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Supplementary Information

Table S1. Primers sequences.

Target gene Direction Primer sequence (5'-3")

TNF-o, forward AACACACGAGACGCTGAAGT
reverse TCCAGTGAGTTCCGAAAGCC

MCP-1 forward TGGGCCTGTTGTTCACAGTT
reverse . ACCTGCTGCTGGTGATTCTC

iNOS forward GTGGTGACAAGCACATTTGG
reverse GGCTGGACTTTTCACTCTGC

GPx forward TCCACCGTGTATGCCTTCTCC
reverse CCTGCTGTATCTGCGCACTGGA

CAT forward GAGGCAGTGTACTGCAAGTTCC

' reverse GGGACAGTTCACAGGTATCTGC

GAPDH forward CCTTCATTGACCTCAACTACATGGT

reverse TCATTGTCATACCAGGAAATGAGCT

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).
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Table 1. Primer sequences.

Primer sequence

5. TCGGACGTACTTGAGGGAAT-

R . 5-TAGCATCCAGAAGAAGCAGGCGA-3

5- CGCTTCCTGAGGCTGGATTC-3

R & ACCCATCGGCTGGCACCACT-3’

R 5-TATAGGGGCAGGGTCCCAGACA-3'

-ATACCAGGAAATGAGCTTGACAAAZ
doi: 10.1371/journal.pone.0073404.1001

2.6 Oxidative stress analysis

The serum hydroperoxide levels, one of the markers of
oxidative stress, were determined using the derivatives of
reactive oxygen metabolites (d-ROM) test (FREE Carpe Diem;
Diacron s.r.l., Grosseto, Italy), according to the manufacturer's
protocol.

2.7 Determination of the enzymatic activity of IDO

The IDO activity level in the serum was determined by
calculating the ratio of the L-kynurenine/L-tryptophan
concentrations [23]. Serum samples were deproteinized with
3% perchloric acid. Following centrifugation, aliquots of
supernatant were collected to determine the concentrations of
L-tryptophan and L-kynurenine using HPLC, as. described
previously [18].

2.8 Hepatic lipid analysis

After total lipids were extracted from the frozen livers
(approximately 200 mg), the triglyceride levels were measured
using the triglyceride E-test kit (Wako, Osaka, Japan) [21].

2.9 Statistical analysis

The data are expressed as the mean * SD. Statistical
significance of the difference between mean values was
evaluated using the Mann-Whitney U test. Significance was
defined as a P value less than 0.05.
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Figure 1. Effects of IDO deficiency on the serum L-
kynurenine/L-tryptophan ratio, the expression levels of
TDO in the liver, the growth curve, and the body, liver, and
fat weights of the experimental mice. (A) The functional IDO
activity level was determined by measuring the concentrations
of L-kynurenine and L-tryptophan using HPLC. The L-
kynurenine/L-tryptophan ratio indicates the IDO activity. (B)
Total RNA was isolated from the livers of the experimental
mice, and the expression levels of TDO mRNA were examined
using quantitative realtime RT-PCR with specific primers. (C)
The growth curve of the experimental mice. The body weights
of all mice were measured once a week during the experiment.
(D) The body weights and relative weights of the adipose
tissues and livers of the experimental mice at the termination of
the study. The values are expressed as the mean £ SD. * P
<0.001, ** P <0.05.

doi: 10.137 1/journal.pone.0073404.g001

Results

3.1 General observations

We initially examined the enzymatic activity of IDO in the
serum of the experimental mice by measuring the
concentrations of L-kynurenine and L-tryptophan. The L-
kynurenine/L-tryptophan ratios in serum of the IDO-KO mice
were significantly lower than those in the serum of the IDO-WT
mice (Figure 1A, P < 0.001), indicating that IDO activity was
clearly inhibited in the IDO-KO mice. TDO, a hepatic enzyme
that catalyses the first step of tryptophan degradation, was
expressed in the liver in both the IDO-WT mice and the 1DO-
KO mice; however, IDO deficiency did not have a significant
effect on the TDO mRNA expression (Figure 1B). Figure 1C
shows the growth curves of the mice during this experiment.
The body weight gain of the IDO-KO mice was smaller than
that of the IDO-WT mice. At the end of the experiment, the
body weights (Figure 1D, P < 0.001) and the relative weights of
the adipose tissues of the IDO-KO mice (Figure 1D, P < 0.05)
were also significantly lower than those of the IDO-WT mice.
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Figure 2. Effects of IDO deficiency on hepatic
histopathology in the experimental mice. (A) and (B) H&E
staining of liver sections from the experimental mice. (A)
Representative photomicrographs of the liver sections of the
IDO-WT mice and IDO-KO mice (low-power field). Black bar:
100 pm. (B) An enlarged photo (high-power field) of the liver
sections from the IDO-WT mice. Ballooned hepatocytes
(indicated by white arrows) and Mallory-Denk bodies (indicated
by black arrows) were observed. Black bar: 20 ym. (C) The
presence of NAS (steatosis, inflammation, and ballooning) was
determined based on the histopathological analysis. The
values are expressed as the mean + SD. * P <0.001, ** P
<0.05. S

doi: 10,137 1/journal.pone.0073404.9002

3.2 Effects of IDO deficiency on hepatic histopathology
in the experimental mice

The H&E staining results of the livers of the IDO-KO mice
and IDO-WT mice after 26 weeks of being fed the HFD are
presented in Figure 2A and B. The infiltration of inflammatory
cells was markedly increased in the livers of the IDO-KO mice,
and the NAS inflammation scores were significantly higher than
those in the IDO-WT mice (Figure 2C, P < 0.05). Interestingly,
the hepatic steatosis and ballooning degeneration of
hepatocytes were lower in the IDO-KO mice than in the IDO-
WT mice at this experimental time point (Figure 2C, P < 0.001).
In addition to the ballooned hepatocytes, Mallory-Denk bodies,
which are a recognized feature of alcoholic hepatitis and NASH
[24), were also observed in the liver of IDO-WT mice (Figure
2B).

3.3 Effects of IDO deficiency on the intrahepatic
triglyceride levels, the serum ALT levels, and oxidative
stress in the experimental mice

The histological findings were consistent with the measured
intrahepatic triglyceride contents: the levels of triglycerides in
the livers of the IDO-KO mice were significantly lower than
those in the livers of the IDO-WT mice (Figure 3A, P < 0.001).
The serum levels of ALT in the {DO-KO mice were also
significantly decreased relative to those in the IDO-WT mice
(Figure 3B, P < 0.01). In addition, the serum d-ROM levels,
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Figure 3. Effects of IDO deficiency on intrahepatic

triglycerides, the serum ALT levels, and oxidative stress in
the experimential mice. (A) Hepatic lipids were extracted from
the frozen livers of the experimental mice, and the triglyceride
levels were measured. (B) At sacrifice, blood samples were
collected and the serum levels of ALT were assayed. (C) The
hydroperoxide levels in the serum at the end of the experiment
were determined using the d-ROM test. (D) Total RNA was
isolated from the livers of the experimental mice, and the
expression levels of SOD-1, SOD-2, and GPx mRNA were
examined using quantitative realtime RT-PCR with specific
primers. The values are expressed as the mean = SD. * P
<0.001, ** P <0.01, ** P <0.05.

doi: 10.1371/journal.pone.0073404.003

which reflect the serum hydroperoxide levels, were significantly
lower in the IDO-KO mice than in the IDO-WT mice (Figure 3C,
P < 0.05). Compared to the IDO-WT mice, there were also
significant increases in the expression levels of SOD-1, SOD-2,
and GPx mRNA, which encode antioxidant enzymes, in the
livers of the IDO-KO mice (Figure 3D, P < 0.05). These findings
indicate that hepatic triglyceride accumulation and oxidative
stress are reduced, while antioxidant' activity is increased, in
mice lacking the IDO gene.

3.4 Effects of IDO deficiency on inflammation in the
livers and WAT of the experimental mice

We next examined the expression levels of inflammatory
mediators that are implicated in the progression of fatty liver to
NASH [7] in the experimental mice. A quantitative real-time RT-
PCR analysis revealed- that the expression levels of F4/80, a
marker of macrophages, were significantly increased in the
livers of the IDO-KO mice in comparison to those observed in
the livers of the IDO-WT mice (Figure 4A, P < 0.01). There
were also significant increases in the expression levels of

_inflammatory mediators, including IFNy, IL-18, and IL-8 mRNA,

in the livers of the IDO-KO mice compared to those observed in
the livers of the IDO-WT mice (Figure 4A, P < 0.05). The
expression levels of TNF-a mRNA were also higher in the livers
of the IDO-KO mice than in the livers of the IDO-WT mice;
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Figure 4. Effects of IDO deficiency on the inflammation in
the liver and white adipose tissue of the experimental
mice. (A) The expression levels of F4/80, IFNy, IL-1B, 1L-6,
and TNF-a mRNA in the livers of the experimental mice. (B)
The results of the immunohistochemical analyses of Mac-1,
CD3, and NiMP-R14 in the livers of the experimental mice. A
positive cell index (%) was shown in each photo. Black bar: 50
pm. (C) The expression levels of F4/80 and TNF-a mRNA in
the WAT of the experimental mice. Total RNA was isolated
from the livers (A) and WAT (C) of the experimental mice, and
the expression levels of each mRNA were examined using
quantitative realtime RT-PCR with specific primers. The
expression levels of GAPDH mRNA and RPLPO mRNA were
used as internal controls for the liver and WAT, respectively.
The values are expressed as the mean + SD. * P <0.01, * P

<0.05.
doi: 10.1371/journal.pone.0073404.9004

however, the difference was insignificant (Figure 4A).
Furthermore, the immunohistochemical analyses demonstrated
that the inflammatory cells that had infiltrated into the livers of
the [DO-KO mice positively reacted with either the anti-
Mac-1(40.4 * 10.0%) or anti-CD3 (32.4 +-10.5%) antibodies.
On the other hand, the infiltration of neutrophils (13.0 + 4.0%)
was low compared to that of macrophages and T-cells. These
findings suggest that macrophages and T lymphocytes were
the predominantly increased cell populations in the livers of the
IDO-KO mice. The infiltration of Mac-1 positive cells in the
livers of IDO-KO mice (40.4 + 10.0%) was high compared to
that of IDO-WT mice (20.0 + 5.2%) (Figure 4B, P < 0.05), and
this is consistent with the results of RT-PCR analysis showing
the increased levels of F4/80 mRNA in the livers of IDO-KO
mice (Figure 4A).

Moreover, as shown in Figure 4C, the expression levels of
F4/80 (P < 0.01) and TNF-a(P < 0.05) mRNA in WAT were
both significantly increased in the IDO-KO mice compared to
those observed in the IDO-WT mice, indicating that
inflammation is augmented in WAT, in addition to the liver, in
the IDO-KO mice [24].

PLOS ONE | www.plosone.org

IDO Deficiency Worsens HFD-Induced Hepatic Injury

Figure 5 ) Nagano J ef al

A
Sirius Red-stalning area

o) -
2

Sirius Red staining

|
15 [
A4
0.5
o
WT KO
c D
Hydroxyproline TGF-pi
{pmolig} *x : .
29 3.5 >
. 2.0
& 254
204
kY
154
2 104
. E . 0354
2 0+
wWT Ko w7 KO

Figure 5. Effects of IDO deficiency on the hepatic fibrosis
in the experimental mice. (A)  Representative
photomicrographs of liver sections stained with Sirius Red to
show fibrosis. Black bar: 100 ym. (B) The Sirius Red-stained
images of fibrosis were analyzed using a BZ-9000 fluorescence
microscope, and the fibrotic area was measured using a BZ-
Analyzer-ll. (C) The hepatic hydroxyproline contents were
quantified colorimetrically. (D) Total RNA was isolated from the
livers of the experimental mice, and the expression levels of
TGF-p1 mRNA were examined using quantitative realtime RT-
PCR with specific primers. The values are expressed as the
mean % SD. * P <0.01, ** P <0.05.

dot: 10.1371/journal.pone.0073404,g005

3.5 Effects of IDO deficiency on hepatic fibrosis in the
experimental mice

We next examined whether IDO deficiency has an effect on
the development of “steatosis-induced hepatic fibrosis. An
examination of Sirius Red-stained sections indicated that,
compared to the IDO-WT mice, the IDO-KO mice markedly
developed pericellular fibrosis in the liver (Figure 5A and B, P <
0.01). Similar findings were observed in the measured hepatic
hydroxyproline contents: the IDO-KO mice showed a significant
increase in the amount of hydroxyproline observed in the liver
(Figure 5C, P < 0.05). The expression levels of TGF-1 mRNA,
a central regulator of chronic liver disease contributing to
fibrogenesis through inflammation [25], were also remarkably
elevated in the livers of the IDO-KO mice compared to those
observed in the livers of the IDO-WT mice (Figure 5D, P <
0.05). These findings may indicate that IDO-KO mice are
susceptible to the development of steatosis-induced hepatic
fibrosis.

Discussion

The results of the present study indicate that HFD-induced
hepatic inflammation and fibrosis are significantly aggravated in
IDO-KO mice, although the level of hepatic steatesis and
amount of oxidative stress were lower compared to those in
IDO-WT mice. Therefore, IDO deficiency is critically involved in
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the acceleration of hepatic inflammation observed in the
present study.

IDO is a rate-limiting enzyme that can degrade tryptophan
via the kynurenine pathway. Because the IDO expression and
its enzymatic activity, which are tightly controlled by several
immune mediators such as IFNy, play a key role in the
suppression of the immune response [8~11], inhibiting the
expression and activity of IDO might promote inflammatory
signaling. Therefore, based on our present results, we consider
that IDO-deficient mice are more susceptible to the induction of
inflammation by HFD. Our results are consistent with those of
recent reports showing that the inhibition of the enzymatic
activity of IDO significantly exacerbated liver injury in o-
galactosylceramide (a-GalCer)- and CCli-induced acute
hepatitis animal models via the upregulation of IL-6 and TNF-a
[18,19]. When the IDO-KO mice were treated with a-GalCer,
the production of TNF-a from the infiltrating macrophages in
the liver was significantly accelerated, and thus led to the
development of severe hepatitis [18]. Therefore, in the present
study, the increase in the number of hepatic macrophages
might have been critically involved in the exacerbation of HFD-
induced hepatic inflammation in the IDO-KO mice. These
reports [18,19], together with the results of the present study,
suggest that IDO may play a critical role in suppressing excess
induction and progression of inflammation in the liver.

Innate immune cells, including Kupffer cells, natural killer T
cells, and natural killer cells, play important roles in the
excessive production of hepatic T helper 1 cytokines, which is
associated with the development of steatohepatitis [4]. The
regulation of the immune response by IDO is predominantly
based on the ability of IDO to suppress the activation of
lymphocytes [9-11]. An increased IDO activity inhibits
proliferation and induces apoptosis in T cells and natural killer
cells via tryptophan depletion and the production of toxic
tryptophan metabolites [9]. In addition, recent studies have
revealed that IDO inhibits T cell activation by driving the
development of Tregs [10,11]. Tregs, which are actively
engaged in the negative control of a variety of immune
responses, are recognized as being one of the key players in
hepatic immune regulation [26]. HFD-induced steatosis in mice
is associated with the depletion of hepatic Tregs and leads to
upregulation of the inflammatory pathway [27]. Therefore, an
IDO deficiency may increase T cell activation, either directly or
indirectly, by suppressing Tregs and thus contributed to a
worsening of hepatic inflammation in the present study.

Obesity is associated with systemic low-grade inflammation
and immune activation [5,6]. One clinical trial reported that
activation of IDO is associated with reduced plasma tryptophan
levels in obese patients [28]. IDO is also overexpressed in the
liver and adipose tissue in obese subjects [16]. These reports
indicate that the overexpression and activation of IDO are
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implicated in chronic immune activation in obese individuals. T
cell infiltration into WAT and subsequent recruitment and
activation of macrophages can induce TNF-a production, which
is associated with the development of systemic inflammation
[5,6]. The present study showed that the expression levels of
F4/80 and TNF-a mRNA in WAT are elevated in IDO-KO mice
compared to those observed in IDO-WT mice when the mice
are fed an HFD, indicating that inflammation of WAT induced
by HFD is worsened in IDO deficiency mice. Therefore, our
findings suggest that IDO might have the ability to attenuate
overactive immune responses caused by obesity in WAT in
addition to the liver.

There are some possible limitations associated with the
present study. For instance, a recent study demonstrated that
neither the overexpression of IDO nor inhibition of its enzymatic
activity affected the lipid accumulation in the liver, although the
combination of L-tryptophan treatment and a high fat and high
fructose diet exacerbated the hepatic steatosis [29]. Therefore,
further experiments will be required to clarify the role of IDO
and the L-kynurenine/L-tryptophan pathway in the development
of hepatic steatosis. Furthermore, after 26 weeks of being fed
the HFD, the IDO-KO mice showed lower steatosis and
oxidative stress than the IDO-WT mice. The hepatocyte
ballooning, which indicates hepatocyte injury, was also
decreased in IDO-KO mice compared to IDO-WT mice. These

~findings seem paradoxical given the enhanced inflammation

and fibrosis in IDO-KO mice in response to the HFD. A
possible explanation might be that the liver inflammation
proceeded earlier in IDO-KO mice, in a similar manner to
NAFLD in the clinical setting, where many cases with NAFLD
show the disappearance of steatosis during its natural history,
while exhibiting severe fibrosis and cirrhosis in the late stages
[30,31]. In ‘order to verify this possibility, time course studies
that evaluate the levels of hepatic injury, steatosis, and
inflammation caused by HFD in the early phase should be
conducted. In addition, a recent study revealed that hepatic fat
deposits were broken down to provide energy for fibrogenesis
in a CCl,-treated mouse model [32]. Such a mechanism might
have also been active in our HFD-fed IDO-KO mice, but again,
further experiments will be required to confirm this hypothesis.

In conclusion, we herein demonstrated that IDO deficiency
worsens hepatic and WAT ‘inflammation in mice fed an HFD.
Our findings suggest that regulation of the IDO-mediated
immune response might be an interesting strategy for
managing steatosis-related hepatic injury.
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Abstract

HCC cells.

levels of cyclin D1.

Background: A malfunction of RXRa due to phosphorylation is associated with liver carcinogenesis, and acyclic
retinoid (ACR), which targets RXRa, can prevent the development of hepatocellular carcinoma (HCC). Activation of
PI3K/Akt signaling plays a critical role in the proliferation and survival of HCC cells. The present study examined the
possible combined effects of ACR and 1Y294002, a PI3K inhibitor, on the growth of human HCC cells.

Methods: This study examined the effects of the combination of ACR plus LY294002 on the growth of HLF human

Resuits: ACR and LY294002 preferentially inhibited the growth of HLF cells in comparison with Hc normal hepatocytes.
The combination of 1 pM ACR and 5 uM LY294002, in which the concentrations used are less than the ICsq values of
these agents, synergistically inhibited the growth of HLF, Hep3B, and Huh7 human HCC cells. These agents when
administered in combination acted cooperatively to induce apoptosis in HLF cells. The phosphorylation of RXRa, Akt,
and ERK proteins in HLF cells were markedly inhibited by treatment with ACR plus LY294002. Moreover, this
combination also increased RXRE promoter activity and the cellular levels of RARB and p219"", while decreasing the

Conclusion: ACR and LY294002 cooperatively increase the expression of RARB, while inhibiting the phosphorylation of
RXRa, and that these effects are assodiated with the induction of apoptosis and the inhibition of cell growth in human
HCC cells. This combination might therefore be effective for the chemoprevention and chemotherapy of HCC.

Keywords: Acydlic retinoid, LY294002, Hepatocellular carcinoma, RXRa, Synergism

Background

Retinoids, vitamin A metabolites and analogs, are ligands of
the nuclear receptor superfamily that exert fundamental ef-
fects on cellular activities, including growth, differentiation,
and death (regulation of apoptosis). Retinoids exert their
biological functions primarily by regulating gene expression
through 2 distinct nuclear receptors, the retinoic acid
receptors (RARs) and retinoid X receptors (RXRs), which
are ligand-dependent transcription factors {1,2]. Among

retinoid receptors, RXRs are regarded as master regulators |

of the nuclear receptor superfamily because they play an
essential role in controlling normal cell proliferation and
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Graduate School of Medicine, 1-1 Yanagido, Gifu 501-1194, Japan

O Bialied Central

metabolism by acting as common heterodimerization
partners for various types of nuclear receptors [1,2]. There-
fore, altered expression and function of RXRs are strongly
associated with the development of various disorders,
including cancer, whereas targeting RXRs by retinoids
might be an effective strategy for the preventlon and
treatment of human malignancies [3].

Hepatocellular carcinoma (HCC) is one of the most
frequently occurring cancers worldwide. Recent studies
have revealed that a malfunction of RXRa, one of the
subtypes of RXR, due to aberrant phosphorylation by the
Ras/mitogen-activated protein kinase (MAPK) signaling
pathway is profoundly associated with liver carcinogenesis
[4-9]. On the other hand, a prospective randomized study
showed that administration of acyclic retinoid (ACR), a

@ 2013 Baba et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which parmits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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synthetic retinoid which targets RXRa, inhibited the devel-
opment of a second primary HCC, and thus improved
patient survival from this malignancy [10,11]. ACR inhibits
the growth of HCC-derived cells via the induction of apop-
tosis by working as a ligand for retinoid receptors [12,13].
ACR also suppresses HCC cell growth and inhibits the
development of liver tumors by inhibiting the activation
and expression of several types of growth factors and their
corresponding receptor tyrosine kinases (RTKs), which lead
to the inhibition of the Ras/MAPK activation and RXRa
phosphorylation [8,9,14-17]. These reports strongly suggest
that ACR might be a promising agent for the prevention
and treatment of HCC.

Phosphatidylinositol 3-kinase (PI3K) is activated by
growth factor stimulation through RTKs and Ras activa-
tion, and plays a critical role in cell survival and prolifera-
tion in collaboration with its major downstream effector
Akt, a serine-threonine kinase [18-20]. Increasing evi-
dence has shown that aberrant activation of the PI3K/Akt
pathway is implicated in the initiation and progression of
several types of human malignancies, including HCC,
indicating that targeting PI3K/Akt signaling might be an
effective strategy for the treatment of cancers [18-22].
Several clinical trials have been conducted to investigate
the safety and anti-cancer effects of therapeutic agents
that inhibit the PI3K/Akt signaling cascade [18-20].
Combined treatment with a PIBK/Akt inhibitor and other
agents, including MAPK inhibitors, might also be a
promising regimen that exerts potent anti-cancer proper-
ties [23,24].

Combination therapy and prevention using ACR as a key
drug is promising for HCC treatment because ACR can act
synergistically with other agents in suppressing growth and
inducing apoptosis in human HCC-derived cells [17,25-30].
The aim of the present study is to investigate whether the
combination of ACR plus LY294002, a PI3K inhibitor,
exerts synergistic growth inhibitory effects on human HCC
cells, and to examine possible mechanisms for such syn-
ergy, predominantly focusing on the inhibitory effects on
RXRa phosphorylation by a combination of these agents.

Methods

Materials )

ACR (NIK-333) was supplied by Kowa Pharmaceutical
(Tokyo, Japan). LY294002 was purchased from Wako
(Osaka, Japan). Another PI3K inhibitor NVP-BKM120
(BKM120) was from Selleck Chemicals (Houston, TX,
USA).

Cell lines and cell culture conditions

HLE Huh?7, Hep3B, and HepG2 human HCC cell lines were
obtained from the Japanese Cancer Research Resources
Bank (Tokyo, Japan) and were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
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FCS and 1% penicillin/streptomycin. The Hc human normal
hepatocyte cell line was purchased from Cell Systems
(Kirkland, WA, USA) and maintained in CS-S complete
medium (Cell Systems). These cells were cultured in an
incubator with humidified air containing 5% CO, at 37°C.

Cell proliferation assays :

Three thousand HCC (HLE, Huh7, Hep3B, and HepG2) or
Hc cells were seeded on 96-well plates in serum-free
medium. Twenty-four hours later, the cells were treated
with the indicated concentrations of ACR or LY294002 for
48 hours in DMEM supplemented with 1% FCS. Cell prolif-
eration assays were performed using a MTS assay (Promega,
Madison, W1, USA) according to the manufacturer’s instruc-
tions. The combination index (Cl}-isobologram was used to
determine whether the combined effects of ACR plus
LY294002 were synergistic [25,27,30,31]. HLF cells were also
treated with a combination of the indicated concentrations
of ACR and BKM120 for 48 hours to examine whether
this combination synergistically inhibited the growth of
these cells.

Apoptosis assays

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) and caspase-3 activity assays
were conducted to evaluate apoptosis. For the TUNEL assay,
HLF cells (1x10%, which were treated with 1 pM
ACR alone, 5 pyM LY294002 alone, or a combination
of these agents for 48 hours, were stained with TUNEL
methods using an In Situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostics, Mannheim, Germany) [25].
The caspase-3 activity assay was performed using HLF cells
that were treated with the same concentrations of the test
drugs for 72 hours. The cell lysates were prepared and the
caspase-3 activity assay was performed using an Apoalert
Caspase Fluorescent Assay Kit (Clontech Laboratories,
Mountain View, CA, USA) [30].

Protein extraction and western blot analysis

Protein extracts were prepared from HLF cells treated
with 1 uM ACR alone, 5 pM LY294002 alone, or a com-
bination of these agents for 12 hours because this treat-
ment time was appropriate for evaluating the expression
levels of phosphorylated extracellular signal-regulated
kinase (p-ERK), phosphorylated Akt (p-Akt), and phos-
phorylated RXRa (p-RXRa) proteins [25,29,30]. Equivalent
amounts of extracted protein were examined by western
blot analysis using specific antibodies [25]. The anti-
RXRa and anti-RARP antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The primary anti-
bodies for ERK, p-ERK, Akt, p-Akt, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were from Cell
Signaling Technology (Beverly, MA, USA). The antibody
for p-RXRa was kindly provided by Drs. S. Kojima
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and H. Tatsukawa (RIKEN Advanced Science Institute,
Saitama, Japan).

RNA extraction and quantitative RT-PCR analysis

Total RNA was isolated from HLF cells using an
RNAqueous-4PCR kit (Ambion Applied Biosystems, Austin,
TX, USA) and cDNA was amplified from 0.2 pg of total
RNA using the SuperScript Il Synthesis system (Invitrogen,
Carlsbad, CA, USA) [32]. Quantitative real-time reverse
transcription PCR (RT-PCR) analysis was performed using
specific primers that amplify the RARB, p21“"%, cyclin D1,
and B-actin genes. The specific primer sets used have been
described elsewhere [25,30].

RXRE reporter assays

HLF cells were transfected with RXR-response element
(RXRE) reporter plasmids (100 ng/well in 96-well dish),
which were kindly provided by the late Dr. K. Umesono
{Kyoto University, Kyoto, Japan), along with pRL-CMV
(Renilla luciferase, 10 ng/well in 96-well dish; Promega) as
an internal standard to normalize transfection efficiency.
Transfections were carried out using Lipofectamine LTX
Reagent (Invitrogen). After exposure of cells to the transfec-
tion mixture for 24 hours, the cells were treated with 1 yM
ACR alone, 5 pM LY294002 alone, or a combination of
these agents for 24 hours. The cell lysates were then
prepared, and the luciferase activity of each cell lysate was
determined using a dual-luciferase reporter assay system
(Promega) [25].

Statistical analysis

The data are expressed in terms of meanst SD. The
statistical significance of the differences in the mean
values was assessed using one-way ANOVA, followed by
Tukey-Kramer multiple comparison tests. Values of <0.05
were considered significant.
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Results

ACR and LY294002 cause preferential inhibition of growth
in HLF human HCC cells in comparison with Hc normal
hepatocytes

In the initial study, the growth inhibitory effect of ACR
and LY294002 on HLF human HCC cells and on Hc
hepatocytes was examined. ACR (Figure 1A) and LY294002
(Figure 1B) inhibited the growth of HLF cells with ICs
values of approximately 6.8 uM and 15 pM, respectively.
On the other hand, Hc cells were resistant to these agents
because the IC;, values of ACR and LY294002 for the
growth inhibition of He cells were each greater than 50 pM
(Figure 1). These results suggest that ACR and LY294002
preferentially inhibit the growth of HCC cells compared
with that of normal hepatocytes.

ACR along with LY294002 causes synergistic inhibition of

growth in HCC cells . v
Next, the effects of the combined treatment of ACR plus
1Y294002 on the growth of HCC-derived cells and Hec
hepatocytes were examined. When HLF human HCC cells
were treated with a range of concentrations of these agents,
the CI indices for less than 1 pM ACR (0.5 or 1 pM) plus
less than 10 pM LY294002 (5 or 10 pM) were 1+ (slight
synergism), 2+ (moderate synergism), or 3+ (synergism). In
particulay, the combination of as little as 1 pM ACR
(approx. IC;5 value) and 5 pM LY294002 (approx. ICss
value) exerted synergistic growth inhibition because the CI-
isobologram analysis yielded a CI index of 0.54 (3+), which
indicates synergism [25,27,30,31], with this combination
(Figure 2A,B, and Table 1). In other HCC cell lines, includ-
ing Huh7, Hep3B, and HepG2 cell lines, similar findings
were also obtained using Huh7 and Hep3B cells; the
combination of 1 pM ACR plus 5 M LY294002 signifi-
cantly suppressed the growth of these cells (Figure 2C). In
contrdst, the growth of Hc normal hepatocytes was not
affected by the combination of these agents; even a

-
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Error bars present the SD of triplicate assays. * P< 0.05.

Figure 2 Inhibition of cell growth by ACR alone, LY294002 alone, or various combinations of these agents in human HCC-derived cells
and Hc normal hepatocytes. (A) HLF human HCC cells were treated with the indicated concentrations of ACR alone, LY294002 alone, and various
combinations of these agents for 48 hours. (B} The data obtained in (A) was used to calculate the combination index. (€) Huh7, Hep3B, and
HepG2 human HCC cells were treated with vehicle, 1 pM ACR alone, 5 M LY294002 alone, or a combination of 1 uM ACR and 5 pivi LY294002 for
48 hours. (D} Hc human hepatocytes were treated with the indicated concentrations of ACR alone, LY294002 alone, and various combinations of
these agents for 48 hours. (A}, (C), and (D) Cell viability was determined by the MTS assay and expressed as a percentage of the control value.

combination of high concentrations of ACR (5 uM) plus
LY294002 (15 uM) did not inhibit the growth of Hc cells in
the present study (Figure 2D).

ACR plus BKM120 cause synergistic inhibition of growth
in HLF cells

In order to examine whether PI3K inhibitors are promis-
ing agents to potently suppress the growth of HCC cells
in conjunction with ACR, the combined effects of ACR
plus BKM120, another selective PI3K inhibitor [33], on
the growth of HLF cells were next investigated. The
combination of ACR plus BKM120 significantly inhibited
the growth of HLF cells. In particular, when the cells were
treated with 1 pM ACR plus 5 pM BKM120, the CI-
isobologram analysis yielded a Cl-index of 3+ (synergism)
(Figure . 3A,B, and Table 1). These findings suggest that
combination therapy using ACR plus PI3K inhibitors
might be an effective regimen for inhibiting the growth of
HCC cells.

ACR plus LY294002 cooperatively induce apoptosis in

HLF cells

The next study examined whether the synergistic growth
inhibition in HLF cells induced by treatment with ACR plus
LY294002 is associated with the induction of ‘apoptosis.
The -ratio of TUNEL-positive cells was not significantly
increased by treatment with 1 M ACR alone (26.9%) or
5 M LY294002 alone (27.6%) in comparison to that of

Table 1 Combined effects of ACR and PI3K inhibitors on HLF cells

control untreated cells (15.2%). However, when the cells
were treated with the combination of these agents,
TUNEL-positive cells significantly increased to 54.4% of the
total remaining cells (Figure 4A). Similar results were also
observed in the caspase-3 activity assay; the combined
treatment with ACR plus LY294002 significantly increased
the levels of caspase-3 activity in HLF cells, whereas treat-
ment with ACR alone or LY294002 alone did not exert
such an effect (Figure 4B).

ACR plus LY294002 cooperatively suppress the
phosphorylation of RXRa, ERK, and Akt and increase the
RXRE promoter activity in HLF cells

RXRo phosphorylation is involved in the development
of HCC, and thus might be a promising target for
HCC chemoprevention [4-9). Therefore, the effects of the
combination of ACR and LY294002 on the phosphorylation
of RXRa and related signaling molecules were next investi-
gated in HLF cells. As shown in Figure 5A, there was a
significant decrease in the expression levels of p-RXRq,
p-ERK, and p-Akt proteins when the cells were treated with
1 M ACR. Treatment with 5 pM LY294002 also caused a
marked decrease in the expression levels of p-RXRe and
p-Akt proteins in these cells. Moreover, the decrease in the
expression levels of p-RXRa, p-ERK, and p-Akt proteins
was greater when the cells were treated with a combination
of these agents.

LY294002 concentration

BKM120 concentration

. ACR concentration {(uM) (uM)
(M) 5 10 15 5 10 15
0.5 ’ ++4 + + * ++ ’ ++
' +++ ++ *+ +++ ++ +
5 - ++ - - - -

Note:

“ C11.1-1.3 moderate antagonism;

“+", C10.9-1.1 additive effect;

“+", Ci0.8-0.9 slight synergism;

“++", C10.6-0.8 moderate synergism;

"+++", Cl0.4-0.6 synergism;

Abbreviations: CI Combination index, ACR Acyclic retinoid.
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Figure 3 Inhibition of cell growth by ACR alone, BKM120 alone, or various combinations of these agents in HCC cells. (A) HLF human
HCC cells were treated with the indicated concentrations of ACR alone, BKM120 alone, or various combinations of these agents for 48 hours, Cell
viability was determined by the MTS assay and expressed as a percentage of the control value. (B) The data obtained in (A} was used to calculate
L the combination index. Error bars present the SD of triplicate assays.
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Figure 4 Effects of the combination of ACR and LY294002 on the induction of apoptosis in HLF cells. The cells were treated with vehicle,
1 UM ACR alone, 5 uM LY294002 alone, or a combination of 1 uM ACR and 5 M LY294002 for 48 or 72 hours. (A} TUNEL assays were performed
using cells treated with test drugs for 48 hours. TUNEL-positive cells were counted and examined as the percentage of the DAPI-positive cell
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reporter in the presence of vehicle, 1 pM ACR alone, 5 uM LY294002 alone, or a combination of 1 uM ACR and 5 pM LY294002. Relative luciferase
activity was determined after 24 hours, Columns and lines indicate the means and SD of triplicate assays. # P <0.01. * P < 0.05.
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In addition, there was a significant increase in the
transcriptional activity of the RXRE reporter when HLF
cells were treated with a combination of ACR and
LY294002, whereas treatment with the same concentra-
tions of ACR alone or'LY294002 alone did not upregulate
the activity of this promoter (Figure 5B). Because RXRs
modulate the expression of target genes by interacting
with the RXRE element located in the promoter regions of
these genes [1,2], this finding may indicate that LY294002
enhances the transcriptional activity of the RXRE pro-
moter induced by ACR, at least in part by inhibiting the
phosphorylation of RXRaw.

ACR and LY294002 cooperatively increase the cellular levels
of RARB and p21°"", but decrease the levels of cyclin D1, in
HLF cells

Because the transcriptional activity of the RXRE promoter
was significantly increased by treatment with ACR plus
- LY294002 (Figure 5B), the next study examined whether
this combination cooperatively altered the expression of
target molecules of ACR, including RARB, p21“**, and
cyclin D1 {13,2527,34], in HLF cells. As shown in
Figure 6A, the mRNA and protein expression levels of
RARP were significantly increased on combined treatment
with ACR and LY294002. Quantitative RT-PCR analyses
also revealed that there was a significant increase in the
levels of p21°™* mRNA, but a decrease in the levels of
cyclin D1 mRNA, in HLF cells, upon treatment with this
combination (Figure 6B).

Discussion and conclusions A

In order to improve the clinical outcome for patients
with HCC, development of effective strategies for the
chemoprevention and chemotherapy of this malignancy is

urgently required. We believe that combination chemo-
prevention using ACR as a key agent is a promising
method for attaining this objective, because it provides an
opportunity to take advantage of the synergistic effects of
ACR on growth inhibition in HCC cells [17,25-30]. The
present study provides the first evidence that the combin-
ation of ACR with LY294002, a PI3K inhibitor, synergistic-
ally inhibited the growth of human HCC cells through the
induction of apoptosis. Activation of the PI3SK/Akt path-
way, which is common in many cancers such as HCC
[21,22], contributes to the inhibition of apoptosis and in-
duction of therapeutic resistance in cancer cells, indicating
that targeting this pathway can inhibit the survival and
growth of cancer cells through various mechanisms such
as potentiation of the effects of chemotherapeutic drugs
[18-20,23,24]. For instance, the combination of all-frans
retinoic acid with LY294002 enhanced growth suppressive
effects in leukemic cells by inducing apoptosis [35].

The hypotheses that explain the synergism generated by
the combination of ACR and LY294002 are summarized
in Figure 7. First, it should be noted that phosphorylation
of RXRa was markedly inhibited by the combination of
ACR and LY294002 in the present study. This finding
seems to be significant because RXRa phosphorylation
plays a role in the development of HCC and, therefore,
might be a critical target for the implementation of HCC
chemoprevention [5,7-9]. Accumulation of phosphory-
lated RXRa induced by the Ras/MAPK activation inter-
feres with the function of normal (unphosphorylated)
RXRa in a dominant negative manner [8,9]. This and prior
studies [4,17,25,28] show that ACR alone inhibits the
phosphorylation of RXRa and ERK proteins in HCC
cells. Moreover, in the present study, ACR alone also
dephosphorylated the Akt protein in HLF cells. These
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Figure 6 Effects of the combination of ACR and LY294002 on the cellular expression levels of RARB, p21°™", and cyclin D1 in HLF cells.
(A) The expression levels of RARB mRNA (left panel) and protein (right panel) were examined by quantitative real-time RT-PCR analysis and western
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levels of p21°°" and cyclin D1 mRNAs were performed using cells treated with the test drugs for 24 hours. The expression level of each mRNA was
normalized to the level of B-actin mRNA. Values represent the means + SD of triplicate analyses. * P < 0.05.
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findings suggest that the combination of ACR and
1Y294002 cooperatively inhibit the phosphorylation of
RXRa through dephosphorylation of ERK and Akt, which
leads to the synergistic inhibition of growth and the
induction of apoptosis in HCC cells. The results of the
present research, together with those of previous studies
[17,25,28-30], suggest that dephosphorylation of RXRa«
might be a key mechanism for ACR-based combination
chemoprevention in HCC cells.

Phosphorylated RXRa loses its ability to form heterodimers
with RARP and this is associated with resistance to
retinoids [7]. Therefore, restoration of the function of
RXRa by inhibiting its phosphorylation is critical to regu-
late the expression of retinoid target genes [4-9]. In com-
parison to treatment with ACR alone or LY294002 alone,
combined treatment with these agents significantly in-
creased the transcriptional activity of the RXRE reporter
in the present study. This combination also significantly
altered the expression levels of ACR target genes, such
as RARB, p21“"% and cyclin DI mRNA [13,25,27,34].
Particularly, the induction of RARP by the combination of
ACR and LY294002 might play a crucial role in inhibiting
the growth of HCC cells because RARP, which is a recep-
tor for ACR [36], can exert tumor-suppressive effects in

cancer cells and thus be considered as a tumor suppressor
gene [37].

In this study, the phosphorylation of Akt is inhibited by
ACR alone in HLF cells. This finding seems to be of interest
because Akt phosphorylation plays a critical role in cell
survival, prevention of apoptosis, and progression of cell
cycle in various types of tumors, including HCC [21,22].
The precise mechanism by which ACR inhibits the
phosphorylation of Akt protein has not been determined.
However, we assume that the dephosphorylation of this
protein by ACR might be explained by, at least in part, its
ability to inhibit growth factor-dependent RTK activity,
because Akt is potently phosphorylated by the activation of
RTKs [8,9,14,15,18-20]. For instance, ACR inhibits the
growth of HCC cells and prevents chemically induced liver
tumorigenesis by targeting the transforming growth factor-
o/epidermal growth factor receptor (EGER) axis, which
belongs to RTKs [14,15]. Moreover, a recent study showed
that retino! inhibited PI3K activity by decreasing the inter-
action between PI3K and phosphatidylinositol and this was
associated with suppression of cell growth in colon cancer
cells [38]. These studies suggest that the PI3K/Akt signaling
pathway might be a critical target for retinoids to exert their
anti-cancer and chemopreventive properties.
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Figure 7 A hypothetical schematic representation of the effects of the combination of ACR and LY294002 on growth inhibition in HCC
cells. When ACR binds to and activates RXRa, it forms homo- and/or heterodimers with other nuclear receptors (NRs), including RARs. This results
in the activation of the transcriptional activity of the responsive element, thus controlling the expression of the target genes, such as RARB,
p21" and cyclin D1, which induce apoptosis and inhibit the growth of HCC cells (A). In HCC cells, the MAPK/ERK and PI3K/Akt pathways, both
of which are located downstream of Ras, are highly activated and phosphorylate the RXRa protein. The accumulation of phosphorylated RXRa
protein, which impairs dimer formation and the subsequent transactivation functions of this receptor, cause a deviation from normal cell
proliferation and differentiation, thereby playing a critical role in liver carcinogenesis (B). ACR and LY294002 inhibit RXRa phosphorylation by
inhibiting ERK and Akt phosphorylation, resulting in restoration of receptor function and activation of the transcriptional activity of the responsive

element (C). For additional details, see the Discussion section.

In the current study, the combination of ACR and
LY294002 significantly inhibited the growth of HLE, Huh7,
and Hep3B HCC cells, whereas the growth of HepG2 cells,
the other HCC cell line, was not suppressed by this com-
bination. This might be associated with the phosphorylation
status of ERK and Akt proteins because the expression
levels of p-ERK and p-Akt proteins were increased in HLE,
Huh?, and Hep3B cells compared with HepG2 cells [29].
These results, on the other hand, suggest that HCC cells
that overexpress p-ERK and p-Akt proteins might be more
sensitive targets for combination therapy using ACR and
PI3K inhibitors.

Finally, it should be emphasized that combination
therapy and prevention are advantageous because, in
addition to providing the potential for synergistic effects,
they may reduce the opportunity for the development of
drug resistance by cancer cells. Several preclinical studies
have shown that cancer cells harboring activated Ras
mutations appear to be resistant to treatment with PI3K
inhibitor alone [23,39]. However, the use of a combination
of the PI3K/Akt inhibitor and a MAPK inhibitor signifi-
cantly exerted anti-cancer effects in Kars G12D-driven or

EGFR-mutant lung tumors [23,24]. These studies suggest
that effective treatment with PI3K inhibitors require con-
comitant therapies that target RTK/Ras/MAPK signaling
and, therefore, ACR, which can inhibit this signaling
pathway [8,9,14,15,40], might be a preferable partner for
PI3K inhibitors.

In conclusion, the present study indicates that the
combination of ACR and LY294002, which can inhibit
the phosphorylation of RXRa, causes a synergistic induc-
tion of apoptosis and inhibition of cell growth in human
HCC cells. The results of our study suggest that this
combination might hold promise as a clinical modality
for the prevention and treatment of HCC, due to their
synergistic effects. In particular, our finding that the
combination regimen using 1 pM ACR plus 5 uM
LY294002 synergistically inhibits the growth of HCC
cells seems to be clinically relevant because this concen-
tration (1 uM) is approximately the same as the plasma
concentration of ACR (which ranged from 1 to 5 uM) in
a clinical trial that demonstrated the chemopreventive
effects of this agent in the recurrence of secondary HCC
[10,11].
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