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Abstract

Background & Aims: Chondroitin-glucuronate C5-epimerase is an enzyme
that converts D-glucuronic acid to L-iduronic acid residues in dermatan
sulphate biosynthesis. It is also identified to be a tumour-associated antigen
recognized by cytotoxic T cells (CTLs) and its enhanced expression in many
cancers has been reported. In the present study, we investigated the
usefulness of this molecule as an immunotherapeutic target in hepatocellular
carcinoma (HCC). Methods: The expression of chondroitin-glucuronate
C5-epimerase in hepatoma cell lines and HCC tissues was confirmed by
immunofluorescence and immunohistochemical analysis. CTL responses
were investigated by several immunological techniques using peripheral
blood mononuclear cells (PBMCs) or tumour-infiltrating lymphocytes. To
determine the safety of immunotherapy using chondroitin-glucuronate
C5-epimerase-derived peptide, 12 patients with HCC were administered s.c.
vaccinations of the peptides and analysed. Results: Chondroitin-glucuronate
C5-epimerase was expressed in HCC cell lines and human tissues including
alpha-foetoprotein (AFP)-negative individuals. Chondroitin-glucuronate
C5-epimerase-specific CTLs could be generated by stimulating PBMCs of
HCC patients with peptides and they showed cytotoxicity against HCC cells
expressing the protein. The frequency of CTL precursors investigated by
enzyme-linked immunospot (ELISPOT) assay was 0-34 cells/3 x 10°
PBMCs and the infiltration of interferon-gamma-producing CTLs into the
tumour site was confirmed. In the vaccination study, no severe adverse
events were observed and the peptide-specific CTLs were induced in 4 of 12
patients tested. Conclusions: Chondroitin-glucuronate C5-epimerase is a
potential candidate for tumour antigen with immunogenicity and the
peptides derived from this antigen could be useful in HCC immunotherapy.

Hepatocellular carcinoma (HCC) is the most frequent
primary malignancy of the liver and has gained much
clinical interest because of its increasing incidence (1). It
is treatable by hepatectomy or percutaneous ablation
when the lesion is localized to some extent, and radical
therapeutic effects can be obtained when resection or
cauterization with a safety margin can be performed (2).
However, the recurrence rate is very high (3), because
active hepatitis and cirrhosis in surrounding non-
tumour liver tissues have the potential to generate HCC
de novo.

To protect against recurrence, tumour antigen-spe-
cific immunotherapy is an attractive option. Many
tumour-associated antigens and their epitopes recog-
nized by cytotoxic T cells (CTLs) have been identified
during the last two decades. However, only a few HCC-
specific tumour antigens and their antigenic epitopes
have been used for human trials (4, 5).

1516

Chondroitin-glucuronate C5-epimerase is an enzyme
that converts D-glucuronic acid to L-iduronic acid resi-
dues in dermatan sulphate biosynthesis and identical to
squamous cell carcinoma antigen recognized by T cells
2 (SART2) (6). It is expressed in many malignant
tumour cell lines and various histological types of cancer
tissues and function as tumour rejection antigens (7).
In addition, peptides containing chondroitin-glucuro-
nate C5-epimerase epitopes are capable of generating
CTLs, and therefore, have been used for immunother-
apy to treat several kinds of cancers (8, 9). These reports
suggest chondroitin-glucuronate C5-epimerase to be
useful as a target antigen in HCC immunotherapy.
Furthermore, in previous study, we compared T-cell
immune responses against the various tumour-
associated antigen (TAA)-derived peptides (10). The
results of the study showed that CTLs of HCC
patients were frequently responsive against a single
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chondroitin-glucuronate C5-epimerase-derived peptide.
Regarding tumour immunotherapy, it has recently been
reported that strong immune responses can be induced
at an earlier post-vaccination time using, as peptide vac-
cines, epitopes that frequently occur in peripheral blood
CTL precursors (11). These results also suggest that
chondroitin-glucuronate C5-epimerase is useful as a tar-
get for HCC immunotherapy.

In the present study, we examined chondroitin-
glucuronate C5-epimerase expression in various
hepatoma cell lines and HCC tissues of patients, and
analysed immune responses to the antigen using periph-
eral blood mononuclear cells (PBMCs) and tumour-
infiltrating lymphocytes (TILs). Furthermore, to
investigate the usefulness of HCC immunotherapy tar-
geting chondroitin-glucuronate C5-epimerase, we anal-
ysed the safety and cellular immune responses in the
patients vaccinated with chondroitin-glucuronate
C5-epimerase-derived peptide.

Materials and methods
Patients

Forty-four HLA-A24-positive HCC patients were exam-
ined for the expression of chondroitin-glucuronate
C5-epimerase and cellular immune responses. Twelve
HCC patients were enrolled in vaccination study.
Informed consent was obtained from each patient
included in the present study and the study protocol
conformed to the ethical guidelines of the 1975 Declara-
tion of Helsinki as reflected in a priori approval by the
regional ethics committee.

The diagnosis of HCC was histologically confirmed
by taking US-guided needle biopsy specimens in 17
cases, surgical resection in nine cases, and autopsy in five
cases. For the remaining 13 patients, the diagnosis was
based on typical hypervascular tumour staining on angi-
ography in addition to typical findings, which showed
hyperattenuated areas in the early phase and hypoatten-
uation in the late phase on dynamic CT (12). The patho-
logical grading of tumour-cell differentiation was
assessed according to the general rules for the clinical
and pathological study of primary liver cancer (13). The
severity of liver disease was evaluated according to the
criteria of Desmet et al. using biopsy specimens of liver
tissue (14). Eleven normal blood donors and 23 chronic
hepatitis C patients (11 cirrhosis) with HLA-A24, who
were diagnosed by liver biopsy, served as controls.

Cell lines

Four human hepatoma cell lines (HLF, Hep3B, HLE
and Huh7) and Paca-2, which is a pancreatic cancer cell
line, were cultured in DMEM (Gibco, Grand Island, NY,
USA) with 10% fetal calf serum (FCS) (Gibco). The
HLA-A*2402 gene-transfected C1R cell line (C1R-A24)
was cultured in RPMI 1640 medium containing 10%

Liver International (2012)
© 2012 John Wiley & Sons A/S

SART-specific T-cell responses in HCC

FCS and 500 pg/ml of hygromycin B (Sigma, St Louis,
MO, USA), and K562 was cultured in RPMI 1640
medium containing 10% FCS (15).

Immunofluorescence and immunohistochemical analysis

The expression of chondroitin-glucuronate C5-
epimerase was examined in four different Hepatoma cell
lines. A pancreatic cancer cell line (Paca 2) was used as a
positive control. They were fixed in acetone with metha-
nol for 5 min and incubated with rabbit anti-human
chondroitin-glucuronate C5-epimerase (ProteinTech
Group, Inc., Chicago, IL, USA; diluted 1:50) or mouse
anti-human AFP (Nichirei Bioscience, Tokyo, Japan)
antibody overnight at 4°C. For immunofluorescence
analyses, Alexa Fluor 488-conjugated anti-rabbit and
anti-mouse IgG (Invitrogen, Tokyo, Japan) were used
for chondroitin-glucuronate C5-epimerase and AFP
detection respectively.

The expression in HCC tissue was examined in 26
patients. Non-cancerous tissues were also obtained by a
paired liver biopsy or surgical resection from the non-
neoplastic liver tissue. The tissues were fixed in buffered
zinc formalin (Anatech Ltd, Battle Creek, MI, USA),
embedded in paraffin, sectioned (at 3 pm), and stained
with haematoxylin and eosin. The sections were depa-
raffinized, treated in a pressure cooker for 1-4 min, and
incubated with rabbit anti-human chondroitin-glucuro-
nate C5-epimerase or AFP (DakoCytomation, Inc, Car-
pinteria, CA, USA) antibody overnight at 4°C. The
tissue sections were visualized using the DAKO
EnVision™4+ System (DakoCytomation, Inc.). The
expression levels were semi-quantitatively classified into
four categories (negative to low, moderate and high;
negative: no staining, low: <20% of the area stained,
moderate: 20%-80% of the area stained, high: >80% of
the area stained).

ELISPOT assay

The PBMCs and TILs were isolated as described previ-
ously (16). ELISPOT assays were performed as reported
previously with the following modifications (16). Three
different peptides (Peptide 1; DYSARWNEI, Peptide 2;
AYDFLYNYL, Peptide 3; SYTRLFLIL) derived from
chondroitin-glucuronate C5-epimerase were used for
the detection of CTLs. Negative controls consisted of a
HIV envelope-derived peptide (HIVenvsg,) (17).
Positive controls consisted of 10 ng/ml of phorbol
12-myristate 13-acetate (PMA, Sigma) or a CMV
pp65-derived peptide (CMVpp65s55) (18). The pep-
tides were synthesized at Sumitomo Pharmaceuticals
(Osaka, Japan). The coloured spots were counted with
a KS ELISPOT Reader (Zeiss, Tokyo, Japan). The num-
ber of specific spots was determined by subtracting the
number of spots in the absence of an antigen from the
number in its presence. Responses to peptides derived
form chondroitin-glucuronate C5-epimerase in HCC
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patients were considered positive if the number of spe-
cific spots was more than the mean + 3SD of that in
normal donors and if the number of spots in the pres-
ence of an antigen was at least two-fold greater than
the number in its absence. Responses to peptides HI-
Venvsg, and CMVpp65;,5 were considered positive if
more than 10 specific spots were detected and if the
number of spots in the presence of an antigen was at
least two-fold that in its absence. ELISPOT assays were
also performed in 12 patients whose PBMCs were
available for analysis at 2—4 weeks after RFA.

CTL induction and Cytotoxicity assay

Peptide 3 (SYTRLFLIL), which corresponds to HLA-
A24-restricted CTL epitope (7, 19), was used to pro-
duce chondroitin-glucuronate C5-epimerase-specific T
cells. CTLs were expanded from PBMCs as detailed
previously (16). C1R-A24 cells and human hepatoma
cell lines were used as targets. Cytotoxicity assay was
performed by chromium-release assay. Percent cytotox-
icity was calculated as previously described (16). For the
assay using hepatoma cell lines, cytotoxicity was consid-
ered positive when it was higher than that of CTLs
against K562 which shows non-specific lysis.

Vaccination study

Twelve HLA-A24-positive HCC patients who were trea-
ted by radiofrequency ablation (RFA) and obtained
complete necrosis of tumour with safety margin were
enrolled in this vaccine study (Trial registration:
UMINO000004540). They were vaccinated with peptide 3
(SYTRLFLIL) into the subcutaneous tissue of the armpit
4 weeks after RFA. The peptide utilized in the present
study was prepared under conditions of Good Manufac-
turing Practice (NeoMPS, San Diego, CA, USA). One
millilitre of the peptide, which was supplied in vials con-
taining 0.04—4 mg/ml sterile solution, was mixed with
an equal volume of incomplete Freund’s adjuvant
(Montanide ISA-51; Seppic, Paris, France) and emulsi-
fied in 5-ml syringes. 1.5 ml of the preparing peptide
was injected and the patients received three biweekly
vaccinations. Toxicity was assessed every 2 weeks using
the National Cancer Institute’s Common Toxicity Crite-
ria. To evaluate the immunological effect, ELISPOT
assay was performed before and 4 weeks after the final
vaccination. Responses to vaccination were considered
positive if more than 10 specific spots were detected and
if the number of spots after vaccination was at least two-
fold than before vaccination. After final vaccination,
HCC recurrence was evaluated by dynamic CT or MRI
every 3 months.

Statistical analysis

Data are expressed as the mean + SD. The Mann—Whit-
ney’s U-test was used for statistical analyses of
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chondroitin-glucuronate C5-epimerase expression in
HCC and non-cancerous liver tissues. The x* test with
Yates® correction and the unpaired ¢-test were used for
univariate analysis of the effect of variables on the T-cell
response against chondroitin-glucuronate C5-epimerase.
Alevel of P < 0.05 was considered significant.

Results

Expression of chondroitin-glucuronate C5-epimerase in
hepatoma cell lines and HCC tissues

Chondroitin-glucuronate C5-epimerase was expressed in
all hepatoma cells (Fig. 1a) and its cellular distribution
was cytoplasmic, similar to that in Paca-2, a pancreatic
cancer cell line reported to express the protein (7). The
expression was observed even in the hepatoma cell lines
not expressing AFP, namely HLF and HLE.

The expression of chondroitin-glucuronate C5-epim-
erase in HCC tissues was examined in 26 HCC patients.
A representative result for one HCC patient is shown in
Fig. 1b. In this case, the expression of chondroitin-glu-
curonate C5-epimerase was observed in HCC tissue but
not in non-cancerous areas. In addition, AFP was not
detected in HCC tissue. To compare the expression lev-
els of this protein between cancerous and non-cancer-
ous tissues, the expression was semi-quantitatively
classified into four categories as described in materials
and methods, and analysed. The expression levels were
higher in HCC tissue than in the non-cancerous tissue
(P < 0.0001) (Fig. 1c). The expression in liver tissue
was also observed in the patients with chronic hepatitis
and cirrhosis (Control), however, the expression levels
were lower than those in HCC tissue (P = 0.0137). The
expression of chondroitin-glucuronate C5-epimerase
and AFP in HCC tissue was observed in 26 (100%) and
12 (46%) of 26 patients respectively (Fig. 1d). The
expression of chondroitin-glucuronate C5-epimerase
was observed even in the HCC tissues without AFP
expression.

Detection of chondroitin-glucuronate C5-epimerase-
specific T cells by IFN-y ELISPOT analysis

The clinical profiles of the 11 healthy normal donors, 12
patients with chronic hepatitis C, 11 patients with cir-
rhosis and 44 patients with HCC analysed in the present
study are shown in Table 1.

To determine whether a significant number of T cells
specifically reacted with the chondroitin-glucuronate
C5-epimerase-derived peptides (peptide 1, 2 and 3) in
HCC patients, ELISPOT assays were performed using
PBMCs from 11 healthy donors (Fig. 2a). The number
of specific spots was 1.0 = 1.3, 1.5 + 1.3 and 1.0 & 1.4/
3 x 10° PBMCs respectively. Similarly, cells that specifi-
cally reacted with the peptides were counted among
chronic hepatitis C and cirrhosis patient-derived
PBMCs. Regarding a value larger than the mean + 3SD
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Fig. 1. Expression of chondroitin-glucuronate C5-epimerase. (a) immunofluorescence analysis for the expression of chondroitin-glucuronate
C5-epimerase in hepatoma cell lines. Original magnification, x400. (b) Immunohistochemical analysis for the expression of chondroitin-glu-
curonate C5-epimerase and AFP in sequential non-cancerous and HCC tissue sections. Original magnification, x200 (left) and x400 (right).
(c) Analysis of chondroitin-glucuronate C5-epimerase expression levels among the three groups (HCC; tumour tissue in HCC patients,
Non-tumour; non-tumour tissue in HCC patients, Control; liver tissue in disease control groups). Closed and open circles show the level of
chondroitin-glucuronate C5-epimerase expression in the patients with cirrhosis and chronic hepatitis respectively. (d) The expression of
chondroitin-glucuronate C5-epimerase was also compared with AFP expression in HCC tissues.

of the number of T cells that specifically reacted
with the peptide in healthy donor-derived PBMCs as a
significant response, 1 of 23 (4.3%) patients showed a
significant response to each of the chondroitin-glucuro-
nate C5-epimerase-derived peptides (Fig. 2a).

In the same analysis of HCC patients, 10.8, 16.2 and
27.0% of the patients showed significant responses to
peptide 1, 2 and 3 respectively (Fig. 2b). A significant
response specific to CMVpp65s,5 was detected in
36.4%, 34.8% and 45.9% of healthy donors, disease con-
trol groups and HCC patients, respectively, with no sig-
nificant difference among the three groups. On the
other hand, no significant response to HIVenvsg, was
observed in all groups.

To clarify the clinical characteristics of chondroitin-
glucuronate C5-epimerase-specific T-cell responses in
HCC patients, the clinical background was compared
between patients who showed positive responses to
chondroitin-glucuronate C5-epimerase-derived peptides
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and those who did not. The clinical features of both
groups were not statistically different in terms of age,
gender, serum AFP levels, differentiation of HCC,
tumour multiplicity, vascular invasion, TNM factors
and stages, histology of the non-tumour liver, liver
function and the type of viral infection (Table 2). Chon-
droitin-glucuronate C5-epimerase-specific T cells had
been generated even in the early stages of HCC.

Next, to examine the existence of chondroitin-glu-
curonate C5-epimerase-specific T cells among TILs, we
performed a similar analysis in another seven patients
from whom samples of both PBMCs and TILs could be
obtained. In the assay using PBMCs and TILs, four of
seven (57.1%) and five of seven (71.4%) patients, respec-
tively, showed significant responses to chondroitin-glu-
curonate C5-epimerase-derived peptide (peptide 3)
(Fig. 3a). A positive T-cell response in TILs was
observed even in one patient without a positive T-cell
response in PBMCs (patient 39).
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Table 1. Characteristics of the patients studied

TNM stage

Vascular
Invasion

(+-)

Diff. degree®

(wel/mod
/por/ND)

(mamaaiis/

NCAV)
ND

Tumour multiplicity
(multiple/solitary)

Tumour size®
(large/small)

Child-Pugh
(A/B/C)
ND

ALT (U/L)  AFP(ng/ml)  Aetiology

Mean £ SO Mean £SD  Mean £ SD

gender Age (yr)

No. of

Clinical

(B/C/Others)

ND

patients M/F

diagnosis

ND

ND ND

ND
ND

35+2 ND ND

8/3

1

Normal donors

ND ND

ND

ND

ND
ND

12/0/0

0/12/0
E

104 + 119 12+4

7/5 54 + 11

12

11

Chronic hepatitis
Liver cirrhosis

HCC

ND

ND
25/19

ND

6/5/0
28/14/2

79 + 140
1629 + 7874  8/34/2

83 %73
67 + 32

60 + 11

5/6

13/17/5/
1/2/6

12/32

29/15

11/17/3/13

35/9 66 + 8

44

@Histological degree of HCC; wel: well-differentiated, mod: moderately differentiated, por: poorly differentiated, ND: not determined.

BTumour size was divided into either ‘small’ (< 2 cm) or ‘large’ (>2 cm).
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Cytotoxic activity of chondroitin-glucuronate
C5-epimerase-specific CTLs against hepatoma cell lines

Whether the chondroitin-glucuronate C5-epimerase-
derived peptides used were capable of generating pep-
tide-specific CTLs from PBMCs was investigated in 18
HCC patients. The CTLs specific to chondroitin-glucur-
onate C5-epimerase could be induced in 8 of 18 (44.4%)
patients (Fig. 3b and c). They exhibited cytotoxicity
against hepatoma cell lines with the HLA-A24 molecule
and expression of chondroitin-glucuronate C5-epimer-
ase, that correspond to HLF and HLE, but not against
Hep3B and Huh?7 cells without HLA-A24 (Fig. 3d).

Clinical safety of chondroitin-glucuronate C5-epimerase-
derived peptide and its immunological effects

The clinical profiles of the 12 HCC patients with vacci-
nation are shown in Table 3. The treatment was well-
tolerated and there were no treatment-related serious
adverse events. The most common adverse event was
grade 1 injection-site reaction manifesting as pain,
pruritus, skin induration and rubor. The worsening of
hepatitis or liver function was not observed in any of
the vaccinated patients.

In the analysis of ELISPOT assay using PBMCs of
patients with vaccination, 4 patients demonstrated an
immune response (Fig. 4a and Table 3). All of the
patients that responded were immunized with 3.0 mg of
peptide. None of the patients immunized with 0.03 or
0.3 mg of peptide showed an enhancement of peptide-
specific immune response. The enhancement of immu-
nological response to HIVenvsg, and CMVpp65;,5 was
not observed in any patients except patient A2.

To examine whether similar occurs for the immune
response in HCC patients with only RFA, we analysed
chondroitin-glucuronate C5-epimerase-derived pep-
tide-specific T-cell responses in 12 HCC patients with-
out vaccination, whose PBMCs were available for
analysis at 2—4 weeks after RFA. In this analysis, we
observed an increase of the frequency of chondroitin-
glucuronate C5-epimerase-derived peptide-specific T
cells in 2 of 12 patients (Fig. 4b). The frequency of the
patients who showed an increase in the number of
chondroitin-glucuronate  C5-epimerase-derived pep-
tide-specific T cells was higher in the patients with vac-
cination of 3 mg of peptide (66.7%) than in those
without vaccination (16.7%).

Finally, we examined the HCC recurrence rate after
RFA between the patients with and without the peptide-
specific CTL response to examine the clinical effect of
an increase of chondroitin-glucuronate C5-epimerase-
derived peptide-specific CTLs after vaccination. In the
analysis, the recurrence rate in the patients with an
increase in the peptide-specific CTLs after vaccination
(two of four patients, 50%) was lower than that in the
patients without immune response (six of eight patients,
75%) at 300 days after RFA, although there was no sta-
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Fig. 2. Immune responses of chondroitin-glucuronate C5-epimerase-specific T cells. (a) IFN-y ELISPOT assay of PBMCs to chondroitin-glucur-
onate C5-epimerase-derived peptides (peptides 1, 2 and 3: solid bars) or control peptides (peptides HIVenvsg, and CMVpp653,g: open and
grey bars respectively) in normal donors and disease control groups. “N” denotes normal donors. “C*” denotes the patients with chronic
hepatitis. “L” denotes the patients with cirrhosis. % shows the ratio of the patients who showed positive responses. *denotes more than 30
specific spots. (b) IFN-y ELISPOT assay in HCC patients. *denotes more than 30 specific spots.
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Table 2. Univariate analysis of the effect of variables on the T-cell response against chondroitin-glucuronate C5-epimerase

Patients with positive

Patients without positive

T-cell response T-cell response P-value®

No. of patients 15 22

Age (years)® 64.6 +9.8 687 +59 NS
gender(M/F) 14/1 15/7 NS
AFP (ng/ml) 3569.7 + 13070.0 580.7 + 2394.2 NS
Diff. degree of HCC 3/7/5 8/6/8 NS

(well/moderate or poor/ND)*

Tumour multiplicity (multiple/solitary) 10/5 13/9 NS
Vascular invasion (+/-) 5/10 6/16 NS
TNM factor

(T1/T2-4) 411 8/14 NS
(NO/NT) 14/1 22/0 NS
(MO/MT) 13/2 20/2 NS
TNM stage (MI-IV) 411 8/14 NS
Histology of non-tumour liver (LC/Chronic hepatitis) 12/3 20/2 NS
Liver function (Child A/B/C) 11/4/0 13/7/2 NS
Aetiology (HCV/HBV/Others) 11/3/1 20/1/1 NS
T-cell response against to CMV pp653,g (+/-) 9/6 9/13 NS

ANS: not significant.
PData are expressed as the mean = SD.
°ND: not determined.

tistical significance owing to the small number of
patients.

Discussion

Many tumour-associated antigens and their epitopes
capable of inducing HLA-class I-restricted CTLs have
been identified in various cancers. Some of the epitopes
have been under investigation for the treatment of can-
cer, with major clinical responses in some trials (11,
20-22).

With regard to immunotherapy for HCC, AFP is
considered a useful tumour-associated antigen and
AFP-derived peptides have actually been used in clinical
trials (5, 23—-25). However, in general, the production of
AFP depends on the size of the tumour, with AFP
expressed in only 0—40% of HCCs less than 30 mm in
size (26). Therefore, for immunotherapy for HCC in
cases where AFP is not expressed in tumour tissue, it is
necessary to identify other tumour-associated antigens.

In the present study, the expression of chondroitin-
glucuronate C5-epimerase was observed in all of the
HCC tissues examined and independent of differential
degree, size, TNM stage and the expression of AFP in
the tumour. These results suggest the advantage of this
antigen as a target for immunotherapy of HCC.

On the other hand, the expression of this protein was
also observed in non-cancerous tissue of HCC patients,
although less frequently and at lower levels than in HCC
tissue. Our results are consistent with the recent finding
that chondroitin-glucuronate C5-epimerase is expressed
in some normal tissues including liver tissue (6). Such
results imply that immunotherapy targeting chondroitin-
glucuronate C5-epimerase may have adverse effects on

1522

liver tissue expressing the protein. Therefore, we next
examined the existence and specificity of chondroitin-glu-
curonate C5-epimerase-specific CTLs in HCC patients.

The presence of chondroitin-glucuronate C5-
epimerase-recognizing CTLs has been reported as
SART2-specific CTLs in lung, gastric and pancreatic
cancer patients (7, 27, 28). However, to our knowledge,
there has been no report of the presence of chondroitin-
glucuronate C5-epimerase-specific CTLs in HCC
patients except our recent study using only one SART2-
derived peptide (10). In this study, we used three differ-
ent HLA-A24 restricted peptides which were previously
identified and derived from naturally processed squa-
mous cell carcinoma antigen. The HLA-A24 allele is
found in 60% of Japanese (29), and therefore, to use
HLA-A24-restricted peptides has the advantage of anal-
ysing CTL responses to tumour-associated antigens in
Japanese patients.

We showed that chondroitin-glucuronate C5-epimer-
ase-specific CTLs could be generated by stimulating
PBMCs with peptides, and the CTLs were cytotoxic to
hepatoma cell lines. Chondroitin-glucuronate C5-epim-
erase-specific immune responses were observed fre-
quently only in HCC patients and the frequency of CTLs
was higher in HCC patients than control groups, indicat-
ing that the immune responses are specific to HCC. Fur-
thermore, the CTLs were also detected among TILs,
suggesting that they infiltrate the tumour. Based on these
findings, we confirmed that chondroitin-glucuronate
C5-epimerase-specific CTL precursors exist in HCC
patients and the immune responses are specific for HCC.

In previous study, we reported that the frequency of
TAA-derived peptide-specific CTLs in HCC patients
was 0-92 cells/3 x 10°> PBMCs and the frequency of the
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Fig. 3. Characteristics of chondroitin-glucuronate C5-epimerase-specific CTLs. (a) IFN-y ELISPOT assay of PBMCs and TILs to one of the
chondroitin-glucuronate C5-epimerase-derived peptide (peptide 3) in seven HCC patients. Open and solid bars show the frequency of chon-
droitin-glucuronate C5-epimerase-specific T cells in PBMCs and TILs respectively. *denotes 114 specific spots. **denotes 42 specific spots.
(b) Representative results of the CTL assay. The closed and open circles show the cytotoxicity against C1R-A*2402 cells pulsed with and with-
out a peptide respectively. (c) CTL assays (E/T ratio of 50:1) were performed in 18 HCC patients. Solid bars show the result for one patient.
The results are shown as specific cytotoxic activity, which was calculated as follows: (cytotoxic activity in the presence of peptide) - (cytotoxic
activity in the absence of peptide) and considered positive when higher than 10%. (d) Cytotoxicity of chondroitin-glucuronate C5-epimer-
ase-specific T-cell lines derived with peptides was also measured against hepatoma cell lines. The cytotoxicity was considered positive when
it was higher than that against K562 which shows non-specific lysis (E/T ratio of 50:1).

patients who showed immune responses to each peptide
was 0-19% (10). In the present study, the frequency of
chondroitin-glucuronate  C5-epimerase-derived pep-
tide-specific CTLs in HCC patients was 0-30 cells/
3 x 10° PBMCs and the frequency of the patients who
showed immune responses to the peptides was 11-27%.
These results show that the frequencies of chondroitin-
glucuronate C5-epimerase-specific CTLs in PBMCs and
the patients with CTLs responsive to the TAA are very
similar to those of previously identified immunogenic
TAA-derived epitopes and suggest that the antigen and
its CTL epitope are immunogenic. In addition, the CTLs
were generated even in the early stages of HCC. These
results suggest the advantages of using chondroitin-glu-
curonate C5-epimerase-derived peptides as a vaccine for
immunotherapy of HCC.

Liver International (2012)
© 2012 John Wiley & Sons A/S

For the next step to investigate the usefulness of
chondroitin-glucuronate C5-epimerase as an immuno-
therapeutic target in HCC, we examined the safety and
efficacy of chondroitin-glucuronate C5-epimerase-
derived peptide as a cancer vaccine. In previous studies
using chondroitin-glucuronate C5-epimerase-derived
peptides for several cancers, they were reported to be
safe. However, most patients with HCC have chronic
liver disease. Therefore, safety of the peptide vaccine
should be confirmed in the patients with chronic hepati-
tis or cirrhosis. The present vaccination study included
nine patients with chronic liver diseases (four chronic
hepatitis and five cirrhotic patients) confirmed by
histological examination and there was no severe
adverse event in all patients vaccinated. The induction
of chondroitin-glucuronate C5-epimerase-specific CTLs

1523

- 160 -



SART-specific T-cell responses in HCC Mizukoshi et al.

Table 3. Patient characteristics

Peptide Stageof ALT  AFP Child-Pugh  Histology Immune  Toxicity
Patient Dose(mg) Age gender Aetiology HCC (UL (ng/ml) (A/B/C) of liver Treatment response (grade)
Al 0.03 73 F HCV | 26 12 A FAA2 RFA - Pa(1)
A2 0.03 78 F HCV | 45 10 B FAA2 RFA - P(1)
A3 0.03 59 M NBNC Il 30 10 A ND RFA - None
B1 0.3 79 M HCV | 40 61 A F3A1 RFA — R(1), S(1)
B2 0.3 72 M NBNC 1l 24 66 A ND RFA - R(1), S(1),

: P(1), H(D)

B3 0.3 78 M HCV Il 45 10 A F3A2 RFA - P(1)
C1 3.0 67 M HCV | 111 49 A F3A1 RFA + P(1), S(1)
Cc2 3.0 73 M NBNC | 30 5 A ND RFA — None
c3 3.0 78 F HCV | 23 24 A FAA2 RFA + P(1)
c4 3.0 75 M HBV | 21 15 A F3A1 RFA + R(1), P(1)
c5 3.0 49 M HBV | 18 14 A FAA1 RFA + None
cé 3.0 69 F HBV I 42 84 A F4A2 RFA - Pa(1)

H, headache; Pa, pain; P, pruritus; R, rubor; S, skin induration.
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Fig. 4. IFN-y ELISPOT assays of PBMCs to chondroitin-glucuronate C5-epimerase-derived peptide (peptide 3) or control peptides (peptides
HIVenvsgq and CMVpp653,g) in HCC patients with RFA. (a) The assays were performed in the patients with peptide 3 vaccination. White and
black bars show the T-cell responses before and after vaccination respectively. (b) The assays were also performed in the patients without
vaccination. White and black bars show the T-cell responses before and after RFA respectively. *denotes more than 50 specific spots.
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was observed in four of six (66.7%) patients vaccinated
with 3 mg of peptide, which is similar to the frequency
of responded patients reported in other peptide vaccina-
tion studies (11, 20).

Apart from induction of CTLs, the efficacy of chon-
droitin-glucuronate C5-epimerase-derived peptides as a
vaccine for advanced HCC is still unclear. In previous
vaccine studies for advanced HCC, AFP, hTERT and
glypican-3 have been targeted as tumour-associated
antigens for the treatment (25, 30-32). In these studies,
peptide-specific CTLs were reported to be induced in 10
—80% of vaccinated patients. However, in spite of the
induction of peptide-specific CTLs, it has been reported
that the anti-tumour effect was very limited. Recent
studies have shown that the frequency of myeloid-
derived suppressor cells (MDSCs) and regulatory T cells
(Tregs) is increased in HCC patients and the cells
inhibit the function of T cells (33, 34). Therefore, con-
trolling their function might be important to develop
more effective vaccination for advanced HCC.

In contrast, other recent studies using chondroitin-
glucuronate C5-epimerase-derived peptides for other
advanced cancers have shown the induction of cellular
immune responses and clinical responses for certain
patients (9, 11). In the analysis of the prognosis of
patients with RFA and chondroitin-glucuronate
C5-epimerase-derived peptide vaccination in the present
study, the recurrence rate in the patients with an increase
in the peptide-specific CTLs after vaccination was lower
than that in the patients without immune response.
Although further studies are necessary to evaluate the
efficacy of chondroitin-glucuronate C5-epimerase-
derived peptides for HCC, the results of our study sug-
gest that chondroitin-glucuronate C5-epimerase is a
potential candidate for a target of HCC immunotherapy.

In conclusion, chondroitin-glucuronate C5-epimer-
ase is a potential candidate for a tumour antigen with
immunogenicity, and peptides derived from the protein
would be useful for immunotherapy in cases of HCC.
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Acyclic Retinoid Targets Platelet-Derived Growth Factor
Signaling in the Prevention of Hepatic Fibrosis and
Hepatocellular Carcinoma Development
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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. In vitro, peretinoin repressed the expression of PDGF receptors ¢/ 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-B 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) Pdgfc 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 (n = 31 for the basal diet group, n = 37 for the
0.03% peretinoin group, and 7 = 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 Pdgf-c 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% v-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-cis-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 (GEO; 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-o (1:100 dilution), PDGFR-B (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 GenElute 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 TagMan 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-
ly (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);
0-SMA (1:200 dilution; DAKQ); 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 l-way analysis of variance with Bonferroni's
method, and differences were considered statistically signi-
ficant at P < 0.05.

Resulls

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 (Pdgf-c 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-a. and PDGFR-f, 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 Pdgf-c 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. S;
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 Pdgf-c 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, feeding schedule 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 (n = 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 I, 111, IV, V, VI, integrin, decorin, TGF-BRII, 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 S4).
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To examine the molecular network consisting of differen-
tially expressed genes in Pdgf-c 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. S5) including interactions between represen-
tative growth factors, receptors (PDGFR and TGFBR), and
transcriptional factors. Of these genes, the transcriptional
factors Spl and Apl seem to be key regulators in the network
(Supplementary Fig. S5).

Peretinoin inhibits PDGFR ir vitro

Gene expression profiling landscaped the dynamic changes
of signaling pathways in Pdgf-c 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-0, 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 pwmol/L peretinoin, as determined by an MTS cell prolifer-

ation assay (data not shown). Peretinoin dose-dependently
inhibited the expression of PDGFR-o. and PDGFR-$ in Huh-7,
HepG2, HLE, NIH3T3, HUVEC, and Lx-2 cells, whereas no
obvious expression of PDGFR-0. 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-c,, PDGFR-B, and VEGFR2, was also
dose-dependently repressed. The expression of collagen 1a2
was significantly repressed by peretinoin in Lx-2, HLE, and
Huh-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 Spl.

Peretinoin inhibits hepatic angiogenesis in
Pdgf-c Tg mice

The effect of peretinoin on liver angiogenesis in Pdgf-c Tg
mice was further analyzed. IHC staining of Pdgf-c Tg mouse
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Figure 3. A, RTD-PCR analysis of PDGFR-0, PDGFR-B, 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 abasal 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 VEGFRI 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 Pdgf-c 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 VEGFR1 (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 Tg mice 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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No obvious change was observed in the liver of WT
mice fed with 0.06% peretinoin for 48 weeks (top left).
Fibrosis and steatosis were observed in the liver of c
Pdgf-c Tg mice fed a basal diet for 20 weeks (top right).
Multiple tumors developed (white arrows) in the liver of
Pdgf-c Tg mice fed a basal diet for 48 weeks (bottom
left). Suppression of tumor development in the liver of
Pdgf-c Tg mice fed a 0.06% peretinoin diet for

48 weeks (bottom right).
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seems to inhibit angiogenesis in the liver of Pdgfc Tg
mice, which might prevent the development of hepatic
tumors.

Peretinoin inhibits canonical Wnt/[3-catenin signaling
in Pdgf-c Tg mice

The activation of the Wnt/B-catenin signaling pathway is
seen in 17% to 40% of patients with primary HCC (23, 24).
Moreover, recent reports suggested an interaction between
PDGF signaling and Wnt/B-catenin signaling (25-27).
We evaluated Wnt/B-catenin signaling in Pdgf-c Tg mice

and showed by IHC staining that (-catenin was overex-
pressed in the submembrane at week 48 (Fig. 7A). Peretinoin
significantly reduced this expression (Fig. 7A and B), and
Western blotting revealed that accumulation of B-catenin
in the nuclear fraction of liver tumor tissues was more
preferentially repressed by peretinoin than in the cyto-
plasmic fraction, although expression was repressed in both
fractions (Fig. 7C). Wnt ligand (Wnt5a) and frizzled receptor
(Fzd1) expression was significantly upregulated in hepatic
tumors compared with normal liver (Fig. 7D). These
results together suggest that canonical Wnt/B-catenin
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signaling is activated in hepatic tumors and repressed by
peretinoin.

Growth factors such as PDGF or HGF potentially activate
Wnt/B-catenin signaling (26, 28), which promotes cancer
progression and metastasis. We evaluated whether such
growth factor signaling could be repressed by peretinoin in
hepatic tumors. The expression of c-myc, B-catenin, Tie2,
Fit-1, and Flk-1 were significantly upregulated from 1.5- to
4-fold in hepatic tumors compared with normal liver, and
this expression was significantly repressed by peretinoin.
Similarly, the expression of PDGFR-0, PDGFR-P, collagen
1a2, collagen 4a2, tissue inhibitor of metalloproteinase 2
(TIMP2), and cyclin D1 was substantially upregulated from
5- to 15-fold in hepatic tumors, and significantly repressed
by peretinoin (Fig. 7D). Thus, growth factor signaling as well
as canonical Wnt/B-catenin signaling in hepatic tumors
seems to be repressed by peretinoin. These results explain

the inhibitory effect of peretinoin in the development of HCC
in Pdgf-c Tg mice.

Discussion

HCC often develops in association with liver cirrhosis and its
high recurrence rate leads to poor patient prognosis. Indeed,
the 10-year recurrence-free survival rate after liver resection for
HCC with curative intent was shown to be only 20% (29).
Therefore, there is a pressing need to develop effective pre-
ventive therapy for HCC recurrence to improve its prognosis.

Peretinoin, a member of the acyclic retinoid family, is
expected to be an effective chemopreventive drug for HCC
(11, 12, 30) as shown by a previous phase II/11I trial in which
600 mg peretinoin per day in the Child-Pugh A subgroup
reduced the risk of HCC recurrence or death by 40% [HR =
0.60 (95% CI, 0.40-0.89); ref. 31]. However, further clinical
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