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Fig. 4. NF-xB activation in response to LPS stimulation in human monocytes was attenuated under ER stress. {A) THP-1 cells treated with tunicamycin (5 pg/ml) for 12 h were
cultured in AIM-V serum-free medium supplemented with LPS. Phosphorylated or total NF-kB quantity in THP-1 cells seeded on the culture plate was assessed by cellular
activation of the signaling ELISA kit. Induction of phosphorylated NF-xB by LPS stimulation was not observed in THP-1 cells treated with tunicamycin. (B) Fluorescence
microscopy examination of the tunicamycin-treated THP-1 cells followed by LPS stimulation. Cells were permeabilized and were stained with anti- NF-xB p65 and
tetramethyl rhodamine isothiocyanate-goat anti-mouse IgG (red). The nucleus is stained with DAPI (4, 6-diamino-2-phenylindole; blue). The sustained localization of NF-xB
p65 in the cytoplasm was observed in THP-1 cells treated with tunicamycin followed by LPS stimulation. Original magnification, x400. Filled bars; no treatment. Open bar;

treatment with tunicamycin (5 pg/ml). *P < 0.01.
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Fig. 5. Human monocytes under ER stress demonstrated impaired capability for differentiation into macrophages. (A-E) Conditioning with tunicamycin (5 pg/ml) THP-1 cells
were treated with PMA (50 ng/ml) for 72 h. Cells were examined under microscopy for morphology and flow cytometry for surface molecules of macrophage markers CD11b
and CD68. Gene expression of cells was also analyzed by RTD-PCR for CD11b, CD68, CHOP and BiP. Morphological analysis (A) and scatter and forward scatter by flow
cytometry (B) PMA-differentiated THP-1 cells conditioned with tunicamycin were observed to be smaller and less granular compared to cells not treated with tunicamycin.
Flow cytometry analysis (C) and gene expression analysis by RTD-PCR (D) for markers of macrophages, CD11b and CD68 showed decreased expression of these markers in
THP-1 cells treated with tunicamycin and PMA. (E) Gene expressions of CHOP and BiP were increased in THP-1 cells conditioned with tunicamycin. (F-H) Primary human
monocytes treated with tunicamycin (0.1 pg/ml) were cultured with GM-CSF (100 ng/ml) for 4 days for differentiation into macrophages. Cultured cells were examined by
microscopy and flow cytometry. Tunicamycin-treated primary human monocytes were smaller (F) and less granular (G), and CD11b expression was repressed (H) after 4 days
culture in media with GM-CSF. Data are expressed as means + SEM of four independent experiments. Filled bars; no treatment. Open bar; treatment with tunicamycin (5 pg/

mi). **P < 0.01, ™P<0.001.
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Fig. 6. The expression of proinflammatory cytokines in response to LPS stimulation was decreased in PMA-driven differentiated macrophage-like cells under ER stress
without alteration of the expression of TLR4 and accessory molecules. THP-1 cells were treated with tunicamycin (5 pug/ml) followed by PMA treatment for differentiation
induction into macrophages. Expression analysis by RTD-PCR (A) and flow cytometry (B) was performed for TLR4 and MyD88. Expressions of both molecules were not
affected. (C-D) THP-1 cells were treated with tunicamycin (5 pg/ml) followed by PMA treatment for 72 h followed by LPS stimulation. Gene expression analysis (C) of cells
stimulated with LPS for 3 h as well as ELISA quantification (D) of concentrations of cells stimulated with LPS for 12 h in culture medium were assessed. The expressions of
TNF-a and IL-1B in response to LPS stimulation were significantly decreased in differentiated macrophage-like cells when they were under ER stress by tunicamycin. Filled
bars; no treatment. Open bar; treatment with tunicamycin (5 pg/mi).
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4. Discussion

We observed that ER stress induced susceptibility to apoptosis
in THP-1 cells, a human monocytic cell line. Functionally, the re-
sponse of LPS-stimulated human monocytes to express proinflam-
matory cytokines under ER stress was attenuated prior to the
obvious appearance of apoptosis, with decreased activation of
NF-xB. Furthermore, the differentiation capability of monocytes
into macrophages was inhibited with a hypo-responsiveness to
LPS under ER stress. These observations suggest that ER stress is
an important pathological condition affecting a variety of mono-
cyte functions.

The ER system is indispensable for synthesizing properly func-
tioning proteins {1]. Under ER stress, cells malfunction due to the
improper production or folding of proteins. Therefore, ER stress
can result in the retention of harmful unfolded proteins as a conse-
quence of impaired function of ER-related molecules such as pro-
tein kinase R-like ER kinase (PERK), inositol requiring enzyme 1
(IRE1), and activating transcription factor 6 (ATF6), all of which
are important molecules of the ER system [17,18]. In the immune
system, an unfolded protein response (UPR) related to ER stress
was observed in myeloma cells, malignant cells of plasma cells
[19]. The affected immune response due to an UPR was also ob-
served in the development of nonmalignant immunological disor-
ders, such as rheumatoid arthritis and neurodegenerative disease
[2]. UPRs affect the survival and function of DCs because of their
pivotal capacity to process peptides for presentation and secrete
cytokines [20]. These findings, as well as our previous observation
that diabetic monocytes were under ER stress and were impaired
[11], demonstrate that monocytes are an important subpopulation
in immune cells in ER stress-related diseases.

Prolonged ER stress leads to apoptotic cell death, which is med-
iated by CHOP [21], a crucial specific molecule for ER stress-in-
duced apoptosis. Apoptosis is also accompanied by alterations of
the transcriptional expression of the BCL-2 gene family [22]. We
observed that THP-1 monocytic cells under ER stress underwent
apoptosis with decreased expression of the anti-apoptotic mole-
cule BCL-2, indicating that ER stress induced THP-1 cell death using
conventional apoptotic pathways [23,24].

The TLR pattern recognition by the innate immune system in-
duces proinflammatory cytokines through the activation of NF-
kB [25,26]. In the quiescent state, NF-kB remains inactive in the
cytoplasm through binding to the inhibitory protein IxB. The phos-
phorylated IxB releases NF-xB to translocate into the nucleus
where it mediates the transcription of its target genes [14]. We ob-
served that the tunicamycin-induced ER stress diminished TLR4
signaling without altering the expressions of TLR4 and MyDS8S.
With regard to the transcriptional factor, we observed a lack of
the activated form of NF-xB and sustained cytoplasmic localization
of NF-xB in LPS-stimulated THP-cells under ER stress. The activa-
tion of NF-xB is transient and cyclic upon continuous stimulation,
which is due to specific negative feedback control systems such as
the NF-xB inducible synthesis of IxB and A20 [27]. A previous re-
port indicated that ER stress-induced A20, a deubiquitinating pro-
tease [28], acts as an inhibitor of NF-kB [29,30]. We observed that
ER stress by tunicamycin treatment induced the expression of BiP,
an important chaperone involved in quality control. BiP was previ-
ously reported to decrease the activation of NF-xB [31], and is a po-
tent extracellular anti-inflammatory molecule {32]. Thus, these
molecules may be related to the underlining mechanism of the
attenuated TLR4 signaling by ER stress involving decreased activa-
tion of NF-xB. Although some molecules related to ER stress, such
as A20 and BiP, were previously reported to be involved in de-
creased NF-xB activation, we were unable to identify a specific
mechanistic ER stress pathway directly related to impaired TLR4-
induced expression of TNF-o, and IL-1p. Impaired TLR signaling in

the presence of tunicamycin was not observed following treatment
with specific inhibitors of IRE-1, ATF6, or PERK (data not shown),
suggesting that multiple pathways regulate this effect. Further
investigation of how ER stress-related molecules are involved in
inhibition of NF-xB under ER stress in terms of cellular machinery
is, therefore, warranted.

Diabetes is associated with chronic inflammation [33,34].
Although smoldering inflammation is a fundamental pathological
condition of diabetic patients, a characteristic of their immunity
is the hypo-responsiveness to pathogenic stimulation [35]. We ob-
served that NF-xB was, to some extent, activated in THP-1 cells un-
der ER stress induced by tunicamycin before TLR4 ligand
stimulation, despite the attenuated signal transduction to TLR li-
gand stimulation in monocytes (Fig. 4A). ER stress slightly in-
creased the activated form of NF-xB in the quiescent condition
before external ligand stimulation. This finding may correspond
to the smoldering inflammation of diabetes, whereas the hypo-
responsiveness to impaired TLR4 signaling under ER stress is con-
sistent with the impaired immunity of diabetes. Further investiga-
tions are needed to elucidate the details of the chronic
inflammation status and the systemic immunity condition.

Monocytes are progenitor cells that can differentiate into ma-
ture resident macrophages in various human tissues and become
important immune regulators that control the acquired immune
response [36]. Monocyte differentiation to macrophages is charac-
terized as a reduction in the nucleocytoplasmic ratio [37] and en-
hanced granularity [38], which was observed in THP-1 cells
(Fig. 5A) and primary human monocytes (Fig. 5C). The morpholog-
ical maturity of macrophage differentiation was not observed in
cells under tunicamycin-induced ER stress. Furthermore, the char-
acteristic change of surface markers in the monocyte/macrophage
lineage was also affected, showing decreased expressions of mac-
rophage differentiation markers. A previous report suggested that
the inhibition of NF-xB activation is involved in the impairment
of monocyte differentiation into macrophages in THP-1 cells [39].
Therefore, the affected NF-xB activation and subcelltular localiza-
tion under ER stress may explain, in part, the affected differentia-
tion capability of monocytes into macrophages.

We observed that TLR4 signaling was impaired in differentiated
macrophages when they were under tunicamycin-induced ER
stress (Fig. 6). Therefore, ER stress may broadly affect the mono-
cytic lineage cells that express the pattern recognition molecules
related to innate immunity, implying that ER stress is also a signif-
icant condition that broadly impairs host immunity.

In conclusion, our findings demonstrate that ER stress affects
the pathogenic ligand-induced TLR signaling as a consequence of
attenuated activation of NF-kB, as well as the differentiation capa-
bility into macrophages, which are the important functional regu-
lators of the immune reaction. Further investigations are needed to
elucidate the mechanisms of ER stress-related perturbations of the
immune reaction in association with various diseases.
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Abstract

humans in vivo.

Background: The acyclic retinoid, peretinoin, has been shown to be effective for suppressing hepatocellular
carcinoma (HCQ) recurrence after definitive treatment in a small-scale randomized clinical trial. However, little has
been documented about the mechanism by which peretinoin exerts its inhibitory effects against recurrent HCC in

Methods: Twelve hepatitis C virus-positive patients whose HCC had been eradicated through curative resection or
ablation underwent liver biopsy at baseline and week 8 of treatment with either a daily dose of 300 or 600 mg
peretinoin. RNA isolated from biopsy samples was subjected to gene expression profile analysis.

Results: Peretinoin treatment elevated the expression levels of IGFBP6, RBP1, PRB4, CEBPA, G052, TGM2, GPRCSA,
CYP26BI1, and many other retinoid target genes. Elevated expression was also observed for interferon-, Wnt-, and
tumor suppressor-related genes. By contrast, decreased expression levels were found for mTOR- and tumor
progression-related genes. Interestingly, gene expression profiles for week 8 of peretinoin treatment could be
classified into two groups of recurrence and non-recurrence with a prediction accuracy rate of 79.6% (P<0.05). In
the liver of patients with non-recurrence, expression of PDGFC and other angiogenesis genes, cancer stem cell marker
genes, and genes related to tumor progression was down-regulated, while expression of genes related to hepatocyte
differentiation, tumor suppression genes, and other genes related to apoptosis induction was up-regulated.

Conclusions: Gene expression profiling at week 8 of peretinoin treatment could successfully predict HCC recurrence
within 2 years. This study is the first to show the effect of peretinoin in suppressing HCC recurrence in vivo based on
gene expression profiles and provides a molecular basis for understanding the efficacy of peretinoin.

Keywords: Acyclic retinoid, Gene expression, Hepatocellular carcinoma

Background

Hepatocellular carcinoma (HCC) is the sixth most com-
mon form of cancer worldwide, and it is estimated that
there are more than 740,000 new cases each year [1].
Early-stage HCC is indicated for definitive treatment by
surgical resection or local therapy [2-4]; however, the
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prognosis of HCC is typically poor, and around 50% of pa-
tients experience recurrence within 3 years of definitive
therapy [5-7]. Indeed, some researchers estimate that the
3-year recurrence rate is higher than 70% for hepatitis C
virus (HCV)-positive patients [8], and past clinical experi-
ence with interferon-based therapy, systemic chemother-
apy, and other treatment modalities has shown the lack of
effective standard therapy for suppressing tumor recur-
rence after definitive treatment for HCC [9-11].

Peretinoin (NIK-333) has only been reported to suppress
HCC recurrence in a small-scale randomized controlled

© 2013 Honda 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 permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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trial [12] in which patients who were disease-free after de-
finitive treatment received oral administration of 600 mg
peretinoin daily for one year. The results showed that
peretinoin significantly reduced the incidence of recurrent
or new HCC [12] and improved patient survival rates [13].
Based on the results of rat pharmacological studies [14,15]
and a phase I clinical study of peretinoin [16], a phase II/III
clinical study of peretinoin was conducted in which the
doses were set at 300 and 600 mg daily. The study demon-
strated that, in the Child-Pugh A subgroup, 600 mg/day
peretinoin (n=100) reduced the risk of HCC recurrence or
death by approximately 40% compared to placebo (n=106)
[hazard ratio (HR)=0.60; 95% confidence interval (CI):
0.40-0.89)] [17]. On the other hand, 300 mg daily doses of
peretinoin were insufficient for tumor control and showed
no substantial difference from the placebo [17]. A large-
scale clinical study including several countries is now
planned to confirm the clinical efficacy of peretinoin.

Little is known about the mechanism by which
peretinoin exerts its inhibitory effects against recurrent
HCC in humans in vivo. In order to investigate this
mechanism, we conducted here a comparative study
recruiting HCV-positive patients who successfully com-
pleted definitive treatment for HCC (similar to the phase
/11T clinical study mentioned above). Patients under-
went liver biopsy before and after 8 weeks of treatment
with repeated doses of peretinoin, and the collected
samples were analyzed for gene expression profiling
using the remnant liver after eradication of HCC. We
found that changes in the gene expression signature ob-
served in this study help us to understand the means by
which peretinoin suppresses HCC, in particular its in-
hibition against de novo carcinogenesis.

Methods

Patients

We enrolled 12 HCV-positive patients who were cured
of their primary and first recurrent HCC by surgical hep-
atectomy or radiofrequency ablation therapy and other
non-surgical local treatments (Table 1). Complete tumor
removal was confirmed by dynamic computed tomog-
raphy (CT) scans. Inclusion criteria were as follows: posi-
tive presence of HCV-RNA in the serum; Child-Pugh
class A or B liver function; platelet counts 250,000/pL;
and age 220 years. Exclusion criteria included the fol-
lowing: positive for hepatitis B surface antigen; tumor
infiltration into the portal vein; use of transarterial
embolization or transarterial chemoembolization (TAE/
TACE) for definitive therapy; postoperative use of investi-
gational medicinal products, antitumor agents, interferon,
or vitamin K2 formulations; blood pressure unmanageable
even with medication (systolic pressure 2160 mmHg or
diastolic pressure 2100 mmHg); complication with renal
impairment, cardiovascular disease, diabetes mellitus,

Page 2 of 13

autoimmune disease, asthma, or other severe disease;
presence of neoplasm; allergy to CT contrast media; al-
lergy to retinoids; history of total gastrectomy; possible
pregnancy during study; and lactating mothers.

Study design

This trial was a randomized, parallel-group, open-label
study. Twelve eligible patients signed the informed con-
sent form for registration. They were randomized to re-
ceive one of the two peretinoin doses: 600 or 300 mg
per day. Each dose group consisted of 6 patients.
After randomization, patients underwent liver biopsy
before the start of peretinoin treatment, then orally
received peretinoin twice daily for 8 weeks. At the
end of the 8-week therapy, they underwent a second
liver biopsy (Figure 1A). The collected biopsy samples
were kept in RNAlater® solution (Ambion Inc., Austin,
TX) at 4°C overnight or longer. Within 3 days, the
biopsy samples were removed from the RNAlater so-
lution and partially subjected to RNA extraction and
purification. The purified RNA samples were stored
at -80°C until required for gene expression profiling.
The remaining part of the biopsy samples was used
to determine the intrahepatic peretinoin concentra-
tion. Samples were placed in polypropylene bottles
containing 99.5% ethanol, and the air in the bottle
was purged with argon. The bottles were tightly closed
and stored at —-80°C protected from light. Peripheral
blood samples were also collected for the analysis of
gene expression signatures and to determine plasma
peretinoin levels.

After the second biopsy, patients were orally ad-
ministered peretinoin twice daily for 88 weeks. Dur-
ing the treatment period, patients visited the hospital
every 4 weeks for check-ups, drug compliance, and
protocol-specified medical examinations. Drug com-
pliance was assessed by pill counts. During the study,
use of anticancer agents, interferon, vitamins K and
A, and antiviral drugs (e.g., rivabirin) was prohibited.
The study was registered at the Japan Pharmaceutical
Information Center (JapicCTI-121757). This protocol
was approved by the Institutional Review Board of
Kanazawa University for clinical investigation follow-
ing the provisions of Helsinki, Good Clinical Practice
guidelines, local laws, and regulations. Written informed
consent was obtained from all patients involved in this
study. The detail protocol of this study is presented in
Additional file 1: Study protocol.

Plasma peretinoin concentration

A 5-mL blood sample was drawn into an EDTA-2Na
tube, immediately mixed, and centrifuged to obtain a
plasma sample. The air in the sample tubes was replaced
with argon, and the tubes were stored at —80°C protected
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Table 1 Patient characteristics and prognosis

Patient Dose Age Sex P/R  Curative MTD Tumor no. Tumor Background liver CP ALT PLT Prognosis
no. treatment histology F A 2yrs  45yrs
1 300 70 F P RFA 15 2 m-p 4 2 A 112 79 Rec Rec
2 600 72 F R RFA 20 2 w 4 2 A 40 79 Rec Rec A
3 300 58 M P resection 25 1 m-p 2 1 A 16 192 nonRec nonRec
4 600 54 M P resection 25 1 m-p 3 2 A 57 164 nonRec Rec
5 600 60 F p RFA 23 1 m-p 4 2 B 23 64 nonRec nonRec
6 300 73 F P RFA 20 2 m-p 3 2 A 31 142 Rec Rec A
7 300 69 F P RFA 1 3 w-m 4 1 A 38 115 Rec Rec A
8 600 74 F P RFA 16 2 m-p 4 1 A 45 51  nonRec Rec
9 600 65 M R RFA 10 1 m-p 2 1 A 29 165 nonRec nonRec
10 600 59 M P resection 34 1 m-p 4 2 B 60 94 nonRec nonRec
1 300 70 F R RFA 15 1 w-m 4 2 B 98 7 nonRec  nonRec
12 300 66 M P RFA 15 1 m-p 4 1 A 90 106 nonRec nonRec

Dose (mg/day), ALT(U/L), PLT(x10%pL), MTD (mm).

F; female, M; male, P; primary HCC, R; (first) recurrent HCC, MTD; maximum tumor diameter, w; well-differentiated, m; moderately differentiated, p; poorly
differentiated, F; fibrosis stage, A; activity grade, CP; Child-Pugh classification, ALT; alanine aminotransferase, PLT; platelet.

Rec; recurrence, nonRec; non-recurrence, A; death.
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Figure 1 Peretinoin pharmacokinetics study design and change of gene expression profiling. A: Peretinoin pharmacokinetics study design.
Twelve patients were enrolled in the study and two groups of 6 patients were randomly administered one of two doses of peretinoin (600 or
300 mg per day) for 8 weeks. A liver biopsy was obtained before the start of peretinoin administration and 8 weeks into the treatment. After the
second liver biopsy, oral administration of peretinoin twice daily was resumed for 88 weeks. B: Hierarchical clustering analysis of patients using all
expressed genes. Patient numbers (Table 1) and peretinoin dose are listed. Patients with HCC recurrence are shown in red and boxed. There was
no significant association between hepatic gene expression and HCC recurrence before starting peretinoin treatment, while distinct clusters of
patients were observed after week 8 depending on HCC recurrence.
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from light. The plasma concentrations of the unchanged
form of peretinoin and its lipid-bound form were de-
termined as follows: first, the peretinoin-containing
fractions were extracted from the plasma samples,
then subjected to derivatization of peretinoin, and the
concentration of the derivative was measured by li-
quid chromatography-atmospheric pressure chemical
ionization-tandem mass spectrometry.

Liver peretinoin concentration

Collected liver tissue samples were immersed in 99.5%
ethanol in containers, and the internal air was replaced
with argon. The samples were stored at —-80°C protected
from light. The liver concentrations of the unchanged
form of peretinoin and its lipid-bound form were deter-
mined as for the plasma concentrations above.

Microarray analysis

For gene expression profiling of the liver, in-house
c¢DNA microarrays containing a representative panel of
10,000 liver-specific genes (Kanazawa liver chip 10K ver.
2.0) were used. RNA isolation, amplification of antisense
RNA, labeling, and hybridization were conducted as pre-
viously described [18].

To identify genetic variants, paired f-tests were
performed using BRB-Array Tools software (http://linus.
ncinih.gov/BRB-ArrayToolshtml) to define P-values <0.05
as gene variants. Hierarchical cluster analysis, exploration
of significantly expressed genes, and class prediction were
also performed using the BRB-Array Tools.

Hierarchical clustering was carried out using centered
correlation and average linkage. The class comparison tool
in the BRB-Array Tools was used to extract significantly
expressed genes. Genes whose expression levels were sig-
nificantly different between two groups were located by the
t-test at the P<0.002 significance level. Univariate permuta-
tion tests were repeated 1,000-2,000 times to control for
errors. Class prediction was performed using the
above-mentioned significantly differentiated genes as
discriminators, and the results were cross-validated
using seven algorithms: compound-covariate predictor,
diagonal linear discriminant analysis, 1-nearest neigh-
bor, 3-nearest neighbors, nearest centroid, support vec-
tor machine, and Bayesian compound covariate. The
mean value of the seven success rates for class predic-
tion was defined as the prediction accuracy rate [18].

Pathway analysis was performed using MetaCore
(Thomson Reuters, New York, NY) and functional ontol-
ogy enrichment analysis was performed to find diffe-
rentially expressed pathway using differentially expressed
genes [18,19].

The microarray data have been submitted to the Gene
Expression Omnibus (GEO) public database at NCBI
(Accession No. GSE29302).
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Quantitative real-time detection polymerase chain reaction
Quantitative real-time detection polymerase chain reac-
tion (RTD-PCR) was performed using the TagMan Uni-
versal Master Mix (PE Applied Biosystems, Foster City,
CA). Primer pairs and probes were purchased from the
TagMan assay reagents library. Standard curves were
generated for each assay using RNA derived from nor-
mal human liver tissue. Expression data were normalized
by GAPDH, and the results are shown as the relative
fold expression to the normal liver.

Statistical analysis

Results are expressed as means + S.D. Significance was
tested by one-way ANOVA with Bonferroni’s method,
and differences were considered statistically significant
at P<0.05.

Results

Safety

In this study, 88 adverse events were recorded in
12 patients (100%). Major adverse events included
rhinopharyngitis (n=7), blood pressure elevation (n=5),
peripheral edema (n=3), and enteritis (n=3). Most of
these adverse events were mild or moderate, and were
adequately controlled. Nine serious adverse events
were documented in 5 patients, including hypergly-
cemia (n=2) and coronary stenosis (n=1). However, all
reported serious adverse events were alleviated with ap-
propriate treatment, and there was no substantial con-
cern identified regarding the safety of peretinoin.

Plasma peretinoin concentration

Plasma peretinoin concentrations were determined at
week 8 of treatment. The mean (+ SD) plasma concen-
trations of the unchanged form of peretinoin were 82.3
(x 90.0) and 201.2 (+ 111.4) ng/mL at 4 h post-dose
and 35.8 (+ 49.2) and 29.0 (+17.9) ng/mL at 8 h post-
dose for the 300 and 600 mg per day groups, respect-
ively. The plasma concentrations of the unchanged
peretinoin measured at 4 h post-dose (= tmax) were
dose-dependent. The mean (+ SD) plasma concentra-
tions of the lipid-bound form of peretinoin were 1478.8
(x 853.7) and 2789.8 (+ 1630.0) ng/mL at 4 h post-dose
and 1227.8 (+ 942.7) and 2213.2 (+ 1156.1) ng/mL at 8 h
post-dose for the 300 and 600 mg per day groups, respect-
ively. The plasma concentrations of the lipid-bound form
of peretinoin were dose-dependent at 4 and 8 h post-dose.

Liver peretinoin concentration

Liver peretinoin concentrations were determined at
week 8 of treatment. The measurements of the liver con-
centration of the unchanged form of peretinoin were all
below the lower limit of quantitation at 4 h post-dose
for all 6 patients in the 300 mg per day group. For the
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600 mg per day group, 2 patients yielded measurements
of 0.052 and 0.059 pg/g, while the remaining 4 patients
produced results under the lower limit of quantitation
(0.050 pg/g). The mean (+ SD) concentrations of the
lipid-bound form of peretinoin were 13.7508 (+ 11.1097)
and 12.8345 (+ 8.7048) pg/g for the 300 and 600 mg per
day groups, respectively.

Gene expression analysis

To analyze the gene expression signature of the liver tissue,
we identified genes whose expression levels were signifi-
cantly different before and after the start of the peretinoin
treatment (Figure 1A). The identified genes were candi-
dates for peretinoin-responsive genes. The phase II/III clin-
ical study showed that a daily dose of 600 mg peretinoin
reduced the risk of HCC recurrence, while a 300 mg dose
was not significantly different from the placebo [17].
Therefore, gene expression patterns were compared before
and after the start of the 600 mg peretinoin therapy (n=6).
Consequently, 424 hepatic genes showed significantly dif-
ferent expression levels from baseline at week 8 (enhance-
ment and suppression seen for 190 and 234 genes,
respectively). Typical examples of these genes are repre-
sented in Table 2 where fold changes of gene expression
for the 300 mg and 600 mg doses are shown respectively.
In addition to the retinoid-induced genes, genes related to
interferon, tumor suppressors, negative regulators of Wnt
signaling, insulin-like growth factor (IGF) signaling, and
hepatocyte differentiation were significantly up-regulated
by peretinoin. By contrast, genes related to the mammalian
target of rapamycin (mTOR), tumor progression, cell cycle,
and metastasis/angiogenesis were down-regulated. Serial
changes in peretinoin-responsive gene expression are
shown in Additional file 2: Figure S1. Significant changes
in expression were observed in response to 600 mg of
peretinoin, while changes in expression were minimal with
300 mg of peretinoin.

Hierarchical clustering of patients using hepatic gene
expression prior to administering peretinoin revealed
no significant association with clinical outcome, but a
significant association became clearly apparent 8 weeks
after peretinoin treatment (Figure 1B). The patients
were clustered into two groups: one containing patients
with HCC recurrence (4 of 5 patients had recurrence)
and the other containing those without recurrence (all
6 patients were recurrence free) within 2 years. Super-
vised learning methods using seven different algorithms
showed that the patients receiving treatment could be
differentiated into two groups with or without recur-
rence by 224 gene predictors (P<0.002) at 79.6% accur-
acy (P<0.05) (Table 3). Interestingly, 44 of 224 (20%)
genes were peretinoin induced.

Although peretinoin-responsive genes were more in-
duced in patients treated with the 600 mg dosage, gene
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expression profiling 8 weeks after peretinoin treatment
could not be classified according to the dosage (Table 3).
This might be because two patients treated with the
300 mg dosage (No. 11 and No. 12) had already
expressed high levels of peretinoin-response genes be-
fore starting peretinoin treatment (Additional file 2:
Figure S1). Interestingly, patients with high levels of
peretinoin-response genes before treatment (No. 9-12)
did not show HCC recurrence during the entire obser-
vation period (4.5 years; Table 1).

Hierarchical clustering of all 12 patients using 224
gene predictors is shown in Figure 2A. Clear gene clus-
ters were observed according to patients with recur-
rence and those without, with the exception of one
patient (No. 3, Table 1). Interestingly, in the liver of pa-
tients with non-recurrence, genes related to angiogenesis,
cancer stem cells, Wnt signaling, and tumor progression
were repressed, while genes inducing differentiation,
tumor suppression, and apoptosis were up-regulated
(Figure 2B, Table 4). Interestingly, PDGF-C was the most
significant predictor to differentiate patients who will ex-
perience recurrence within 2 years (Table 4).

Consistent with these results, hierarchical clustering
using pre-defined curated gene sets based on the NCBI's
Cancer Genome Anatomy Project similarly differentiated
patients into two groups with or without HCC recur-
rence (Figure 3). Among angiogenesis-related genes,
PDGF-C, PDGF-B, vascular endothelial growth factor
(VEGF)-B, VEGF-D, and fibroblast growth factor-basic
(FGF-2) were repressed in patients without recurrence.
As for cell signaling-related genes, MYC, SRC, and
RAS-related genes were also repressed; retinoid X recep-
tor alpha (RXRA) and CCAAT/enhancer binding protein
(C/EBP), alpha were up-regulated in patients without re-
currence. Some cytokines (IL-7, IL-13, and IL-18) and
chemokines (e.g. CXCL7) were repressed, while major
histocompatibility complex molecules and interferon-
related molecules (e.g. IFNAR2) were up-regulated in
patients without recurrence (Figure 3).

¢DNA microarray analysis revealed that among these
predictors, the mRNA level of PDGF-C was the most
significant predictor for differentiating patients who will
experience recurrence within 2 years (Table 4). This ob-
servation was also assessed by RTD-PCR (Figure 4). The
expression of the catalytic enzyme of retinoic acid,
CYP26B1, was significantly up-regulated at around 200
fold by peretinoin treatment, but its expression was
equally induced in patients with or without recurrence.
However, the expression of RAR-B, a retinoid receptor,
was significantly up-regulated by peretinoin in patients
without HCC recurrence (Figure 4).

Patients were followed up for a further 3 years (mean:
2.5 + 0.5 years) after the cessation of peretinoin treat-
ment. Other two patients experienced recurrence during
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Table 2 Representative genes significantly up-regulated or down-regulated in response to peretinoin treatment

Parametric p-value Ratios (Under/Pre) Description Symbol GB acc
600 mg 600 mg 300 mg
Up-regulated genes in respanse to peretinoin treatment
Retinoid target genes
0.0002 1.85 1.25 Cytochrome P450, family 26, subfamily B, polypeptide 1 CYP26B1 NM_019885
0.004 1.75 133 Insulin-like growth factor binding protein 6 |GFBP6 NM_002178
0.005 142 1.16 Regulatory factor X-associated ankyrin-containing protein RFXANK NM_134440
0.006 133 1.30 Putative lymphocyte GO/G1 switch gene G0S2 NM_015714
0013 1.54 0.90 Retinol binding protein 1 RBP1 NM_002899
0014 1.56 0.87 Retinol binding protein 4 RBP4 NM_006744
0034 1.27 1.07 Retinoic acid induced 3 GPRCS5A Al923823
0.040 1.22 1.19 Transglutaminase 2 TGM2 Al962033
0044 1.23 1.14 CCAAT/enhancer binding protein (C/EBP), alpha CEBPA NM_004364
Interferon-related genes
0.029 145 093 Guanylate binding protein 1, interferon-inducible, 67kDa GBP1 NM_002053
0.047 1.39 0.94 Interferon-induced protein 44 IFi44 NM_006417
0.048 1.28 1.05 Chemokine (C-X-C motif) ligand 9 CXCLs NM_002416
Negative regulator of Wnt and TGF-§ signaling
0.004 154 1.06 BMP and activin membrane-bound inhibitor homolog BAMBI NM_012342
0.008 1.45 1.1 Secreted frizzled-related protein 5 SFRP5 NM_003015
Anti-angiogenesis
0.021 137 098 Thrombomodulin THBD NM_000361
0.038 1.28 0.99 Protein C receptor, endothelial (EPCR) PROCR NM_006404
Tumor suppressor related
. 0.029 135 0.96 Jumonji domain containing 3 JMID3 XM_043272
0.029 1.39 091 Jumping translocation breakpoint B NM_006694
0.034 1.39 1.32 Protein kinase, AMP-activated, alpha 2 catalytic subunit PRKAA2 NM_006252
Down-regurated genes in response to peretinoin treatment
mTOR-related-gene
0.045 078 094 FK506 binding protein 12-rapamycin associated protein 1 FRAP1 NM_004958
Cytokine and growth factor
0019 0.77 1.25 Interleukin 13 IL13 NM_002188
0.031 0.74 1.00 Hepatocyte growth factor HGF NM_000601
Tumor progression related
0011 0.73 094 Junctional adhesion molecule 3 JAM3 NM_032801
0013 0.70 1.00 V-myc myelocytomatosis viral oncogene homolog Myc NM_002467
0017 073 1.12 Src-like-adaptor SLA NM_006748
0028 0.78 1.10 Cell division cycle 2, G1 to Sand G2to M D2 NM_001786
0.030 0.66 0.95 BCL2-associated athanogene BAG1 NM_004323
0.039 0.64 093 Chemokine (C-C motif) receptor 9 CCR9 NM_031200
0.043 076 113 Pre-B-cell leukemia transcription factor 1 PBX1 H08835

The peretinoin-response genes were identified by comparing hepatic gene expression in the pre and under treatment of 6 patients who were treated with 600
mg dose of peretinoin. The fold changes of gene expression are shown in 300 mg and 600 mg dosage respectively.
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Table 3 Supervised learning methods

Class No. of Prediction p-value
predictors
(p<0.002) (%)
Pre-treatment  Recurrence vs 6 47.1 NS.
non-recurrence
On-treatment  Recurrence vs 224 79.6 < 005
non-recurrence
On-treatment 300 mg vs 600 mg 38 727 NS.

Seven algorithms of Compound-Covariate Predictor, Diagonal Linear Discriminant
Analysis 1-Nearest Neighbor, 3-Nearest Neighbors, Nearest Centroid, Support
Vector Machine, and Bayesian Compound Covariate were used for class prediction.
Prediction % was calculated as the average of these seven algorithms.

further follow up period (No. 4 and No. 8 in Figure 24,
Table 1). Three patients with recurrence died at 0.3, 1.9,
and 2.5 years after the cessation of peretinoin treatment.
The Kaplan-Meier estimation of the recurrence-free ra-
tio deduced from 224 gene predictors showed significant
differences in HCC recurrence between patients with
the recurrence expression pattern and those with non-
recurrence expression (P=0.04). Moreover, Kaplan-Meier
estimation of the survival ratio deduced from the same
gene predictors showed a trend for improved survival of
patients with non-recurrence expression patterns com-
pared with those with the recurrence expression pattern
(P=0.12) (Figure 2C, D).

With the exception of the number of tumors at the
time of curative therapy, none of the other clinical pa-
rameters (e.g. peretinoin dose, tumor, background liver
histology, or background liver function) were associated
with the recurrence-free or survival ratio. Thus, the
peretinoin response during the early period of adminis-
tration deduced from the hepatic gene expression pattern
can successfully predict HCC recurrence and, potentially,
patient survival.

Discussion

Peretinoin [(2E,4E,6E,10E)-3,7,11,15-tetramethylhexadeca-
2,4,6,10,14-pentaenoic acid] is expected to be a powerful
agent against HCC recurrence. This synthetic retinoid in-
duces the transcriptional activation of the retinoic acid re-
ceptor (RAR) and retinoid X receptor (RXR), which are
both members of the retinoid receptor family. One primary
pathway of HCC development involves sustained hepatitis
virus infection, which causes repeated cycles of hepatocel-
lular necrosis and proliferation. During increased cell pro-
liferation, mutations occur that lead to the development of
HCC unless the dedifferentiated tumor cells are elimi-
nated by apoptosis. The anti-HCC mechanism of action
of peretinoin has previously been suggested to be a result
of induction of cell apoptosis [20,21], enhancement of cell
differentiation [21,22], suppression of cell proliferation by
elevation of P21 protein expression and suppression of
cyclin D1 expression [23,24]. The first route of action is
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independent of retinoid receptors, while the others are
retinoid receptor-dependent, although all mechanisms re-
main largely speculative.

Peretinoin was previously shown to suppress in vivo
hepatocarcinogenesis in 3'-methyl-4-dimethylaminoazo-
benzene- and N-diethylnitrosamine-induced rats [14,15,25],
and in hepatoma-bearing mice and transgenic mice ex-
pressing a dominant-negative retinoic acid receptor [25,26].
Recently, we revealed that peretinoin effectively inhibits
hepatic fibrosis and HCC development in Pdgf-c Tg mice.
This demonstrated that PDGF signaling is a target of
peretinoin in preventing the development of hepatic fibro-
sis and HCC [27]. The purpose of this study was to investi-
gate how peretinoin exerts its therapeutic potential by
analyzing its effects on the gene expression patterns in clin-
ical samples.

Gene expression profiling in patients without HCC re-
currence demonstrated the promotion of RAR-f3 expres-
sion, the most common retinoid target gene identified
by basic research. Moreover, the expression of other ret-
inoid target genes such as C/EBP-a, IGFBP6, TGM2,
GO0S2, RBP1, RBP4, and GPRC5A was also enhanced. Of
these, C/EBP-a, IGFBP6, and TGM2 have been shown to
inhibit HCC proliferation when co-expressed with RAR-
B by all-trans-retinoic acid [28,29]. In addition, the RXR-
selective agonist (rexinoid)-induced expression of IGFBP6,
which occurs following RAR-B-mediated transcriptional ac-
tivation of RAR/RXR, has been shown to suppress tumor
growth [30]. Moreover, GOS2 and GPRCSA have been
reported to possess tumor suppressive or apoptosis-
inducing effects [31,32]. These primary response retinoid
target genes are presumably retinoid-responsive genes. In
addition to enhancing retinoid target gene expression,
peretinoin induced changes in the expression levels of a
variety of genes involved in hepatocarcinogenesis, such as
those related to Wnt signaling, IGF signaling, interferon,
mTOR, and cell cycle regulation. These results suggest that
peretinoin modulates multiple signaling cascades involved
in carcinogenesis, either directly or indirectly. Abnormal-
ities in the genes regulating Wnt signaling, IGF signaling,
interferon, mTOR, and the cell cycle have been indicated
to play a crucial role in the development of HCC [33,34].
We argue that peretinoin suppresses HCC cell prolifera-
tion by improving the expression of these genes, thereby
preventing HCC recurrence.

The cluster analysis performed in this study successfully
differentiated patients with recurrence within 2 years and
those without it. Supervised learning methods identified
224 genes as predictors for HCC recurrence (p<0.002). Im-
portantly, 44 (20%) of these were peretinoin-responsive
genes, suggesting that recurrence-related genes might be
regulated by peretinoin-responsive genes.

A comparison of these groups of patients revealed that
the non-recurrence group was associated with the
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Figure 2 Expression profiling of 224 gene predictors and the prognosis of patients. A: Hierarchical clustering using 224 gene predictors of
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analysis was performed to find differentially expressed pathway maps or map folders using 224 differentially expressed genes (p<0.002) between patients
with and without HCC recurrence. C, D: Kaplan-Meier estimation of recurrence-free ratio (C) and survival ratio (D) of patients with recurrence expression

enhanced expression of genes related to hepatocellular dif-
ferentiation and tumor suppression. The non-recurrence
group also showed reduced expression of the genes pro-
moting liver fibrosis and steatosis and the liver cancer
stem cell marker genes. The genes related to hepatocellu-
lar differentiation, MTIH, MT2A, FOXAI (HNF3a), and
FOXA3 (HNF3y), may be secondary response genes regu-
lated by C/EBP-a [35,36]. Indeed, C/EBP-a¢ manifested a
significant shift in expression level before and during
treatment with peretinoin, and could also differentiate

between recurrence and non-recurrence within 2 years.
Even after the cessation of peretinoin treatment, the ex-
pression of these genes was still significantly related to
HCC recurrence (Figure 2C, D). Thus, we speculate that
the differences in expression levels of peretinoin-response
genes would determine the expression of recurrence-
related genes (Additional file 3: Figure S2).

Interestingly, PDGF-C was the most significant pre-
dictor to differentiate those patients who will experience
recurrence. Using a mouse model of PDGF-C over-
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Table 4 Representative genes differentially expressed between HCC recurrence and non-recurrence groups

Parametric p-value t-values Description Symbol GB acc
Up-regulated genes in the recurrence group
Angiogenesis related
0.0001 -5.19 Platelet derived growth factor C PDGFC Al446155
0.0006 -4.37 Sperm equatorial segment protein 1 NOX5 NM_145658
0.0010 —4.13 Interleukin 18 L8 AlB00476
Cancer stem cell related
0.0004 —4.63 Prominin 1 PROM1 NM_006017
0.0018 —~383 Pyruvate kinase, muscle PKM2 NM_002654
Positive regulator of Wnt
0.0018 -3.84 TGFB-induced factor (TALE family homeobox) TGIF1 Al866302
0.0018 —384 NK2 transcription factor related, locus 5 NKX2-5 NM_004387
Tumor progression related
0.0005 447 Transcriptional co-activator with PDZ-binding motif WWTR1 AK025216
0.0017 -3.87 Roundabout, axon guidance receptor, homolog 1 ROBO1 NM_133631
00018 -3.84 Hepatitis B virus x associated protein RSF1 NM_016578
0.0019 -3.79 Heat shock 27kDa protein 2 HSPB2 NM_001541
- Up-regulated genes in the non-recurrence group
Liver function and hepatocytes differenti related
0.0002 4.88 Metallothionein 2A MT2A NM_005953
0.0002 408 CCAAT/enhancer binding protein (C/EBP), alpha CEBPA NM_004364
0.0003 4.72 Forkhead box A3 ) FOXA3 NM_004497
0.0006 442 Hemopexin HPX NM_000613
0.0006 435 Metallothionein 1H MT1H NM_005951
0.0013 401 Forkhead box A1 FOXA1 NM_004496
0.0014 3.97 FK506 binding protein 8, 38kDa FKBP8 NM_012181
Tumor suppressor related
0.0005 451 Deleted in colorectal carcinoma DCC X76132
00018 3.84 NK3 transcription factor related, locus 1 NKX3-1 NM_006167
Apoptosis inducing
0.0015 393 BH3 interacting domain death agonist BID NM_197967
00019 382 Programmed cell death 8 AlFM1 NM_145813

expression resulting in hepatic fibrosis, steatosis, and
eventually HCC development, peretinoin was previously
shown to significantly repress the development of hep-
atic fibrosis and tumors [27].

Although gene expression profiling analysis was
conducted using the remnant liver after definitive treat-
ment in the present study, past similar research has
demonstrated the possibility of predicting recurrent
metachronous and multicentric HCC [37,38]. The exact
mechanisms of how the expression profile of non-tumor
tissues might determine the recurrence risk are not
known. However, the degree of differentiation of hepato-
cytes and microenvironments such as angiogenesis and

fibrogenesis in non-tumor lesions of the liver is likely to
be closely associated with hepatocarcinogenesis. Interest-
ingly, patients with pre-activated peretinoin-response
genes were resistant to HCC recurrence for the entire
observation period (4.5 years).

This study demonstrated that the patient response to
peretinoin during the early period of administration
could predict HCC recurrence and, potentially, patient
survival. However, it should be noted that the current
study protocol consisted of 600 mg peretinoin as the
subsequent maintenance treatment for all patients after
the 8-week start phase (Figure 1A). In addition, we did
not conduct a placebo control to observe serial changes
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of hepatic gene expression without peretinoin adminis-  were too low to yield a meaningful result. However, con-
tration. Therefore, there might be some limitations in  sidering that gene expression profiling identified signifi-
drawing concrete conclusions from this study. cant changes in the expression levels of retinoid-related

Although we attempted to analyze the liver peretinoin  and other genes before and during peretinoin treatment,
concentration in the present study to investigate its pos- we believe that sufficient levels of peretinoin reached
sible relationship with gene expression, peretinoin levels  the liver.
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The previous peretinoin phase II/III clinical study
demonstrated that daily doses of 600 mg peretinoin sig-
nificantly reduced the incidence of HCC recurrence in
HCV-positive patients who underwent definitive treat-
ment. The findings of the present study are complemen-
tary to this as we successfully identified candidates for
the peretinoin-responsive and recurrence-related genes.
These genes are probably involved in the inhibition of
HCC recurrence and could be beneficial as future candi-
date biomarkers of the effectiveness of peretinoin.

Conclusions

In this study, patients underwent liver biopsy before
and after 8 weeks of treatment with repeated doses of
peretinoin. Gene expression profiling at week 8 of
peretinoin treatment could successfully predict HCC
recurrence within 2 years. This study is the first to
show the effect of peretinoin in suppressing HCC re-
currence in vivo based on gene expression profiles
and provides a molecular basis for understanding the
efficacy of peretinoin.

Additional files

Additional file 1: Study protocol.

Additional file 2: Figure $1. One-way hierarchical clustering of
up-regulated or down-regulated genes in the liver by the administration
of peretinoin (300 mg and 600 mg). Changes in gene expression in the
liver before the start of peretinoin administration and 8 weeks into the
treatment are shown. Patients with HCC recurrence within 2 years are
shown in red and those with HCC recurrence after the cessation of
peretinoin are boxed in red.

Additional file 3: Figure S2. Schematic representation of peretinoin
action in the liver.
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Background & aims: Gene expression profiling of hepatocellular carcinoma (HCC) and background liver has
been studied extensively; however, the relationship between the gene expression profiles of different lesions
has not been assessed.
Methods: We examined the expression profiles of 34 HCC specimens (17 hepatitis B virus [HBV]-related and
17 hepatitis C virus [HCV]-related) and 71 non-tumor liver specimens (36 chronic hepatitis B [CH-B] and 35
chronic hepatitis C [CH-C]) using an in-house ¢DNA microarray consisting of liver-predominant genes.
Graphical Gaussian modeling (GGM) was applied to elucidate the interactions of gene clusters among the
HCC and non-tumor lesions.
Results: In CH-B-related HCC, the expression of vascular endothelial growth factor-family signaling and regula-
tion of T cell differentiation, apoptosis, and survival, as well as development-related genes was up-regulated.
In CH-C-related HCC, the expression of ectodermal development and cell proliferation, wnt receptor signaling,
cell adhesion, and defense response genes was also up-regulated. Many of the metabolism-related genes were
down-regulated in both CH-B- and CH-C-related HCC. GGM analysis of the HCC and non-tumor lesions revealed
that DNA damage response genes were associated with AP1 signaling in non-tumor lesions, which mediates the
expression of many genes in CH-B-related HCC. In contrast, signal transducer and activator of transcription 1 and
phosphatase and tensin homolog were associated with early growth response protein 1 signaling in non-tumor
lesions, which potentially promotes angiogenesis, fibrogenesis, and tumorigenesis in CH-C-related HCC.
Conclusions: Gene expression profiling of HCC and non-tumor lesions revealed the predisposing changes of gene
expression in HCC. This approach has potential for the early diagnosis and possible prevention of HCC.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction (HBV) or hepatitis C virus (HCV) infection or with other etiologies
such as long-term alcohol abuse, autoimmunity, and hemochromatosis
[2]. HBV and HCV infections are the leading cause of HCC in the world
[3]. In Japan, approximately 85% of patients with HCC are positive for
the HBV surface antigen or anti-HCV antibody. Approximately 7% of

patients with HCV-related liver cirrhosis develop HCC [4] and 3% of

Hepatocellular carcinoma (HCC) is one of the most common malig-
nancies worldwide with a particularly poor patient outcome [1]. It often
develops as a result of chronic liver disease associated with hepatitis B

Abbreviations: CH-B, chronic hepatitis B; CH-C, chronic hepatitis C; CLL, cells in liver
lobules; CPA, cells in the portal area; EF, early fibrosis; EGR1, early growth response
protein 1; ESR1, estrogen receptor 1; GGM, graphical Gaussian modeling; HBV, hepatitis
B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; hTERT, human telomerase
reverse transcriptase; LCM, laser capture microdissection; LF, late fibrosis; PCCM, partial cor-
relation coefficient matrix; PTEN, phosphatase and tensin homolog; SD, standard deviation;
SHC, src homology 2 domain containing; STAT1, signal transducer and activator of transcrip-
tion 1; TCA, tricarboxylic acid cycle; VEGF, vascular endothelial growth factor,
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patients with HBV-related liver cirrhosis develop HCC [5].

Gene expression analysis of HCC has revealed from previous work,
the activation of the wnt/B-catenin, pRb, p53, transforming growth
factor-B, mitogen-activated protein kinase, and Janus kinase/signal
transducer and activator of transcription pathways, stress response sig-
naling, and epidermal growth factor receptor [6-8]. In addition, we
have previously reported that the gene expression profiles in the livers
of patients with chronic hepatitis B (CH-B) and chronic hepatitis C
(CH-C) were different. Pro-apoptotic and DNA repair responses were
predominant in CH-B, while inflammatory and anti-apoptotic pheno-
types were predominant in CH-C [9,10]. Furthermore, we optimized
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the laser capture microdissection (LCM) method to isolate cells in liver
lobules (CLL) and cells in the portal area (CPA) for detailed gene expres-
sion analysis [10,11]. However, it is still unknown how cancer signaling
pathways are activated in HCC. As HCC frequently develops from a
cirrhotic liver, analyzing the relationship of signaling pathways be-
tween HCC and non-cancerous liver tissue might be a useful approach
for revealing the mechanism that ultimately leads to the development
of HCC.

Graphical Gaussian modeling (GGM) is utilized widely to infer or
test the relationships between multiple variables [12-14]. Previously,
we developed a method that combines cluster analysis with GGM to
infer a genetic network on the basis of expression profile data. Analysis
of the expression profile of Saccharomyces cerevisiae revealed a model of
its genetic network, and the accuracy of the inferred network was con-
firmed by its agreement with the cumulative results of experimental
studies [15]. Therefore, GGM has the potential to be a useful analytical
tool to identify the relationship between the gene expression profiles
of HCC and non-cancerous liver tissue.

In the present study, we extended the analysis of gene expression in
HCC and applied GGM analysis [15,16]. Indeed, our procedure inferred
the relationships between gene groups defined by clustering, and its
application enabled us to elucidate the framework of the gene clusters
in relation to the hepatocellular carcinogenesis of CH-B and CH-C.

2. Results
2.1. Expressed genes in CH-B-related HCC

The gene expression profiles of whole liver biopsy specimens and
surgically resected liver were obtained from 36 patients with CH-B, 17
with CH-B-related HCC, 35 with CH-C, and 17 with CH-C-related HCC.
The clinical characteristics of the patients are shown in Supplemental
Tables A and B. We categorized the F1 and F2 fibrosis stages as early
fibrosis (EF; n = 13 for CH-B and n = 12 for CH-C) and the F3 and F4
fibrosis stages as late fibrosis (LF; n = 22 for CH-B and n = 23 for
CH-C).

The 783 differentially expressed genes in CH-B-related HCC were
identified across 20 clusters, of which 4 (Nos. 8, 9, 11, and 20) were
up-regulated and 12 (No. 1-7, 12-14, 16, and 17) were down-regulated
(Fig. 1 and Supplemental Table C). The up-regulated clusters were com-
prised angiogenesis, cell cycle, apoptosis, and survival-related genes. Pla-
cental growth factor, vascular endothelial growth factor (VEGF)-related
protein, SUMO-activating enzyme subunit 2, cyclin E1, and baculoviral
IAP repeat-containing 5 were up-regulated (Nos. 8,9, and 11). In addition,
oncogene-related proteins, such as v-myc myelocytomatosis viral-refated
oncogene (No. 9), telomerase-associated protein 1, and stathmin 1/
oncoprotein 18 (No. 8), tumor marker genes, such glypican 3, and growth
factors, such as midkine (No. 9), were also up-regulated. In cluster No. 20,
the proliferation and invasiveness-related gene and protein tyrosine
kinase 2 were up-regulated.

Down-regulation was prominent in many metabolism-related genes
including ornithine aminotransferase, insulin receptor substrate 1, gluta-
mate dehydrogenase 2, acyl-coenzyme A oxidase 2, and acetyl-coenzyme
A acyltransferase 2, as well as many cytochrome P450 family genes,
suggesting impaired xenobiotic, amino acid, and lipid metabolism
(Nos. 6, 7, 12, 13, 16, and 17). The characteristic genes expressed in
CH-B-related HCC are shown in Table 1.

2.2. Expressed genes in CH-C-related HCC

The 668 differentially expressed genes in CH-C-related HCC were
identified across 18 genetic clusters, of which 5 (Nos. 10, 12, 14, 15,
and 18) were up-regulated and 11 (Nos. 1-7, 11, 13, 16, and 17)
were down-regulated (Fig. 2 and Supplemental Table D). Cluster No.
12 comprised immune defense response genes, such as chemokine
(the C-C motif) ligand 19, natural killer cell transcript 4, major

histocompatibility complex class I B, major histocompatibility complex
class I DQ beta 1, and ubiquitin-specific protease 8. Cluster No. 14 com-
prised cytoskeleton-associated, cell cycle, mitosis-related, and MAPKKK
cascade-related genes, such as tubulin, src homology 2 domain containing
(SHC) transforming protein 1, sterile alpha motif domain containing 9,
$100 calcium binding protein A10, annexin A2, cyclin B1, platelet-
activating factor acetylhydrolase, isoform Ib, and vimentin. In cluster
No. 15, glypican 3, aldo-keto reductase family 1, member B10, ATP citrate
lyase, farnesyl diphosphate synthase, serine protease inhibitor, and Kazal
type 1 were up-regulated. Cluster No. 15 included many candidate tumor
markers of HCC. Interestingly, LCM analysis revealed that many of the
up-regulated genes in clusters Nos. 12, 14, and 15 were preferentially
expressed in CPA. Cluster No. 18 comprised regulation of G1/S checkpoint,
signal transduction, and ectoderm development-related genes, such as
bone morphogenetic protein 4, cyclin-dependent kinase inhibitor 2A, fi-
broblast growth factor 9, and ornithine decarboxylase 1. Similar to
CH-B-related HCC, many of the metabolism-related genes, including glu-
cose, lipid, and amino acid genes, were down-regulated. The unique fea-
ture of lipid metabolism in CH-C-related HCC was the up-regulation of
cholesterol and fatty acid synthesis genes and down-regulation of choles-
terol metabolism and B oxidation genes. It was characterized by the
up-regulation of stearoyl-CoA desaturase, farnesy! diphosphate synthase
(No. 14), and ATP citrate lyase (No. 15), and down-regulation of acetyl-
coenzyme A acetyltransferase 1. The characteristic genes expressed in
CH-C-related HCC are shown in Table 2. Representative gene expression
levels confirmed by TagMan PCR are shown in Supplemental Fig. C1.
Pathway analysis of the combined up- and down-regulated clusters is
shown in Supplemental Fig. D and Supplemental Table E. In CH-C-related
HCC, immune response- and cytoskeleton-related genes, such as actin,
tubulin, and vimentin, were up-regulated, while in CH-B-related HCC,
cell matrix interaction genes, such as collagen IV and matrix metallo-
proteinase, were up-regulated. Immune-related genes were shown to
be down-regulated in both CH-C- and CH-B-related HCC by MetaCore™
database analysis (Thomson Reuters, New York, NY) (Supplemental
Fig. D). Gene annotation by DAVID Bioinformatics Resources 6.7 {http://
david.abcc.ncifcrf.gov/) [17] showed that oxidative phosphorylation and
ATP synthesis coupled electron transport were up-regulated more in
CH-C-related HCC than in CH-B-related HCC (Supplemental Table E).

2.3. Expressed genes in CH-B and CH-C

Differentially expressed genes in CH-B or CH-C were identified by
backward selection, which did not include genes that were differentially
expressed in CH-B- or CH-C-related HCC. As HCC frequently develops in
the LF stage of liver disease, gene expression was evaluated in this stage.
Atotal of 352 genes were differentially expressed in the LF stage of CH-B
and classified into 21 clusters, of which 7 (Nos. 2, 3,9, 10, 15, 16, and 18)
were up-regulated and 11 (No. 5-7, 8, 11-14, 17, 20, and 21) were
down-regulated (Supplemental Fig. B and Supplemental Table F).

In the CH-B fibrotic liver, genes involved in apoptosis, survival, and re-
sponse to stress, as well as chemokine- and cytokine-related genes and
whnt beta-catenin and angiogenesis-related genes, were up-regulated. In-
terestingly, these genes were already up-regulated in the EF stage of
CH-B. In contrast, metabolism-related genes, such as those for pyruvate,
cholesterol, and retinol metabolism and the mitochondrial tricarboxylic
acid (TCA) cycle, were down-regulated.

In total, 214 genes were differentially expressed in the LF stage of
CH-C and dlassified into 7 gene clusters, of which 1 was up-regulated
(No. 1) and 3 were down-regulated (Nos. 3, 5, and 6) (Supplemental
Fig. B and Supplemental Table G). In CH-C, genes involved in the interfer-
on signaling pathway, leukocyte chemotaxis, and immune response were
preferentially up-regulated. These genes were expressed at a significantly
higher level in CPA than in CLL in the liver (No. 1). Conversely, many me-
tabolism and liver function-related genes were down-regulated (Nos. 3,
5, and 6). These genes were expressed at significantly higher levels in
CLL compared to CPA in the liver.
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HBV related HCC

Gene name

HCC-moderate-6
HCC-moderate-7
HCC-moderate-8
HCC-moderate-9
HCC-moderate-10
HCC-moderate-11
HCC-moderate-12
HCC-moderate-13
HCC-moderate-14
HCC-moderate-15
HCC-moderate-16
HCC-moderate-17

= Acelyl-Coenzyme A acetyltransferase 2
L s _—— Aromalic-L-amino-acid decarbaxylase
1 : e : & —Claudin 2
— — "~~~ Clathrin, light polypeptide (Lca)

iotensin 1l receptor, type 1

N Hn%: aclivator

chwemaxme (C-X-C motif) ligand 12{stromal cell-derived factor 1)
Dihydroorotate dehydrogenase

" Early growth response 1
3 = § Low density lipoprotein receptor (familial hypercholesterolemia) l
- - = Fatty acid desaturase 2
= \CDM antigen
4 : \ Major hlsiocompalxbnlnty complex, class il, DQ beta 1
£ T \ Major histocompatibility complex, class i, DR alpha
N apsg'vkhl 1 1 (TNFR rfamily, ber 16)
erve gr factor recepor superfamily, member
5 <Chemokme {C-C motif) ligand l
Cytochrome P450, family 2, subfamuy C, palypeptide 9
> ——-——Cy(ochmme P450 family 2, subfamily E, polypeptide 1
———Complement component 5
-Complement component 4 binding protein, alpha
/ Cylochrome P450, family 2, subfamily D, polypeptide 6

8, alpha
3 \Mannose—bmdmg Tectin (protein C) 2, soluble (opsonic defect)
\Oompiement component 6
Cylochmme P450 famity 2, subfamily C, polypeptide 8
Hi {41-beta) deh 2
<——UDP gt 2 family, ide B7
- Hyd id (17-beta) dehyd 7
7 g ———Ras homolog enriched in brain
5 Eukaryotlc translation initiation factor 48
/Malhylmalonyl Coenzyme A mutase
S!erol carrier pro!em 2

T ] " \ b 1
T —— Placental growth factor, vascular endothehal growth factor ‘
8 = = - related protein
- s Catemn {cadherin-associated protein), alpha 2
p - \Cell division cycle 25C
9 o Relinoblastoma-like 1
> -SUMO-1 activating enzyme subunit 2
——Cyclin E1
<—Guanine nucleotide binding protein (G protein), gamma 5
hemokine {C-X-C motif) receptor 4

\Bawlowfal IAP repeat-containing 5 (survivin)
“"~~Von Willebrand factor

\ p 1 specific phospholipase D1
= \Omiihine aminotransferase (gyrate atrophy)
. insulin receptor substrate 1
Sulfotransferase family, cytosolic,2A, DHEA -preferring, member 1
\\Glutamate dehydrogenase 2
Nuclear receptor subfamily 1, group H, member 4
i —— Acyl-Coenzyme A oxidase 2, ‘branched chain

*—Glucan (1,4-alpha-), branching enzyme 1
Z—Glycogen synthase 2 {iiver)

\Cylochrome P450, family 39, subfamily A, polypeptide 1

§Lec|1hm-oh01§§lero acyliransferase

2y

13

1 4 | ~—Activating transcription factor 2

Charcot-Leyden crystal protein
/lLZ-mduczble T-cell kinase

15

Acetyl-Coenzyme A acyltransferase 2
7 / 3 hydroxy 3+ melhylglularyl CoenzymeAsynlhase 2

\B factor, properdin
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11,4 sub

Clusterin i} .
\Foolm {callagen/fibrinogen domain containing) 3 {(Hakata antigen)
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Monoarnine oxidase A

\Cytochrome P450, family 3, subfamily A, polypeptide 4
Gamma-glutamyl hydro)ase
Albumin

17

= Cell division cycle 25A
/\é jun sarc{:ma virus 17 oncogene homolog {avian)
ing-box
NN HBV-P
\Phosphohpase A2, group lIA {platelets, synovial fluid)
— Fatty acid desaturase 1
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~~~CCAAT/enhancer bmdmg protein (C/EBP), beta

20

- /Forkhead box O1A

-1327-

Pathway

development
mitochondrial ketone bodies biosynthesis and metabolism

UMP biosynthesis
cell adhesion

regulation of lipid metabolism
fatty acid biosynthesis

antigen presentation by MHC class il

apoptosis and survival

lectin Induced complement pathway
classic complement pathway
estradiol metabolism

tyrosine metabolism

retinol metabolism

bile Acid Biosynthesis

aldosterone biosynthesis and metabolism
cortisone biosynthesis and metabolism
peroxisomal branched chain fatty acid oxidation
insulin regulation of protein synthesis

IMP biosynthesis
VEGF-family signaling

cell cycle
cell adhesion

CXCR4 signaling

blood coagulation
apoptosis and survival

regulation of lipid metabolism
proline metabolism

glycogen metabolism
phospholipid metabolism
bile Acid Biosynthesis

G-protein coupled receptor protein signaling pathway

acetylcholine biosynthesis and metabolism
immune response

classic complement pathway

alternative complement pathway

lectin Induced complement pathway

mitochondrial ketone bodies biosynthesis and metabolism

vitamin D2 (ergocalciferol) metabolism
estrogen biosynthesis
histamine metabolism

ESR1 regulation of G1/S transition

SCF complex in cell cycle regulation

CD16 signaling in NK cells

beta-adrenergic receptors transactivation of EGFR

phospholipid metabolism

development
apoptosis and survival
cell Adhesion



