosphorylated by JNK and subsequently
cleaved by caspase-3, and becomes a hyperactive in-
ducer of cytochrome ¢ release, leading a positive
amplification loop in apoptosis.”*** In western blot
analysis of liver proteins, Jo2 injection induced slower
migration of the BimEL band in WT mice, whereas
the change in BimEL migration was significantly atte-

nuated in ASK17/~
(Fig. 5B). Additionally, we analyzed the activation of
the mitochondrial apoptotic pathway, which is essential
for Fas-induced apoptosis of hepatocytes (so-called
type II cells). The mitochondrial Bax translocation was
slightly lower and the cytosolic release of cytochrome ¢
was significantly reduced in ASK1™'~ mice compared
with WT mice at 2 and 3.5 hours after Jo2 administra-
tion (Fig. 5C). At 5 hours after Jo2 administration,
marked phosphorylation and subsequent degradation
of BimEL and reduction of the cytochrome ¢ level in
the mitochondrial fraction were seen in WT mice,
whereas these changes were significantly suppressed in
ASK1™'™ mice (Fig. 5D). As reported,'’ administra-
tion of a JNK inhibitor reduced Jo2-induced BimEL
phosphorylation and serum ALT elevation. However,
administration of a p38 inhibitor had no detectable
effect on BimEL phosphorylation or liver injury (Fig.
5E,F). These results suggest that ASKI plays an im-
portant role in Fas-induced activation of the JNK-
Bim—mitochondrial apoptotic pathway.

mice, as also seen in HCC tissues



