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Although peroxisome proliferator-activated receptor gamma (PPARc) agonist have been
shown to inhibit hepatocellular carcinoma (HCC) development, the role of PPARc in hep-
atocarcinogenesis remains unclear. We investigated the therapeutic efficacy of PPARc
against HCC. PPARc-deficient (PPARc1/2) and wild-type (PPARc1/1) littermates were
used in a diethylnitrosamine (DEN)-induced HCC model and treated with PPARc agonist
(rosiglitazone) or the vehicle alone for 8 months. The effects of PPARc on HCC cell
growth and apoptosis were examined using PPARc-expressing adenovirus (Ad-PPARc).
PPARc1/2 mice were more susceptible to DEN-induced HCC than PPARc1/1 mice (94%
versus 62%, P < 0.05), and rosiglitazone significantly reduced the incidence of HCC in
PPARc1/1 mice (vehicle 62% versus treatment 24%, P < 0.01), but not in PPARc1/2

mice, indicating that PPARc suppresses hepatocellular carcinogenesis. A pronounced
expression of PPARc was observed in a HCC cell line (Hep3B) infected with Ad-PPARc.
Such induction markedly suppressed HCC cell viability (P < 0.01). Further, Hep3B infec-
tion with Ad-PPARc revealed a decreased proportion of cells in S-phase (12.92% versus
11.58%, P < 0.05), with arrest at G2/M phase (38.2% versus 55.68%, P < 0.001), and
there was concomitant phosphorylation of the key G2/M phase inhibitors cdc25C and
cdc2. PPARc overexpression increased cell apoptosis (21.47% versus 35.02%, P < 0.01),
mediated by both extrinsic (Fas and tumor necrosis factor-a) and intrinsic (caspase-9, cas-
pase-3, caspase-7, and poly[ADP-ribose] polymerase) pathways. Moreover, PPARc directly
induced a putative tumor suppressor gene, growth differentiation factor-15. Conclusion:
Loss of one PPARc allele is sufficient to enhance susceptibility to HCC. PPARc suppresses
tumor cell growth through reducing cell proliferation and inducing G2/M phase arrest, ap-
optosis, and up-regulating growth differentiation factor-15. Thus, PPARc acts as a tumor-
suppressor gene in the liver. (HEPATOLOGY 2010;51:2008-2019)

H
epatocellular carcinoma (HCC) remains the
third leading cause of cancer death world-
wide.1 The prognosis of HCC is poor with

mortality almost equalling incidence1 with limited

effective treatment options. Thus, there is a compelling
need for a novel strategy that will improve the treat-
ment of HCC and ultimately increase the survival of
patients with HCC.

Abbreviations: ACOX, acyl-coenzymeA oxidases; Ad-PPARc, adenovirus-expressing PPARc; APAF, apoptotic protease activating factor; cDNA, complementary
DNA; ChIP, chromatin immunoprecipitation; DEN, diethylnitrosamine; FACS, fluorescence-activated cell sorting; Fn, fibronectin; GDF15, growth differentiation
factor 15; HCC, hepatocellular carcinoma; MOI, multiplicity of infection; PARP, nuclear enzyme poly(ADP-ribose) polymerase; PCNA, proliferating cell nuclear
antigen; PCR, polymerase chain reaction; PI, propidium iodide; PPARc, peroxisome proliferator-activated receptor gamma; PTEN, phosphatase and tensin
homolog; TBXA2R, thromboxane A2 receptor; TNF, tumor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; WT,
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The peroxisome proliferator-activating receptor c
(PPARc) is a member of the nuclear receptor super-
family of transcription factors. The role of PPARc in
the onset and treatment of cancer has been the focus
of recent attention. PPARc agonists inhibit the prolif-
erative activity of neoplastic cells, suppress the growth
of human tumor xenografts in nude mice,2,3 and
reduce the frequency of spontaneous and carcinogen-
induced preneoplastic and neoplastic lesions in ani-
mals,2-5 which is indicative of the tumor suppressor
effects of PPARc.2 These observations have prompted
phase II clinical trials using PPARc agonists as novel
therapy for patients with liposarcoma, colon, breast,
and prostate cancer.5,6 Our group and others have pre-
viously demonstrated the antitumorigenic effects of
PPARc agonists in several liver cancer cell lines.7,8

PPARc agonist stimulation induced cell cycle arrest
and apoptosis and inhibited the growth of liver cancer
cells.9-12 Thus, these findings support the hypothesis
that PPARc may act as a potent tumor suppressor in
hepatocarcinogenesis. Of note, the antitumor effects of
PPARc agonists may be mediated via PPARc-depend-
ent and PPARc-independent pathways,2,13 but the role
of PPARc itself in hepatocarcinogenesis is still unclear.
To elucidate the role of PPARc in its therapeutic ef-

ficacy against HCC, diethylnitrosamine (DEN) was
used to induce primary liver cancer in PPARc wild-
type (PPARcþ/þ) and PPARc heterozygous-deficient
(PPARcþ/�) mice, followed by treatment with the
PPARc agonist rosiglitazone. We also examined the
functional significance of endogenous PPARc overex-
pression in human HCC cells using an adenovirus-
PPARc construct.

Materials and Methods

Animals and Experimental Design. All homozy-
gous PPARc knockout animals were embryonically le-
thal due to placental dysfunction. We therefore used
PPARc heterozygous-deficient mice (PPARcþ/�) in
this study. PPARc-deficient (PPARcþ/�) mice were
kindly supplied by Professor Frank J. Gonzalez (Center
for Cancer Research, National Cancer Institute, Be-
thesda, MD). The generation of the transgenic mice
was described previously.9 Genotyping was done by

means of polymerase chain reaction (PCR). Animals
were housed in an air-conditioned room under a 12-
hour light/12-hour dark cycle and allowed free access
to food and water.
Mice of age 15 days received a single intraperitoneal

injection of DEN (5 mg/kg body weight; Sigma Chemi-
cal Co., St. Louis, MO) and then were randomly treated
with or without the selective PPARc agonist rosiglita-
zone (200 ppm) in their food (GlaxoSmithKline,
Research Triangle Park, NC) for up to 8 months for
male mice and 10 months for female mice. Because of
known sex differences that could confound HCC devel-
opment, our subsequent studies were confined to male
mice only. The numbers of mice in the four experimen-
tal groups were: group 1 (PPARcþ/þ mice received
DEN), 13; group 2 (PPARcþ/� mice received DEN),
17; group 3 (PPARcþ/þ mice received DEN and rosigli-
tazone), 14; and group 4 (PPARcþ/� mice received
DEN and rosiglitazone), 13. At the end of treatments,
blood was collected by cardiac puncture under anesthe-
sia. Livers were rapidly excised and weighed. The pres-
ence and dimensions of surface nodules were evaluated
and recorded. Liver was cut into strips of 2-3 mm thick-
ness to examine the presence of macroscopically visible
lesions. HCCs were confirmed histologically by an expe-
rienced pathologist (K.F.T.) from either grossly or histo-
logically evident nodules. The appearance of adenoma
or high-grade dysplasia nodule was not accounted in this
study. All experiments in the current study were con-
ducted in accordance with guidelines by the Animal
Experimentation Ethics Committee of the Chinese Uni-
versity of Hong Kong.
Human HCC Cell Culture. The human HCC cell

line (Hep3B) was obtained from the American Type
Culture Collection (ATCC, Manassas, VA). Hep3B cells
were cultured in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum (Invitrogen, Carlsbad,
CA) and penicillin (200 U/mL), and were maintained
at 37�C in a humidified atmosphere with 5% CO2.
Adenovirus-Mediated PPARc Gene Transfer. Re-

combinant adenovirus containing the mouse PPARc1
complementary DNA (cDNA) (Ad-PPARc) under reg-
ulation of the cytomegalovirus (CMV) promoter, and
recombinant adenovirus containing E. coli b-galactosi-
dase gene (Ad-LacZ) as control adenovirus vector were
generous gifts from Dr. J. K. Reddy (Department of
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Pathology, the Feinberg School of Medicine, North-
western University, Chicago).
Adenovirus was propagated, isolated in human em-

bryonic kidney 293 (HEK293) cells, and purified with
Adeno-X Virus Purification kit (Clontech, Mountain
View, CA). Titer of the viral solution was determined
by Adeno-X Rapid Titer kit (Clontech). The virus
with titer range from 1.0 � 109 to 1.0 � 1010 plaque
forming units (pfu)/mL was stored at �80�C until
use. Adenoviral infections were carried out at various
multiplicities of infection (MOI) which was deter-
mined by monitoring cytopathic effect after transfec-
tion. The transfection effect was monitored and
counted for X-gal (bromo-chloro-indolyl-galactopyra-
noside) staining under microscope.
X-gal Staining. X-gal staining was performed to

confirm LacZ gene transduction according to the man-
ufacturer’s instructions (X-gal Staining Assay Kit; Gen-
lantis, San Diego, CA).
Construction of Growth Differentiation Factor 15

Expression Vector and Transient Transfection. The
entire coding sequence of growth differentiation fac-
tor 15 (GDF15) cDNA was cloned and inserted into
the pCMV6 vector (OriGene, Rockville, MD).
Hep3B cells were grown to 70%-90% confluence.
The pCMV6-GDF15 and control vector (pCMV6)
were then added to culture medium along with Lipo-
fectamine 2000 (Invitrogen) at a ratio of 1:3 accord-
ing to the manufacturer’s instructions (OriGene) and
cultured for 24, 48, and 72 hours, respectively. The
maximum transfection efficiency was observed at 48
hours.
Cell Viability Assay. Cell viability was determined

by [3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
(Promega, Madison, WI). Briefly, cells (4.5 � 103/
well) were seeded in 96-well plates and infected with
Ad-PPARc or Ad-LacZ, treated with or without rosi-
glitazone. After treatment, 20 lL of reaction solution
was added to cultured cells in 100 lL culture medium
and incubated at 37�C for 1.5 hours. The optical den-
sity was measured at a wavelength of 490 nm using a
Victor3 multilabel counter (PerkinElmer, Fremont,
CA).
Cell Cycle Analysis. After treatment, cells were

trypsinized, washed in phosphate-buffered saline, and
fixed in ice-cold 70% ethanol-phosphate-buffered sa-
line. DNA was labeled with propidium iodide (PI).
The cells were then sorted by FACScan analysis (Bec-
ton Dickinson, Franklin Lakes, NJ), and cell cycle pro-
files were determined using the ModFitLT software
(Becton Dickinson, San Diego, CA).7

Cell Apoptosis Assay. Apoptosis was analyzed by PI
staining for sub-G1 DNA analysis and terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphos-
phatase nick-end labeling (TUNEL) assay.7,14 Nuclei
with clear brown staining were regarded as TUNEL-
positive apoptotic cells. The apoptosis index was calcu-
lated as the percentage of TUNEL-positive nuclei after
counting at least 1000 cells.14

Western Blot Analysis. Total protein was extracted
and protein concentration was measured by the
method of Bradford (DC protein assay; Bio-Rad Labo-
ratories, Hercules, CA). Protein (30 lg) from each
sample was used for Western blotting as described.7

Bands were quantified by scanning densitometry.
PPARc Binding Activity Assay. To determine opti-

mal PPARc transcription factor DNA binding activity
in HCC cells, rosiglitazone was used to stimulate
PPARc/DNA binding activity. Confluent Hep3B cells
were exposed to rosiglitazone at various concentrations
(10, 50, and 100 lM) at various time points (1, 2, 3,
4, 6, 8, 12, 15, 24 hours) during culture. Precise
PPARc/DNA binding activity in nuclear extracts was
determined by an enzyme-linked immunosorbent
assay-based method (Cayman Chemical, Ann Arbor,
MI). The optimal PPARc activation was obtained in
Hep3B cells under the treatment with 100 lM rosigli-
tazone for 3 hours.
Oligonucleotide Microarray and Analysis. Gene

expression profiles of cells with highest PPARc binding
activity under treatment with rosiglitazone and control
untreated cells were obtained by oligonucleotide
microarray analysis using the Stanford Functional
Genomics Facility and protocols (www.microarray.org).
DNA microarrays contained 41,125 cDNA clones and
represented approximately 24,473 unique genes. The
cDNAs were amplified and spotted on glass slides in
duplicate by using a robotic arrayer. Total RNA
(100lg) was labeled by reverse transcription in the
presence of Cy5(red)-labeled or Cy3(green)-labeled nu-
cleotides (Amersham Biosciences, Piscataway, NJ). Two
labeled RNAs were competitively hybridized to the
microarray, and the signals were analyzed by using a
GenePix 4000A scanner (Axon Instruments, Molecular
Devices, Palo Alto, CA). Quantitation was performed
by using GenePix Pro 5.0 (Axon Instruments).
Chromatin Immunoprecipitation. Chromatin im-

munoprecipitation (ChIP) assay was performed on
Hep3B cells, infected by 75 MOI Ad-PPARc or Ad-
LacZ as control using EZ-Magna ChIP A kit (Milli-
pore, Billerica, MA). Chromatin DNA fragments were
precipitated with 10 lg PPARc antibody (Santa Cruz
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Biotechnology). The DNA was then de-crosslinked
and extracted from the DNA-protein complex. The
immunoprecipitated DNA was subjected to ChIP-PCR
validation.
Semiquantitative ChIP-PCR. To confirm the pres-

ence of PPARc binding on promoter targets, we
performed ChIP-PCR using four known PPARc-re-
sponsive targets, including Acyl-coenzymeA oxidases
(ACOX), phosphatase and tensin homolog (PTEN), fibro-
nectin (Fn), and thromboxane A2 receptor (TBXA2R).
Immunoprecipitated DNAs were amplified with pri-
mers (Supporting Table 1) flanking the consensus
sequences of the PPARc-responsive elements. After
confirming that PPARc binds to the above promoters,
we demonstrated the success of ChIP against PPARc.
Expression of growth differentiation factor 15 (GDF15)
promoter was detected in ChIP DNA samples with
primer sequences listed in Supporting Table 1.
The final PCR products were electrophoresed on
1.5% agarose gels and photographed under ultraviolet
light.
Immunohistochemistry for GDF15 and Ki-

67. GDF15 and Ki-67 were detected in paraffin-em-
bedded liver sections using the specific antibodies
and an avidin-biotin complex immunoperoxidase
method.14 The proliferation index was determined by
counting the numbers of cells staining positive for
Ki-67 as percentages of the total number of tumor
cells. At least 1000 tumor cells were counted each
time.
cDNA Synthesis and Reverse Transcription PCR. Total

RNA was extracted from frozen liver tissues and cell
pellets with RNA Trizol reagent (Invitrogen, Carlsbad,
CA). The messenger RNA (mRNA) expression level of
the target gene was determined by reverse transcription
PCR (RT-PCR).7

Statistics. Data were expressed as mean 6 standard
deviation (SD). Nonparametric data between two
groups was computed by chi-squared test or Fisher
Exact test. Multiple group comparisons were made by
one-way analysis of variance after Bonferroni’s correc-
tion or Kruskal-Wallis test where appropriate. The dif-
ference for two different groups was determined by
Mann-Whitney U test. A P value of less than 0.05 was
considered statistically significant.

Results

PPARc Insufficiency Accelerates Hepatocarcinoge-
nesis. Because PPARc�/� mice were embryonically le-
thal, PPARcþ/� animals and their wild-type (WT) lit-
termates, PPARcþ/þ, were studied. DEN induced

HCC development at 8 months (Fig. 1A). DEN
induced 62% (8/13) of liver cancer in PPARcþ/þ mice
(Fig. 1B) with increased tumor prevalence in PPARcþ/�

mice (94%, 16/17, P < 0.05). Moreover, the average
number of tumors per animal was 2.4-fold higher in
PPARcþ/� than in WTmice (P < 0.05; Fig. 1C). Rosi-
glitazone treatment significantly attenuated the number
and size of HCCs in WT mice compared with the
PPARcþ/� mice (Fig. 1B,C). Thus, PPARc insuffi-
ciency appears to enhance DEN-induced hepatocarci-
nogenesis in mice, while conferring refractoriness to
rosiglitazone treatment. No differences in macroscopic
and histologic features of HCCs were observed between
WT and PPARc-deficient mice treated with or without
rosiglitazone, as evaluated by a pathologist (K.F.T.).
Proliferative activity in HCCs from WT and

PPARcþ/� mice was determined by Ki-67 immuno-
staining, whereas the apoptotic index was quantified
using TUNEL. HCCs from PPARcþ/� mice displayed
significantly greater proliferative activity (28% 6 4.9%
versus 22% 6 2.5%, P < 0.005; Fig. 2A-C), and
reduced apoptotic cell death compared with WT litter-
mates (1.4% 6 0.4% versus 4.8% 6 1.7%, P <
0.001; Fig. 2D-F).
Overexpression of PPARc Reduces Cell Prolifera-

tion and Induces Cell Cycle Arrest in Human HCC
Cells. To elucidate the role of PPARc in human HCC
cells, Hep3B was transfected with PPARc via an ade-
novirus carrying PPARc (Ad-PPARc), or Ad-LacZ as a
control. X-gal staining was used to indicate the gene
transfer efficiency over 24, 48, and 72 hours. The
extensive transduction (>80%) was achieved at 72
hours in the Hep3B cell line (Fig. 3A). The expression
of PPARc was markedly induced in Ad-PPARc-treated
cells in a dose-dependent manner, but not in Ad-
LacZ-treated cells (Fig. 3B). Because induction of
PPARc expression was demonstrated after its agonist
stimulus,2,7 we tested the effects of rosiglitazone on
expression of PPARc. Rosiglitazone treatment of trans-
fectants resulted in a further enhancement of PPARc
expression (Fig. 3C).
The effect of PPARc overexpression on cell viability

of Hep3B cells was then analyzed by MTS assay. Ad-
PPARc transfection suppressed cell viability in a dose-
dependent and time-dependent fashion (Fig. 4A,B)
compared with Ad-LacZ controls. In addition, cotreat-
ment of Hep3B cells with Ad-PPARc and rosiglitazone
had an additive effect of reducing cell viability in
Hep3B cells (Fig. 4C). Fluorescence-activated cell sort-
ing (FACS) analysis of PPARc-transfected Hep3B cells
(Fig. 5A) revealed a significant reduction in the num-
ber of S phase cells compared to LacZ-transfected cells
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Fig. 1. PPARc insufficiency in-creases susceptibility to DEN-induced hepatocarcinogenesis. (A) Typical gross morphology of liver tumors from DEN-
treated PPARc deficient (PPARcþ/�) or wild-type (PPARcþ/þ) male mice supplemented with or without rosiglitazone (Ros) at 8 months. (B) Representa-
tive microscopic features of HCC in hematoxylin and eosin (H&E)-stained liver sections of mice. Arrows indicate microscopic HCC. (C) HCC incidence in
different treatment groups, and (D) The number of HCCs per mouse was counted and expressed as mean6 SD.

Fig. 2. (A-C) Cell proliferation in HCCs of PPARcþ/þ (A) and PPARcþ/� (B) mice by Ki-67-positive cells. (C) Quantitative assessment of cell
proliferative index by Ki-67-positive cells at �400 magnification. The percentage of proliferating cells was calculated from randomly selected
HCC fields. At least 1000 cells were counted in five random fields from one to four tumors per mouse, and the percentage of Ki-67-positive cells
was then calculated as cell proliferative index. (D-F) Cell apoptosis in HCCs of PPARcþ/þ (D) and PPARcþ/� (E) mice by TUNEL staining. (F)
Quantitative assessment of apoptosis by TUNEL-positive cells at �400 magnification. The counting method is the same as the cell proliferative
index. Data are mean 6 SD, 5-6 mice/group. *P < 0.01, **P < 0.001.
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(P < 0.01) (Fig. 5B). To confirm the inhibitory effect
of PPARc on cell proliferation, we evaluated proliferat-
ing cell nuclear antigen (PCNA) expression by Western
blot of HCC cells and observed a diminution of
PCNA by PPARc (Fig. 5C). Concomitant with this
inhibition of cell proliferation, there was a significant
increase in the number of cells accumulating in the
G2/M phase (P < 0.01) (Fig. 5D). Other regulators of
the cell cycle were also assessed. Overexpression of
PPARc in Hep3B cells induced phosphorylation of the

protein phosphatases cdc25C and cdc2 (known as
Cdk1), a crucial mediator in inhibiting the G2/M phase.
However, the G0/G1-phase regulators p21Wat1/Cip1 and
p27Kip1 were unchanged (Fig. 5E). Thus, PPARc overex-
pression reduced cell proliferative capacity with a G2/M
cell cycle arrest.
PPARc Induces Apoptosis via Both Extrinsic and

Intrinsic Apoptotic Pathways. In order to determine
whether the decrease in cell proliferation observed was
due to an induction of apoptosis, the cellular apoptotic

Fig. 3. Induction of PPARc protein expression in Hep3B cells transfected with Ad-PPARc. (A) Representative images displayed the viability of
the Adv-LacZ-infected Hep3B cells (75 MOI) by X-gal staining for the indicated time periods. Ad-LacZ-transduced cells exhibited bright blue stain-
ing indicative of successful transfer and expression of the b-galactosidase gene. (B) Representative Western blots demonstrating PPARc protein
induction in Hep3B cells infected with either Ad-PPARc or Ad-LacZ (control) at MOI of 50, 75, and 100, respectively. (C) Representative Western
blots of PPARc protein expression in Hep3B cells infected with Ad-PPARc (75 MOI) in the presence or absence of PPARc agonist rosiglitazone
(Ros) (50 lM) at 72 hours. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein was used as the internal control. PPARc protein levels
(normalized to GAPDH) were measured by scanning densitometry. Data are mean 6 SD (n ¼ 3/group), *P < 0.05.

Fig. 4. PPARc inhibited the growth of liver cancer cells. (A) Cell viability of Hep3B cells after infection with various MOIs of Ad-PPARc or Ad-
LacZ (control) for 72 hours as determined by MTS assay. *P < 0.05, **P < 0.01, cells infected with Ad-PPARc versus infected with Ad-LacZ.
(B) Cell viability of Hep3B cells after infection with Ad-PPARc or Ad-LacZ at a MOI of 75 over time intervals. (C) Hep3B cells infected with Ad-
PPARc or Ad-LacZ at a MOI of 75 in the presence or absence of different concentrations of rosiglitazone at 72 hours. *P < 0.05, **P < 0.01,
cells infected with Ad-PPARc versus infected with Ad-LacZ; #P < 0.05, rosiglitazone-treated Ad-LacZ-infected cells versus the cells infected with
Ad-LacZ only; $P < 0.01, rosiglitazone-treated Ad-PPARc-infected versus the cells infected with Ad-PPARc only. Data are means 6 SD (n ¼ 6).
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rate was appraised using annexin-V-fluorescein isothio-
cyanate (FITC)/PI by flow cytometry. The number of
apoptotic cells at 72 hours following Ad-PPARc trans-
fection was substantially increased compared to Ad-
LacZ control cells (P < 0.001; Fig. 6A,B); this infers
that apoptosis concomitant with cell cycle arrest
induced by PPARc was a plausible cause leading to the
growth inhibition in PPARc-expressing HCC cells.
To further define the molecular basis of cell death

in the tumor cells, we assessed the apoptosis markers,
Fas, Bax, apoptotic protease activating factor 1 (APAF-
1), P63, caspase-3, caspase-7, caspase-8, caspase-9, and
nuclear enzyme poly(ADP-ribose) polymerase (PARP)
by Western blot and tumor necrosis factor alpha
(TNFa), TNF-related apoptosis-inducing ligand-DR4
(TRAIL-DR4), and TRAIL-DR5 by RT-PCR. Overex-
pression of PPARc enhanced Fas, TNF-a, and cleaved
caspase-8, which are proapoptotic mediators for the

extrinsic apoptotic pathway; induced Bax and APAF-1,
and cleaved caspase-9, caspase-3, caspase-7, and PARP,
which are proapoptotic regulators for the intrinsic apo-
ptotic pathway; and up-regulated p63 (Fig. 6C,D).
PPARc Up-Regulates GDF15 Expression. There

was a 10-fold increase in the abundance of GDF15 in
Hep3B under PPARc agonist (rosiglitazone) activation
by cDNA expression array analysis. In order to investi-
gate the effect of PPARc on GDF15, Hep3B cells were
transfected with Ad-PPARc or Ad-LacZ for varying
time periods. Enhanced expression of GDF15 mRNA
(Fig. 7A) and protein (Fig. 7B) were observed in Ad-
PPARc-transfected cells compared with Ad-LacZ con-
trols. This effect occurred in a time-dependent manner.
Ectopic Expression of GDF15 Suppresses Prolifer-

ation and Induces Apoptosis in Hep3B Cells. To
investigate whether changes in GDF15 levels were
associated with tumor suppressive properties, we

Fig. 5. Effect of PPARc on cell proliferation and cell cycle regulation. Hep3B cells were infected with 75 MOI Ad-PPARc or Ad-LacZ for 72
hours. (A) Representative histogram plots of the flow cytometry analysis. (B) Cell proliferation was calculated as the fraction of cells in S phase
determined by flow cytometry. (C) PCNA protein expression was determined by Western blot, and GAPDH was used as loading control. (D) The
number of cells in G2/M phase was determined by flow cytometry. Values are mean 6 SD from four replicate experiments. *P < 0.05, **P <
0.01. (E) Effects of PPARc on protein expression of cell cycle regulators phospho-cdc25C, phospho-cdc2, p21Wat1/Cip1, and p27Kip1 by Western
blot. GAPDH was used as loading control.
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investigated the effect of ectopic expression of GDF15
on cell proliferation and apoptosis. Our results showed
that cell viability was significantly reduced after a 48-
hour transfection of pCMV/GDF15 compared with
transfection of empty pCMV vector in Hep3B cells
(83 6 13 versus 100 6 9; P < 0.05). Immunoblot
analysis of protein extracts derived from pCMV/
GDF15-transfected Hep3B cells showed a corrobora-
tive reduction in PCNA expression compared with the
empty pCMV vector (Fig. 7C), whereas there was a
significant enhancement in the number of apoptosis
cells by flow cytometry (Fig. 7D).
PPARc Functionally Interacts with GDF15 in

Hep3B Cells and In Vivo. To evaluate whether the
observed PPARc-mediated induction of GDF15 expres-
sion was under direct modulation of the transcriptional
activity of its promoter, the interaction of PPARc with
the GDF15 gene promoter was investigated by ChIP
assay. Hep3B chromatin was immunoprecipitated with
the anti-PPARc antibody. PCR was used to determine
the recruitment of PPARc to the GDF15 promoter

region. PPARc was weakly constitutively bound to the
GDF15 promoter in Ad-LacZ-treated cells; this recruit-
ment was increased by Ad-PPARc treatment (Fig. 7E).
The presence of PPARc binding on promoter targets
was validated and confirmed by ChIP-PCR on four
well-known PPAR-responsive targets: PTEN, ACOX,
Fn, and TBXA2R (Fig. 7E).15-18

To ascertain the functional interaction of PPARc and
GDF15 in liver tumorigenesis in vivo, we examined the
expression of GDF15 by immunohistochemistry in
HCCs and adjacent normal liver from WT and
PPARcþ/� mice. In DEN-treated WTmice, GDF15 im-
munostaining was present in normal liver with compara-
tively weaker expression in tumor tissue (Fig. 8A). In
contrast, normal hepatocytes from PPARcþ/� mice dis-
played minimal GDF15 staining with a paucity of
expression in corresponding HCCs (Fig. 8B). PPARc
treatment with rosiglitazone stimulated GDF15 expres-
sion by immunostaining (Fig. 8C). Immunohistochem-
istry findings were confirmed by Western blot (Fig. 8D).
These results suggest that loss of GDF15 is associated

Fig. 6. PPARc-induced cell apo-
ptosis. Hep3B cells were infected
with 75 MOI Ad-PPARc or Ad-LacZ
for 72 hours. (A) The effect of
PPARc overexpression on apoptosis
was determined by FACS using
annexin V apoptosis assay. (B)
Annexin V-positive apoptotic cells
was significantly increased in Ad-
PPARc-infected cells compared with
Ad-LacZ-infected cells. Values are
mean 6 SD from four replicate
experiments. *P < 0.001. (C) Pro-
tein expression of FAS, Bax, apo-
ptotic protease activating factor 1
(APAF-1), p63, cleaved caspase-3,
caspase-7, caspase-8, caspase-9,
and nuclear enzyme poly(ADP-
ribose) polymerase (PARP) was
evaluated by Western blot. GAPDH
was used as loading control. (D)
The mRNA expression of TNF-a,
TRIAL-DR4, and TRIAL-DR5 was
examined by RT-PCR. GAPDH was
used as internal control.
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with liver carcinogenesis whereas restoration of GDF15
leads to the attenuation of HCC development.

Discussion

Although activation of the PPARc signaling pathway
by the agonist troglitazone has been shown to inhibit
growth and induce differentiation and apoptosis in
human HCC cell lines,7 there have been no studies to
mechanistically define the role of PPARc in hepatocar-
cinogenesis. Using a DEN-induced murine model of
HCC, we demonstrated that the loss of one PPARc al-
lele significantly enhanced liver carcinogenesis. Our
results are consistent with other mouse models of solid
organ malignancies such as stomach,19 intestine,20 and
thyroid,21 where PPARc haploinsufficiency increased
the susceptibility to carcinogen-induced tumors com-
pared with WT animals. Moreover, our group has pre-
viously shown that human HCCs display impaired

PPARc expression.7 Others have reported reduction in
PPARc protein expression in lung, breast and colon
cancers, where expression was highest only in normal
tissue with sequential reduction from benign to pre-
neoplastic and malignant tissues,22-24 implying that
PPARc regulates tumor progression. However, one
report showed increased expression of PPARc in and
around the HCC tumors by immunohistochemistry.25

This contradictory result remains to be resolved by
using a specific antibody on larger samples. This study
demonstrates the efficacy of rosiglitazone, a commer-
cially available PPARc agonist, in attenuating DEN-
induced HCC. Rosiglitazone significantly suppressed
HCC development only in WT mice, unlike their het-
erozygous littermates. Together, these findings suggest
that PPARc plays a tumor-suppressive role in hepato-
carcinogenesis. Considering a recent report showing
higher serum concentrations of the physiological
PPARc agonist 15-deoxy-delta(12,14)-prostaglandin J2

Fig. 7. (A) Semiquantitative RT-PCR evaluation of GDF15 mRNA expression in Hep3B cells transfected with Ad-PPARc or Ad-LacZ (75 MOI) for
72 hours. (B) Immunoblots of GDF15 from Hep3B cells transfected with Ad-PPARc or Ad-LacZ (75 MOI) at the indicated time intervals, GAPDH
was used as loading control. (C) The Hep3B cells were transfected with GDF15-expressing (pCMV6/GDF15) or empty vector (pCMV6) for 48
hours; forced expression of GDF15 protein level were observed by Western blot. Concomitant with the induction of GDF15, expression of PCNA
was decreased. GAPDH was used as the internal control. (D) Ectopic expression of GDF15 significantly increased apoptosis in Hep3B cells by
annexin V-FITC and PI, as analyzed by flow cytometry. Values are mean 6 SD from five replicate experiments. *P < 0.05, pCMV6/GDF15
treated versus pCMV6 vector. (E) Functional interaction between PPARc and GDF15 promoter. Hep3B cells were treated with PPARc (75 MOI) for
72 hours, then crosslinked with formaldehyde and lysed. The soluble chromatin was immunoprecipitated with the anti-PPARc antibody. Two pairs
of primers were designed to detect the peroxisome proliferator response element (PPRE)-containing promoter region of GDF15. To control input
DNA, GDF15 promoter was amplified from the initial preparations of soluble chromatin (before immunoprecipitations). To confirm the presence of
PPARc binding on promoter targets, we also performed ChIP-PCR using four well-known PPAR-responsive targets, including phosphatase and ten-
sin homolog (PTEN), Acyl-CoA oxidases (ACOX), fibronectin (Fn) and thromboxane A2 receptor (TBXA2R).
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(a natural PPARc agonist) in patients with HCC com-
pared with healthy controls,26 and the fact of the
interaction of PPARc with its physiological agonist,
therapeutic attempts to induce PPARc expression may
show synergistic activity with the use of PPARc ago-
nists for HCC therapy.
To better define the effect of endogenous transacti-

vation of PPARc in liver carcinogenesis, we examined
its functional consequences by overexpression in the
human HCC cell line Hep3B. The choice of human
HCC Hep3B cells for this study was based on two
observations: (1) higher transfection efficiency of Ad-
PPARc and Ad-LacZ in Hep3B compared with other
HCC cell lines (e.g., HepG2), and (2) previous dem-
onstration of rosiglitazone’s efficacy in inhibiting tu-
mor cell growth in this cell line.7 In this study,
increased PPARc expression led to the inhibition of
cell growth in a time-dependent and dose-dependent
manner. In the presence of the PPARc agonist rosigli-
tazone, a more pronounced diminution in Hep3B cell
viability was observed, lending further support to its
role in inhibiting HCC development. To further inves-
tigate the mechanism by which PPARc regulates cell
growth, we performed FACS; cell cycle distribution
analysis revealed significantly more Ad-PPARc cells
were arrested in the G2/M phase, with a concomitant
reduction in cellular proliferation compared with Ad-
LacZ controls.

To explore the molecular mechanism underlying
G2/M phase arrest, we studied the regulatory proteins
that controlled the G2/M checkpoint in the cell cycle.
G2/M phase arrest by PPARc was associated with
Cdc25C phosphatase activation by Ser216 phosphoryl-
ation. After phosphorylation, Cdc25C is known to
bind to members of the 14-3-3 proteins, sequestering
it into the cytoplasm, thereby preventing premature
mitosis.27 Cdc25C also plays a critical role in the de-
phosphorylation of Cdc2 on Tyr15; Cdc2 is a major
kinase involved in G2/M cell cycle control and the
entry of all eukaryotic cells into mitosis,28 and inhibi-
ting Cdc25C activity may result in the Tyr15 phos-
phorylation and inactivation of Cdc2. Cell cycle arrest
caused by the overexpression of p53 has been associ-
ated with induction of p21 and p27.29 Troglitazone
was associated with induction of p27, but not p21 in
Hep3B cells.7 The reason for the inability of enhanced
PPARc to induce p21 and p27 in Hep3B cells could
be explained by p53 deletion in this cell line. The
mechanism of troglitazone-mediated p27 induction is
likely to be independent of PPARc.
A disruption in the balance between cellular prolifer-

ation and apoptosis may contribute to the initiation
and progression of cancer.30 In contrast, resistance of
apoptosis is a likely requirement for cancer cell mainte-
nance.31 The induction of apoptosis in Hep3B cells by
PPARc was also observed concomitantly with the

Fig. 8. (A-C) GDF15 expression by immunohistochemistry in DEN-treated WT and PPARcþ/� HCCs and adjacent normal liver tissue at 8
months. (A) WT mice treated with DEN display intense staining of GDF15 in the adjacent normal hepatocytes, whereas loss of GDF15 expression
is noted in subpopulations of neoplastic hepatocytes. (B) PPARcþ/� mice treated with DEN exhibit decreased GDF15 immunostaining in normal
hepatocytes relative to WT mice with minimal expression in HCCs. (C) In WT mice treated with DEN and rosiglitazone, expression of GDF15 was
seen in HCCs. T, tumor area; N, adjacent normal liver tissue. (D) GDF15 expression in WT and PPARcþ/� mice by Western blot.
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inhibition of cellular proliferation, whereby apoptosis
was executed by two major apoptotic pathways: the ex-
trinsic death receptor-triggered apoptotic pathway and
the intrinsic mitochondrial caspase-dependent pathway.
PPARc enhanced expression of Fas and TNF-a, which
initiated an external signal and activated the extrinsic
apoptosis pathway through the Fas-associated death do-
main. This pathway is mediated by activation of cas-
pase-8, an initiator caspase, followed by direct cleavage
of downstream effector caspases. Meanwhile, the intrin-
sic apoptotic pathway was also stimulated by PPARc,
which induced the transcription of Bax and the release
of caspase-activating proteins into the cytosol, resulting
in the activation of the APAF-1. The APAF-1 then
formed an activation complex with caspase-9. The acti-
vated caspase-9 triggered downstream caspase effectors
including caspase-3 and caspase-7 to initiate a caspase
cascade. These effectors further stimulated the proteo-
lytic cleavage of PARP, which facilitates cellular disas-
sembly and undergoes apoptosis. Overexpression of
PPARc in multiple myeloma cells32 and thyroid carci-
noma cells31 has also been shown to markedly affect
their susceptibility to apoptosis via increased caspase-3
activity and PARP cleavage.32 The tumor suppressor
gene p63, a sensor of DNA damage,33 was up-regu-
lated upon PPARc stimulation. Thus, heightened
PPARc expression may diminish HCC development by
up-regulating apoptotic cell death pathways.
Oligonucleotide microarray analysis was used to

identify potential novel target genes of PPARc. Among
the genes up-regulated by PPARc, GDF15 (also known
as NAG1, MIC-1, PLAB), a member of the TGF-b
superfamily, was predominant. Increased expression of
GDF15 protein was confirmed by Western blot in
Hep3B cells transfected with Ad-PPARc. Overexpres-
sion of GDF15 in Hep3B cells led to inhibition of cell
growth, proliferation and induction of apoptosis. Simi-
lar effects have been observed in several types of cancer
cells such as lung,34 prostate,35 and colon cancer.36

Further, transfection of GDF15 cDNA in a xenograft
animal model has resulted in the inhibition of lung
cancer and glioblastoma development.31,37 These find-
ings suggest a possible mechanism by which PPARc
suppresses HCC growth. Using the observed interac-
tion between PPARc and GDF15 promoter in a ChIP
assay, we validated and confirmed the presence of
PPARc binding on promoter targets of four known
response genes PTEN, ACOX, Fn, and TBXA2R.
Because GDF15 is considered a tumor suppressor gene
that is capable of inducing transcriptional up-regula-
tion of other antitumorigenic genes, the precise down-
stream pathways by which it mediates such effects are

worthy of future studies. Having observed the direct
interplay of PPARc and GDF15 in vitro, we studied
PPARc and GDF15 protein expression in vivo. Down-
regulation of GDF15 appears to be associated with
HCC development and such low levels of expression
may be reversed by exogenous rosiglitazone in WT
mice. These observations were consistent with in vitro
findings in Hep3B cells.
In conclusion, PPARc can function as a tumor-sup-

pressor gene in hepatocarcinogenesis. PPARc inhibited
tumor cell growth through suppressing cell prolifera-
tion, inducing G2/M arrest and apoptosis, and up-reg-
ulating GDF15.
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