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Fig. 3. Comparison of hepatic gene expression levels between virological responders (VR) and nonvirclogical responders (NVR) in subgroups
of the IL28B genotype (/IL28B Major, rs8099917 TT/rs12979860 CC; IL28B Minor, rs8099917 TG/rs12979860 CT). Expressions of RIG-/ and
ISG15 as well as the RIG-I/IPS-1 expression ratio are shown. Error bars indicate standard error. The numbers of patients in each subgroup are

shown in the bottom of the figure.

prediction of NVR (Table 2). The area under the
ROC curve for IL28B genotype was 0.662, which was
lower compared with that for RIG-/ and ISGI5 expres-
sions and RIG-I/IPS-1 ratio.

When we stratified the patients by the cutoff value
for RIG-I and ISGI5 expressions and R/GI/IPS-I ratio,
no statistically significant difference was found in
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NVR rates among /L28B genotypes within the same
subgroup (Fig. 4B).

Factors Associated with NVR. In univariate analysis,
age, platelet counts, double mutation at amino acid posi-
dons 70 and 91 of the HCV core region, /L28B minor al-
lele, and hepatic expressions of RIG-, MDAS5, LGP2,
I8G15, and USP18, and RIG-I/IPS-1 ratio were significandy
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Fig. 4. (A) Receiver operator characteristics (ROC) curve for prediction of nonvirological response. ROC curves were generated to compare RIG-
| (black line), ISG15 (dotted line), and RIG-I/IPS-1 ratio (gray line) (all in the left panel), and IL28B genotype (in the right panel). (B) Nonvirolog-
ical response rate in IL28B major (rs8099917 TT/rs12979860 CC) and minor patients (rs8099917 TG/rs12979860 CT) in subgroups divided
by the cutoff value of RIG-I and ISG15 expression and the RIG-I/ISG15 ratio determined by ROC analysis. Cutoff values of RIG-/ and ISG15
expression are expressed as expression copy number normalized to the expression of an internal control. The numbers of patients in each sub-

group are shown in the bottom of the figure.
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Table 2. Area Under the ROC Curves, Sensitivity, Specificity, and Negative as Well as Positive Predictive Values of

Nonvirological Responses

Variables Cutoff Sensitivity Specificity NPV PPV

RIG-I (copies/int. control) 0.712 0.584-0.840 0.573 0.679 0.733 0.830 0.543
ISG15 (copies/int. control) 0.782 0.666-0.899 0.347 0.714 0.833 0.862 0.667
RIG-I/IPS-1 (copies/int. control) 0.732 0.611-0.852 0.651 0.679 0.750 0.833 0.559
IL28B genotype 0.662 0.537-0.787 TG*/CTt 0.607 0.717 0.796 0.500

AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value.

*Genotype at rs8099917.
tGenotype at rs12979860.

associated with NVR (Table 3). Among these, multivari-
ate analysis identified old age, HCV core double mutant,
and higher hepatic expressions of R/G-I and ISG15 as
factors independently associated with NVR (Table 3).

Table 3. Factors Associated with Nonvirological Response

IPS-1 and RIG-I Protein Expression in the Liv-
er. Western blotting revealed that full-length and
cleaved IPS-1 were variably present in all the samples
from CH-C patents (Fig. 5A). Similar to mRNA

Univariate Analysis Multivariate Analysis*
Factors Risk Ratio (95% CI) P-value Risk Ratio (95% CI) P-value
Age (by every 10 year) 1.84 (1.10-3.14) 0.027 3.76 (1.19-11.7) 0.023
Sex
Male 1
Female 1.62 (0.59-4.42) 0.350
BMI (by every 5 kg/m?) 0.87 (0.46-1.65) 0.672
Fibrosis stage
F1/F2 1
F3/F4 1.82 (0.69-4.85) 0.228
Degree of steatosis
<10% 1
>10% 1.46 (0.43-5.03) 0.544
Albumin (by every 1 g/dL) 0.41 (0.11-1.56) 0.190
AST (by every 40 IU/L) 0.89 (0.53-1.56) 0.681
ALT (by every 40 1U/L) 0.85 (0.57-1.32) 0.481
¥-GIP (by every 40 1U/L) 1.32 (0.82-2.07) 0.235
Fasting blood sugar (by every 100 mg/dL) 1.35 (0.74-2.45) 0.340
Hemoglobin (by every 1 g/dL) 0.93 (0.67-1.31) 0.683
Platelet counts (by every 10*/pL) 0.90 (0.82-0.99) 0.037 0.92 (0.78-1.08) 0.296
HCV load (by every 100 KiU/mL}) 1.00 (1.00-1.00) 0.688
Core 70 & 91 double mutation
Wild 1 1
Mutant 3.92 (1.14-13.5) 0.030 11.1 (1.40-88.7) 0.023
ISDR
Nonwildtype 1
Wildtype 1.38 (0.13-3.61) 0.513
IL28B genotype
Major allelet 1 1
Minor allelet 3.91 (1.52-10.0) 0.005 1.53 (0.20-11.9) 0.684
Hepatic gene expression (by every 0.1 copy/int. control)
RIG- 1.28 (1.10-1.50) 0.002 1.53 (1.07-2.22) 0.021
MDA5 1.53 (1.12-2.00) 0.001
LGP2 1.34 (1.04-1.74) 0.026
IPS-1 0.90 (0.78-1.04) 0.143
RNF125 0.93 (0.83-1.04) 0.204
1SG15 1.37 (1.16-1.62) <0.001 1.28 (1.04-1.58) 0.021
USP18 1.67 (1.27-2.20) <0.001
IFNA 1.02 (0.99-1.05) 0.170
RIG-I/IPS-1 ratio (by every 0.1) 1.21 (1.07-1.36) 0.002

Risk ratios for nonvirological response were calculated by the logistic regression analysis. BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; y-GTP, gamma-glutamyl transpeptidase; HCV, hepatitis C virus; ISDR, IFN sensitivity determining regjon.

*Multivariate analysis was performed with factors significantly associated with nonvirological response by univariate analysis except for MDAS, LGP2, USP18,
and RIG-I/IPS-1 ratio, which were significantly correlated with RIG-/ and ISG15.

1rs8099917 TT and rs12879860 CC.
$rs8099917 TG and 1512979860 CT.

273



HEPATOLOGY, Vol. 55, No. 1, 2012

IL28B Minor

ASAHINA ET AL. 27

IL28B Major

A T

NVR

SVR SVR

IPS-1 pm—
Cleaved IPS-1 ™

Beta-actin se—

60 kDa

.= 40 kDa

Huh7? Huh? 1 2 3 4 5 6 7 8 9 10 11 13 14
Rep

B IPS-1 C Cleaved IPS-1 D RIG-I
° P=.005 60 o
T 0.4 =
& « 50 2 03
'.‘530‘3 L 4 %
o T 0.
$o2 g % E :
o . 8 20 3 01
= o1 2,
3 ® 10 g
a 0 T -

iL288  1L28B SVR SVR NVR IL28B IL28B

Major  Minor ! ] | Major  Minor

IL28B Major  /L.28B Minor

Fig. 5. (A) Western blotting for IPS-1 and RIG-| protein expression levels. Eight lanes contain samples from /L28B minor patients (lanes 1-8)
and six lanes contain samples from /L28B major patients (lanes 9-14). Four lanes contain samples from nonvirological responders (NVR, lanes
1-4) and 10 lanes contain samples from sustained virological responders (SVR, lanes 5-14). Specific bands for RIG-I, full-length IPS-1, cleaved
IPS-1, and f-actin are indicated by arrows. Naive Huh7 cells were used for a positive control for full-length IPS-1 (lane Huh7), and cells trans-
fected with HCV-1b subgenomic replicon (Reference #20) were used for a positive control for cleaved IPS-1 (lane Huh7 Rep). (B) Total IPS-1
protein expression levels normalized to S-actin according to /L28B genotype. Error bars indicate standard error. P-value was determined by
Mann-Whitney U test. (C) Percentage of cleaved IPS-1 products in total IPS-1 protein according to treatment responses stratified by IL28B geno-
type. Error bars indicate standard error. (D) RIG-I protein expression levels normalized to f-actin according to IL28B genotype. Error bars indicate

standard error.

expression, total hepatic IPS-1 protein expression was
significantly lower in JL28B minor patients than in
IL28B major patients (Fig. 5B). With regard to /L28B
minor patients, the percentage of cleaved IPS-1 protein
in total IPS-1 in SVR was lower than that in NVR
(Fig. 5C). In contrast to IPS-1 protein expression, he-
patic RIG-I protein expression was higher in /L28B
minor patients than that in /L28B major patients

(Fig. 5D).

Discussion

In the present study we found that the baseline
expression levels of intrahepatic viral sensors and
related regulatory molecules were significantly associ-
ated with the genetic variation of /L28B and final viro-
logical outcome in CH-C patients treated with PEG-
IFNa/RBV combination therapy. Although the rela-
tionship between the ZL288 minor allele and NVR in
PEG-IFNa/RBV  combination therapy is evident,
mechanisms responsible for this association remain
unknown. Iz vitro studies have suggested that cytoplas-
mic viral sensors, such as RIG-I and MDAS3, play a

pivotal role in the regulation of IFN production and
augment IFN production through an amplification cir-
cuit.”® Our results indicate that expressions of RIG-I
and MDAS5 and a related amplification system may be
up-regulated by endogenous IFN at a higher baseline
level in J/L28B minor patients. However, HCV elimi-
nation by subsequent exogenous IFN is insufficient in
these patients, as reported,' suggesting that 7Z28B
minor patients may have adopted a different equilib-
rium in their innate immune response to HCV. Our
data are further supported by recent reports of an asso-
ciation between intrahepatic levels of IFN-stimulated
gene expression and PEG-IFNa/RBV response as well
as with JL28B genotype.*' >

In contrast to cytoplasmic viral sensor (R/G-I,
MDA5, and LGP2) and modulator (/SGI5 and
USPI8) expression, the adaptor molecule (ZPS-I)
expression was significantly lower in /L28B minor
patients. Moreover, western blotting further confirmed
IPS-1 protein downregulation in IL28B minor patients
by revealing decreased protein levels. Because IPS-1 is
one of the main target molecules of HCV evasion, 18
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transcriptional and translational /PS-1 expression are
probably suppressed by HCV with resistant phenotype,
which may be more adaptive in /L28B minor patients
than in /Z28B major patients. When we analyzed the
proportion of full-length or cleaved IPS-1 to the total
IPS-1 protein in a subgroup of IL28B minor patients,
cleaved IPS-1 product was less dominant in SVR than
in NVR, whereas uncleaved full-length IPS-1 protein
was more dominant in SVR than in NVR. Therefore,
the ability of HCV to evade host innate immunity by
cleaving IPS-1 protein and/or host capability of pro-
tection from IPS-1 cleavage is probably responsible for
the variable treatment responses in /L28B minor
patients.

Our results indicated a close association between
IL28B minor patients with higher p-GTP level and
higher frequency of HCV core double mutants, which
are known factors for NVR. In contrast, no significant
association was observed between IL28B genotype and
age, gender, or liver fibrosis, which are also known to
be unfavorable factors for virological response to PEG-
IFNo/RBV. Therefore, certain factors other than the
IL28B genotype may independently influence virologi-
cal response. To elucidate whether gene expression
involving innate immunity independently associates
with a virological response from the JL28B genotype,
we performed further analysis in a subgroup and con-
ducted a multivariate regression and ROC analyses.
Our multivariate and ROC analyses demonstrate that
higher expressions of RIG-I and ISGI5 as well as a
higher ratio of R/G-I/IPS-1 are independently associ-
ated with NVR, and quantification of these values is
more useful in predicting final virological response to
PEG-IFNw/RBV than determination of /L28B geno-
type in each individual patients. However, the SVR
rates in our patients were similar among IL28B geno-
“types, which suggests more SVR patients with the
IL28B minor allele were included in the present study
than those in the general CH-C population. Hence,
our data did not necessarily exclude the possibility of
the IL28B genotype in predicting NVR, although our
multivariate analysis could not identify the /L28B
minor allele as an independent factor for NVR. Inter-
estingly, an association between IL28B genotype and
expressions of RIG-I and ISG15 as well as RIG-I/IPS-1
expression ratio is still observed even in patients with
the same subgroup of virological response (Fig. 3).

In the present study, although hepatic JFNA expres-
sion was observed to be higher in JL28B minor and
NVR patients, it was not statistically significant.
Because /L28B shares 98.2% homology with /284,
our primer could not distinguish the expression of
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IL28B from that of IL28A, and moreover, we could
not specify which cell expresses J/FNA (i.e., hepatocytes
or other immune cells that have infiltrated the liver).
Therefore, the precise mechanisms underlying IL28B
variation and expression of IFNJA in relation to treat-
ment response need further clarification by specifying
type of IFNA and uncovering the producing cells.

In the present study we included genotype 1b
patients because it is imperative to designate a virologi-
cally homogenous patient group to associate individual
treatment responses with different gene expression pro-
files that direct innate immune responses. We have
reported that the RIG-I/IPS-1 ratio was significantly
higher in NVR with HCV genotype 2.'° However,
our preliminary results indicated that baseline hepatic
RIG-I and ISGI5 expression and the RIG-I/IPS-1
expression ratio is not significanty different among
IL28B genotypes in patients infected with genotype 2
(Supporting Figure). This may be related to the rarity
of NVR with HCV genotype 2 and the lower effect of
IL28B genotype on virological responses in patients
infected with HCV genotype 2.>* The association
among treatment responses in all genotypes, the differ-
ent status of innate immune responses, and /L28B ge-
notype needs to be examined further.

Differences in allele frequency for /L28B SNDPs
among the population groups has been reported. The
frequency of JL28B major allele among patients with
Asian ancestry is higher than that among patients with
European and African ancestry.”” Because IL28B poly-
morphism strongly influences treatment responses
within each population group,” our data obtained
from Japanese patients can be applied to other popula-
ton groups. However, the rate of SVR having African
ancestry was lower than that having European ancestry
within the same IZ28B genotype.” Hence, further
study is required to clarify whether this difference
among the population groups with the same IL28B ge-
notype could be explained by differences in expression
of genes involved in innate immunity.

In a recent report, an SVR rate of telaprevir with
PEG-IFNa/RBV was only 27.6% in /L28B minor
patients.”® Because new anti-HCV therapy should still
contain PEG-IFNa/RBV as a platform for the therapy,
our findings regarding innate immunity in addressing
the mechanism of virological response and predicting
NVR remain important in this new era of directly act-
ing ant-HCV agents, such as telaprevir and
boceprevir.

In conclusion, this clinical study in humans demon-
strates the potential relevance of the molecules
involved in innate immunity to the genetic variation
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of IL28B and clinical response to PEG-IFNa/RBV.
Both the JZ28B minor allele and higher expressions of
RIG-I and ISGI15 as well as higher RIG-I/IPS-1 ratio
are independently associated with NVR. Innate
immune responses in /L28B minor patients may have
adapted to a different equilibrium compared with that
in IL28B major patients. Our data will advance both
understanding of the pathogenesis of HCV resistance
and the development of new antiviral therapy targeted
toward the innate immune system.
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Cancer tissue is frequently associated with the host inflammatory response, which involves blood cells.
Using DNA microarrays, we examined the gene expression profiles of blood and tumors in a murine sub-
cutaneous hepatocellular carcinoma model, in which tumors develop during the initial 10 days and then
diminish and disappear by day 25 after implantation. Immunohistochemical and gene expression analy-
sis indicated that tumor tissues were associated with an active immune response, particularly the CD4+ T
cell-mediated immune response, on day 10. The genes commonly up-regulated in blood and the fraction
enriched with tumor-associated inflammatory cells on day 10 also suggested the involvement of CD4+ T
cells. Unsupervised hierarchical clustering analysis of gene expression of peripheral blood cells on days 0,
10, 15, 20, and 25 indicated two major clusters: the tumor-existence cluster on days 10, 15, and 20, and
the tumor-free cluster on days 0 and 25. Additionally, sub-clusters were detected on each day. These
results suggest that the gene expression profile of whole blood cells is affected by the local tumor con-
dition, and is associated with the local host immune response. Its analysis will facilitate exploration of
the underlying important features of the host immune response to tumors.
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1. Introduction

Cancer is one of the most serious diseases if early diagnosis fails
or in cases of recurrence after radical treatment [1]. Therefore, elu-
cidating the detailed biological features of cancer is important for
development of new useful diagnostic and therapeutic methods
to improve the prognosis of cancer patients [2]. Immunity is an
important physiological homeostasis system that protects the host
from various diseases. Cancer is frequently associated with the im-
mune reaction of the host [3], although cancer originates from self
tissues. Peripheral blood contains a substantial number of im-
mune-mediating cells that can respond to affected tissues or
pathogens; therefore, they are a crucial population that reacts to
diseases, including cancer, to protect the host.

Whereas the host responds to lesions in the body, the blood re-
veals consequent characteristic manifestations—i.e., neutrophilia
for bacterial infection [4] or leukopenia for viral infection [5]. In

Abbreviation: HCC, hepatocellular carcinoma.

* Corresponding author. Address: Department of Gastroenterology, Kanazawa
University, 13-1 Takara-machi, Kanazawa, Ishikawa 920-8641, Japan. Fax: +81 76
234 4250.

E-mail address: skaneko@m-kanazawa,jp (S. Kaneko).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.10.004

the host with cancer, circulating blood contains characteristic im-
mune-mediating cells—e.g., cytotoxic T cells [6,7] and regulatory
T cells [8,9]—due to the immune response to the disease. Assess-
ment of these immune-mediating cells in blood is useful for eval-
uations of prognosis and therapeutic effect because cytotoxic T
cells play a role in cancer eradication, whereas regulatory T cells
inhibit the host anti-cancer immune response. Therefore, assess-
ment of blood cells is a useful approach to evaluating host immune
status in various diseases, including cancer [10,11].

Whole-genome expression analysis using DNA microarray tech-
nology allows examination of various biological processes [12-14].
We have reported previously that peripheral blood exhibited a
characteristic gene expression profile in cancer [15,16]. Although
these studies suggest the usefulness of peripheral blood gene-
expression analysis for exploration of the pathophysiological fea-
tures/conditions of cancer, how the altered gene expression profile
of blood cells contributes to understanding of the condition of indi-
viduals with cancer remains unknown.

We have established subcutaneous hepatocellular carcinoma
(HCC) murine models that show the unique course of cancer:
transient development followed by diminishing. This course was
mediated by the immune response, particularly CD4+ T cells.
Altered gene expression in whole blood cells as well as local
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tumor-associated inflammatory cells implied CD4+ T cell-involve-
ment. Furthermore, the gene expression profiles of blood differed
depending on the condition of cancer tissues, suggesting that
blood-cell gene expression is associated with tumor condition
and that its analysis is useful for investigation of the biological fea-
tures of the host immune response to cancer.

2. Materials and methods
2.1. Cell culture

Hepal-6 (ATCC, Manassas, VA), an established murine HCC cell
line, was maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies, Carlsbad, CA) supplemented with 10% heat-inacti-
vated fetal bovine serum (Life Technologies).

2.2. Subcutaneous HCC murine model

C57B1/6 female mice (8 weeks old; Charles River Laboratories,
Yokohama, Japan) or BALB/c athymic female mice (8 weeks old)
were injected subcutaneously with 1 x 107 Hepal-6 cells. Tumor
size was monitored and the volume was calculated using the fol-
lowing formula:

Tumor volume(mm?) = (the shortest diameter)?
x (the longest diameter)/2

Animal experiments were approved by the institutional review
board.

2.3. Immunohistochemistry

Hepal-6 subcutaneous tumor tissues were removed and
embedded in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA), snap-frozen in liquid nitrogen, and cryo-
stat-sectioned. Tissues were also fixed with neutral-buffered for-
malin, embedded in paraffin, cut into 4-um sections, mounted on
microscope slides, and stained with hematoxylin and eosin. Cryo-
stat sections of frozen tissues were fixed in cold acetone, and
endogenous biotin/avidin in the tissue specimens were blocked
using a blocking kit (Vector Laboratories, Inc., Burlingame, CA).
Slides were incubated with the appropriately diluted primary anti-
bodies, anti-mouse CD4, CD8, CD11b (BD Pharmingen, Sparks, MD),
and Gr-1 (eBioscience, San Diego, CA), respectively. The reactions
were visualized using EnVision kits (DAKO, Glostrup, Denmark),
followed by counterstaining with hematoxylin.

2.4. RNA isolation

Blood was obtained by retro-orbital venipuncture from mice
and immediately stored as RNAlater aliquots (Ambion, Austin,
TX). Total RNA of the obtained whole blood was extracted using
the Mouse RiboPure™-Blood RNA Isolation Kit (Ambion), according
to the manufacturer’s protocol. A portion of Hepal-6 tumor tissues
was obtained and stored in RNAlater, followed by RNA isolation
using the RNeasy Mini Kit (QIAGEN, Tokyo, Japan). The tumor frac-
tion enriched with tumor-associated inflammatory cells was ob-
tained using Histopaque®. Briefly, tumor tissues were minced
and overlaid on the Histopaque® aliquot. After centrifugation, the
visible separated monolayer was collected. RNA was isolated from
the collected fraction using the microRNA Isolation Kit (Stratagene,
La Jolla, CA), according to the manufacturer’s protocol. The quality
of purified RNA was analyzed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA).
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2.5. Gene expression analysis by DNA microarray and data analysis

Isolated RNA was amplified and labeled with Cy5 using the
Quick Amp Labeling Kit (Agilent Technologies) according to the
manufacturer’s protocol. For reference, RNA isolated from the
blood of normal C57BI/6 or BALB/c athymic female mice was
amplified and labeled with Cy3. The labeled objective and refer-
ence cRNA was mixed and hybridized using the Whole Mouse Gen-
ome 4 x44K Array kit (Agilent Technologies). The slide was scanned
using a DNA Microarray Scanner (Model G2505B; Agilent Technol-
ogies). Microarray data were deposited in NBCI Gene Expression
Omnibus (GSE ID: GSE 39075).

Gene expression analysis was performed using the GeneSpring
analysis software (Agilent Technologies). Each measurement was
divided by the 75th percentile of all measurements in that sample
at per chip normalization. Hierarchical clustering and principal
component analysis of gene expression were performed. Welch's
t-test with Benjamini and Hochberg’s false discovery rate were
used to identify genes that were differentially expressed in the
groups of interest. Analysis of biological processes and networks
was performed using the MetaCore software suite (GeneGo, Carls-
bad, CA).

3. Results

3.1. Subcutaneous Hepal-6 HCC cells in C57Bl/6 mice grew transiently
and subsequently diminished due to the T-cell immune response

Hepa1-6 murine HCC cells were subcutaneously injected into
C57Bl/6 female mice and tumor size was monitored. Until day
10, implanted Hepal-6 cells proliferated continuously, forming a
consistent tumor. From days 10 to 15, tumor size started to de-
crease, and the established tumors were completely eradicated
by day 25 (Fig. 1A). In contrast, when Hepa1-6 cells were subcuta-
neously injected into BALB/c athymic mice, which were deleted of
most, if not all, T cells due to the lack of a thymus, tumor tissues
were established and continued to grow during the 37-day obser-
vation period without stabilization or diminishment (Fig. 1B). His-
tologically, tumors in C57Bl/6 mice obtained on days 10 and 15
were filled with viable Hepa1-6 cells (Fig. 1C). Tumor tissues ob-
tained on day 20 showed fibrous tissues with few viable Hepal-6
cells (Fig. 1C). Immunohistochemical analysis of immune-mediat-
ing cells in tumors showed that a substantial number of CD4+ T
cells were found on day 10, the frequency of which was reduced
after day 15 (Fig. 1D). In contrast, fewer CD8+ T cells were detected
during any phase (Fig. 1D). CD11b+ and Gr-1+ cells were observed
during all tumor phases (Fig. 1D). We also examined infiltrating
inflammatory cells in the Hepal-6 tumors after 10 days’ growth
in athymic mice. In contrast to the intensively infiltrating CD4+ T
cells in Hepal-6 tumors in C57BI/6 mice on day 10 (Fig. 1D), few
CD4+ T cells and no CD8+ T cells were observed in Hepal-6 tumors
from athymic mice (Supplementary Fig. S1). CD11b+ cells were dif-
fusely present and a substantial number of infiltrating Gr-1+ cells
were found (Supplementary Fig. S1). These results suggest that
the characteristic feature of the immune response in subcutaneous
Hepal-6 tumors of C57Bl/6 mice on day 10 was CD4+ T cell-
involvement.

3.2. Gene expression profiles of Hepal-6 tumors on days 10 and 15

Tumors established in C57Bl/6 on days 10 and 15 revealed a
similar appearance microscopically (Fig. 1C), whereas more CD4+
T cells infiltrated into tumors on day 10 than on day 15. To com-
pare the molecular biological features of tumors on days 10
(n=3) and 15 (n = 3), we assessed gene expression profiles using
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Fig. 1. The subcutaneous Hepa1-6 tumor model. Ten million Hepa1-6 HCC cells were subcutaneously inoculated into C57B1/6 mice or Balb/c athymic mice. The size of tumors
was monitored and tumor tissues were examined histologically as well as immunohistochemically. (A) Tumor growth in C57B1/6 mice. (B} Tumor growth in Balb/c athymic
mice. Bars, standard errors. (C) Histological features of inoculated Hepa1-6 subcutaneous tumors in C57B1/6 mice on days 10, 15, and 25. Hematoxylin and eosin staining.
Bars, 100 pm. (D) Immunohistochemical analysis of subcutaneous Hepa1-6 tumors in C57BL/6 mice on days 10, 15 and 25. Bars, 200 pm.

DNA microarrays. We identified 118 gene probes twofold differen-
tially expressed between days 10 and 15 with p <0.05 (Supple-
mentary Table S1). Unsupervised hierarchical clustering and
principal component analysis showed formation of two complete
clusters on days 10 and 15 (Fig. 2). Network analysis of these
118 genes probes showed that regulation of T-cell proliferation
was associated with the Stat5b, Stat5a, Jak2, Cyclin D1, and andro-
gen receptor genes, whereas muscle filament sliding was associ-
ated with the Myh4, Myosin-IIA, Prelid2, Actal, and Actc genes
(Table 1). Thus, the T-cell immune responses to tumors on days
10 and 15 were markedly different.

3.3. Genes up-regulated in both blood and tumor-associated
inflammatory cells were associated with local tumor conditions

The results shown above suggested that T cells, particularly
CD4+ T cells, played an important role in the immune reaction to
Hepal-6 tumors in C57B1/6 mice on day 10. To evaluate the rele-
vance of local tumor inflammation and blood cells, we determined
the genes whose expression was altered in the blood and tumor
fraction enriched with tumor-associated inflammatory cells of
C57B1/6 mice (n =8) or Balb/c athymic mice (n = 3) with Hepal-6
tumors on day 10. We identified 127 genes whose expression
was commonly twofold up-regulated (p < 0.05) between the tumor
fraction enriched with tumor-associated inflammatory cells and
whole blood cells in C57Bl1/6 mice (Supplementary Table S2). The

characteristic features involved a network that involved the C3g,
IL-2r alpha chain, Shh, CD4, and Tgf-alpha genes (Table 2 and
Fig. 3). Other networks were also observed to involve CD4: the net-
work that involved MkI2 (Mrtf-b), CD4, Dysstrophin, Pthr1, and
Col1a2 and that involving CD4, Cdk1l (p34), iNOS, Tmem107,
DIx4 (Bp1). Sixty-five genes whose expression was commonly two-
fold up-regulated (p < 0.05) between the tumor fraction enriched
with tumor-associated inflammatory cells and whole blood cells
of athymic mice (n = 3) on day 10 were identified (Supplementary
Table S3). Gene ontology processes for these genes included tran-
scription, macromolecule metabolic process, regulation of multi-
cellular organismal process, and development-related process,
suggesting a role for local tumor-associated inflammatory cells in
tumor development (Supplementary Table S4).

Thus, the biological features of genes up-regulated in both local
tumor-associated inflammatory cells and blood cells suggested an
underlying host CD4+ T cell-mediated immune response to tumors
in C57BI/6 mice, suggesting that the altered gene expression profile
in systemically circulating blood cells reflected the local tumor
conditions.

3.4. Whole peripheral-blood gene expression profiles were associated
with tumeor condition

Genes whose expression was altered in the blood of mice with
Hepal-6 tumors implied inflammation local to the tumor. We next
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Fig. 2. Hierarchical clustering and principal component analysis of gene expression in subcutaneous Hepat-6 tumors. Tumor tissues were obtained 10 and 15 days after
subcutaneous inoculation of Hepa1-6 cells in C57B1/6 mice and gene expression levels were evaluated by microarray. Unsupervised clustering (A) and principal component
analysis (B) were performed using 118 probes specific for genes whose expression was significantly different at twofold. Filled circles, day 10. Gray circles, day 15.

Table 1

Networks for genes whose expression in tumors of C57BI/6 mice was differetially expressed between day 10 and day 15.

Network p-Value GO processes
Stat5b, Androgen receptor, Stat5a, Jak2, 0.0672 Positive regulation of activated T cell proliferation, cellular response to chemical stimulus, positive regulation
Cyclin D1 of cell proliferation, regulation of activated T cell proliferation, response to hormone stimulus
Myh4, Myosin-lIA, Prelid2, Actal, Actc ~ 2.29 x 107" Muscle filament sliding, actin-myosin filament sliding, actin-mediated cell contraction, actin filament-based
movement, muscle system process
Rev-Eerb-b, Comp, Substance P 7.02 x 1073 Regulation of multicellular organismal process, response to external stimulus, intracellular signal transduc-
receptor, Kcrm, Lingo1 tion, transmembrane receptor protein tyrosine kinase signaling pathway, multicellular organismal process
Bmal1, Stat5b, Pdgf-r-alpha, CD20, Dbp  7.26 x 10~'*  Positive regulation of transcription from RNA polymerase I promoter, regulation of transcription from RNA
polymerase Il promoter, positive regulation of gene expression, positive regulation of transcription, DNA-
dependent, regulation of cellular biosynthetic process
Krt25, Keratin, type I cytoskeletal 25 0.00145 Intermediate filament organization, hair follicle morphogenesis, intermediate filament cytoskeleton

organization, intermediate filament-based process, epidermis morphogenesis

explored how the gene expression profiles of whole blood cells
changed with altering tumor conditions in mice with Hepal-6 tu-
mors. Blood was collected from C57Bl/6 mice before and 10, 15, 20,
and 25 days after Hepal-6 subcutaneous implantation, and then
total RNA was isolated for gene expression analysis. The number
of gene probes twofold up-regulated in the blood of mice with tu-
mors compared with that of mice on day 0 was 968 on day 10
(Supplementary Table S5), 945 on day 15 (Supplementary
Table S6), 53 on day 20 (Supplementary Table S7), and 14 on day
25 (Supplementary Table S8), and 418, 338, 61, and 134 gene
probes, respectively, were down-regulated (Supplementary Tables
S9, S10, S11 and S12). Unsupervised analysis of gene expression
using 23,326 DNA microarray gene of that passed quality checking
showed two major clusters, one associated with tumor presence on
days 10, 15, and 20 (the tumor existence cluster), and the other to
being tumor-free on days 0 and 25 (the tumor-free cluster), with
minor discernible clusters depending on each day (Fig. 4A). Princi-
pal component analysis also revealed that the gene expression pro-
file of each mouse differed depending on the day (Fig. 4B). We
identified that 1525 genes probes was the union of 968 and 945
up-regulated genes probes on day 10 and day 15, indicating that
388 genes probes were commonly up-regulated. Despite consider-
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able number of commonly up-regulated genes probes, clustering
analysis using 1525 genes probes for gene expression profiles in
blood on day 10 and day 15 formed two complete clusters discern-
ing each day, suggesting that gene expression profile of blood was
changing during the initiating phases of tumor diminishment. A
pathway map analysis was performed on 968 and 945 genes whase
expression was up-regulated on days 10 and 15, respectively.
Development-related and cytoskeleton-remodeling pathways
were the characteristic features of both groups (Supplementary Ta-
bles S13 and S14). Pathway maps for cell adhesion—integrin-med-
iated cell adhesion and migration, CCR4-induced leukocyte
adhesion, plasmin signaling, and endothelial cell contacts by
non-junctional mechanisms—were the prominent features of up-
regulated genes on day 15 (Supplementary Table S14), suggesting
enhanced involvement of tissue remodeling. We also analyzed
the biological process features of genes differentially expressed be-
tween the tumor existence and tumor-free clusters. The number of
gene probes whose expression was twofold up-regulated in the tu-
mor existence cluster (p < 0.05) was 673, whereas 17 gene probes
were down-regulated. The characteristic biological process net-
works indicated by these 673 gene probes were cytoskeleton,
development, cell cycle, apoptosis, and cell adhesion (Supplemen-
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Table 2

Networks for genes whose expression was commonly up-regulated in the tumor fraction enriched with tumor-associated inflammatory cells and blood of C57BI/6 mice on day 10.

Network p-Value Gene ontology processes

C3g, 1I-2r alpha chain, Shh, CD4, Tgf-alpha 9.26 x 1072 Positive regulation of cell proliferation, regulation of macromolecule metabolic pracess, cell
proliferation, positive regulation of cellular process, regulation of cell proliferation

Cdk1 (p34), Aggrecan, Sox9, PNPase(old-35), 3.85 x 10~"7  Regulation of cell proliferation, generation of neurons, cellular developmental process, anatomical

Nyd-sp26 structure morphogenesis, neurogenesis

Nanos2, Nanos homolog 2 0.00143 Germ-line stem cell maintenance, negative regulation of meiosis, regulation of meiosis, regulation of
meiotic cell cycle, stem cell maintenance

Wdr59, WD repeat-containing protein 59, 0.00143 Biological_process

Cdk1 (p34), Alk, Racgap1, Fibrinogen beta, 9.51 x 10~""  Blood coagulation, coagulation, hemostasis, cytoskeleton organization, wound healing

Mmd

MKI2(Mrtf-b), CD4, Dystrophin, Pthr1, Col1la2  9.51 x 107! Positive regulation of protein metabolic process, positive regulation of cellular metabolic process,
positive regulation of metabolic process, regulation of cell proliferation, positive regulation of celtular
process

Dnah12, Dynein, axonemal, heavy chains 0.00286 Microtubule-based movement, ATP catabolic process, ATP metabolic process, microtubule-based
process, purine ribonucleoside triphosphate catabolic process

CD4, Cdk1 (p34), iNOS, Tmem107, Dix4 (Bp1)  9.63 x 10~  Positive regulation of cellular metabolic process, interspecies interaction between organisms, positive
regulation of metabolic process, positive regulation of macromolecule metabolic process, positive
regulation of developmental process

Cdk1 (p34), Pthr1, Centg2, Bex2, Bex1 1.07 x 10®  G-protein signaling, coupled to cAMP nucleatide second messenger, cAMP-mediated signaling, G-
protein signaling, coupled to cyclic nucleotide second messenger, cyclic-nucleotide-mediated
signaling, regulation of catalytic activity

Fam33a, MKI2(Mrtf-b), Cdk1 (p34), Tank, Pitx2 1.07 x 10"  Positive regulation of macromolecule metabolic process, positive regulation of cellular metabolic

process, regulation of cellular metabolic process, cell cycle, positive regulation of metabolic process
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Fig. 3. Network depicting the involvement of C3G, IL-2R alpha chain, SHH, CD4, and TGF-alpha genes. Ten million Hepal-6 cells were subcutaneously inoculated in C57B1/6
mice. Blood and tumor tissues were obtained on day 10. Gene expression levels in blood and the fraction enriched with tumor-associated inflammatory cells were assessed by
DNA microarray. One-hundred and twenty-seven genes were commonly up-regulated at twofold in blood and the tumor fraction enriched with tumor-associated
inflammatory cells, and were related to the gene network that consisted of C3G, IL-2R alpha chain, SHH, CD4, and TGF-alpha plus related genes.

tary Table S15), implying the dynamic role of blood cells in immo-
bilization and cellular kinesis, indicative of tissue remodeling, of
tumors associated with the active immune response of the
C57Bl/6 mouse.

We also examined whole blood gene expression profiles of
BALB/c athymic mice with Hepal-6 tumors on day 10 compared
with that before inoculation of Hepa1-6 cells. Unsupervised clus-
tering analysis of gene expression using 15583 gene probes that

passed quality checking showed two clusters, clearly distinguish-
ing between the tumor-existence and tumor-free conditions (Sup-
plementary Fig. S2A). Principal component analysis showed that
the gene expression profiles on days 0 and 10 tended to gather
depending on the day (Supplementary Fig. S2B). We found that
expression of 962 gene probes was up-regulated on day 10 com-
pared with day 0. Pathway map analysis of the 962 gene probes re-
vealed cell kinetics involving transcription, the cell cycle, and cell
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Fig. 4. Hierarchical clustering and principal component analysis of gene expression levels in blood obtained from C57Bl/6 mice inoculated subcutaneously with Hepa1-6
cells. RNA was extracted from the blood of C57B1/6 mice inoculated with Hepa1-6 cells on days 0, 10, 15, 20, and 25, followed by gene expression analysis by DNA microarray.
(A) Unsupervised hierarchical clustering and (B) principal component analysis of gene expression levels on day 0, 10, 15, 20, and 25 using all gene probes that passed a quality
check. Open rectangle, day 0; filled rectangle, day 25; filled circle, day 10; gray circle, day 15; open circle, day 20. (C) Unsupervised hierarchical clustering of gene expression
levels on day 10 and day 15 using the 1525 union genes probes up-regulated on day 10 and day 15.

adhesion (Supplementary Table S16), suggesting a relationship be-
tween blood cells and locally proliferating tumor cells that were
inoculated subcutaneously. Thus, the gene expression profiles of
whole blood cells in mice with tumors were altered depending
on the local tumor conditions.

4. Discussion

The subcutaneously inoculated Hepal-6 cells in C57Bl/6 mice
demonstrated the unique course of tumor development/diminish-
ment. Eradication of tumors was mediated by the T-cell immune
response, particularly CD4+ T cells. Interestingly, genes up-regu-
lated in both whole blood and the tumor fraction enriched with tu-
mor-associated inflammatory cells on day 10 indicated a biclogical
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network involving CD4+ T cells, suggesting that gene expression
alteration of whole blood cells was associated in part with the local
inflammatory response to tumor tissues. Additionally, the gene
expression profiles of whole blood cells in mice with Hepal-6 tu-
mors were associated with the tumor condition, and their biologi-
cal features during tumor existence were suggestive of tissue
remodeling-related processes.

The genes commonly affected in both blood cells and the tumor
fraction enriched with tumor-associated inflammatory cells in
C57B1/6 mice suggested a biological network involving CD4+ T
cells. Thus, CD4+ T cells may contribute to the altered blood gene
expression profile on day 10. However, the blood gene expression
profile of athymic mice with Hepa1-6 tumors was discernible from
that of tumor-free mice, suggesting the involvement of other im-
mune-mediating cells in the altered blood gene expression profile.



42 Y. Sakai et al. /Biochemical and Biophysical Research Communications 428 (2012) 36-43

The gene expression profiles of whole blood cells of C57Bl1/6 mice
with tumors indicated biological processes related to tissue
remodeling, such as development, cell adhesion, and the cytoskel-
eton. A fraction of circulating blood cells are involved in tissue
remodeling/repair, such as monocytes/macrophages [17-19]. Thus,
some blood cells likely contributed to these biological features as a
consequence of tumor formation. The mechanism(s) underlying
the association between blood gene expression profile and tumor
condition should be determined.

We reported previously that features of the gene expression
profile of peripheral blood mononuclear cells of HCC patients are
shared with local inflammatory cells of HCC tissues [16]. In that
analysis, the shared biological features were characterized by the
local immune responses of the host to tumor tissues, tumor micro-
environment—such as antigen presentation, response to hypoxia,
and oxidative stress—ubiquitin-proteasomal proteolysis, mRNA
processing, and the cell cycle. Peripheral blood mononuclear cells
are devoid of cell types such as polymorphonuclear cells; therefore,
the collected peripheral blood mononuclear cell populations rather
contain inflammatory cells that are the major players in cancer
immunity: the antigen-presenting cell population (monocytes/
macrophages and dendritic cells), and the lymphocyte population
(T and B cells) [20]. In the current study, gene expression of periph-
eral blood involved all cell populations therein. However, the genes
up-regulated in both blood and the tumor fraction enriched with
tumor-associated inflammatory cells suggested the importance of
local tumor-associated CD4+ T cells, which played an important
role in the C57BI/6 mouse Hepal-G6 tumor model. Blood gene
expression profiles of C57B1/6 and athymic mice with Hepal-6 tu-
mors also depended on the presence and/or condition of a tumor.
However, Gr-1+ cells were the major local inflammatory cells in
the Hepal-6 tumors of athymic mice. Because the network of
genes up-regulated in blood and tumor-associated inflammatory
cells in the athymic mouse model involved cellular kinetics and
development, not directly suggestive of Gr-1+ cells, the role of local
Gr-1+ cells in the alteration of blood gene expression profiles is un-
clear. Further studies should determine how immune-mediating
cells in both blood and local tumor-infiltrating inflammatory cell
populations alter blood gene expression depending on tumor
condition.

The immune reaction of the host to cancer is complex: natural
killer cells are well-characterized anti-cancer immune cells {21],
and the innate immune system is represented by monocyte/mac-
rophages [22]. In terms of acquired immunity, Th1 cells and cyto-
toxic T cells are known to be important due to the presence of
antigen-presenting dendritic cells [23]. In contrast, the contradic-
tory immune response is present concomitantly; this involves,
for instance, regulatory T cells [8,9]. When anti-cancer immune
cells predominate, cancer tissues will diminish. Conversely, when
immune cells that work as suppressors of anti-cancer immunity
are the major effectors, the tumor tissue will continue to grow.
Thus, qualitative elucidation of host immune status is extremely
important for assessing both prognosis and therapeutic efficacy.
Blood gene expression analysis has been investigated extensively
and has been shown to be useful in terms of diagnosis, prediction
of a therapeutic effect, or prognosis in, for example, renal cell car-
cinoma [24], breast cancer [25], and digestive disease cancers [26].
Our data suggest that the blood gene expression profile of a murine
cancer model was associated with the local tumor condition. The
utility of blood cell gene expression profiling for further elucida-
tion of the overall immune condition in terms of the presence of
immune-mediating cell types should be investigated.

In conclusion, we observed that gene expression features of
peripheral blood cells were altered depending on tumor condition.
Additionally, biological features associated with CD4+ T cells,
which play a pivotal role in Hepa1-6 C57BI/6 tumor models, were

implicated in the gene expression profiles common to both blood
and tumor-infiltrating inflammatory cells. Further studies are
needed to understand the systemic effect of cancer on blood gene
expression profiles in other cancer-related conditions —e.g., recur-
rent cancer or vaccination—for development of both novel diagnos-
tic tools and effective treatments.
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Hikari Okada', Masao Honda'?, Jean S. Campbell*, Yoshio Sakai', Taro Yamashita', Yuuki Takebuchi’,
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Takuji Tanaka®, Nelson Fausto®, and Shuichi Kaneko'

Abstract

Hepatocellular carcinoma (HCC) often develops in association with liver cirrhosis, and its high recurrence rate
leads to poor patient prognosis. Although recent evidence suggests that peretinoin, a member of the acyclic
retinoid family, may be an effective chemopreventive drug for HCC, published data about its effects on hepatic
mesenchymal cells, such as stellate cells and endothelial cells, remain limited. Using a mouse model in which
platelet-derived growth factor (PDGF)-C is overexpressed (Pdgf-c Tg), resulting in hepatic fibrosis, steatosis, and
eventually, HCC development, we show that peretinoin significantly represses the development of hepatic fibrosis
and tumors. Peretinoin inhibited the signaling pathways of fibrogenesis, angiogenesis, and Wnt/(-catenin in Pdgf-
¢ transgenic mice. [ vitro, peretinoin repressed the expression of PDGF receptors 0./f in primary mouse hepatic
stellate cells (HSC), hepatoma cells, fibroblasts, and endothelial cells. Peretinoin also inhibited PDGF-C-activated
transformation of HSCs into myofibroblasts. Together, our findings show that PDGF signaling is a target of
peretinoin in preventing the development of hepatic fibrosis and HCC. Cancer Res; 72(17); 4459-71. ©2012 AACR.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies worldwide with a particularly poor patient out-
come (1). It often develops as a result of chronic liver disease
associated with hepatitis B or hepatitis C virus infection or
with other etiologies such as long-term alcohol abuse, auto-
immunity, and hemochromatosis (2-5). Despite the recent
advances in antiviral therapy for hepatitis B or hepatitis C
virus, these are insufficient to completely prevent the occur-
rence of HCC. Moreover, the recent increase in nonalcoholic
fatty liver disease (NAFLD) associated with metabolic syn-
drome is a potential high-risk factor for the development of
HCC (6).

HCC often develops during the advanced stages of liver
fibrosis and is associated with deposits of extracellular
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matrix synthesized by activated stellate cells. During the
course of chronic hepatitis, nonparenchymal cells, including
Kupffer, endothelial, and activated stellate cells, release a
variety of cytokines and growth factors. One of these growth
factors is platelet-derived growth factor (PDGF), which is
involved in fibrogenesis, angiogenesis, and tumorigenesis
(7, 8). PDGF expression has been shown to be upregulated
from the early stages of chronic hepatitis, suggesting its
association with the development of fibrosis in chronic
hepatitis C (CH-C; refs. 9 and 10). Overexpression of
PDGF-C in mouse liver resulted in the progression of
hepatic fibrosis, steatosis, and the development of HCC;
this mouse model closely resembles the human HCC, which
is frequently associated with hepatic fibrosis (7).

Peretinoin (generic name; code, NIK-333), developed by the
Kowa Company, is an oral acyclic retinoid with a vitamin A~
like structure, which targets the retinoid nuclear receptor. Oral
administration of peretinoin was shown to significantly reduce
the incidence of posttherapeutic HCC recurrence and improve
the survival rates of patients in a clinical trial (11, 12). A large-
scale clinical study including various countries is now planned
to confirm its clinical efficacy.

Although peretinoin treatment can suppress HCC-derived
cell line growth and inhibit experimental mouse or rat liver
carcinogenesis (13, 14), the detailed mechanism of its effect has
not been fully elucidated. Peretinoin has a high binding affinity
to cellular retinoic acid-binding protein (15) and may interact
with retinoic acid receptor-f and retinoid X receptor-o. (16);
however, the precise molecular targets for preventing HCC
recurrence have not yet been elucidated.
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In this study, we used PDGF-C transgenic (Pdgf-c Tg) mice to
show that PDGF-C signaling is a possible target of peretinoin in
the prevention of hepatic fibrosis, angiogenesis, and the devel-
opment of HCC.

Materials and Methods

Chemicals

The acyclic retinoid peretinoin (generic name; code, NIK-
333) [(2E.4E,6E,10E)-3,7,11,15-tetramethyl-2,4,6,10,14-hexade-
capentaenoic acid, C20H3002, molecular weight 302.46 g/mol]
was supplied by Kowa Company.

Animal studies

The generation and characterization of Pdgf-c Tg have been
described previously (7). Wild-type and Pdgf-c Tg mice on a
C57BL/6] background were maintained in a pathogen-free
animal facility under a standard 12-hour/12-hour light/dark
cycle. After weaning at week 4, male mice were randomly
divided into the following 3 groups: (1) Pdgf-c Tg or wild-type
(WT) mice given a basal diet (CRF-1, Charles River Laborato-
ries Japan), (2) Pdgf-c Tg or WT mice given a 0.03% peretinoin-
containing diet, (3) Pdgf-c Tg or WT mice given a 0.06%
peretinoin-containing diet. Control mice were normal male
homozygotes. At week 20, mice were sacrificed to analyze the
progression of hepatic fibrosis (n = 15 for each of the 3 groups).
At week 48, mice were sacrificed to analyze the development of
hepatic tumors (z = 31 for the basal diet group, n = 37 for the
0.03% peretinoin group, and n = 17 for the 0.06% peretinoin
group). The incidence of hepatic tumors, maximum tumor size,
and liver weight were evaluated. None of the treated WT mice
given a diet of 0.03% peretinoin died, but death occurred in 5%
of WT mice around after 36 weeks of age receiving a 0.06%
peretinoin diet, probably because of its toxicity. In Pdgfc Tg
mice, death was observed at similar frequency as WT mice that
received 0.06% peretinoin diet.

All animal experiments were carried out in accordance with
Guidelines for the Care and Use of Laboratory Animals at the
Takara-Machi Campus of Kanazawa University, Japan.

Cell culture

Human HCC cell lines Huh-7, HepG2, and HLE, the mouse
fibroblast cell line NIH3T3, human umbilical vein endothelial
cells (HUVEC), and human stellate cells Lx-2 (kindly provided
by Dr. Scott Friedman, Mount Sinai School of Medicine, New
York, NY) were maintained in Dulbecco's Modified Eagle
Medium (DMEM; Gibco) supplemented with 10% FBS (Gibco),
1% i-glutamine (Gibco), and 1% penicillin/streptomycin
(Gibco) in a humidified atmosphere of 5% CO, at 37°C. 1 to
5 x 10* cells were seeded in each well of a 12-well plate the day
before serum starvation in serum-free DMEM for 8 hours. The
culture medium was then replaced with serum-free medium
containing peretinoin, After 24-hour incubation, cells were
harvested for analysis.

Isolation and culture of mouse hepatic stellate cells
Hepatic stellate cells (HSC) were isolated from C57BL/6]
mice and the effect of recombinant human PDGF-C and

peretinoin on HSCs was evaluated in vitro. Pronase-collagenase
liver digestion was used to isolate HSC from wild-type mice. All
experiments were replicated at least twice. Freshly isolated
HSCs suspended in culture medium were seeded in uncoated
24-well plates and incubated at 37°C in a humidified atmo-
sphere of 5% CO, for 72 hours. Nonadherent cells were
removed with a pipette and the culture medium was replaced
with medium containing 80 ng/mL recombinant human
PDGF-C (Abnova) with or without peretinoin or 9-¢is-retinoic
acid (9cRA; 5 or 10 pmol/L). Cells were harvested for analysis
after 24-hour incubation.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells were harvested and
labeled with FITC-conjugate CD34 (Cell Lab) and R-Phycoer-
ythrin (PE)-conjugated CD31 antibodies (Cell Lab) for 30
minutes at 4°C. After washing with 1 mL PBS, CD31 and CD34
surface expression was measured with a FACSCalibur flow
cytometer (BD Biosciences). All flow cytometric data were
analyzed using FlowJo software (Tree Star).

Gene expression profiling

Gene expression profiling in mouse liver was evaluated
using the GeneChip Mouse Genome 430 2.0 Array (Affyme-
trix). Liver tissue from WT, Pdgf-c Tg, and Pdgf-c Tg with
0.06% peretinoin mice all at weeks 20 and 48 was obtained
and a total of 34 chip assays were conducted as described
previously (17). Expression data have been deposited in
the Gene Expression Omnibus (GEQ; NCBI Accession;
GSE31431).

Pathway analysis was conducted using MetaCore (GeneGo).
Functional ontology enrichment analysis was conducted to
compare the Gene Ontology (GO) process distribution of
differentially expressed genes (P < 0.01; refs. 10 and 17). Direct
interactions among differentially expressed genes between
Pdgf-c Tg mice with or without peretinoin administration were
examined as reported previously (10). Each connection repre-
sents a direct, experimentally confirmed, physical interaction
(MetaCore).

Histopathology and immunohistochemical staining

Mouse liver tissues were fixed in 10% formalin and stained
with hematoxylin and eosin. The liver neoplasms (HCC and
liver cell adenoma) were diagnosed according to previously
described criteria (18, 19). Hepatic fibrosis was evaluated by
Azan staining. Percentages of fibrous areas were calculated
microscopically using an image analysis system (BIOREVO BZ-
9000: KEYENCE Japan). Immunohistochemical (IHC) staining
was conducted by an immunoperoxidase technique with an
Envision kit (DAKO). Primary antibodies used were: rabbit
polyclonal PDGFR-0. (1:100 dilution), PDGFR-§ (1:100 dilu-
tion), VEGFR1 (1:100 dilution), desmin (1:100 dilution), B-cate-
nin (1:200 dilution), and mouse monoclonal cyclin D1 (1:400
dilution; all from Cell Signaling Technology); collagen 1 (1:100
dilution), collagen 4 (1:100 dilution), CD31 (1:100 dilution), and
CD34 (1:100 dilution; all from Abcam, Cambridge, MA); and
Tie-2 (1:80 dilution) and Myc (1:100 dilution; both from Santa
Cruz Biotechnology).
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Quantitative real-time detection PCR

Total RNA was isolated from frozen liver tissue samples
using a GenFElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) according to the manufacturer's protocol.
c¢DNA was synthesized from 100 ng total RNA using a high-
capacity ¢cDNA reverse transcription kit (Applied Bio-
systems) then mixed with the TagMan Universal Master
Mix (Applied Biosystems) and each TaqMan probe. Tag-
Man probes used were PDGFR-0/B, VEGFR1/2, 0-SMA,
collagen 1/4, B-catenin, CyclinD1, and Myc (Applied Bio-
systems). Relative expression levels were calculated after
normalization to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

Western blotting

Western blotting was conducted as described previous-
Iy (20). Whole-cell lysates from mouse liver were prepared
and lysed by CelLytic MT cell lysis reagent (Sigma-Aldrich)
containing Complete Mini EDTA-free Protease Inhibitor cock-
tail tablets (Roche). Cytoplasmic and nuclear protein extracts
were prepared using the NE-PER nuclear extraction reagent kit
(Pierce Biotechnology). Primary antibodies used were PDGFR-
o (1:1,000 dilution), PDGFR-B (1:1,000 dilution), VEGFR2
(1:1,000 dilution), p44/42 MAPK (1:1,000 dilution), total AKT
(1:1,000 dilution), p-p44/42 MAPK (1:1,000 dilution), p-AKT
(Ser473; 1:1,000 dilution), p-AKT (Thr308; 1:1,000 dilution),
B-catenin (1:2,000 dilution), cyclin D1 (1:400 dilution), and
lamin A/C (1:1,000 dilution; all Cell Signaling Technology);
o-SMA (1:200 dilution; DAKO); 4-HNE (1:200 dilution; NOF);
and GAPDH (1:1,000 dilution) and Myc (1:1,000 dilution; both
Santa Cruz).

Statistical analysis

Results are expressed as mean = SD. Significance was
tested by 1l-way analysis of variance with Bonferroni's
method, and differences were considered statistically signi-
ficant at P < 0.05.

Resulis

Peretinoin prevented the development of hepatic
fibrosis in Pdgf-c Tg

To evaluate the HCC chemopreventive effects of pereti-
noin, we used a mouse model of Pdgf-¢c Tg in which PDGF-C
is expressed under the control of the albumin promoter (7).
Experimental mice were male mice expressing the PDGF-C
transgene (Pdgfc Tg); whereas male mice not expressing
the transgene were considered WT. After weaning at week 4,
Pdgf-c Tg or nontransgenic WT mice were fed a basal diet
or a diet containing 0.03% or 0.06% peretinoin. At week 20,
mice were sacrificed to analyze the progression of hepatic
fibrosis. At week 48, mice were sacrificed to analyze the
development of hepatic tumors (Fig. 1A). At week 20, Azan
staining showed that predominant pericellular fibrosis had
developed in Pdgf-c Tg mice (Fig. 1B). Densitometric analysis
showed a significant dose-dependent reduction in the size
of the fibrotic area in mice that received a diet containing
peretinoin at both weeks 20 and 48 (Fig. 1C). Peretinoin

therefore efficiently repressed the development of hepatic
fibrosis in Pdgf-c Tg mice.

The expression of fibrosis-related genes in Pdgfc Tg
mice was evaluated by IHC staining, quantitative real-time
detection PCR (RTD-PCR), and Western blotting. The ex-
pression of PDGFR-o. and PDGFR-P, essential receptors for
intracellular PDGF-C signaling, was upregulated mainly in
the intracellular or portal area in Pdgf-c Tg mice livers
(Fig. 2), but was significantly repressed by peretinoin after
weaning at week 4. Similarly, the expression of collagen 1,
collagen 4, and desmin was significantly upregulated in Pdgf-
¢ Tg mice, but repressed by peretinoin (Fig. 2 and Supple-
mentary Fig. S1A).

RTD-PCR results confirmed that these genes were sub-
stantially upregulated in Pdgfc Tg mice and significantly
repressed by both 0.03% and 0.06% peretinoin (Fig. 3A).
Western blotting showed that the expression of phosphor-
ylated extracellular signal-regulated kinase (p-ERK) 1/2 and
cyclin D1, representative markers of the cell proliferation
signaling pathway, was upregulated in Pdgf-c Tg mice, and
repressed by peretinoin (Fig. 3B). Thus, peretinoin could
partially but significantly prevent the development of hepat-
ic fibrosis in Pdgf-c Tg mice during the study observation
period of 48 weeks.

Peretinoin prevented the development of HCC
in Pdgf-c Tg mice

At week 48, Pdgf-c Tg mice developed hepatic tumors with an
incidence of 90% (Fig. 4A). Histologic assessment of these
tumors verified that 54% (15/28) were adenomas and 46%
(13/28) were HCC (Fig. 4A and C and Supplementary Fig. S2;
ref. 21). Peretinoin (0.03%) dose-dependently repressed the
incidence of hepatic tumors to 53% (19/36) and to 29% (5/17) at
0.06%. Correlating with tumor incidence, maximum tumor size
and liver weight were also significantly repressed by peretinoin
(Fig. 4B). Thus, peretinoin repressed the development of
hepatic tumors in Pdgfc Tg mice.

Serial gene expression profiling in the liver of Pdgf-c Tg
mice that developed hepatic fibrosis and tumors

To examine which signaling pathways were altered during
the progression of hepatic fibrosis and tumor development, we
analyzed gene expression profiling in the liver of Pdgf-c Tg mice
using Affymetrix gene chips. By filtering criteria for P < 0.001
and more than 2-fold differences, 538 genes were selected as
differentially expressed. One-way hierarchical clustering anal-
ysis of differentially expressed genes is shown in Supplemen-
tary Fig, S3.

Of the 3 main clusters, 2 were upregulated (clusters A and B)
and 1 was downregulated (cluster C). Cluster A consisted of
immune-related [chemokine (C-C motif) receptor (CCR)4,
CCR2, toll-like receptor (TLR)3 and TLR4], apoptosis-related
[caspase (CASP)1 and CASP9], angiogenesis- and/or growth
factor-related (PDGF-C, VEGF-C, osteopontin, HGF), onco-
gene-related [v-ets erythroblastosis virus E26 oncogene homo-
logue (Ets)l, Ets2, CD44, N-myc downstream-regulated
(NDRG)1], and fibrosis-related (tubulin) genes. The expression
of cluster A genes was further upregulated in tumors at week
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Figure 1. A, feedingschedule of Pdgf-c Tg and WT mice. After weaning, male mice were randomly divided into 3 groups: {i) Pdgf-c Tg or WT mice receiving basal
diet, (i) Pdgf-c Tg or WT mice receiving 0.03% peretinoin-containing diet, and (jii) Pdgf-c Tg or WT mice receiving 0.06% peretinoin-containing diet. B, Azan
staining of WT or Pdgf-c Tg mouse livers fed with different diets at 20 weeks and 48 weeks. C, densitometric analysis of Pdgf-c Tg mouse liver fibrotic areas at

20 weeks (7 = 15) and 48 weeks (n = 15).

48. Cluster B consisted mainly of connective tissue- and/or
fibrosis-related [vascular cell adhesion molecule (VCAM)I,
collagen 1, 111, IV, V, VI, integrin, decorin, TGF-BRIL, PDGFR-
o, and PDGFR-B] genes, the expression of which declined
slightly at week 48. In contrast, cluster C, containing differen-
tiation and liver function related genes [cytochrome P450,
family 2, subfamily ¢ (CYP2C)], were downregulated during
the course of hepatic fibrosis and tumor development (Sup-

plementary Fig. $4). Cluster C included xenobiotic- and met-
abolic process-related genes, which are potential targets of
peretinoin. Peretinoin treatment prevented hepatic fibrosis
and it preserved liver function. In addition, peretinoin might
induce its target genes. Thus, peretinoin reduced the expres-
sion of upregulated genes (clusters A and B) and restored the
expression of downregulated genes (cluster C) at both weeks 20
and 48 (Supplementary Figs. S3 and $4).
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Figure 2. IHC staining of PDGFR-«,
PDGFR-B, collagen 1, CD34, and
VEGFR1 expression in Pdgf-c Tg or
WT mouse livers fed a basal diet or
0.06% peretinoin.
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To examine the molecular network consisting of differen-
tially expressed genes in Pdgfc Tg mice with or without
peretinoin administration, the direct interactions of 513 genes
were analyzed by MetaCore (i.e, 413 genes were downregu-
lated and 100 genes were upregulated in Pdgf-c Tg mice treated
with peretinoin compared with untreated mice; P < 0.002). A
core gene network consisting of 41 genes was obtained (Sup-
plementary Fig, $5) including interactions between represen-
tative growth factors, receptors (PDGFR and TGFBR), and
transcriptional factors. Of these genes, the transcriptional
factors Sp1 and Apl seem to be key regulators in the network
(Supplementary Fig, S5).

Peretinoin inhibits PDGFR in vitro

Gene expression profiling landscaped the dynamic changes
of signaling pathways in Pdgfc Tg mice. To determine the
effects of peretinoin in vitro, primary HSCs from normal
C57BL/6] mice were stimulated by PDGF-C (Fig. 5) to induce
the expression of PDGFR-a, PDGFR-B, alpha smooth muscle
actin (0-SMA), and collagen 1a2; activated HSCs thus trans-
formed into myofibroblasts (Fig. 5A and B). Peretinoin signif-
icantly reduced the expression of these genes and inhibited
HSC activation.

We next evaluated the effects of peretinoin on human
hepatoma cell lines (Huh-7, HepG2, and HLE), mouse embry-
onic fibroblast cells (NIH3T3), HUVECs, and Lx-2 (ref. 22;
Supplementary Fig. S6A). Experimental conditions were
optimized so that more than 90% of cells were variable at
20 pmol/L peretinoin, as determined by an MTS cell prolifer-

ation assay (data not shown). Peretinoin dose-dependently
inhibited the expression of PDGFR-0. and PDGFR-$ in Huh-7,
HepG2, HLE, NIH3T3, HUVEC, and Lx-2 cells, whereas no
obvious expression of PDGFR-o. was observed in HepG2 cells
and HUVECs (Supplementary Fig. S6A). Peretinoin also inhib-
ited VEGFR2 expression in HUVEC. These results were con-
firmed by RTD-PCR (data not shown). Correlating with these
results, the expression of phosphorylated serine/threonine
kinase AKT (p-AKT) and p-ERK1/2, downstream signaling
molecules of PDGFR-0t, PDGFR-B, and VEGFR2, was also
dose-dependently repressed. The expression of collagen 1a2
was significantly repressed by peretinoin in Lx-2, HLE, and
Hub-7 cells (Supplementary Fig. S6B). These results suggest
that peretinoin may inhibit hepatic fibrosis, angiogenesis, and
tumor growth through reduction of the PDGF and VEGF
signaling pathway.

We examined the expression of 2 key regulators in
peretinoin signaling, Spl and Apl, in Huh-7 cells. Inter-
estingly, the expression of Spl was decreased, which
correlates with that of PDGFR-0, whereas expression of
phosphorylated c-Jun (p-c-Jun) was increased in Huh-7
cells (Supplementary Fig. S6C). Therefore, peretinoin seems
to repress the expression of PDGFR, partially through the
inhibition of Sp1.

Peretinoin inhibits hepatic angiogenesis in
Pdgf-c Tg mice

The effect of peretinoin on liver angiogenesis in Pdgfc Ig
mice was further analyzed. IHC staining of Pdgf-c Tg mouse
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Figure 3. A, RTD-PCR analysis of PDGFR-o, PDGFR-8, collagen (COL) 1a2, collagen 4 a2, and TIMP2 expression in Pdgf-c Tg {n = 5) or WT mouse livers
(n = 15). B, Western blotting of PDGFR-0.,, PDGFR-B, a-SMA, p-ERK, ERK, cyclin D1, and GAPDH expression in PDGF-C Tg or WT mouse livers fed a basal diet

or 0.06% peretinoin at 20 or 48 weeks (n = 3).

livers at weeks 20 and 48 revealed overexpression of the
endothelial markers CD31 and CD34 and the endothelial
growth factors VEGFR1 and endothelium-specific receptor
tyrosine kinase 2 (Tie2) in the mesenchymal region (Fig. 6
and Supplementary Fig. S1A). This expression was significantly
repressed by peretinoin as determined by the densitometric
area (Supplemental Fig. S1B). RTD-PCR results revealed sig-
nificant upregulation of VEGFR1 (Flt-1) in Pdgfc Tg mice
compared with WT mice at both weeks 20 and 48, whereas
the expression of VEGFR2 (Flk-1) and Tie2 was only upregu-
lated at week 48. The expression of these genes was signifi-

cantly repressed by peretinoin (Fig. 6A). Western blotting
confirmed the upregulation of CD31 and VEGFRI1 (Flk-1) at
week 48 (Fig, 6B). In addition, p-AKT (Thr 308 and Ser 473) and
4-hydroxy-2-nonenal (4-HNE), an oxidative stress marker,
were upregulated in Pdgf-c Tgmice and repressed by peretinoin
(Fig. 6B).

We also assessed circulating endothelial cells (CEC), a
useful biomarker for angiogenesis in the blood, and found
that the CD317/CD34™ CEC population was significantly
upregulated in Pdgf-c Tg mice at week 48 but significantly
repressed by peretinoin (Fig. 6C and D). Thus, peretinoin
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