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Abstract

The present study examined the expression and role
of the thiazolidinedione (TZD)-activated transcription
factor, peroxisome proliferator-activated receptor -~
(PPARY), in human bladder cancers. In situ hybridiza-
tion shows that PPARy mRNA is highly expressed in
all human transitional epithelial cell cancers (TCCa’s)
studied (n=11). PPARy was also expressed in five
TCCa cell lines as determined by RNase protection
assays and immunoblot. Retinoid X receptor o (RXRa),
a 9-cis-retinoic acid stimulated (9-cis-RA) heterodi-
meric partner of PPARy, was also co-expressed in all
TCCa tissues and cell lines. Treatment of the T24
bladder cancer cells with the TZD PPARy agonist
troglitazone, dramatically inhibited 3H-thymidine incor-
poration and induced cell death. Addition of the RXR«
ligands, 9-cis -RA or LG100268, sensitized T24 bladder
cancer cells to the lethal effect of troglitazone and two
other PPAR~ activators, ciglitazone and 15-deoxy-
A'214.pGJ2 (15dPGJ,). Troglitazone treatment in-
creased expression of two cyclin-dependent kinase
inhibitors, p21WAFCIP1 and p16'NK4, and reduced cyclin
D1 expression, consistent with G1 arrest. Troglitazone
also induced an endogenous PPARy target gene in
T24 cells, adipocyte-type fatty acid binding protein (A-
FABP), the expression of which correlates with
bladder cancer differentiation. In situ hybridization
shows that A-FABP expression is localized to normal
uroepithelial cells as well as some TCCa’s. Taken
together, these results demonstrate that PPAR~y is
expressed in human TCCa where it may play a role in
regulating TCCa differentiation and survival, thereby
providing a potential target for therapy of uroepithelial
cancers.
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Introduction

The peroxisome proliferator-activated receptor v (PPAR~) is
a member of the nuclear receptor superfamily and in
combination with retinoid X receptor o (RXRa), a 9-cis-
retinoic acid (9-cis -RA) receptor, forms a heterodimer which

activates gene transcription and mediates terminal differ-
entiation of adipocytes [1]. PPAR~ is expressed in high levels
not only in adipocytes, but in several other tissues, including
kidney, ureter and urinary bladder, stomach, ileum, and
spleen [2,3]. The expression of PPAR~ in nonadipose tissues
suggests additional roles for this nuclear receptor unrelated
to adipogenesis. Since the discovery of specific ligands for
PPAR~, including antidiabetic thiazolidinediones (TZD), 15-
deoxy-A'2"*.PGJ2 (15dPGJ,), nonsteroid anti-inflammatory
drugs (NSAIDs), and some polyunsaturated fatty acids [4—6],
evidence supporting a role for PPAR~ in terminal differentia-
tion of monocyte/macrophage [7] human liposarcoma and
human breast cancer cells has been reported [8,9]. TZDs,
such as pioglitazone, induce complete terminal differentiation
of liposarcoma cells with withdrawal from cell cycle [8]. The
PPAR~ activators, troglitazone, and pioglitazone, have also
recently been shown to induce differentiation and reduce
growth rate in cultured breast and colon cancer cells and
tumor-bearing mice [9—12]. These data suggest that PPAR~y
activation may play an important role in tumorigenesis in
nonadipose cells.

Recently, we and others have reported that PPAR~ is
highly expressed in transitional epithelial cells of rabbit, mice,
and human ureter and bladder [2,13]. Furthermore, the
urinary tract is a rich source for endogenous prostaglandins,
including the PPAR~ ligands, PGJ2 and its precursor PGD2
[14—16]. Given its role as a differentiation factor, PPAR~ may
be important for maintaining integrity of the urinary tract
epithelium. The presence of PPAR~y in human ureter and
bladder tissues may also have important pathophysiologic
significance in bladder cancer. In this study, we examined the
expression of PPAR~ in human bladder cancer tissues and
determined the effects of PPAR~y ligands on transitional
cancer cell growth.

Abbreviations: PPAR~, peroxisome proliferator-activated receptor v; RXRe, retinoid X
receptor «; 15-PGDH, 15-prostaglandin dehydrogenase; A-FABP, adipocyte-type fatty acid
binding protein.
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Materials and Methods

Chemical Reagents and Cell Lines

Troglitazone (provided by Warner Lambert/Parke-Davis
Pharmaceutical Research Co., Ann Arbor, Ml), ciglitazone
(purchased from BIOMOL®™, Plymouth Meeting, PA), and
LG100268 (provided by Dr. Richard Heymann, Ligand
Pharmaceutics) were dissolved in DMSO at a concentration
of 30 mM. 9-cis-retinoid acid (9-cis -RA) was purchased from
Sigma Chemical Co. (St. Louis, MO) and dissolved in ethanol
at a concentration of 10 mM. Human bladder cancer cell lines
T24, HT-1376, RT-4, and 5637 and human ureter simian
virus 40 (SV40)-transformed epithelial cell line (SV-HUC1)
were obtained from American Type Culture Collection
(ATCC) and cultured in the recommended media.

Preparation of Human cDNA Probes

A human PPAR~ cDNA fragment was generated by
reverse transcription-polymerase chain reaction (RT-PCR)
from human kidney total RNA (Clontech, Palo Alto, CA) as
previously described [2]. Human RXRa, cyclin D1, p16'™N%4,
p21WAFI/CIPT " and adipocyte-type fatty acid binding-protein
(A-FABP), 15-prostaglandin dehydrogenase (15-PGDH),
and keratin-13 cDNA probes were amplified by RT-PCR
from RNA of human kidney, ureter, liver, and human bladder
cancer cell line, T24. The primers for PCR are shown in
Table 1. After amplification, these fragments were subcloned
into a vector (pBlueScript SK(—); Strategene, La Jolla, CA).
Human g-actin (125 bp) was obtained from Ambion Inc.
(Austin, TX). Antisense and sense riboprobes were synthe-
sized in vitro using appropriate RNA polymerase (MAXI-
script® kit; Ambion) and %2P- or 3°S-labeled UTP for RNase
protection assays and in situ hybridization.

In Situ Hybridization

In situ hybridization was performed as previously de-
scribed [2]. The human ureter and bladder tissues were
obtained from a normal male and 11 patients with transitional
cell bladder cancer, respectively. Specimens of human
bladder cancer were obtained from the Department of
Pathology and Division of Urology, Vanderbilt University
Medical Center and Veterans Administration Medical Center.
Briefly, human tissue sections were deparaffinized, refixed in
paraformaldehyde, treated with proteinase K (20 ug/ml),

Table 1. PCR primers used for amplification of cDNA fragments.

washed with phosphate-buffered saline (PBS) buffer, and
treated with triethanolamine plus acetic anhydride (0.25%
v/v). Finally, sections were dehydrated with 100% ethanol.
35S-labeled antisense and sense riboprobes from human
PPAR~y, RXRa, and A-FABP were hybridized to the sections
at 55°C for 18 hours. After hybridization, the sections were
washed at 65°C once in 5xSSC plus 10 mM g-mercap-
toethanol (BME), once in 50% formamide, 2xSSC, and 100
mM BME for 30 minutes. After two additional washes in 10
mM Tris, 5 mM EDTA, 500 mM sodium chloride (TEN) at
37°C, sections were treated with RNase A (10 mg/ml) at
37°C for 30 minutes, followed by another wash in TEN at
37°C. Sections were then washed twice in 2x SSC, and twice
in 0.1xSSC at 65°C. Slides were dehydrated with graded
ethanol containing 300 mM ammonium acetate. Then, slides
were dipped in emulsion (liford K5; Knutsford, Cheshire,
England) diluted 1:1 with 2% glycerol and exposed for 4 to 5
days at 4°C. After developing in film (D-19; Kodak, New York,
NY), slides were counterstained with hematoxylin. Photo-
micrographs were taken using a microscope (Zeiss Axios-
kop; Zeiss, Germany) with either dark-field or bright-field
optics.

Solution Hybridization/RNase Protection Assays

RNase protection assays were performed as described
previously [2,17]. Briefly, plasmids containing human cyclin
D1, p16, p21, RXRa, A-FABP, 15-PGDH, keratin-13 and (-
actin inserts described above were linearized with appro-
priate restriction enzymes. Radioactive riboprobes were
synthesized from 1 ug of linearized plasmid in vitro, using
MAXIscript® kit (Ambion) for 1 hour at 37°C, in a total volume
of 20 ul. The reaction buffer contained 10 mM dithiothreitol
(DTT), 0.5 mM ATP, CTP, and GTP, 2.5 mM of UTP, and 5 ul
of 800 Ci/mmol [a-**P] UTP at 10 mCi/ml (DuPont, NEN,
Boston). Hybridization buffer included 80% deionized for-
mamide, 100 mM sodium citrate, pH 6.4 and 1 mM EDTA
(RPA 11; Ambion). Twenty micrograms of total RNA, isolated
by TRIZOL-REAGENT (Gibco BRL), was incubated at 45°C
for 12 hours in hybridization buffer with 5x10* cpm labeled
riboprobes. After hybridization, ribonuclease digestion was
carried out at 37°C for 30 minutes, and precipitated,
protected fragments were separated on 4% polyacrylamide
gel at 200 V for 3 hours. The gel was exposed to XAR-5 film
(Kodak) overnight at —80°C with intensifying screens.

cDNA Sense primer Antisense primer Predicted size
PPARy 5-CCCTCATGGCAATTGAATGTCGTG-3' 5-TCGCAGGCTCTTTAGAAACTCCCT-3' 761 bp
RXRa 5'- AGGAGCGGCAGCGTGGCAAGG -3 5'-GATGGAGCGGTGGGAGAAGGA-3' 335 bp
cyclin D1 5-CGCCCTCGGTGTCCTACTTCA-3 5 -GGCATTTTGGAGAGGAAGTGT-3' 391 bp
p16 5-CGCCGACCCCGCCACTCTCACC-3' 5-GGTTGTGGCGGGGGCAGTTGT-3 338 bp
p21 5'- AAAACGGCGGCAGACCAGCAT -3 5'-CGGACAAGTGGGGAGGAGGAA-3' 420 bp
a-FABP 5 -TCAGTGTGAATGGGGATGTGA-3' 5-TCAACGTCCCTTGGCTTATGC-3' 463 bp
15-PGDH 5-CGTGAACGGCAAAGTGGCGCTGGT-3' 5 -GCTAAAGATGACATATTGATAATG-3' 436 bp
keratin13 5'-ACCCGCGTGCTGGCAGAGATG-3' 5 -TACTCTTGGTTCTGGCACTCC-3 353 bp
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Measurement of DNA Synthesis

3H-thymidine incorporation was measured to determine
the effect of troglitazone on DNA synthesis. The human
bladder cancer cell line, T24, was maintained in McCoy’s 5a
medium supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 U/ml penicillin, 100 ng/ml streptomycin, and 200
mg/l L-glutamine. Cells were cultured in a humidified atmo-
sphere of 5% CO, at 37°C. After achieving confluence, cells
were cultured in serum-depleted medium for 48 hours. Cells
were then stimulated by the addition of epidermal growth
factor (EGF, 1077 M) in the presence or absence of
troglitazone (1 to 20 M) for 24 hours. H-thymidine (1
mCi/ml) was added to the cells for the last hour of
treatment.®H-thymidine incorporation was detected by scin-
tillation counting.

MTT Cell Viability Assay

A modified colorimetric assay based on the selective
ability of living cells to reduce the yellow salt MTT (3-[4,5-
dimethylthiozol-2, 5 diphenyl tetrazolium bromide) to for-
mazan was used to quantitate cell viability [17]. Briefly, T24
cells were made quiescent by treatment in serum-free
culture medium for 48 hours. Quiescent cells were then
treated with troglitazone, ciglitazone or 15dPGJ, with or
without 9-cis -RA (or LG100268) for 24 hours; MTT at 5 mg/
ml (Sigma Chemical Co.) was added to each well for a period
of 4 hours. After formazan crystal formation, culture well
supernatant was removed and the formazan precipitate was
dissolved in 150 pl/well isopropanol. Absorbency measured
at 570 nM using UV-VIS spectrophotometer (Shimadzu,
Japan) is an indicator of cell viability.

Measurement of Apoptosis

DNA strand breaks were identified by terminal deoxynu-
cleotidyltransferase-mediated UTP end labeling (TUNEL)
assay using a DNA fragmentation assay kit (ApoAlert®,
Clontech, Palo Alto, CA) as recommended by the supplier.

Immunoblot Analysis

Cells were harvested in SDS-PAGE sample buffer (120
mM Tris—HCI, pH 6.5, 4% SDS, 5 mM DTT, and 20%
glycerol) followed by repetitive aspiration. This material was
boiled for 3 minutes and protein concentration was measured
by BCA protein assay (Pierce, Rockford). Ten micrograms of
each protein sample was loaded onto 10% SDS-PAGE mini-
gel and run at 100 V. Proteins were transferred to a
nitrocellulose membrane at 22 V, overnight at 4°C. The
nitrocellulose membranes were washed three times with
PBS and incubated in blocking buffer (Tris-buffered saline
which contained 150 mM NaCl, 50 mM Tris, 0.05% Tween 20
detergent, and 5% nonfat dry milk, pH 7.5) for 1 hour at room
temperature. The membranes were then incubated in rabbit
anti-mouse PPAR~1,2 polyclonal antibody (provided by Dr.
Mitchell A. Lazar, University of Pennsylvania School of
Medicine) diluted 1:2000 in blocking buffer for 2 hours at
room temperature. After three washes in blocking buffer, the
membranes were incubated with biotinylated anti-rabbit 1IgG

antibody (1:2000; Vector Lab. Inc., Burlingame, CA) for 1
hour, followed by three 15-minute washings. Antibody
labeling was visualized by addition of chemiluminescence
reagent (DuPont, NEN, Boston) and exposing the membrane
to XAR-5 film (Kodak).

Transient Transfections and Luciferase Reporter Assays

Human PPAR~ cDNA was cloned into the pCB7 expres-
sion vector. PPAR~ and PPRE3-tk-luciferase were provided
by Dr. Raymond N. DuBois (Vanderbilt University) [12]. T24
bladder cancer cells were transfected with a mixture of
PPRE3-tk-luciferase, pRL-SV40, and PPAR~y expression
vector using Effectene Transfection Reagent as recom-
mended by the supplier (Qiagen Inc., Valencia, CA) for 8
hours. The transfection mixture was replaced with complete
media containing either DMSO or troglitazone. After 14
hours, cells were harvested in 1 xluciferase lysis buffer (Dual
Luciferase Kit; Promega, China) and relative light units were
determined using a luminometer (Mono light 2010; Analytical
Luminescence Laboratory, San Diego, CA).

Results

PPAR~y and RXR«a Expression in Human Bladder Cancer
Tissues

The localization of PPARy mRNA in both histologically
involved and uninvolved areas of human bladder cancers
was examined using in situ hybridization. Transitional cell
bladder cancers from 11 patients showed that PPARy mRNA
was expressed in all cases and was restricted to the
epithelium with no expression detected in surrounding
smooth muscle or interstitium (Figure 1a). PPARy was
expressed both in the uninvolved transitional epithelial cell
layer (Figure 1a) and in submucosal infiltrating malignant
transitional epithelial cells (Figure 1, b and c). Similarly,
RXRa mRNA is highly expressed and localized in both
normal and infiltrating malignant transitional bladder cancer
cells. Little RXRa expression was observed in nonepithelial
cells surrounding the infiltrating cancer (Figure 1, d—f).

PPAR~y and RXRa Expression in Human Transitional Cell
Cancer Cell Lines

Nuclease protection assays and immunoblots were used
to examine the expression of PPARy in four human
transitional bladder cancer cell lines (RT-4, T24, 5637, and
HT-1376) and one transformed human ureter epithelial cell
line (SV-HUC-1). As shown in Figure 2, all these cell lines
displayed the expected protected fragment of 350 bp for
PPAR~ mRNA and a ~55 kDa band recognized by an anti-
PPAR~ antibody for PPAR~ protein. Human bladder cancer
cell lines express high levels of PPAR~, comparable to that
of adipose tissue. RXRa mRNA was also examined by
nuclease protection assay. A 335-bp protected band was
observed in all four human bladder cancer cell lines (RT-4,
T24, 5637, and HT-1376) and the ureter cell line (SV-HUC-1)
(Figure 2). The T24 cell line was selected for further
investigation.
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Figure 1. In situ hybridization showing distribution of PPARy and RXRa mRNA in human bladder cancer tissue. (a) Dark-field illumination of uninvolved tissue of
human bladder; white grains depict hybridization over urinary transitional epithelium; original magnification, x 50. (b) Dark-field illumination of in situ hybridization for
PPARy over involved human bladder cancer tissue; white grains indicate hybridization over bladder epithelial cell layer and submucosal infiltrating malignant
transitional cells (arrow); original magnification, x 50. (c) Human bladder cancer tissue (bright field); black grains indicate hybridization over submucosal infiltrating
malignant bladder cancer cells; original magnification, x 400. (d) Dark-field illumination of uninvolved tissue of human bladder; white grains depict hybridization over
urinary epithelial cells; original magnification, x 10. (e) Dark-field illumination of in situ hybridization for PPARy over involved human bladder cancer tissue; white dots
indicate hybridization over bladder epithelial cell layer and submucosal infiltrating malignant transitional cells; original magnification, x 20. (f) Human bladder cancer
tissue (bright field); black grains indicate hybridization over infiltrating malignant bladder cancer cells; original magnification, x400.

Effect of Troglitazone on °H-Thymidine Incorporation in T24
Cells

3H-thymidine incorporation was assessed in T24 cells to
estimate DNA synthetic rates. Troglitazone caused dose-
dependent inhibition of *H-thymidine incorporation in T24
bladder cancer cells of 1.5-, 2.6-, and 9.1-fold (P<0.05) at
concentrations of 10, 15, and 20 uM, respectively. This
inhibition was associated with a dose-dependent decrease in
cell viability as assessed by the MTT assay (r=0.98,
P<0.001) (Figure 3). At concentrations exceeding 15 uM,
cell troglitazone alone also caused death through apoptosis
as assessed by the TUNEL assay (Figure 4, A and B).
Similar effects of troglitazone on cell viability and °H-
thymidine incorporation were observed in two other bladder
cancer cell lines, HT-1376 and 5637 (28.9% and 43.7%
inhibition of °H-thymidine incorporation and 12.5% and
55.6% suppression of cell viability at 15 M, respectively).
Ciglitazone, another PPAR~ ligand, also induced cell death
in these cell lines (data not shown).

RXRa Ligands Sensitize T24 Cells to PPARy Ligand-
Induced Cell Death

T24 cells were treated with increasing concentrations of
troglitazone in the presence or absence of the RXRa ligands

Neoplasia e Vol. 1, No. 4, October 1999

9-cis-RA or LG100268 for 24 hours. Cell viability was
assessed using the MTT assay. Neither LG100268, 9-cis -
RA (5 uM) or troglitazone (10 M) alone caused cell death,

LA 4 44
PPARy protein “.H i L

Cell lines RT4 T24

RXRa mRNA

PPARy mRNA

5637 HT1376 SV-HUC1 Kidney Fat

Figure 2. Upper panel, RNase protection showing RXRa: mRNA expression
(335-bp protected band) in four human bladder cancer cell lines (RT-4, T24,
5637, and HT-1376) and one transformed human ureter epithelial cell line (SV-
HUC-1). Middle and lower panels, immunoblot and nuclease protection
showing PPARy protein expression in five transitional cell lines and PPARy
mRNA in five human transitional cell lines, kidney, and adipose tissue. Lower
panel, a 350-bp protected band was detected in all cell lines. Middle panel,
PPARy protein was also detected by immunoblot with a doublet at ~55 kDa.
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Figure 3. Troglitazone inhibits ®H-thymidine incorporation and decreases viability of T24 human bladder cancer cells. Upper panel, concentration-dependent effects
of troglitazone on ®H-thymidine incorporation in T24 cells. °H-thymidine incorporation was measured as described in Materials and Methods section. Results are
expressed as percentage inhibition compared to untreated cells. Error bars represent standard errors of mean (SEM) (n=16; *P<0.05, **P<0.01). Data are from a
single experiment and are representative of four independent experiments. Lower panel, concentration-dependent effects of troglitazone on viability of T24 cells
were determined by the MTT assay. Values represent the mean+SEM of 12 wells from a single experiment representative of three independent experiments (n=12;

*P<0.05, **P<0.01).

but combination of troglitazone with either of these two
RXRa ligands resulted in a significant decrease in cell
viability. In the presence of 9-cis -RA, troglitazone concen-
trations ranging from 0.1 to 15 yM induced 1.4- to 3.3-fold
more cell death than troglitazone alone (Figure 5).
LG100268, another specific ligand for RXRa, sensitized
T24 cells to troglitazone-induced cell death by 1.2- to 9.6-fold

at concentration from 1 to 15 pyM (Figure 5). Synergy
between troglitazone and 9-cis -RA was observed in another
bladder cancer cell line, 5637 cells (data not shown). The
endogenous PPAR~ ligand 15dPGJ, (Figure 5) also caused
cell death. 15dPGJ, killing of T24 cells at concentrations
between 5 and 15 yM was completely dependent on the
presence of 9-cis-RA. Another TZD ciglitazone (data not
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Figure 4. (A) Representative photomicrographs showing morphology of T24 bladder cancer cells before treatment (left panel) and after a 24-hour treatment with 15
uM troglitazone (right panel). (B) Induction of apoptosis in T24 bladder cancer cells treated with 15 M troglitazone for 1 day. The TUNEL assay was performed,
labeling the apoptosis-specific DNA strand breaks with green fluorescent label as described in Materials and Methods section. Left panel, T24 cells treated with

DMSO. Right panel, T24 cells treated with troglitazone (15 ;M) for 24 hours.

shown) also killed T24 cells in a dose-dependent manner
(2.4%, 5.1%, 15.9%, and 98.3% cell death at 0.1, 1,5, and 10
1M, respectively) and displayed synergy with 9-cis-RA
(4.4%, 19.1%, 63.8%, and 97.4% cell death at 0.1, 1, 5,
and 10 uM, respectively). Thus, three different PPARy
ligands induced T24 cell death synergistically in the
presence of RXRa« ligands.

Effects of Troglitazone on mRNA Expression of Cell Cycle
Proteins

RNase protection assay was performed to determine the
effects of troglitazone (10 M) on expression of cell cycle
regulatory proteins in T24 cells. As shown in Figure 6,
troglitazone causes time-dependent inhibition of cyclin D1
mRNA expression. Maximal inhibition of cyclin D1 mRNA
was observed after an 8-hour treatment with troglitazone. In
contrast, troglitazone induced mRNA expression for two
cyclin-dependent kinase inhibitors, p16'™%4 and p21WAFY
CIP1 'in a time-dependent manner.

Functional Transcriptional Activity of PPAR~y in T24 Bladder
Cancer Cells

PPAR~ activity in T24 cells was determined using a
reporter construct containing three peroxisome proliferator
response elements or PPREs (PPRE3-Luc) and an expres-
sion vector for human PPAR~. In T24 cells transfected with

Neoplasia e Vol. 1, No. 4, October 1999

PPRE3-Luc alone, treatment with troglitazone resulted in a
significant increase of luciferase activity (Figure 7). When
cells were cotransfected with PPRE3-Luc and exogenous
PPAR~ expression vector, activation of luciferase activity
was further enhanced in troglitazone-treated cells as
compared with the control (Figure 7). Ciglitazone and
15dPGJ, treatment had a similar effect on PPAR~ reporter
activity (data not shown).

Expression of an Endogenous PPARy Target Gene A-FABP

A-FABP is an endogenous gene transcriptionally acti-
vated by PPAR~y in adipocytes. The effect of troglitazone
treatment on A-FABP mRNA expression in T24 cells was
examined by RNase protection assay. Expression of A-
FABP was markedly enhanced following 7 days of troglita-
zone (10 pM) treatment (Figure 8A). Increased expression of
A-FABP was also observed after ciglitazone treatment in T24
cells. A-FABP, 15-PGDH, and keratin-13 have been sug-
gested to be markers of transitional epithelial cell differentia-
tion [18]. In contrast to A-FABP, there was no expression of
15-PGDH or keratin-13 mRNA in T24 cells and troglitazone
did not upregulate the expression of these genes (data not
shown).

The expression of A-FABP in human TCCas was also
examined by in situ hybridization. While PPAR~ and RXR«a
were widely expressed in both malignant and normal
transitional epithelial cells, A-FABP was uniformly expressed
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Figure 5. The RXR« ligand, 9-cis -RA, sensitizes T24 bladder cancer cells to
troglitazone or 15dPGJ.-induced cell death. Upper panel, quiescent T24 cells
were treated with troglitazone (0.1, 1, 5, 10, 15, and 20 M) in the presence or
absence of 9-cis -RA LG100268 (5 uM) for 24 hours. MTT assay was
performed to measure cellular viability. Values represent the percentage of
inhibition of control culture (treated with vehicle alone) from five independent
experiments. Error bars are standard errors of mean (SEM) (n=20; *P<0.05,
**P<0.01). Lower panel, concentration-dependent effects of 15dPGJ. on T24
cell viability. Study was performed in the presence or absence of 9-cis -RA (5
1M). Values represent the percentage of control culture (treated with vehicle
alone) values from three independent experiments. Error bars are standard
errors of mean (SEM) (n=12; *P<0.05, **P<0.01).

only in histologically normal transitional epithelium and only
focally expressed in malignant TCCa cells (Figure 8B).

Discussion

PPAR~ was originally described as a nuclear receptor which
plays an important role in adipocyte differentiation. PPAR~-
mediated gene transcription in adipocytes requires hetero-
dimerization with another nuclear receptor, RXRa, which is
activated by its ligand 9-cis-RA [19,20]. Several recent
reports have demonstrated the expression of PPAR~y in
normal urinary transitional epithelial cells of human, mouse,
and rabbit [2,13]. The role of PPAR~ in these epithelial cells
remains uncharacterized. The present study now shows for
the first time that both PPAR~ and RXR« are also expressed
in human transitional bladder cancer tissues and trans-

formed uroepithelial cell lines. The expression of both
PPAR~y and RXRa in cultured uroepithelial cancer cells
allowed us to examine the functional consequences of their
activation and identify a gene transcriptionally activated by
PPAR~ in these cells.

Three distinct PPAR~y ligands exhibited lethal effects on
transitional bladder cancer cells. The effective concentra-
tions of troglitazone and 15dPGJ, were concentration-
dependent in the range of 1 to 20 ;M. These concentrations
are similar to the effective range seen by other investigators
who examined the inhibitory effect of these compounds on
growth of cultured breast and colon cancer cells [10,21].
These concentrations are in the range of the measured
binding affinity of these compounds for PPAR~, their
pharmacologic target (ICso of 3 to 4 uM for troglitazone
and 2.5 uM for 15dPGJ,) [22,23]. Furthermore, when
administered together with the RXRa selective ligands 9-
cis-RA or LG100268, the minimal effective concentration of
troglitazone was reduced to 0.1 ;M. Since peak concentra-
tions following intermediate doses of troglitazone range from
3 to 7 uM, the present effects are near the clinically relevant
pharmacologic plasma concentration range for troglitazone
(Rezulin® packet insert and Ref. [24]).

TZDs induced transitional cancer cell death through
apoptosis as demonstrated by DNA fragmentation using
TUNEL assay, similar to reports in other cancers including
prostate and breast cancers [9,10,25]. In addition to the
common effect of three different PPAR~ ligands, a role for
PPAR~ in mediating TZD-induced transitional epithelial cell
death is supported by the finding of synergy with the RXRa
ligands, 9-cis-RA, and LG100268 [20, 26]. Addition of 9-
cis-RA at a concentration which, by itself, had no effect on
cell viability, increased the lethal potency of troglitazone by
10- to 100-fold. Similarly, 9-cis-RA increased the lethal
potency of 15dPGJ,, a structurally dissimilar PPAR~ ligand.
Synergy between TZDs and RXRa ligand has been
demonstrated for genes regulated by PPAR~ both in vivo
and in vitro [20,26]. Taken together, the present results
support a role for PPAR~ activation in decreasing bladder
cancer cell growth and inducing apoptosis.

Accumulating evidence suggests a tight association
between cell cycle status and cell death [25]. Cyclins and
cyclin-dependent kinases (cdks) provide critical check
points, regulating cell cycle in eukaryotes [26]. Cyclin—cdk
complexes drive cells through the cell cycle, but can be
inhibited by several cdk inhibitors, including p15™%4B,
p16INK4A’ p21WAF1/CIP1’ p27KIP1’ and P57KIP2 [27]. In T24
bladder cancer cells, TZD-induced cell death was asso-
ciated with induction of mRNA for two cdk inhibitors,
p16'™NK4*A and p21WAFTCIP1 - This was accompanied by
inhibition of cyclin D1 expression. The observation that
troglitazone suppresses the expression of G1 cyclin (cyclin
D1) and induces expression of G1 cdk inhibitors (p16'™<4
and p21WAFT/CIPT) gyggests that troglitazone inhibits the
proliferation of T24 bladder cancer cells by arresting cells in
G1 phase. This is consistent with the observation that
troglitazone decreased ®H-thymidine incorporation, suggest-
ing a block before S phase.
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Figure 6. Nuclease protection assay showing effects of troglitazone on mRNA expression of cell cycle regulatory proteins in T24 bladder cancer cells. Quiescent T24
cells were treated with troglitazone (10 uM) for 1, 4, 8, and 24 hours. Total RNA was extracted and analyzed as described under Materials and Methods section.
Upper panels, nuclease protection for cyclin-dependent kinase inhibitor, p16"N* (338 bp), p21"VAF"/CIP (420 bp), and cyclin D1 (391 bp). Lower panels, RNA loading

was assessed by simultaneous use of a 3-actin (125 bp) riboprobe.

The present study is, to our knowledge, the first to
examine the effects of PPAR~ ligand on bladder cancer cell
viability. In contrast, the use of retinoids as differentiating
agents for chemoprevention of bladder cancer has been
previously examined [27]. The synthetic retinoid, 13-cis-RA,
reduced the incidence and extent of bladder cancer by
approximately 50% in a carcinogen-induced rat model [28].
Similarly, megadose vitamin A resulted in a significant
reduction in recurrence rates for bladder cancer in man
[29]. The molecular targets mediating these effects remain
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Figure 7. PPARy is functionally active in T24 bladder cancer cells. Cells were
transfected with PPRE3—Luc with control vector or PPARy expression vector
and treated with 10 M troglitazone or control buffer for 14 hours. Results are
mean+SEM of n=7, representative of three independent experiments. Control
values are normalized to 1.0. Asterisks indicate significant difference from the
control (*P<0.05, **P<0.01).
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unclear. Two families of nuclear retinoid receptors exist:
RXRs («, 8, and ~) which preferentially bind 9-cis -RA, and
RARs («, 3, and v) which bind both all-trans RA (atRA) and
9-cis-RA. Recently, Anzano et al. have demonstrated that
9-cis-RA has superior efficacy over atRA as a chemopre-
ventive agent in NMU-induced rat mammary carcinoma
model [30] and suggested that activation of the RXRs may
contribute to the superior activity of 9-cis -RA in this model.
This was supported by Gottardis et al. in which LGD1069
(Targretin), an RXR-selective ligand, can act as a highly
effective and benign chemopreventive agent for mammary
carcinoma [31]. The present study supports a role for
retinoids acting through RXRa in bladder cancer therapy
and further suggests that both RXRa and PPAR~ ligands
might be used together advantageously.

The specific genes activated by PPAR~y in transitional
bladder epithelial remain poorly characterized. It has been
reported that TZD-induced terminal differentiation of adipo-
cytes and breast cancer cells is accompanied by accumula-
tion of lipid droplets [1,9]. We did not observe lipid
accumulation in bladder cancer cells treated with troglita-
zone. However, troglitazone did markedly increase the
expression of the A-FABP gene. Interestingly, expression
of this protein has recently been reported to be a marker of
bladder cancer differentiation [18,32]. The present study
demonstrates for the first time that A-FABP mRNA is
selectively expressed in transitional epithelial cells of both
normal and malignant bladders, rather than the stromal or
interstitial cells. Members of the A-FABP family have been
shown to act as tumor suppressors [33—-35]. A-FABP mRNA
expression is known to be regulated by a PPRE in
adipocytes and we now present evidence that induction of
A-FABP expression by TZDs in T24 cells may similarly be
mediated through endogenous PPAR~-mediated gene
transcription. Activation of exogenous PPRE-driven lucifer-
ase expression by troglitazone supports the presence of
PPAR~ transcriptional activity in T24 cells. The recent report
of correlation between decreased A-FABP expression and
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Figure 8. Panel A, effect of troglitazone on expression of A-FABP in bladder cancer cells. Cells were treated with troglitazone (10 M) for 7 days and mRNA
expression was determined by RNase protection. Lane 1, probes for 3-actin and A-FABP, vehicle alone, Lane 2, troglitazone (10 M). Total RNA (5 ug) was used for
detection and the (3-actin was the control for the amount of loaded RNA. Panel B, in situ hybridization showing distribution of A-FABP mRNA (white grains) in normal
uroepithelial cell layer (original magnification, x40, top panel) and in submucosal infiltrating bladder cancer cells (original magnification, x 400, lower panel).

worsened grade and stage of human bladder cancer [18],
together with the present study showing that troglitazone
induces A-FABP gene expression in T24 cells, suggests that
PPAR~ activation may promote differentiation of transitional
cancer cells similar to its effects on liposarcoma cells [8].
Arguing against this is our finding that two other markers of
human bladder cancer, 15-PGDH and keratin-13 [18], which
were also correlated with tumor grade were not induced by
treatment of T24 cells with troglitazone. It may be that these
genes are regulated by other differentiating factors.

In summary, the present study demonstrates that PPAR~y
and RXRa are co-expressed in human transitional cell
bladder cancers. Simultaneous activation of PPAR~y and
RXRa promote death of transitional bladder cancer cells.
The lethal effects of PPAR~ activators are accompanied by
increased expression of cell cycle inhibitors, upregulation of
A-FABP, and apoptosis. These results suggest that PPAR~y
may be a potential therapeutic target in human bladder
cancer.
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