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PPARY potentiates anticancer effects of gemcitabine
on human pancreatic cancer cells
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Abstract. In order to improve the prognosis of patients with
unresectable pancreatic cancer, there is an urgent need for
enhancement of the anticancer effect of gemcitabine (Gem),
a first-line drug for the disease. Here, we demonstrated that
ligands for peroxisome proliferator-activated receptor y
(PPARY) such as pioglitazone (Pio) and rosiglitazone potenti-
ated the cytotoxic action of Gem on human pancreatic cancer
cells in a dosage-dependent manner. Notably, the synergistic
effect was PPARy-dependent, since the effect was augmented
by PPARYy overexpression and was attenuated by both a PPARy
inhibitor (GW9662) and PPARYy-specific siRNA. To further
increase the collaborative effect, the histone deacetylase
(HDAC) inhibitor valproic acid (VPA), a known potentiator
for PPARY function, was added to the combinatorial treatment,
robustly inducing apoptosis mediated by highly expressed
death receptors, including Fas/CD95 and DRS. In xenograft
tumor experiments in nude mice, Gem plus Pio significantly
suppressed tumor growth as compared with the control treat-
ment, while Gem-only treatment did not. Triple treatment
with Gem, Pio, and VPA failed to demonstrate a significant
antitumor effect when compared with Gem plus Pio in the
current setting. Considered together, Gem plus PPARY ligands,
including Pio, may have therapeutic advantage in the treatment
of advanced pancreatic cancer. Since Pio is widely used in the
treatment of diabetes mellitus, it may become a feasible partner
of Gem-based chemotherapy, fine-tuning the strength of the
therapy in a dosage-dependent fashion.
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Introduction

Gemcitabine (Gem) has been a first-line chemotherapeutic drug
for unresectable pancreatic cancer for more than a decade (1,2).
Although many chemotherapeutic attempts combining Gem
with other cytotoxic or biological agents have been tested, no
obvious clinical benefit has been achieved to date (2,3). In the
post-Gem-only era for the treatment of advanced pancreatic
cancer, there is an urgent need to explore not only novel and
powerful chemotherapeutic agents, but also combinatorial drugs
with Gem that are significantly effective.

Peroxisome proliferator-activated receptor y (PPARY) is a
nuclear hormone receptor whose synthetic ligands, thiazolidine-
diones (TZDs),exhibit antiproliferative and/or apoptosis-inducing
effects on several malignant cell types (4-7), although the main
therapeutic target of the ligands is non-insulin-dependent
diabetes mellitus (NIDDM). PPARY is expressed in human
pancreatic cancer cells (8), and receptor-directed treatment
of cancer cells with TZDs, including pioglitazone and rosigli-
tazone, has been demonstrated to be valid through inducement of
differentiation, cell cycle arrest, and apoptosis (4-6). Among the
unique pharmacological effects of TZDs, an anti-inflammatory
effect via inhibition of nuclear factor-kB (NF-«kB) activity has
become the focus in the control of inflammatory diseases (9).
However, the TZD effect on NF-xB has not attracted much atten-
tion in cancer therapy. Recently, it was suggested that an NF-«B
suppressor could act as a chemosensitizer when used in combi-
nation with other conventional anticancer drugs, augmenting
apoptosis of cancer cells through suppression of survival signals
in the cells (10). Based on this rationale, we speculate that TZDs
(PPARYy ligands) harboring dual properties as anticancer drugs
and chemosensitizers could be chemotherapeutic partners of
Gem in the treatment of advanced pancreatic cancer. Here,
we report a synergistic apoptosis-inducing effect of Gem and
TZDs on human pancreatic cancer cells in a PPARy-dependent
manner both in vitro and in vivo. Furthermore, since it is known
that PPARY action is enhanced by histone deacetylase (HDAC)
inhibitors (11,12), we attempted to determine whether any addi-
tive cytotoxic effects could be obtained from triple treatment
with Gem, TZDs, and the HDAC inhibitor valproic acid (VPA),
which is an orally prescribed anti-convulsant drug.
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Materials and methods

Cell lines and cultures. Human pancreatic cancer cell lines
BxPC-3,PANC-1, and MIAPaCa-2 were obtained from American
Type Culture Collection (Manassas, VA). The cells were grown
in Dulbecco's modified Eagle's medium (Sigma-Aldrich Japan,
Tokyo, Japan) supplemented with 10% heat-inactivated (56°C,
30 min) fetal bovine serum (BioWest, Nuaill, France), 100 U/ml
penicillin, and 100 pg/ml streptomycin (Invitrogen, Carlsbad,
CA) in a humidified atmosphere of 5% CO, at 37°C.

Chemicals. Pioglitazone (Pio) was obtained from Takeda
Pharmaceutical Co. Ltd. (Osaka, Japan). Rosiglitazone (Rosi)
and gemcitabine hydrochloride (Gem) were obtained from
BioVision Research Products (Mountain View, CA) and Eli
Lilly Japan K.K. (Kobe, Japan), respectively. GW9662, a PPARy
antagonist; clofibrate, a PPARa agonist; trichostatin A (TSA), a
histone deacetylase (HDAC) inhibitor; and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich Japan. VPA, an
HDACI inhibitor, was obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

Enzyme-linked immunosorbent assay (ELISA) for NF-xB.
Nuclear extracts from cells were obtained using NE-PER®
Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, Rockford, IL). A TransAM™ NF-«kB p65 kit (Active
Motif, Carlsbad, CA) was utilized to evaluate transcriptional
activity of NF-kB semi-quantitatively according to the manufac-
turer's protocol. The developed color in the incubated samples
was measured with an ARVO™ MX (PerkinElmer Japan Co.,
Ltd., Tokyo, Japan).

Western blot analysis. Western blot analyses using 35 ug
of protein from each sample were performed as previously
described (13). The primary antibodies used were for poly(ADP)
ribose polymerase (PARP), Akt, Ser473-phosphorylated (p-)
Akt, death receptor (DR) 5, tumor necrosis factor receptor
(TNFR) 1, TNFR2, cleaved caspase-3, caspase-7, and caspase-8
(Cell Signaling Technology, Beverly, MA), PPARa, PPARY,
actin (Santa Cruz Biotechnology, Santa Cruz, CA), Fas/CD95
clone DX2 (BD Biosciences, Franklin Lakes, NJ), and Fas/
CD95 clone CH-11 (MBL, Nagoya, Japan). Cells were lysed in
lysis buffer [5S0 mmol/l Tris-HCI (pH 8.0), 150 mmol/l NaCl,
0.5% Nonidet P-40, 1 mmol/l EDTA (pH 8.0), 1 mmol/l EGTA
(pH 8.0), 0.1 mmol/I sodium fluoride (NaF), 0.1 mmol/l sodium
orthovanadate (Na;VO,), 1 mmol/l dithiothreitol, 2 g/ml apro-
tinin, and 2 g/ml leupeptin]. Cell lysates were centrifuged, and
the supernatants were separated. The protein concentration was
measured using a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA). After being boiled for 5 min in 2-mercaptoethanol, samples
containing cell lysate protein were separated on 8%, 10%, or
15% SDS-polyacrylamide gels and then transferred onto equili-
brated polyvinylidene difluoride membranes (Bio-Rad). After
skimmed milk blocking, the membranes were incubated with
the primary antibodies described above. The bound antibodies
were detected with horseradish peroxidase-labeled sheep
anti-mouse IgG or horseradish peroxidase-labeled donkey anti-
rabbit IgG (Amersham Pharmacia Biotech, Buckinghamshire,
UK) using an enhanced chemiluminescence detection system
(ECL Advance kit, Amersham). A positive signal from the target
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proteins was visualized using a LAS-1000plus image analyzer
(Fujifilm, Tokyo, Japan), and the signal intensity was determined
semi-quantitatively using an Image Gauge version 3.45 (Fujifilm).

PPARy overexpression and gene silencing. A plasmid carrying
full-length PPARYy, cDNA (FLAG-tagged) was a kind gift from
Professor Shigeaki Kato (Tokyo University, Japan) (14). For
PPARY overexpression experiments or PPARy knocking-down
experiments, BxPC-3 cells were grown to 60%-70% confluence
in 60-mm dishes. The PPARYy, cDNA plasmid was transfected
using Lipofectamine (Invitrogen). The empty vector-transfected
cells were used as the controls. In the PPARY knocking-down
experiments, cells were transfected with either 100 nM PPARy
SMARTpool siRNA or control (non-targeting; NT) siRNA
(Dharmacon, Lafayette, CO) for 24 h using Oligofectamine
(Invitrogen) according to the manufacturer's instruction. Cells
were collected 48 h after transfection and total cell lysates
were used in the Western blot analysis described above. This
experiment was performed in triplicate using independent sets
of treated samples.

Inhibition of xenografted tumor growth in nude mice by Gem,
Pio and VPA. Cultured BxPC-3 cells (107 per mouse) were
subcutaneously (s.c.) injected into the back of 5-week-old male
BALB/c athymic nude mice (Clea Japan, Osaka, Japan). At 5 to
7 days later, when the largest diameter of the tumors measured
~5-7 mm, the mice were divided into 5 groups (n=10 each) in a
manner that would equalize the mean tumor diameter between
the groups. Mice receiving Gem only were administered 20 mg/
kg of Gem in 50 ul of saline intraperitoneally (i.p.) twice a week.
Pio (25 mg/kg in 50 ul of DMSO) and VPA (50 mg/kg in 50 ul
of saline) were also administered i.p., respectively. The control
group received corresponding media. Xenografted tumor size
was measured weekly in 2 orthogonal directions using calipers,
and the tumor volume (mm?) was estimated using the equation
length x (width)? x 0.5. The mice were sacrificed at 5 weeks
after administration of the agents. All animal experiments
were conducted in accordance with the NIH Guidelines for the
Care and Use of Laboratory Animals and were approved by
the University of Kurume Institutional Animal Care and Use
Committee.

Statistical analysis. Statistical significance was assessed using
the Mann-Whitney U test. P<0.05 was considered statistically
significant.

Results

Inhibition of NF-kB by PPARy ligands. BXPC-3 cells were
treated with 1 M Gem for 0,0.5, 1 and 2 h, and then the prepared
nuclear extracts were immediately subjected to NF-kB ELISA.
Significantly higher activity was observed at 0.5 and 1 h (P<0.01)
than that observed prior to treatment, and the elevation returned
to baseline at 2 h (Fig. 1A). At 30 min, pioglitazone (10 M)
significantly attenuated the Gem-induced activation of NF-kB
(Fig. 1B).

Enhancement of Gem-induced apoptosis by PPARy ligands.
Incubation with Gem at a final concentration of 1 M for 24 h
induced apoptosis in BxPC-3 cells, displayed by increased
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Figure 1. (A) Nuclear extracts from BxPC-3 cells treated with 1 xM gemcitabine (Gem) for the indicated time were prepared, and the NF-«B transcriptional activity
in the extracts was analyzed semi-quantitatively by ELISA. “P<0.01. (B) Under the same culture condition at 30 min, pioglitazone (Pio) (10 M) significantly
attenuated Gem-induced activation of NF-xB. Control, vehicle-treated cells. “P<0.05. Error bars in (A) and (B) indicate mean (SD) obtained from 3 independent

experiments carried out in duplicate.
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Figure 2. (A) BxPC-3 cells were treated with Gem, Pio, rosiglitazone (Rosi), or combinations of Gem plus Pio or Gem plus Rosi for 24 h, and their total cell lysates
were subjected to Western blot analysis to assess cell apoptosis. Cl. cas, cleaved caspase; PARP, poly(ADP)ribose polymerase. (B) Addition of Pio and Rosi to
Gem, respectively, enhanced apoptosis in a dosage-dependent manner. (C) The apoptosis-promoting effect of Pio (10 xM) and Rosi (1 M) is also observed in
MIAPaCa-2 and PANC-1 cells, demonstrating cleavage in the caspases and PARP.

expression levels of cleaved PARP and cleaved caspase-7, an
executer caspase. Under this condition, we first screened for
possible enhancement of apoptosis in the cells exposed to Gem
with or without PPARY ligands. The PPARY ligands Pio and
Rosi clearly increased the expression levels of cleaved caspase-7,
cleaved caspase-3, and cleaved PARP at 24 h after treatment.
No clear apoptosis from single treatment with each PPARy
ligand was detected in this study (Fig. 2A). Next, we assessed
dosage-dependent enhancement of Gem-induced apoptosis by
the 2 PPARY ligands. Both Pio and Rosi promoted Gem-induced
apoptosis, resulting in a clear increase in the expression levels
of cleaved caspase-3 and cleaved PARP (Fig. 2B). Endogenous
expression of both PPARy, and PPARYy, was detected in the

untreated condition; however, the expression level of PPARYy,
(Fig. 2B; bottom band) was strikingly decreased in treatment
with Gem alone. This decrease was cancelled out by the addition
of Pio and Rosi, respectively (Fig. 2B). Similar enhancement of
apoptosis was also observed in MIAPaCa-2 and PANC-1 cells,
where cleavage in the caspases and PARP were demonstrated
(Fig. 20).

PPARy-dependent enhancement of apoptosis. To clarify
whether there was definite enhancement by Pio and Rosi of
Gem-induced apoptosis through PPARYy, we investigated the
effects of PPARYy overexpression, inhibition of PPARY function,
and specific down-regulation of PPARY expression on enhanced
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Figure 3. (A) Both empty vector-transfected cells and PPARy-overexpressing cells were treated with Gem alone or Gem plus Pio/Rosi for 24 h, and their total cell
lysates were collected to assess apoptosis by Western blot analysis. Bands for PPARY, including one that was myc-tagged (top), indicate efficient transfection of the
gene into the cells. Expression level of PPARa was unaltered by the treatments. Note robust signal for cleaved caspase-3 (Cl. cas-3) in the PPARy-overexpressing
cells treated with Gem plus Pio/Rosi. Cl. cas-7, cleaved caspase-7. (B) Cells were treated with the indicated agents and concentrations for 24 h, and whole cell lysates
were examined by Western blotting. The PPARYy antagonist GW9662 (GW) (20 xM) downregulates endogenous expression levels of PPARY and cancels out PPARy
ligand (Rosi)-dependent enhancement of apoptosis in an obvious manner. Clofibrate (Fib), a PPARa agonist, does not modulate the cytotoxic effect of Gem in the
cells. (C) NT-siRNA, non-targeting small interfering RNA. Note striking decrease in the expression levels of Cl. cas-3, Cl. cas-7, and cleaved PARP (lower bands) in
the cells co-incubated with Gem and Pio or Rosi, respectively.
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Figure 4. (A) BxPC-3 cells were simultaneously treated with Gem, Pio, and valproic acid (VPA) (mg/ml) for 24 h, and protein expressions of the indicated molecules
were examined by Western blotting. DRS, death receptor 5. The HDAC inhibitor trichostatin (TSA) (ng/ml) was used as a positive control for HDAC inhibitor-
mediated enhancement of apoptosis induced by Gem plus Pio. (B) Cells were pretreated with 1 uM Gem, 10 uM Pio, and 0.5 mg/ml VPA for 12 h, and were
subsequently co-incubated with the death receptor ligands TNFa (1 ng/ml), anti-Fas/CD95 antibody (5 ng/ml) (clone CH-11), and TRAIL (1 ng/ml), respectively.
Caspases-3 and -7 are clearly activated in the cells exposed to the ligands.
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apoptosis by Pio and Rosi (Fig. 3). PPARY overexpression by
transfection with PPARy, cDNA demonstrated 3 distinct
bands in the Western blot analysis for PPARY, indicated by the
expression of myc-tagged PPARY, (top), endogenous PPARY,
(middle), and endogenous PPARy, (bottom) (Fig. 3A). The
BxPC-3 cells were exposed to Gem alone (1 #M) or Gem plus
PPARY ligand with or without PPARY overexpression. After
24 h treatment, a striking amount of apoptosis was observed in
the PPARy-overexpressing cells treated with Gem plus PPARy
ligand, accompanied by a clear increase in the expression
levels of cleaved caspase-3 and cleaved PARP (Fig. 3A). The
expression level of PPARa in the cells was unaltered by any of
the treatments in this study. Next, we examined the functional
involvement of PPARy in the augmentation of Gem-induced
apoptosis using the PPARY antagonist GW9662 (Fig. 3B).
Simultaneous treatment with GW9662 (20 uM) cancelled
out augmentation of apoptosis by Gem plus Rosi, which was
clearly demonstrated by decreased expression levels of cleaved
caspase-7 and cleaved caspase-3. The PPARa agonist clofibrate
did not exert any synergistic effects on Gem in inducing apop-
tosis in these cells (Fig. 3B). The siRNA treatment to knock
down PPARY expression specifically suppressed expression
levels of PPARY by less than 25% of that in cells treated with the
NT siRNA or the vehicle. In concert with the forced decrease
of PPARY, expression levels by the specific siRNA treatment, a
striking decrease in the expression levels of cleaved caspase-3,
cleaved caspase-7, and cleaved PARP was observed in the cells
co-incubated with Gem and the PPARY ligands, leading to clear
attenuation in apoptosis (Fig. 3C).

Additive effects of HDAC inhibitors on the combination of Gem
and PPARy ligands. Because HDAC inhibitors are known to
enhance PPARY activity, we conducted triple treatment with
Gem, Pio, and VPA. In combination treatment with 1 M Gem
plus 10 #M Pio, VPA of up to a final concentration of 2 mg/ml
was added to the BxPC-3 cell culture medium. Enhanced apop-
tosis was observed in these cells in a VPA dosage-dependent
manner in comparison with that of the Gem plus Pio combina-
tion (Fig. 4A). Apoptosis reached near-maximum levels at
1 mg/ml VPA. From mechanistic points of view, we investigated
the protein expression levels of death receptors, including Fas/
CD95 and DRSS, and found that their expression levels were
increased by the addition of VPA (Fig. 4A). TSA (100 ng/ml)
displayed a similar protein expression profile to the apoptosis-
related molecules used in this study (Fig. 4A). To validate the
functional involvement of death receptors such as TNFRI1, Fas/
CD95, and DRS in apoptosis, the cells treated with 1 uM Gem
plus 10 #M Pio plus 0.5 mg/ml VPA were incubated with the
death receptor ligands TNFa, anti-Fas/CD95 antibody (CH-11),
and TRAIL, respectively (Fig. 4B). The 3 ligands effectively
induced apoptosis in the pancreatic cancer cells at 1 ng/ml TNFa,
5 ng/ml anti-Fas/CD95 antibody, and 1 ng/ml TRAIL, respec-
tively, clearly indicating that the VPA-induced death receptors
were functional (Fig. 4B).

Inhibition of xenografted tumor growth by Gem-based combi-
nation treatments. The anti-cancer potential of Gem-based
combination treatments in vivo was investigated in a xenograft
model in nude mice. Although treatment with Gem alone did
not result in any statistically significant decrease in tumor
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Figure 5. (A) Growth curves of BxPC-3 cell-derived xenograft tumors in nude
mice. Error bars indicate mean (SD). “P<0.05 and “P<0.01 versus control. (B)
Mean (SD) body weight of each treated mice group. Details of treatments are
described in Materials and methods.

volume during the experimental period in this study, the Gem
plus Pio treatment began to decrease tumor volume significantly
2 weeks after treatments were initiated, compared with that of
the control treatment (Fig. SA). A significant decrease in tumor
volume was also observed after 3 weeks of the triple treatment
comprising Gem, Pio, and VPA (Fig. 5A). When comparing the
tumor volume in combination treatments with that of Gem-only
treatment, the combination of Gem plus VPA and the triple
treatment of Gem, Pio and VPA caused statistically significant
decrease (P<0.05) at 5 and 6 weeks and at 6 weeks of treatment,
respectively. The tumor volume in the Gem plus VPA treatment
group was not significantly decreased in comparison with that
of the control group or the Gem-alone group at any time points.
The body weight of the mice was measured weekly to monitor
tolerance to the treatments (Fig. 5B). There was no significant
difference between all treatment groups; however, the triple
treatment group recorded lower body weight with a P=0.065
compared with that of the Gem-alone group at both 5 and 6
weeks of treatment (Fig. 5B).

Discussion
Inthe present study, we have initially demonstrated the following:

i) PPARYy stimulation by TZDs enhanced Gem-induced apop-
tosis in human pancreatic cancer cells. ii) Treatment with Gem
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plus Pio significantly inhibited xenografted tumor growth
without severe body weight loss in nude mice in comparison
to treatments with PBS (control) and with Gem alone. iii) The
HDAC inhibitor further potentiated the cytotoxic effect of the
Gem plus Pio combination by upregulating the expression of
death receptors such as TNFRI1, Fas/CD95, and DRS5 in vitro.

Responsible genes and their products have been explored with
c¢DNA microarray analysis and proteomics to overcome Gem
resistance in pancreatic cancer cells (15). However, the molecules
identified so far by these analyses may need more time prior to
their clinical application. Currently, many researchers approve
of the strategy of combining Gem with other anticancer agents,
including S-1 (16), although the prognostic outcome of the tested
combinations has not always been significantly improved (17).
One of the main reasons for the limited progress in the layered
use of multiple anticancer drugs is myelosuppression that is
more severe than that appearing in Gem-only treatment (18). To
minimize such severe toxicities and to maximize the beneficial
effects, molecular targeted drugs, including erlotinib (19), have
been included in recent clinical trials (20). Although molecular
targeted drugs displayed promising potential in the pre-clinical
phases, improvement in overall survival in phase III trials
remained marginal (21,22).

Under these circumstances, the potential of NF-kB inhibition
as another rationale for chemosensitization was evaluated in the
present study (10,23-25). Indeed, Pio and Rosi, which possess
NF-«kB-inactivating properties, augmented chemosensitivity to
Gem in pancreatic cancer cells. More importantly, the enhanced
chemosensitivity was initially found to be PPARy-dependent,
implying that the combinatorial cytotoxic effect could be
managed by adjusting the dosage of PPARy ligands admini-
stered without a great need to alter the optimal Gem dosage.
Furthermore, since the PPARY ligands (TZDs) chosen for this
study are widely used to treat NIDDM, a major complication
of pancreatic cancer (26), the combined use of TZDs with Gem
would be another feasible option for treatment of the disease in
a clinical setting.

Although inactivation of NF-«xB is generally believed to
potentiate chemosensitivity in various types of cancer cells
(10), due attention should be paid to unwanted failure of chemo-
sensitization despite NF-kB suppression (27). Since TZDs are
not professional inhibitors of NF-kB, the possibility of failure
would be anticipated and thus should be avoided, especially
when the combination treatment of Gem plus TZDs is brought
into clinical use. Therefore, to ensure and potentiate the anti-
cancer effect of the combination, we conducted stimulation with
PPARY, thereby increasing the PPARYy-dependent cytotoxic
activity of Gem. For this purpose,an HDAC inhibitor was chosen
as a partner for the combination, since the inhibitor is known
to fine-tune PPARy function through modulation of direct
interaction between PPARy and HDACs (11). As expected, the
HDAC inhibitor VPA clearly augmented the apoptosis-inducing
effect of the Gem plus TZD combination, at the very least, by
upregulating death receptors in vitro. This encouraging finding
prompted us to perform xenograft experiments with the Gem,
Pio, and VPA triple treatment. However, there was no significant
decrease in xenografted tumor volume in the triple-treatment
nude mice compared to those treated with Gem plus Pio, which
was probably due to malnutrition in the mice.
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Although the 3-drug animal experiment in this study did
not always support bedside application of the triple treatment,
it clearly depicted the advantageous effect of Gem plus Pio
combination therapy, providing insights into a novel strategy
to potentiate the effect of Gem on advanced pancreatic cancer.
In addition, from an economic point of view, it suggests that
TZD-based potentiation of Gem will be more affordable than
other methods of adding multiple anti-cancer drugs to Gem.
These points are being assessed in the phase II clinical trial
currently conducted at our hospital.
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