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Absence of invariant natural killer T cells deteriorates liver
inflammation and fibrosis in mice fed high-fat diet
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Abstract

Background Invariant natural killer T (iINKT) cells have
been suggested to play critical roles in a wide range
of immune responses by acting in a proinflammatory or
anti-inflammatory manner. Nonalcoholic steatohepatitis
(NASH) is a chronic liver disease progressing to advanced
cirthosis and hepatocellular carcinoma. Despite the abun-
dance of iNKT cells in the liver, their role in the patho-
genesis of NASH remains obscure. Here, we investigated
their role in the development of diet-induced steatosis/
steatohepatitis.

Methods We used BALB/c wild-type mice and J«18-
deficient (KO) mice lacking iNKT cells fed either a
normal diet or a high-fat diet (HFD). The liver and blood
were collected from these mice to examine liver
inflammation, steatosis, and fibrosis at the indicated time
points.

Results KO mice fed the HFD, compared with control
mice fed the HFD, exhibited a clearly higher serum
alanine aminotransferase level and a greater number of
hepatic inflammatory foci, although there was no sig-
nificant difference in hepatic lipid retention between
these groups of mice. The HFD enhanced hepatic mes-
senger RNA expression of inflammatory cytokines and
chemokines in KO but not in control mice. The HFD
also increased the proportion of hepatic CD4 T cells and
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CD8 T cells that composed hepatic inflammatory foci in
KO mice, but not in the controls. Prolonged feeding with
the HFD augmented liver fibrosis in KO. but not in
contro]l mice. .
Conclusions These findings indicate that iNKT cells play
a protective role against liver inflammation progressing to
fibrosis, but not against steatosis, enhanced by dietary
excess fat, suggesting a key role of these cells in NASH
pathogenesis.
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Abbreviations

NAFLD Nonalcoholic fatty liver disease

NASH  Nonalcoholic steatohepatitis

iNKT Invariant natural killer T

NK Natural killer

TCR T cell receptor

Th T helper

IFN Interferon

IL Interleukin

WwT Wild type

ND Normal diet

HFD High-fat diet

KO Jo18-deficient

ALT Alanine aminotransferase

RT-PCR Reverse transcription polymerase chain
reaction

H&E Hematoxylin—eosin

SEM Standard error of the mean

TNF Tumor necrosis factor

CCL Chemokine (C-C motif) ligand

CXCL Chemokine (C—X~C motif) ligand
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of
liver disorders ranging from nonalcoholic steatosis to
nonalcoholic steatohepatitis (NASH), which can develop to
progressive disease including advanced liver fibrosis and
hepatocellular carcinoma [1, 2]. Prolonged overnutrition
causes accumulation of free fatty acid and triglycerides
within the liver, which is referred to as steatosis. Simple
steatosis leads to a predisposition for steatohepatitis, which
exhibits inflammatory cell accumulation and fibrosis in the
liver in addition to the steatosis [1, 2]. To transform from
steatosis to steatohepatitis, several key biological responses
such as oxidative stress, mitochondrial dysfunction, endo-
plasmic reticulum stress, and abnormal cytokine properties
have been reported to be required [1-4]. However, the
immunological aspect, in particular, that is involved in the
development of steatosis/steatohepatitis remains to be fully
elucidated.

Invariant natural killer T (iINKT) cells are characterized
by the expression of surface markers of natural killer (NK)
cells together with a single invariant T cell receptor (TCR)
encoded by Val4-Je18 in mice and Vu24-Jx18 in humans
[5]. These cells are included within the population of T
cells expressing NK cell markers, also known as NKT cells
[5, 6]. iNKT cells recognize glycolipid antigens presented
in association with the major histocompatibility complex
class Ib molecule CD1d [5], which is expressed on a
variety of cells including dendritic cells, B cells, and
stellate cells, as well as hepatocytes in the liver [5, 7, 8].
Following the recognition of antigens via TCR, iNKT cells
have the ability to produce the T-helper (Th) 1 cytokine,
interferon (IFN)-y, and the Th2 cytokines, interleukin (IL)-
4, -5, and -13, modulating subsequent immune responses
[5, 6, 9]. These cells have been shown to play a proin-
flammatory role in some immune responses and an anti-
inflammatory role in other immune responses [5, 6, 9].
INKT cells most frequently reside in the liver in mice [10,
11]. Although humans appear to have proportionally fewer
iNKT cells than mice, human iNKT cells also preferen-
tially reside in the liver [12, 13]. Several lines of evidence
indicate that the number of NKT cells is dysregunlated in the
development of NAFLD. Hepatic iNKT cells or NK1.1+
CD3+/TCRf+ NKT cells, for instance, have been reported
to decrease with the development of steatosis in wild-type
(WT) as well as leptin-deficient ob/ob mice [14-17]. A
reduced level of peripheral Va24+ NKT cells has been
associated with human NAFLD [18]. On the other hand,
CDS56+ CD3+ NKT cells have been recently reported to
be increased in the livers of patients with NAFLD [19].
Also, the adoptive transfer of NK1.14 CD3+ NKT cells
has been shown to alleviate hepatic steatosis in ob/ob mice
[20]. However, the precise role of NKT cells in the
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pathogenesis of NAFLD has not been investigated in the
presence of a deficiency of these cells. :

In the present study, we used iINKT cell-deficient as well
as WT mice fed either a normal diet (ND) or a high-fat diet
(HFD), and examined the role of these cells in the devel-
opment of HFD-induced steatosis/steatohepatitis. We
found that the lack of iNKT cells, together with the HFD,
led to liver inflammation, which was characterized by the
enhanced gene expression of inflammatory cytokines and
chemokines and by T cell accumulation. We also found
that prolonged liver inflammation in the absence of iNKT
cells developed to liver fibrosis which was strongly
enhanced by the HFD. This study delineated an immuno-
regulatory function of iNKT cells and their key role against
liver inflammation progressing to fibrosis exacerbated by
an HFD, which might represent a clinical aspect of human
progressive NAFLD.

Materials and methods
Animals and animal care

Specific pathogen-free BALB/c WT mice were purchased
from CLEA Japan (Tokyo, Japan) as needed. Breeding
pairs of BALB/c Ju18-deficient (KO) mice [21, 22] were
provided by Drs. Masaru Taniguchi and Ken-ichiro Seino
(RIKEN, Yokohama, Japan). The KO mice were confirmed
to have no iNKT cells by the use of mouse-CD1d tetramers
loaded with «-galactosylceramide in the flow cytometry
procedure described below (data not shown). These mice
were kept in isolation facilities at the Institute of Experi-
mental Animal Science, Osaka University. They were
housed in groups of five in filter cages and were maintained
in a temperature-controlled, specific-pathogen-free. room
on 12-h light and dark cycles with ad libitum access to
water and diet as indicated.

Experimental protocol

Male mice used in the experiments were fed an irradiated
HFD consisting of 56.7% of the calories from fat (HFD32;
CLEA Japan) or an irradiated ND consisting of 14% of the
calories from fat (CRF-1; Oriental Yeast, Osaka, Japan),
starting from when the mice were 6-8 weeks old. In pre-
liminary experiments, we monitored the body weight of the
WT mice and KO mice fed the ND or HFD every 2 weeks
after the initiation of feeding, because a gain of body
weight usually parallels the level of hepatic steatosis as
well as obesity. We did not observe a gain of body weight
of more than 25% until 4 weeks after the initiation of
feeding. In mice fed the HFD, the body weight gain
reached a plateau around 14-16 weeks after the initiation
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of feeding. These observations led us to set the time point
for estimating liver steatosis and injury and inflammation
or liver fibrosis during the course of feeding at week 5 or
week 15, respectively. At the end of the indicated periods,
the mice were weighed and anesthetized with pentobarbital
sodium, and then their abdomens were opened. Following
blood sampling via the inferior caval vein, the portal vein
and inferior caval vein were cut to enable blood outflow
and then the liver was removed, weighed, and processed
for further analyses. AIl animal experimental protocols
were approved by the Institute of Experimental Animal
Science, Osaka University. To evaluate the levels of liver
injury, serum alanine aminotransferase (ALT) activities
were measured as previously described [23]. To determine
the levels of steatosis, total lipids were extracted from the
liver and then triglyceride content was measured as pre-
viously described [24].

Flow cytometric analysis

Liver mononuclear cell populations were prepared as
previously described [11, 23]. Cell surface staining of the
prepared cells was performed as described [11, 23], using
the following antibodies or tetramers: fluorescein iso-
thiocyanate-conjugated anti-CD49b (DX5), phycoerythrin-
conjugated anti-CD4 (H129.19), peridinin chlorophyll
protein-conjugated anti-CD8u« (53-6.7), and allophycocya-
nin-conjugated anti-TCRf (H57-597) monoclonal anti-
body, or fluorescein isothiocyanate-conjugated anti-TCRf,
phycoerythrin-conjugated anti-CD4, peridinin chiorophyll
protein-conjugated anti-CD45R/B220 (RA3-6B2) mono-
clonal antibody, and allophycocyanin-conjugated mouse-
CD1d tetramers loaded with «-galactosylceramide. All
antibodies were purchased from BD Biosciences (San Jose,
CA, USA). Mouse CDId tetramer was obtained from
Proimmune (Oxford, UK) and the loading with o-galac-
tosylceramide was performed following the manufacturer’s
protocol. The stained cells were analyzed with a FACScan
(Becton Dickinson, Mountain View, CA, USA), and the
data were processed using the CELLQuest program
(Becton Dickinson). iNKT cells were detected on elec-
tronically gated CD45R/B220- TCRf+ CDld-tetramer-
reactive cells.

RNA isolation and analysis

Total RNA was isolated from frozen liver tissues by using
an RNeasy kit (QIAGEN, Hilden, Germany) following the
manufacturer’s protocol. Complementary DNA was syn-
thesized from isolated RNA using SuperScript III and
random hexamer (Invitrogen, Carlsbad, CA, USA). Real-
time reverse transcription polymerase chain reaction (RT-
PCR) analysis was performed using TagMan Gene

Expression Assays (Applied Biosystems, Foster City, CA,
USA) normalized to beta-actin.

Histological evaluation

The removed liver was partly fixed in 10% formalin for
staining with hematoxylin—eosin (H&E), Sirius-Red, or
Oil-red-O, or it was immediately embedded in Tissue-Tek
OCT compound (Sakura Finetechnical, Tokyo, Japan) and
frozen in liquid nitrogen for immunohistochemical stain-
ing. Sirius-Red staining was performed to assess liver
fibrosis, which was quantified by the extent of the area,
using image-analysis software, WinROOF (Mitani, Fukui,
Japan). Intracellular lipid was stained with Oil-red-O. To
evaluate the infiltration of CD4+ cells or CD8+ cells into
the liver, acetone-fixed fresh-frozen tissue sections were
immunostained with anti-mouse CD4 (H129.19) or anti-
mouse CD8« (53-6.7) monoclonal antibody, respectively,
using a VECTASTAIN ABC kit (Vector Laboratories,
Burlingame, CA, USA) following the manufacturer’s pro-
tocol. The sections were developed with diaminobenzidine
(DAB) substrate (Vector Laboratories) and then counter-
stained with hematoxylin. Antibody against CD4 or CD3
was purchased from BD Biosciences.

Statistical analysis

The statistical significance of differences between two groups
was determined by applying the Mann—Whitney U-test.
Statistical significance was defined as P < 0.05. All data are
shown as mean = standard error of the mean (SEM).

Results

Lipid accumulation in the liver induced
by the HFD was independent of the presence
or absence of iINKT cells

To investigate the role of iNKT cells in the development of
diet-induced steatosis/steatohepatitis, we fed the ND or
HFD to WT and KO mice for 5 weeks. The HFD increased
the body weight by around 30% at week 5 in both WT
and KO mice, while the ND increased it by around 14%
(HFD-fed WT mice 31.6 & 2.4%, HFD-fed KO mice
29.7 4 5.6%, ND-fed WT mice 15.5 £ 0.6%, ND-fed KO
mice 13.5 & 1.1%; n = 5). The weight gains with the HFD
or ND were not significantly different between WT and KO
mice. Evaluation of the liver weight at week 5 showed that
the HFD-fed WT or KO mice possessed significantly
heavier livers than the ND-fed WT or KO mice, respec-
tively, without any significant differences between the WT
and KO mice (HFD-fed WT mice 1.95 =+ 0.06 g, HFD-fed
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KO mice 1.89 &+ 0.07 g, ND-fed WT mice 1.52 & 0.04 g,
ND-fed KO mice 1.50 4 0.06 g; n = 5).

We next performed Oil-red-O staining of liver sections
from the mice to examine whether the absence of iINKT
cells-would affect the HFD-induced lipid accumulation in
the liver. The staining showed that the HFD, compared
with the ND, induced marked lipid retention in hepatocytes
in both WT and KO mice (Fig. 1a). Evaluation of the liver
triglyceride level demonstrated that the HFD, compared
with the ND, clearly induced triglyceride accumulation in
the livers of both WT and KO mice, without a significant
difference between these groups of mice (Fig. 1b).
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Fig. 1 Lipid accumulation in the liver induced by high-fat diet
(HFD). Livers were obtained from BALB/c wild-type (WT) and
BALB/c Joe18-deficient (KO) mice fed either a normal diet (ND) or an
HFD for 5 weeks. a Lipid accumulation in liver sections was
visualized by Oil-red-O staining. Representative images are shown
(x200). b Hepatic triglyceride levels were quantified. Data shown are
means = SEM from five mice in each group. Data are representative
of more than four independent experiments. *P < 0.05 versus WT fed
ND. #*P < 0.05 versus KO fed ND
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Collectively, these results suggested that the absence of
iNKT cells did not affect the level of HFD-induced
steatosis.

HFD augmented liver injury and inflammation
in the absence of iINKT cells

To examine the levels of liver injury, we measured ALT
activity in serum from WT and KO mice fed the ND or
HFD at week 5 after the start of being fed the diets. The
serum ALT level in the HFD-fed WT mice (35.8 &
1.98 TU/T) was significantly higher than that in the ND-fed
WT mice (25.2 & 0.66 IU/1) (Fig. 2a). The serum ALT
level in the HFD-fed KO mice (174.8 4 61.2 TU/I) was
also significantly higher than that in the ND-fed KO mice
(36.4 £ 7.48 TU/). It was also higher than that in the HFD-
fed KO mice at week 2 (83.3 &4 16.5 IU/I). Of note is the
finding that the magnitude of the increase in ALT level at
week 5 was clearly much higher in KO (4.9-fold) than in
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Fig. 2 Liver injury and inflammation exacerbated by HFD in the
absence of invariant natural killer T (NKT) cells. Serum and livers
were obtained from wild-type (WT) and Jo18-deficient (KO) mice fed
either a normal diet (ND) or a high-fat diet (HFD) for 5 weeks.
a Serum alanine aminotransferase (ALT) levels were measured.
*P < 0.05 versus WT fed ND. **P < 0.05 versus KO fed ND.
b Liver tissues were stained with hematoxylin-eosin. Representative
images are shown (x200). Arrows indicate the inflammatory foci.
¢ The numbers of the foci were counted in five different fields per
section. *P < 0.05 versus KO fed ND. All data shown are
means & SEM from five mice in each group. Data are representative
of more than four independent experiments
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WT mice (1.5-fold), even though the serum ALT level in
the ND-fed KO mice was modestly higher than that in the
ND-fed WT mice. '

We next conducted histological analyses of liver sec-
tions from the mice. H&E staining revealed that the livers
from KO mice fed the HFD possessed not only steatotic
areas but also scattered inflammatory foci composed of
gathering nonparenchymal cells (Fig. 2b). Although

" inflammatory foci were also observed in the livers from
KO mice fed the ND, a larger number of foci could clearly
be seen in KO mice fed the HFD than in KO mice fed the
ND (Fig. 2¢). In contrast, WT mice fed the HFD, as well as
those given the ND, showed few inflammatory foci. Taken
together, these results indicated that the HFD augmented
liver inflammation in KO mice but not in WT mice.

The HFD enhanced hepatic inflammation-related gene
expression in the absence of INKT cells

To understand the underlying mechanisms of the hepatic
inflammation induced by the HFD in the absence of iNKT
cells, we first examined the levels of several cytokines and
chemokines in the livers from mice at week 5 after they had
been started on the diets. Real-time RT-PCR analyses
revealed that the messenger RNA expression of tumor
necrosis factor (TNF)-«, IFN-y, IL-10, chemokine (C-C
motif) ligand (CCL) 2 and 4, and chemokine (C-X-C
motif) ligand (CXCL) 9 and 10 were remarkably upregu-
lated by the HFD, compared with the ND, in KO but not in
WT mice (Fig. 3), although these values in KO mice fed the
ND were modestly higher than those in WT mice fed the
ND. In contrast, the messenger RNA expression of IL-4, -5,
and -13 did not show any detectable levels in the livers from
both WT and KO mice fed either the ND or HFD.

The HFD altered the proportions of subpopulations
in liver mononuclear cells from KO mice,
but not in those from WT mice

‘We next examined the phenotype of mononuclear cells in
livers from mice at week 5 of feeding. Flow cytometric
analyses demonstrated that the proportion of CD4+
TCRp+ CDA4 T cells was lower in KO mice fed the ND than
in WT mice fed the ND (Fig. 4a), which might have
resulted from a lack of iNKT cells partly composed of
CD4-+ cells [5]. The proportion of CD49b+ TCRf—~ NK
cells or CD8+ TCRf+ CD8 T cells was higher in KO mice
fed the ND than in WT mice fed the ND. The HFD did not
lead to any significant changes in the proportion of hepatic
CD4 T, CD8 T, NK, or iNKT cells in WT mice. In contrast,
the HFD induced significant increases in the proportion of
hepatic CD4 T cells and CD8 T cells, but not of NK cells, in
KO mice. We then examined the distribution of these cells
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Fig. 3 Inflammatory cytokine and chemokine gene expression in the
liver. Liver tissues were obtained from wild-type (WT) and Ju18-
deficient (KO) mice fed either a normal diet (ND) or a high-fat diet
(HFD) for 5 weeks. Liver RNA levels of the indicated genes and
beta-actin as a control were analyzed using real-time reverse
transcription polymerase chain reaction (RT-PCR). Data are shown
as the fold increase of HFD-fed WT, ND-fed KO, or HFD-fed KO
compared with ND-fed WT mice, with means & SEM from five mice
in each group. Data are representative of more than four independent
experiments. TNF-a Tumor necrosis factor alpha, JFN-y interferon
gamma, IL interleukin, CCL chemokine (C-C motif) ligand, CXCL
chemokine (C—-X-C motif) ligand. §, not detected. *P < 0.05 versus
KO fed ND

in the liver. Immunohistochemical examination revealed
that CD4+ cells and CD8+ cells formed foci surrounding
hepatocytes in the livers of KO mice (Fig. 4b), which partly
corresponded to the inflammatory foci observed in the
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Fig. 4 Involvement of CD4 T and/or CD8 T cells in liver inflam-
mation. Livers were obtained from wild-type (WT) and Jer18-deficient
(KO) mice fed either a normal diet (VD) or a high-fat diet (HFD) for
5 weeks. a Prepared mononuclear cells from the livers were stained
with cell markers indicated in “Materials and methods”. Proportions
of the indicated cell population were analyzed by flow cytometry.
Data shown are means 3= SEM from five mice in each group. Data are
representative of more than four independent experiments. §, not
detected. *P < 0.05 versus KO fed ND. b Liver sections were
analyzed by immunohistochemical staining for CD4- or CD8-positive
cells. Representative images are shown (x200)

H&E-stained liver sections of KO mice. WT mice fed either
the ND or HFD did not display such foci consisting of
stained cells in the livers. Collectively, these results sug-
gested that CD4 T and/or CD8 T cells played a role in the
HFD-enhanced liver inflammation in KO mice.

The HFD led to the development of liver fibrosis
in the absence of iNKT cells

Persistent hepatic inflammation causes fibrotic changes in
the liver [25]. To investigate whether inflammation with
steatosis due to the HFD in KO mice would induce fibrosis
in the liver, we fed the ND or HFD to WT and KO mice for
a longer period of 15 weeks. H&E staining and Oil-red-O
staining showed that KO mice fed the HFD possessed the
inflammatory foci, together with lipid retention in the liver,
at week 15, as well as showing these findings at week 5,
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Fig. 5 Liver fibrosis following inflammation in the absence of iNKT
cells. Livers were obtained from wild-type (W7) and Ju18-deficient
(KO) mice fed either a normal diet (¥D) or a high-fat diet (HFD) for
15 weeks. a Liver tissues were stained with Sirius-Red to assess liver
fibrosis. Representative images are shown (x200). b The stained
areas were evaluated in five different fields per section. Data shown
are means = SEM from five mice in each group. Data are represen-
tative of more than two independent experiments. *P < 0.05 versus
KO fed ND

and that WT mice fed the HFD showed lipid retention, but
few inflammatory foci, in the liver at week 15 (data not
shown). Sirius-Red staining revealed clear fibrosis in the
livers from KO mice fed the HFD and also in the livers
from KO mice fed the ND, but to a much lesser extent
(Fig. 5a). In contrast, the staining showed no obvious
fibrosis in the livers from WT mice fed the HFD or in those
given the ND. Quantitative analyses to evaluate the stained
areas also showed that the HFD-fed KO mice possessed
significantly greater areas of hepatic fibrosis than the ND-
fed KO mice, while WT mice fed either the ND or HFD
had few fibrotic areas (Fig. 5b). Taken together, these
results indicated that the HFD led to the development of
liver fibrosis accompanied by steatohepatitis in KO mice.

Discussion

An increasing amount of evidence suggests that iNKT cells
play a role in immune responses in the liver [12], although

- 579 -



J Gastroenterol (2010) 45:1247-1254

1253

the exact implication of that role is controversial. iNKT
cells, for instance, have been reported to play a critical role
in animal models of liver injury induced by concanavalin
A, o-galactosylceramide, or salmonella infection [26-28],
suggesting a proinflammatory role of these cells. On the
other hand, INKT cells have been very recently implicated
in the suppression of liver damage in a mouse model of
cholestasis [29], suggesting an anti-inflammatory role of
these cells. Thg present study, using iNKT cell-deficient
mice fed an HFD, demonstrated that the HFD led to the
development of steatohepatitis with fibrosis in the absence
of iNKT cells, while the HFD led to steatosis but not ste-
atohepatitis in the presence of these cells. This suggests
that iNKT cells play a critical role in suppressing the
development of inflammation and fibrosis in the steatotic
liver.

Our real-time RT-PCR analyses demonstrated that
CCL2, CCL4, CXCLY, and CXCL10 were remarkably
upregulated by the HFD in KO mice but not in WT mice

(Fig. 3). CCL2 or CCILA has the ability to attract pre- -

dominantly Th1 cells via chemokine (C-C motif) receptor
2 or 5, respectively. CXCL9 and CXCL10 also attract
predominantly Thl cells via chemokine (C-X-C motif)
receptor 3 [30, 31]. Indeed, Thl cytokines such as TNF-a
and IFN-y were remarkably upregulated by the HFD in KO
mice but not in WT mice. Although IL-10, which is one of
the anti-inflammatory cytokines, was also upregulated by
the HFD in KO mice but not in WT mice, the upregulation
of IL-10 may have counteracted the upregulation of the
proinflammatory Thl cytokines TNF-¢ and IFN-y. Our
flow cytometric analyses and immunohistochemical anal-
yses showed that the proportions of CD4 T and CD8 T cells
were increased (Fig. 4a) and that these cells also accu-
mulated to form foci (Fig. 4b) in the livers of KO mice fed
the HFD. Bigorgne et al. [32] reported that HFD-induced
obesity in leptin-deficient ob/ob mice rendered hepatic
mononuclear cells, particularly CD4 T and CD8 T cells,
sensitive to chemokines such as CXCL12 and CXCL13,
which attract T cells, suggesting an important role of
chemokines in liver inflammation with steatosis. Although
the sources of the chemokines upregulated in our model
were not' clear, these chemokines presumably play an
important role in the infiltration of proinflammatory cells in
the liver of the KO mice fed the HFD. iNKT cells suppress
the production of these chemokines directly or indirectly;
thus, they may prevent steatohepatitis induced by an HFD.

The liver can be anatomically exposed to gut-derived
contents, such as food antigens and bacterial products, via
the portal vein [33, 34]. Once these entities flow into the
liver, they can activate a variety of cells in the liver, which
may be associated with certain types of liver disease [33,
34]. Gut-derived food-antigens can activate T cells [33] and
gut-derived bacterial products can stimulate all resident

cells in the liver, such as hepatocytes, Kupffer cells, stellate
cells, and dendritic cells, via toll-like receptors [33-36].
Moreover, fat itself, particularly saturated fatty acids,
stimulates an immune response in the liver [37, 38]. On the
other hand, the liver is an immune-tolerogenic organ, in
which immune-suppressive cells may play a critical role to
keep this organ immunologically silent [33]. The present
study demonstrated that liver inflammation was greatly
exacerbated—where CD4 T and/or CD8 T cells infiltrated
to form foci surrounding damaged hepatocytes—by an HFD
in the absence of iNKT cells. This suggests a suppressive
role of iNKT cells in the development of liver inflammation
with steatosis. Thus, iNKT cells may play an important role
in keeping the liver immunologically silent, and the absence
of iNKT cells together with steatosis may elicit a break of
hepatic immune tolerance, resulting in the activation of
CD4 T and/or CD8 T cells to provoke liver inflammation.
Consistent with this speculation is the observation that the
absence of iNKT cells, even without steatosis, caused
modest liver inflammation.

In conclusion, iINKT cells suppress liver inflammation
progressing to fibrosis that is exacerbated by HFD-induced
steatosis, thus contributing to the maintenance of immune
homeostasis in the liver. This study has shed some light on
iNKT cells as immunoregulatory cells and their key role in
the pathogenesis of NAFLD.
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The Bcl-xL Inhibitor, ABT-737, Efficiently Induces
Apoptosis and Suppresses Growth of Hepatoma Cells
in Combination with Sorafenib

Hayalo Hikita,"* Tetsuo Takehara,™* Satoshi Shimizu,' Takahiro Kodama,! Minoru Shigekawa, Kyoko Iwase,’
Atsushi Hosui," Takuya Miyagi," Tomohide Tatsumi,’ Hisashi Ishida,' Wei Li," Tatsuya Kanto,"
Naoki Hiramaisu," and Norio Hayashi®

Tumor cells are characterized by uncontrolled proliferation, often driven by activation of
oncogenes, and apoptosis resistance. The oncogenic kinase inhibitor sorafenib can signifi-
cantly prolong median survival of patients with advanced hepatocellular carcinoma
(HCC), although the response is disease-stabilizing and cytostatic rather than one of tu-
mor regression. Bel-xL (B cell lymphoma extra large), an antiapoptotic member of the B
cell lymphoma-2 (Bcl-2) family, is frequently overexpressed in HCC. Here, we present
in vivo evidence that Bcl-xL overexpression is directly linked to the rapid growth of solid
tumors. We also examined whether ABT-737, a small molecule that specifically inhibits
BclxL but not myeloid cell leukemia-1 (Mcl-1), could control HCC progression, espe-
cially when used with sorafenib. Administration of ABT-737, even at an iz vivo effective
dose, failed to suppress Huh7 xenograft tumors in mice. ABT-737 caused the levels of Mcl-
1 expression to rapidly increase by protein stabilization. This appeared to be related to re-
sistance to ABT-737, because decreasing Mcl-1 expression levels to the baseline by a small
interfering RNA-mediated strategy made hepatoma cells sensitive to this agent. Impor-
tantly, administration of ABT-737 to Mdl-1 knockout mice induced severe liver apoptosis,
suggesting that tumor-specific inhibition of Mcl-1 is required for therapeutic purposes.
Sorafenib transcriptionally down-regulated Mcl-1 expression specifically in tumor cells
and abolished Mcl-1 up-regulation induced by ABT-737. Sorafenib, not alone but in com-
bination with ABT-737, efficiently induced apoptosis in hepatoma cells. This combination
also led to stronger suppression of xenograft tumors than sorafenib alone. Conclusion:
Bcl-xL inactivation by ABT-737 in combination with sorafenib was found to be safe and
effective for anti-HCC therapy in preclinical models. Direct activation of the apoptosis
machinery seems to unlock the antitumor potential of oncogenic kinase inhibitors and
may produce durable clinical responses against HCC. (Hepatorogy 2010;52:1310-1321)

he B cell lymphoma-2 (Bcl-2) family proteins extra large (BclxL), myeloid cell leukemia-1 (Mcl-1),
regulate the mitochondrial pathway of apopto- Bcl-2—related protien Al (Bf-1), and Bd-2-like 2
sis, a major form of cell death.’ They include (Bcl-w), and two structurally related proapoptotic pro-
five antiapoptotic proteins, Bcl-2, B cell lymphoma rteins, Bcl-2-antagonist/killer (Bak) and Bcl-2—
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B cell lymphoma-2; BH3, Bcl-2 homology domain-3; Bid, BH3-interacting domain death agonist; cDNA, complementary DNA; HA, hemagghetining HCC,
/)r;parm'zllu[ar carcinoma; Mcl-1, myeloid cell lewkemia-1; mRNA, messenger RNA; RT-PCR, reverse-transcription polymerase chain reaction; siRNA, small
interfering RNA: USPIX, ubiguitin-specific peptidase 9 X-linked: VST, water-soluble tetrazolium.
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associated X protein (Bax), as well as several structur-
ally diverse proapoptotic Bel-2 homology domain-3
(BH3)-only proteins like Bcl-2—-associated agonist of
cell death (Bad), BH3-interacting domain death ago-
nist (Bid), and Bcl-2-like 11 (Bim). Bak and Bax,
effector molecules in this family, homo-oligomerize
into proteolipid pores within the mitochondrial outer
membrane, [eading to release of cytochrome ¢ followed
by activation of downstream caspases, such as caspase-
3/7, which dismantle a variety of cellular substrares,
leading to cell death. Antapoptotic Bel-2 proteins
function as regulators of apoptosis by direcdy or indi-
rectly antagonizing Bak and Bax activity to maintain
cellular integrity. BH3-only proteins, sensors of apo-
ptosis, are activated by a variety of cellular stresses and
either directly activate Bak and Bax or neutralize antia-
~poptotic Bcl-2 proteins, inducing cell death. Because
tumor cells encounter a variety of cellular stresses, such
as genotoxic and environmental factors, overexpression
of antiapoptotic Bcl-2 family proteins is commonly
observed and leads to survival of tumor cells.” We and
others have reported that Bcl-xL is frequently overex-
pressed  in  human  hepatocellular  carcinomas
(HCCS).S_6 These reports point to the resistance of
hepatoma cells to a wide variety of stress-inducing
conditions. For example, Bcl-xL blocks p53-induced
apoptosis in hepatoma cells, implying thar Bcl-xL
overexpression may be one of the mechanisms by
which HCC survives under genotoxic conditions.” In
addition, Bcl-xL overexpression was found to be asso-
ciated with poor overall survival and disease-free sur-
vival after surgical resection for HCC.” These findings
suggest that Bcl-xL may be a therapeutic targer for
HCC, although this possibility has not yet been
addressed. Bcl-xL is also expressed in normal hepato-
cytes and plays a critical role in maintaining their in-
tegrity.” "I'hus, special caution is necessary when Bcl-xL
inactivation is applied to therapeuric purposes.

Despite advances in understanding the mechanisms
of cell death and the biology of Bel-2 family proteins,
therapeutic strategies for HCC targeting apoptotic
molecules have been hampered due to a lack of specific
inhibitors. ABT-737 is one of the first small-molecule
inhibitors of Bcl-2 family proteins and opens the field
for cancer treatment targeting the apoptosis machinery.
ABT-737, designed as a Bad mimetic, binds and neu-
tralizes Bcl-2, BclxL, and Bcl-w, but not Mcl-1 or

HIKITA, TAKEHARA, ET AL, 1311

Bfl-1.”" It has single-agent activity in a number of
hematopoietic cancers and some solid tumors.'®!? Its
orally available derivative, ABT-263, is in early clinical
trials against lymphoid malignancies, small-cell lung
cancer, and chronic lymphocytic leukemia, with some
promising results.'® In this study, we investigated the
impact of AB1-737 in treating human hepatoma in
culture and using a xenograft model. We found that
hepatoma cells are relatively resistant to ABT-737, pre-
sumably due to reciprocal up-regulation of Mcl-1
upon ABT-737 exposure. Although concomitant Mcl-1
inhibition appears to be effective for inducing apopto-
sis by ABT-737, it should be done in a tumor-specific
manner, because administration of ABT-737 leads to
liver deterioration in Mcd-1 knockour mice. Finally,
sorafenib, an anti-HCC agent recently approved by
the U.S. Food and Drug Administration, down-regu-
lates Mcl-1 expression in a tumor-specific manner and
induces apoptosis and tumor growth suppression in
cooperation with ABT-737. Combination therapy with
sorafenib and a Bd-xL inhibitor seems to be an artracrive
strategy for controlling tumor progression in HCC.

Materials and Methods

Cell Lines and Reagents. Primary human hepato-
cytes were obtained from ScienCell Research Laborato-
ries (Carlsbad, CA) and cultured with the provided
medium. Human hepatoma cell lines were cultured
with Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine
serum (Sigma, St. Louis, MO). Cycloheximide was
purchased from Nacalai Tesque (Kyoto, Japan), sorafe-
nib tablets were purchased from Bayer HealthCare
(Osaka, Japan), and ABT-737 was kindly provided by
Abbotr Laboratories (Abbott Park, IL). They were dis-
solved with dimethyl sulfoxide for iz vizro use.

Hela Cells Expressed Bel-xL with the Tet-on Sys-
tem. pcDNA3HABcxL, an expression vector coding
human Bcl-xL tagged with hemagglutinin (HA), was
provided by Dr. G. Nunez (University of Michigan
Medical School, Ann Arbor, MI). The pcDNA4/
TOHABCcl-x]. was constructed by inserting the comple-
mentary DNA (cDNA) for Bc-xL gene with HA-tag
from pcDNA3HABcl-xL into the EcoRl site of
pcDNA4/TO (Invitrogen, Carlsbad, CA). TREx-Hela
cells (Invitrogen) were transfected with pcDNA4/

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.23836
Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online version of this article.

- 583 -



1312 HIKITA, TAKEHARA ET AL.

TOHABcl-xL using Lipofectin (Invitrogen). The cells
wete cultured with DMEM containing 1.1 pg/ml zeo-
cin, and zeocin-resistant clones were isolared. After ex-
amination of HA-Bcl-xL induction by doxycycline,
two clones (Hela-Bcl-xL™"°® clone A, clone B) were
established and used for further experiments.

Mice. Conditional Bel-xL knockout mice (bel-™*
Alb-Cre [albumin/cre recombinase]) and Md-1 knock-
out mice (mcl—]ﬂ” Wox Alb-Cre)  were previously
described.”® Balb/c nude mice (CAnN.Cg-Foxnl™/
CHCrlj) were purchased from Charles River Laboratories
(Yokohama, Japan). They were maintained in a specific
pathogen—free facility and wteated with humane care
with approval from the Animal Care and Use Commit-
tee of Osaka University Medical School.

Apoptosis Assay. The in vitro apoprosis assay, mea-
surement of caspase-3/7 activity, and the water-soluble
tetrazolium sale (WST) assay, were described previ-
ously.'® The i vivo apoptosis assay, measurement of
scrum alanine aminotransferase (ALT) level, and cas-
pase-3/7 activity and histological analyses were also
previously described.’

Western Blot Analysis. Whole-cell extracts from
cultured cells or tissues were prepared and subjected to
western blot. For immunodetection, the following
antibodies were used: anti—Bcl-xL. antibody and anti-
human Mcl-1 antibody from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA); and-mouse Mcl-1 andbody
from Rockland (Gilbertsville, PA); anti-Bid antibody,
anti-Bax antibody, and anti-cleaved caspase-3 antibody
from Cell Signaling Technology (Beverly, MA); anti-
Bak antibody from Millipore (Billerica, MA); anti-Bim
antibody from Assay Design (Ann Arbor, MI); anti-
ubiquitin-specific peptidase 9, X-linked (USP9X) anti-
body from Abnova (Taipei, Taiwan); and ant-beta
actin antibody from Sigma-Aldrich (St. Louis, MO) or
Cell Signaling Technology. ‘

Xenograft Tumor. To produce a xenograft tumor, 3
x 10° to 5 x 10° Hela—Bcl-xL™°" clone A or Huh7
cells were subcutaneously injected to Balb/c nude mice.
For induction of HA-BclxL, the mice that were injected
with Hela-Bcl-xL™" clone A cells were fed with water
containing 100 pg/mL doxycycline. For anticancer ther-
apy, ABT-737 was administered as described.’” Sorafenib
tablets were crushed and orally administered with water
containing 12.5% Cremophor EL (Sigma-Aldrich) and
12.5% ethanol. We estimarted the volume of the xenograft
tumor using the following formula: tumor volume = n/6
X (major axis) X (minor axis)”.

Small RNA Interference. Hepatoma cell lines were
transfected with Stealth select RNAI (set of three oligo-
nucleotides, Invitrogen) RNA interference (RNAI)

HEPATOLOGY, Ocrober 2010

directed against Mcl-1 or USP9X. A -Stealth RNAi
negative control kit (set of three oligonucleotides, Invi-
trogen) was used as a control for sequence-independent
effects following Stealth RNAI delivery. The transfec-
tions were carried out using Lipofectamine RNAIMAX
(Invitrogen) according to the reverse transfecrion
protocol.

Real-Time  Reverse-Transcription  Polymerase
Chain Reaction. Real-time reverse-transcription PCR
(RT-PCR) was performed as previously described.®
Mcl-1 messenger RNA (mRNA) expressions were
measured using TaqMan Gene Expression Assays
(Assay ID: Hs03043899_m1) and were corrected with
the quantified expression level of beta actin mRNA
measured using TagMan Gene Expression Assays
(Assay ID: Hs99999903_m1).

Statistical Analysis. Dara are presented as mean =
standard deviation. Differences between two groups
were determined using the Student 7 test for unpaired
observations unless otherwise noted. Multiple compari-
sons were performed by analysis of variance followed
by Scheffe post hoc correction. P < 0.05 was consid-
ered statistically significant.

Results

Bel-xL Overexpression Is a Molecular Mechanism
of Rapid In Vivo Twumor Growth. Rescarch has
shown that Bcl-xL. overexpression confers resistance to
apoptosis in a variety of tumor cells. To examine its
impact on tumor growth im wivo, we generated the
Hela—Bcl-xL™° cell line which expresses the modified
tetracycline repressor molecule (rtTA) and Bel-xL under
control of tetracycline-responsive cis-clements. We
chose Hela cells as 2 model because they expressed a rel-
atively small amount of Bcl-xL in comparison with
human hepatoma cells including Huh7, Hep3B, and
HepG2 (Fig. 1A). Tetracycline analogue doxycycline
treatment efficiently induced Bcl-xL in Hela—Bcl-xL™"
°" cells as expected (Fig. 1B) and conferred resistance to
apoptosis as evidenced by significandy lower levels of
caspase-3/7 activity in culture (Fig. 1C), although it did
not have a significant effect on cell growth assay (Fig.
1D). Next, we subcutaneously injected Hela—Bcl-xL™"
°% cells into nude mice. When subcutaneous tumors
grew to approximately 1 cm, the mice were randomly
assigned to two groups: a doxycycline-drinking group
and a water-drinking group. Subcutaneous tumors grew
rapidly in the doxycycline-drinking group compared
with the water-drinking group (Fig. 1E). As expected,
xenograft tumors displayed higher levels of Bel=xL
expression than those in the water drinking group (Fig.
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Fig. 1. BelxL overexpression in vitro
and in vivo by the Tet-on system. (A)
Western biot analysis of BelxL in human
hepatoma cells and Hela cells. (B,C,D)
BelxL overexpression in vitro. Two inde-
pendent clones of Hela-Bel-xtTet-on cells
were cultured with or without 1 uM doxy-
cycline (DOXY) for 24 hours. (B) Western
blot analysis of BelxL. (C,D) Caspase-3/7
activity in culture supematant and cell via-
bility by the WST assay (N = 4}, *P <«
0.05. N.S., not significant. (E,F) BelxL
overexpression in vivo. Nude mice carrying E
xenograft tumors of Hela-Bel-x™"*" clone
A were randomly assigned to water given
with or without 100 mg/mL doxycycline
for 7 days. After 7 days, the mice of the
doxycycline-drinking group were randomly
assigned to two groups: one in which dox-
yeycline drinking was continued and the
other in which water was given instead (N
= 5 or 6 per group). (E) The percentage
of xenograft tumor volume. (F} Westemn
blot analysis of xenograft tumor for the
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1F). In addition, switching the mice w water drinking
at 7 days after doxycycline drinking decreased Bd-xL
expression and retarded tumor growth compared with
contnuing doxycycline drinking (DOXY + — — ver-
sus DOXY +, respectively; Fig. 1F). These results indi-
cate that Bel-xL overexpression was directly linked to
rapid growth of tumors ## vive and suggest that Bel-xL
may be a therapeutic target for inhibiting tumor pro-
gression, especially for Bel-xL—overexpressing tumors.
Bel-xL  Inhibitor ABT-737 Dese-Dependently
Induces Apoptosis of Hepatoma Cells but Fails to
Suppress Tumor Growth in a Xenograft Model. To
examine the impact of pharmaceutical inactvaton of
Bcl-xL overexpressed in hepatoma cells, Huh7 and
Hep3B hepatoma cells were cultured with escalating
doses of ABT-737. ABT-737 dose-dependently acti-
vated caspase-3/7 in hepatoma cells and suppressed tu-
mor growth at high dosages (Fig. 2A,B). To examine

the in vivo effect of ABT-737, nude mice were subcu-
taneously injected with Huh7 cells to generate xeno-
graft tumors and were randomly assigned into two
groups when the diameter of the subcuraneous tumors
reached approximately 1 cm: ABT-737 injection group
and vehicle injection group. Administration of ABT-
737 at 50 mg/kg body weight/day for 7 days failed to
suppress tumor growth (Fig. 2C). In contrast, mild
ALT elevation and thrombocytopenia were observed in
ABT-737-injected mice (Fig. 2D). Previous research
has demonstrated that both are observed in mice after
ABT-737 administration,'”'® confirming thar the dose
injected in the present experiment is sufficient for
inducing a biological effect of ABT-737 in vivo.
ABT-737 Posttranscriptionally Increases Expres-
sion of Mcl-1. To examine the mechanisms underlying
relative resistance of hepatoma cells o ABT-737, we
examined the expression profile of the Bcl-2 family

- 585 —



1314  HIKITA, TAKEHARA ET AL. HEPATOLOGY, October 2010
25 . 12 1
> &=
jg 20 :{ 5 14
] 2
~% 15 z g o8 ji
S 5 3 06
53 2 10 * K3 04 -
T 5 o
%... 5 @ w
8 :‘g * 5 * : = 02 ‘{
0 === — Sl 0 A Sl
0 2 816 0 2 8 16 ABT-737 0 2 8 16 0 2 8 16 ABT-137
Huh? HepdB (M) Huh? Hepss (M)
Fig. 2. Apoptosis and.growth of
hepatoma cells treated with ABT-
C D 737 in vitro and in vivo. (AB)
Huh7 and Hep3B cells were treated
s —F— 140 - ——— with indicated doses of ABT-737
40 for 24 hours (N = 4). (A) Cas-
" ABT-737 3 | 120 pase-3/7 activity of culture super-
= 30 | =~ 100 natant. *P < 0.05 versus all other
£ 7 Vehicle = 5‘ groups. (B) Cell viability by the
k) 2% = 80 WST assay. *P < 0.05. (C,D) Nude
b 204 ~ 60 - mice carrying xenograft tumors of
< 15 4 & Huh7 cells were intraperitoneally
w04 401 B administered 50 mg/kg ABT-737 or
8 51 B 20 - vehicle daily for 7 days. (N = 9 for
(day) . each group.) (C) The percentage of
o _7‘ 9 £ % xenograft tumor volume. (D) Serum
<S5/\\) %, A, AL levels and circulating platelet
2N © < count. *P < 0.05.

proteins. Administration of ABT-737 did not affect
expression of proapoptotic multidomain members Bak
and Bax or BH3-only proteins Bid and Bim in cul-
tured hepatoma cell lines Huh7 and Hep3B (Fig. 3A).
Although the slower migrating species of Bim at 4
hours was increased, this change disappeared at 24
hours. Tn agreement with previous research,’”*® Mcl-1
was constitutively expressed in hepatoma cells. Of im-
portance is the finding that the levels of Mcl-1 expres-
sion were rapidly increased as early as 4 hours after
ABT-737 exposure. Expression of mdc-1 mRNA did
not differ between ABT-737—treated cells and vehicle-
weated cells (Fig. 3B), suggesting the involvement of a
posttranscriptional mechanism. Because Mcd-1 is a
rapid-turnover protein, the levels of Mcl-1 may be
regulated by protein degradation.”’ To examine this,
we treated hepatoma cells with cycloheximide, a well-
established protein synthesis inhibiror, in the presence
or absence of ABT-737. Cycloheximide-induced rapid
decline in Mcl-1 expression was substantally blocked
in the presence of AB1-737, suggesting that ABT-737
significantly delays degradation and prolongs the sta-
bility of Mcl-1 (Fig. 3C). Recently, it was reported
that the deubiquitinase USP9X is involved in stabiliza-
tion of Mcl-1.** In this study, western blot analysis
revealed that the levels of USPIX expression were not

changed in Huh7 and Hep3B with ABT-737 (Sup-

porting Fig. 1A). Furthermore, USP9X down-regula-
don by small interfering RNA (siRNA) could not
block the Mcl-1 up-regulation induced by ABT-737
(Supporting Fig. 1B).These results suggest that USP9X
was not involved in Mcl-1 up-regulation induced by
ABT-737. Of importance is the finding that Mcl-1
expression was also up-regulated after administration
of AB'I-737 in our xenograft model (Fig. 3D). Because
Mcl-1 is not a target of ABT-737, relative resistance to
ABT-737 of hepatoma cells may be due, at least in
part, to postiranscriptional induction of Mdl-1.

Mecl-1 Knockdoun Sensitizes Hepatoma Cells to
ABT-737. To examine the impact of Mcl-1 induction
in hepatoma cell resistance o ABT-737, we silenced
Mcl-1 expression through use of three different siR-
NAs. Western blot analysis revealed that Mdl-1
siIRNA2 and siRNA3 completely knocked down Mcl-1
expression in Hep3B cells, whereas Mcl-1 siRNA1 did
so only partially (Fig. 4A). Mcl-1 knockdown or a me-
dium dose of ABT-737 (4 uM) modestly activated cas-
pase-3/7 in Hep3B cells, whereas both substantially
activated caspase-3/7 (Fig. 4B). In addidon, Mdl-1
knockdown or ABT-737 alone failed to suppress the
grthh of tumor cells but caused significant suppres-
sion when used together (Fig. 4C). Caspase-3 activa-
tion was also confirmed by western blots (Fig. 4A). Tc
should be noted that Mcl-1 siRNAI reduced Mcdl-1
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Fig. 3. Up-regulation of Mcl-1 in human hepatoma cells by ABT-737 in vitro and in vivo. (A,B) Huh7 and Hep3B cells were cultured with 4
uM ABT-737 for the indicated times. (A) Westem blot analysis for the expression of Bel-2 family proteins. (B) Real-time RT-PCR analysis for mcl-
1 mRNA expression (N = 6). The levels were normalized to each group without ABT-737. N.S., not significant. (C) Huh7 cells were cultured with
or without 4 uM ABT-737 for 4 hours and then further treated with 1 mM cycloheximide (CHX) for the indicated times. Western blot analysis for
Mcl-1 expression. (D) Nude mice carrying xenograft tumors of Huh7 cells were intraperitoneally administered 50 mg/kg ABT-737 or vehicle daily
for 7 days. Western blot analysis of xenograft tumor after 7-day treatment for the expression of Bel-2 family proteins.

expression in ABT-737-treated cells to levels similar to
those of untreated cells (Fig. 4A). Even in this case, mcl-
1 knockdown enhanced caspase activation and growth
suppression of Hep3B cells induced by ABT-737. Similar
data were obtained with another hepatoma cell line,
Huh7 (Fig. 4A and Suppordng Fig. 2). These results
indicate that Mdl-1 up-regulation induced by ABT-737 is
involved in the resistance of hepatoma cells to ABT-737
and suggest that combination therapy with ABT-737 and
Mcl-1 inhibitor may be predictably effectve # vivo.

We previously reported that, similar to Bel-xL, Mcl-1
plays an important role in apoptosis resistance of normal
hepatocytes. In addition, knockdown of both Mcl-1 and
Bcl-xL led to impaired liver development during
embryogenesis.”> Thus, the concern arises that simulra-
neous inactivation of both Bcl-xL and Mcl-1 may cause
severe liver injury in adults. To examine this possibility,

we injected ABT-737 into hepatocyte-specific Mcl-1
knockout mice or wild-type littermates. ABT-737 injec-
tion into wild-type mice led to mild liver apoptosis,
which is consistent with our previous finding,'” whereas
injection into Mcl-1 knockout mice induced massive
liver apoptosis leading to severe liver injury, and most
animals died within 1 day (Fig. 4D,E). This result indi-
cates that inactivation of both Bel-xL and Mcl-1 may be
hazardous and that Mcl-1 inactivation should be done
in a tumor-specific manner.

Sorafenib Down-Regulates Mcl-1 Expression in
Hepatoma Cells Much More Strongly than in Nor-
mal Liver Cells. Previous research has shown that sorafe-
nib down-regulates Mcl-1 expression in hepatoma cells in
a mitogen-activated protein kinase/extracellular signal-
regulated kinase (MEK/ERK)-independent manner,'®?
In the present study, t examine whether Mcl-1
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Fig. 4. Effects of ABT-737 under inhibition of Mcl-1 in vitro and in vivo. (A-C) Hep3B and Huh7 cells were transfected with Mcl-1 siRNAs
(Mcl-1 1, Mcl-1 2, and Mcl-1 3) or control siRNAs (Cont 1, Cont 2, Cont 3). Forty-eight hours after ransfection, they were treated with or without
4 uM ABT-737 for 24 hours (N = 4). (A) Western blot analysis for the expression of Mel-1, Bel-xL, and cleaved caspase-3. (B) Caspase-3/7
activities of supernatant in Hep3B culture dishes. *P < 0.05. (C) Cell viability of Hep3B cells by the WST assay. *P < 0.05. (D,E) Wild-type
mice (Mcl-1 +/-+) and hepatocyte-specific Mcl-1 knockout mice (Mcl-1 —/—) were intraperitoneally administered 50 mg/kg of ABT-737. (D}
Survival curve of the mice (N = 13 or 15). (E) Hematoxylin and eosin (HE) and terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick-end labeling (TUNEL) staining of the liver sections 16 hours after administration of ABT-737 with wild-type mice and immediately
after death with Mcl-1 knockout mice. Representative photographs are shown.
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suppression of sorafenib is tumor-specific, nontransformed
human hepatocytes and hepatoma cell lines were treated
with sorafenib. Sorafenib down-regulated Mcl-1 expres-
sion in all hepatoma cell lines tested, but had a lesser effect
on nontransformed human hepatocytes (Fig. 5A). Sorafe-
nib down-regulated mcl-1 mRNA expression in Huh7
and Hep3B hepatoma cells but not in nontransformed he-
patocytes (Fig. 5B). To examine the posttranscriptional
effect of sorafenib for Mcl-1 expression, we treated Huh7
cells with cycloheximide in the presence or absence of sor-
afenib. Cycloheximide-induced decline in Mcl-1 expres-
sion was not accelerated by sorafenib (Fig. 5C). This result
indicated that, in contrast to the case of AB1-737, sorafe-
nib does nort affect the degradation process of Mdl-1.

We also examined Mcl-1 expression in the liver as
well as xenograft tumors. Administration of sorafenib
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significantly suppressed Mcl-1 expression in Huh7 xen-
ograft tumors but not in the liver (Fig. 5D). To exam-
ine the safety of sorafenib in the absence of BclxL
in vivo, we administered sorafenib to hepatocyte-spe-
cific BclxL knockout mice. These mice had elevated
levels of serum ALT at baseline, as we reported previ-
ously,® bur displayed neither further ALT elevation nor
lethal liver failure upon sorafenib administration (Fig.
5E). Taken together, these results indicate that sorafe-
nib did not affect Mcl-1 expression in the liver and
therefore did not cause further liver injury even if Bcl-
xL was inactivated.

ABT-737 Induced Apoprosis of Heparoma Cells
and Suppressed Growth of Xenograft Tumor with
Sorafenib Coadministration. To examine the impact
of coadministration of sorafenib and ABT-737 on
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Fig. 6. Effects of ABT-737 with sorafenib treatment in vitro and in vivo. (A,B) Huh7 and Hep3B cells were treated with or without 4 pM ABT-
737 together with or without 5 uM sorafenib. (A) Westem blot analysis for the expression of Mcl-1 and cleaved caspase-3. (B) Caspase-3/7 ac-
tivity of culture supematants. *P < 0.05. (C,D) Nude mice carrying xenograft tumors of Huh7 celis were intraperitoneally administered daily 50
mg/kg ABT-737 or vehicle with daily oral administration of 30 mg/kg sorafenib for 7 days (N = 8 or 11). (C) The percentage of xenograft tumor
volume. (D) Circulating platelet (Plt.) count and serum ALT levels. *P < 0.05.

inducing apoptosis, we treated Huh7 and Hep3B hep-
atoma cells with ABT-737 and/or sorafenib. Although
ABT-737 up-regulated Mcl-1 expression in Huh?7 and
Hep3B cells, sorafenib abolished the Mcl-1 up-regula-
tion induced by ABT-737; the levels of Mcl-1 expres-
sion of cells treated with both were similar to those of
nontreated cells (Fig. 6A). Sorafenib failed to activate
caspase-3/7 in hepatoma cells by iwself, but efficiently
activated it in the presence of ABT-737 (Fig. 6B). It
was also confirmed by efficient cleavage of caspase-3
on western blot analysis (Fig. 6A).

To examine whether AB1-737 has an antitumor
effect in the presence of sorafenib, we administered
ABT-737 and sorafenib together to nude mice bearing
Huh7 xenograft tumors. Although even sorafenib alone
significantly suppressed tumor growth compared with
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the vehicle alone (Supporting Fig. 3), coadministration
of ABT-737 and sorafenib led to significant further
suppression of tumor growth compared to administra-
tion of sorafenib alone (Fig. 6C). Similar to adminis-
tration of ABT-737 as a single agent, coadministration
of sorafenib and ABT-737 also induced mild thrombo-
cytopenia and ALT elevation (Fig. 6D). However,
coadministration did not induce further morbidity or
mortality in mice, suggesting that this regimen is safe
and effective for controlling HCC progression.

Discussion

Tumor cells have two characteristic features: uncon-
trolled proliferation and apoptosis resistance. Uncon-
trolled proliferation, driven by activation of a variery
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of oncogenes, is directly linked to tumor growth.
Apoptosis resistance is believed to be required for
the oncogene-induced aberrant proliferation, because
without it, tumor cells tend to undergo apoptosis.”*
However, the direct link berween apoptosis resistance
and growth of solid tumors ## vive has not been well
studied. Clarifying this point is very important, espe-
cially because a very recent study by Weber et al*
produced the contradicrory finding that aged hepato-
cyte-specific Mcl-1 knockout mice develop HCC-like
lesions, suggesting a link between hepatocarcinogenesis
and increased proliferation resulting from increased ap-
optosis. In the present study, we used conditional
expression of BelxL in tumor cells to show that Bcl-
xL overexpression, which is frequently found in human
HCC, can be directly linked to tumor growth iz vivo,
although it did not promote significant cell growth
in vitro. Qur results suggest that tumor cells encounter
a variety of cellular stresses and require antiapoptosis to
survive iz wivo rather than iz vitro. Thus, we consider
antiapoptosis to be an important mechanism for progres-
sion of a solid tumor, even if it may not be the case for
tumor development as suggested by Weber et al.** Our
finding also provides proof of the concepr that Bel-xL
may be a target for therapy against HCC progression.

In the present study, we showed that, unlike hema-
topoietic malignancy, hepatoma cells are relatively re-
sistant to ABT-737. Although ABT-737 dose-depend-
ently induced apoptosis in hepatoma cells, a relatively
high dose of ABT-737 (more than 8 uM) was required
to suppress tumor growth iz witro. Importantly,
administration of an in vive effective dose of ABT-737
(50 mg/kg) failed to suppress xenograft tumors. We
found increased expression of Mcl-1 in cultured hepa-
toma cells as well as xenograft tumors upon ABT-737
treatment. This may be part of the mechanism of their
relative resistance to ABT-737 because hepatoma cells
were highly sensitive to this agent if Mcl-1 expression
levels were kept constant by an siRNA strategy. Previ-
ous articles have reported that Mcl-1 knockdown
makes some tumor cells sensitive to ABT-737.2%%
The present study showed that AB1-737 up-regulation
of Mdl-1 rather than Mcl-1 expression itself may be a
mechanism of tumor cell resistance to this agent.

A recent study demonstrated that long-term expo-
sure to ABT-737 made initially sensitive lymphoma
cell lines resistant to this agent via up-regulation of
Mcl-1.*® In this study, Mcl-1 up-regulation in the
ABT-737—resistant lymphoma cells were reported to be
mediated by transcriptional up-regulation. In the pres-
ent study, hepatoma cells showed immediate, posttran-
scriptional up-regulation of Mcl-1. This rapid response
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may contribute to the difficulty of treating hepatoma
cells with ABT-737 compared with lymphoma cells in
which ABT-737 is reported to be effective not only
in vizro®™ but also in vivo.>® The mechanism by which
hepatoma cells posttranscriptionally up-regulate Mcl-1
upon ABT-737 exposure is not clear at present. How-
ever, our study has shown that Mc-1 up-regulation
was mediated by delayed degradation of Mcl-1 protein
in  ABT-737-treated cells without involving the
USP9X deubiquitinase. ABT-737 is a Bad mimetic
small molecule and preferentially binds with the BH3-
binding groove of Bcl-xL. This binding may release
endogenous BH3-only proteins such as Bim and Bid
and presumably Bak and Bax from Bcl-xL and these
unleashed Bcl-2 proteins may then bind Mcl-1. The
interaction berween Mcl-1 and the unleashed Bcl-2
proteins may cause increased Mcl-1 stability. Because
Bak/Bax and Bid/Bim function as effectors and acriva-
tors for the mitochondrial pathway of apoptosis,
respectively, their binding with Mcl-1 may also cause
apoptosis resistance to ABT-737.

Not only efficacy bur also safety is an important
point when considering a therapeutic strategy for can-
cer. Tumor cells sometimes share similar mechanisms
for survival with normal cells. Indeed, HCCs overex-
press Bcl-xL, but this molecule also plays an important
role in maintaining the integrity of normal hepato-
cytes.3 In the present study, we administered ABT-737
to Mcl-1 knockout mice and demonstrated that inacti-
vation of both BcxL and Mcl-1 could induce lethal
hepatitis. We previously reported that Bel-xL and Mcl-
1 are required for liver development during embryo-
genesis," and the present study also revealed the criti-
cal importance of both molecules in the adult liver.
Recently, the possibility of combination therapy for
down-regulation of Bcl-xL and Mcdl-1 has been
reported 77 vitro.***”! The present study, for the first
time, focused on the 7z vivo safety of this strategy.

Regarding safety concerns about the inactivation of
both Mcl-1 and Bcl-xL, sorafenib is an attractive agent
because as we have revealed in this study, it down-reg-
ulates Mcl-1 expression in a relatively specific manner
in tumor cells. Experiments with sorafenib administra-
tion into Bcl-xL knockout mice confirmed the safery
of coadministration of sorafenib and ABT-737. The
underlying mechanisms by which sorafenib down-regu-
lates Mcl-1 in a tumor-specific manner are not clear.
Some reports have shown that the down-regulation of
Mcl-1 by sorafenib is independent of MEK/
ERK,'®**%2 but is dependent on Raf, AKT (protein
kinase B), and Tyr705 phosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3).3>34
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Together with the report that activation of Ras/Raf
and STAT3 pathways was found in HCC,* these
pathways in tumor cells may be more activated than in
healthy cells and result in the specificity of Mcl-1
down-regulation in tumor cells by sorafenib. Further
experiments are needed to clarify this point.

Sorafenib belongs to a recently approved new class of
targeted therapeutics that inhibit the oncogenic kinase
pathway for HCC. It has been found to significandy pro-
long survival of patients with advanced HCC, although
its effect appeared to be one of maintaining a stable dis-
ease state rather than inducing tumor regression.’®? Tt is
speculated that sorafenib produces anticancer effects
through a variety of ways such as suppression of angio-
genesis and cell cycle arrest of tumor cells. Although it
down-regulates Mcl-1,1423323% jtc effect on apoptosis
has not been clearly understood. In the present study, we
found that sorafenib could not efficiendy induce apopto-
sis in hepatoma cells by iwelf. This might explain why
this agent elicits predominandy disease-stabilizing, cyto-
static responses rather than tumor regression. Adding
ABT-737 efficiently induced apoptosis of hepatoma cells,
clearly indicating that the target of ABT-737, presumably
Bcl-xL, blocks the apoprosis-inducing potency of sorafe-
nib. Furthermore, coadministration of AB1~737 and sor-
afenib led to stronger suppression of xenograft tumor
growth than did administration of sorafenib alone. These
results suggest that combining sorafenib with ABT-737
may be an attractive strategy for producing durable clini-
cal responses to combat HCC..

In conclusion, we have demonstrated that the inhibi-
ton of BclxL. by ABT-737 under sorafenib administra-
tion was safe and effective for ant-HCC therapy in pre-
clinical models. ABT-737, a direct activator of apoptosis
machinery, may unlock the potent antitumor potential
of oncogenic kinase inhibitors such as sorafenib.
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