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Abstract
The androgen receptor (AR) regulates growth and progression of androgen-dependent as well as
androgen-independent prostate cancer cells. Peroxisome proliferator activated receptor gamma
(PPARγ) agonists have been reported to reduce AR activation in androgen-dependent LNCaP
prostate cancer cells. To determine whether PPARγ ligands are equally effective at inhibiting AR
activity in androgen-independent prostate cancer, we examined the effect of the PPARγ ligands
ciglitazone and rosiglitazone on C4-2 cells, an androgen- independent derivative of the LNCaP
cell line. Luciferase-based reporter assays and Western blot analysis demonstrated PPARγ ligand
reduced dihydrotestosterone (DHT)-induced increases in AR activity in LNCaP cells. However, in
C4-2 cells these compounds increased DHT-induced AR driven luciferase activity. In addition,
ciglitazone did not significantly alter DHT-mediated increases in prostate specific antigen (PSA)
protein or mRNA levels within C4-2 cells. siRNA based experiments demonstrated that the
ciglitazone-induced regulation of AR activity observed in C4-2 cells was dependent on the
presence of PPARγ. Furthermore, overexpression of the AR corepressor cyclin D1 inhibited the
ability of ciglitazone to induce AR luciferase activity in C4-2 cells. Thus, our data suggest both
PPARγ and cyclin D1 levels influence the ability of ciglitazone to differentially regulate AR
signaling in androgen-independent C4-2 prostate cancer cells.
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INTRODUCTION
Prostate cancer is the most common form of cancer and the second leading cause of cancer
death in aging men of the United States [1]. Prostate cancer starts as an androgen-dependent
disease, in that it requires the presence of androgens to proliferate and progress. Patients
with metastatic cancer are primarily treated with androgen ablation therapy (AAT). In AAT,
the level of circulating androgens in the body is reduced by treatment with androgen
receptor antagonists and/or luteinizing hormone releasing hormone agonists or physical
removal of the testes. Prostate tumor growth is initially retarded in response to AAT. This
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reduction in tumor growth is due in part to increases in tumor cell apoptosis as well as
decreased cell proliferation. However, in the months following the initiation of AAT, some
tumor cells become androgen-independent, and are able to survive and grow in the low
androgen environment [2]. Currently, there are no effective treatments for advanced stage
androgen-independent prostate cancers.

The biological actions of androgens are mediated by the androgen receptor (AR). The AR is
a member of the nuclear receptor superfamily that functions as a ligand-activated
transcription factor [3,4]. Activation of the AR by androgens induces the growth and
proliferation of the prostate. AR activation also leads to the transcription of prostate specific
antigen (PSA) and many other androgen-dependent genes, such as FK506 binding protein 51
(FKBP51) and prostatic acid phosphatase (PAP). In advanced, androgen-independent
prostate cancer the AR is still expressed [5] and appears to be transcriptionally active [3,4].
Because the AR remains functional in androgen- independent prostate cancer, compounds
that reduce AR activity are being explored as therapeutic options to reduce growth and
progression of these advanced forms of prostate cancer.

One protein that has been reported to regulate activation of the AR is the peroxisome
proliferator activated receptor gamma (PPARγ). Like AR, PPARγ is a transcription factor
that belongs to the nuclear receptor superfamily. PPARγ is activated by both synthetic
ligands and naturally occurring compounds. Thiazolidinediones (TZDs) are one group of
synthetic PPARγ agonists. This class of drugs include the compounds ciglitazone (parent),
troglitazone (2nd generation) and the 3rd generation compounds rosiglitazone and
pioglitazone. Recent studies suggest that PPARγ may be a possible target for prostate cancer
therapy [6]. The expression of PPARγ is significantly higher in prostate cancer cells than in
normal epithelial prostate cells [7–9]. PPARγ ligands have also been shown to inhibit
proliferation of both androgen-dependent and androgen-independent human prostate cancer
cell lines [10,11]. In addition, PPARγ ligands reduce the growth of primary cultures of
human prostate cancer cells [9]. In vivo conditional gene knockout studies demonstrated that
loss of PPARγ within the luminal epithelial cells of the mouse prostate produces lesions
consistent with low grade prostatic intraepithelial neoplasia (PIN), the proposed precursor to
prostate cancer [11]. Taken together, these data suggest that PPARγ plays a role in the
development and progression of prostate cancer.

PPARγ ligands have been shown to inhibit AR transcriptional activity in the androgen-
dependent LNCaP human prostate cancer cells [12,13]. However, it is unclear whether
PPARγ ligands also regulate AR activation in androgen-independent prostate cancer.
Therefore, in this paper, we investigated how ligands that activate PPARγ regulate AR
activity in C4-2 cells, an androgen-independent human prostate cancer cell line. Our data
indicate that a synthetic ligand for PPARγ, ciglitazone, regulates the AR differently in
androgen-dependent versus androgen-independent human prostate cancer cells.
Additionally, we report that the level of functional PPARγ and down-regulation of cyclin
D1, an AR corepressor, may be linked to the differential regulation of AR activity by
ciglitazone.

MATERIALS AND METHODS
Materials

The tissue culture media (RPMI 1640, DMEM low glucose, DMEM/F12 and Hams F-12)
and penicillin/streptomycin solution were purchased from Invitrogen (Carlsbad, CA).
Adenine hemisulfate, d-biotin, insulin and apo-transferrin were purchased from Sigma Life
Science (St. Louis, MO). Fetal bovine serum (FBS) was obtained from HyClone (Logan,
UT). Zapoglobin and Isoton II were purchased from Beckman Coulter Inc. (Fullerton, CA).
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All tissue culture plasticware and additional chemicals were from Fisher Scientific
(Suwanee, GA).

Cell Culture
The LNCaP cell line (ATCC, Manassas, VA) was grown in RPMI 1640 media
supplemented with 10% FBS and 1% penicillin/streptomycin. The C4-2 cell line (ViroMed
Laboratories, Minnetonka, MN) was grown in T media (80% DMEM low glucose media,
20% Hams’ F-12 media, 1% penicillin/streptomycin, 0.244 μg/ml d-biotin, 25 μg/ml
adenine hemisulfate, 5 μg/ml insulin and 5 μg/ml apo-transferrin) supplemented with 5%
heat inactivated FBS. The PC-3 cell line (ATCC) was grown in DMEM-F12 media
supplemented with 10% FBS and 1% penicillin/streptomycin. Each cell line was maintained
in a 37°C incubator in an atmosphere containing 5% CO2.

Cell Count Assays
Each cell line was plated in six-well plates at a density of 20,000 cells per well in either
RPMI 1640 media with 10% FBS and 1% penicillin/streptomycin (LNCaP) or T medium
containing 5% heat inactivated FBS and 1% penicillin/streptomycin (C4-2). The cells were
allowed to adhere overnight. Then, the cells were treated with ethanol vehicle control
(EtOH) or the PPARγ ligand ciglitazone (0–45 μM; EMD Bioscience, LaJolla, CA). The
medium was changed and fresh drug was added after three days. After an additional three
days (six days total treatment), the cells were removed from the wells with 0.05% trypsin-
EDTA. The number of cells in each well was then counted using a Coulter Z1 cell counter
(Beckman Coulter Inc., Fullerton, CA).

Transient Transfections
To measure PPARγ activation, both LNCaP and C4-2 cell lines (~ 10 million cells) were
transfected with 20 μg of a PPARγ regulated reporter plasmid (PPRE3-luciferase) and 2 μg
of CMV β-galactosidase plasmid via electroporation. Each cell line was then plated in six-
well plates containing RPMI 1640 media supplemented with 10% FBS at a density of
540,000 cells per well. The next day the media was changed to RPMI 1640 media
supplemented with 10% FBS. Cells were then treated with vehicle control (EtOH or
DMSO), ciglitazone (0–45 μM), rosiglitazone (40 μM; Cayman Chemical, Ann Arbor, MI),
or 15dPGJ2 (10 μM; EMD Bioscience) for 24 hours. Next the cells were harvested using
Tris EDTA NaCl (TEN) buffer. The samples were then measured for luciferase activity
using the Luciferase Assay System kit from Promega (Madison, WI). Luciferase activity in
each sample was normalized to β-galactosidase activity.

To measure AR transcriptional activity, both cell lines (~ 10 million cells) were transfected
with 20 μg of an AR responsive reporter plasmid (ARR2PB- luciferase or PSAE- luciferase)
and 2 μg of CMV β-galactosidase in RPMI 1640 media supplemented with 10% FBS. The
next day the cells were placed in RPMI 1640 media supplemented with 10% CSS for 24
hours. The cells were then treated with the EtOH or DMSO vehicle control; TZD
(ciglitazone 15–45 μM or rosiglitazone 10–40 μM); dihydrotestosterone (DHT) 1 nM; or
DHT 1 nM plus TZD) for 24 hours. Following treatment, the level of luciferase and β-
galactosidase activity within the cells was measured.

Western Blot Analysis
Treated cells were lysed in RIPA buffer containing 1 mM sodium vanadate and 1 mM
phenylmethylsulphonyl fluoride (PMSF). Next samples were centrifuged at 10,000 rpm at
4°C for 10 minutes. Protein concentration was determined using the Bradford reagent
(BioRad, Hercules, CA). Equal amounts of protein were loaded on a SDS- PAGE gel,
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subjected to electrophoresis and transferred to a nitrocellulose membrane. Western blot
analysis was performed using the following primary antibodies: α-tubulin (clone B- 7; Santa
Cruz Biotechnology, Santa Cruz, CA), actin (Chemicon International, Temecula, CA), AR
(clone AR 441; Lab Vision Corporation, Fremont, CA), PPARγ (clone H- 100; Santa Cruz
Biotechnology), PSA (DakoCytomation, Carpinteria, CA) and topoisomerase I (clone H-
300; Santa Cruz Biotechnology). Following exposure to primary antibody, the blots were
incubated with a secondary antibody conjugated to horseradish peroxidase. Proteins were
then visualized using enzyme- linked chemiluminescence (ECL, Amersham Biosciences,
Piscataway, NJ). Quantification of Western blot bands was performed using the UN-SCAN-
IT gel 6.1 Program.

Quantitative Reverse Transcription PCR (qRT- PCR)
LNCaP and C4-2 cells were treated with either EtOH vehicle control; ciglitazone 45 μM;
dihydrotestosterone (DHT) 1 nM; or DHT 1 nM plus ciglitazone over a 48 hour time period.
Total RNA was extracted from treated cells using Trizol reagent (Invitrogen). Next, 1 μg of
RNA was reverse transcribed at 42°C for 30 min using the iScript™ cDNA Synthesis Kit
from BioRad and the PTC- 100 Peltier Thermal Cycler (MJ Research, Ramsey, Minnesota).
The reaction was then heat inactivated at 85°C for 5 min. qPCR reactions were performed
using the SYBR Green detection method and the iCYCLER iQ5 Real Time PCR machine
from BioRad. DNA primers purchased from Integrated DNA Technologies, Inc. (Coralville,
IA) were used to amplify regions of PSA and 18S cDNA. The sequence of the primers used
in these reactions were as follows: PSA: 5′-GCA TCA GGA ACA AAA GCG TGA 3′
(sense), 5′-CCT GAG GAA TCG ATT CTT CAG 3′ (antisense); 18s: 5′-ATC AAC TTT
CGA TGG TAG TCG 3′ (sense), 5′-TCC TTG GAT GTG GTA GCC 3′ (antisense). PCR
conditions were 95°C for 3 min, followed by 40 cycles of 95°C for 30 sec, 58°C for 30 sec,
and 72°C for 30 sec. The amount of PSA gene product in each sample was calculated using
the ΔΔCt method and normalized to the amount of 18s RNA control.

Small Interference RNA (siRNA) Experiments
Cells were transfected with the PSAE- luciferase, CMV β-galactosidase plasmid, and 20 μM
of either non- specific control SMARTpool siRNA or PPARγ SMARTpool siRNA
(Dharmacon Inc., Lafayette, CO) via electroporation (~ 10 million cells per transfection).
Following electroporation, the cells were plated in six-well plates at a density of 540,000
cells per well. Two days after transfection, the cells were treated as indicated in the figure
legends for 24 hours. In one set of plates, luciferase activity was measured and normalized
to β-galactosidase activity. In parallel plates, cells were harvested and Western blot analysis
was performed as previously described to measure the level of PPARγ and actin protein.

PPARγ and CD1 Overexpression Experiments
To overexpress PPARγ, electroporation was used to transfect approximately 10 million
LNCaP cells with the 2 μg PSAE- luciferase plasmid, 200 ng CMV β-galactosidase plasmid,
and 100 ng of either pcDNA 3.1 plasmid (from K. Knudsen, Thomas Jefferson University)
or human PPARγ cDNA expression vector clone (TC124177; OriGene Technologies Inc.,
Rockville, MD) expression vector. Two days following transfection, the cells were treated
with EtOH vehicle control, ciglitazone 45 μM, DHT 1 nM, or DHT plus ciglitazone for 24
hours. In one set of plates, luciferase activity was measured and normalized to β-
galactosidase activity. In parallel plates, cells were harvested by scraping. Western blot
analysis was performed as previously described to measure the level of PPARγ and actin
protein.

CD1 was overexpressed in C4-2 cells via electroporation with 2 μg PSAE- luciferase, 200
ng CMV β-galactosidase plasmid, and 1.5 μg of either pcDNA 3.1 plasmid or CD1-T286A
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expression vector (from K. Knudsen, Thomas Jefferson University and J. A. Diehl,
University of Pennsylvania). Two days following transfection, the cells were treated with
EtOH vehicle control, ciglitazone 45 μM, DHT 1 nM, or DHT plus ciglitazone for 24 hours.
In one set of plates, luciferase activity was measured and normalized to β-galactosidase
activity. In parallel plates, cells were harvested by scraping. Western blot analysis was
performed as previously described to measure the level of cyclin D1 and actin protein.

Statistical Analysis
Each experiment was performed at least three times and representative data are shown. For
proliferation assays and transient transfections, One Way Analysis of Variance (ANOVA)
was used to detect differences between control and treated groups. These analyses were
performed using the Sigma Stat 3.1 program (Systat Software Inc.). The standard for
statistical significance was p< 0.05.

RESULTS
Functional PPARγ is present in the androgen- independent C4-2 cell line

The C4-2 cell line was derived from androgen- dependent LNCaP human prostate cancer
cells grown in castrated mice and represent prostate cancer cells that have naturally become
androgen- independent [14]. Previous studies suggest that levels of PPARγ vary between
androgen- dependent and androgen- independent human prostate cancer cells [15]. To
determine whether PPARγ levels vary between the androgen- dependent LNCaP and
androgen- independent C4-2 cells, we measured the level of PPARγ protein in each cell line.
Western blot analysis revealed that PPARγ is expressed in nuclear extracts of LNCaP and
C4-2 cells. However, the level of PPARγ protein expressed in C4-2 cells is significantly
higher than that present in the LNCaP cell line (Fig. 1A). To determine whether the PPARγ
detected by Western blot analysis was transcriptionally active, we performed a series of
reporter assays using the PPRE3- luciferase reporter plasmid [16]. In the C4-2 cells, the
PPARγ ligands ciglitazone, rosiglitazone and 15dPGJ2 were able to activate PPARγ by at
least 2-fold when compare to their vehicle control (Fig. 1B). However, there was no
significant increase in luciferase activity in LNCaP cells following treatment with any of the
PPARγ ligands. Although we did not see a PPARγ ligand- induced increase in luciferase
activity, there was a substantial amount of β-galactosidase activity in the transfected LNCaP
cells. This indicates that our inability to detect ligand- induced PPARγ activity was not due
to problems with transiently introducing DNA within the LNCaP cell line. These data
suggest that while PPARγ is expressed in both LNCaP and C4-2 cells, PPARγ is only
transcriptionally active in the C4-2 cell line.

Ciglitazone inhibits the proliferation of androgen- independent human prostate cancer
cells

Our laboratory and others have shown that ciglitazone as well as other PPARγ ligands
reduce the proliferation of C4-2 cells ([17] and Fig. 2). LNCaP cells are also sensitive to the
anti- proliferative effects of ciglitazone. Cell count assays revealed that concentrations of
ciglitazone ≥ 15 μM significantly reduced proliferation of the LNCaP cell line (Fig. 2).
There was a comparable growth inhibitory response to ciglitazone in the androgen-
dependent and –independent cell lines. In both the C4-2 [17] and LNCaP cell lines (Fig. 2),
we observed maximum growth inhibition with 45 μM ciglitazone.

Ciglitazone regulates ligand- induced AR activation differently in LNCaP and C4-2 cells
There are comparable levels of AR protein expression in both LNCaP and C4-2 prostate
cancer cell lines ([18] and Fig. 3A). The PPARγ ligands troglitazone, pioglitazone and
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15dPGJ2 have been reported to decrease AR activation in LNCaP cells [12,13,19]. Since
decreases in AR activity can result in reductions in cell proliferation [14], we decided to test
whether PPARγ ligands were also effective at inhibiting AR activity in the C4-2 cell line. In
these studies, we used a luciferase-based AR responsive reporter plasmid (PSAE-luciferase)
to compare the effect of ciglitazone on AR transcriptional activation in LNCaP and C4-2
cells. The PSAE- luciferase plasmid construct contains the three AREs located in the
promoter and enhancer regions of the human PSA gene [20]. As expected, treatment with
the androgen dihydrotestosterone (DHT) induced AR- mediated transcription approximately
12 fold in LNCaP cells transfected with the PSAE- luciferase reporter. A concentration of
ciglitazone that inhibits proliferation of LNCaP and C4-2 cells (45 μM) ([17] and Fig. 2) did
not alter basal AR transcriptional activity. However, ciglitazone did significantly decrease
DHT-induced increases in PSAE- luciferase reporter activity in the LNCaP cells (Fig. 3B).
In addition, a concentrations of rosiglitazone that activated PPARγ (Fig. 1B) inhibited the
DHT- induced PSAE- luciferase activity in LNCaP cells (Fig. 3B). Thus, both PPARγ
agonists are effective at reducing DHT- induced AR activation. Similar to the LNCaP cells,
DHT treatment increased AR- driven luciferase activity in C4-2 cells transfected with the
PSAE- luciferase reporter. There was no alteration in basal activation of the AR with
ciglitazone or rosiglitazone treatment. However, in the presence of DHT, neither ciglitazone
nor rosiglitazone decreased AR activation. Instead, both ciglitazone (15 μM and 45 μM) and
rosiglitazone (10 μM and 40 μM) enhanced DHT- induced AR activation in C4-2 cells, as
indicated by an increase in the PSAE- luciferase reporter activity (Fig. 3B).

To determine whether these results were unique to the PSAE-luciferase reporter, we
repeated these experiments using another AR responsive promoter plasmid, ARR2PB-
luciferase (Fig. 3C). The ARR2PB-luciferase plasmid construct contains two androgen
response regions from the rat probasin promoter cloned upstream of the luciferase gene [21].
The results obtained in these experiments involving the ARR2PB-luciferase reporter were
similar to those observed with the PSAE-luciferase reporter construct. Again, ciglitazone
and rosiglitazone decreased DHT- induced AR transcriptional activation in the LNCaP cells,
but did not decrease AR activation stimulated by DHT in the C4-2 cells.

To further explore the effect of PPARγ ligands on AR activation, we examined the ability of
ciglitazone to regulate protein levels of prostate specific antigen (PSA), an endogenous AR
responsive gene product. Ciglitazone inhibited the DHT-stimulated increase in PSA protein
levels in the androgen-dependent LNCaP cells (Fig. 4A). A decrease could be detected as
early as 12 hours, and PSA levels remained repressed after 48 hours. Additionally,
ciglitazone inhibited DHT- induced increases in PSA mRNA expression in the LNCaP cell
line (Fig. 4B). However, in C4-2 cells ciglitazone did not alter the increase in PSA protein
expression induced by DHT (Fig. 4A). Furthermore, ciglitazone did not suppress DHT-
mediated increases in PSA mRNA levels in the C4-2 cell line (Fig. 4B). Thus ciglitazone
inhibits androgen- induced AR reporter activity as well as PSA protein and mRNA levels in
LNCaP cells, whereas it does not lower these androgen- mediated responses in C4-2 cells.

Ciglitazone does not alter AR protein expression
The fact that ciglitazone was ineffective at reducing AR activation in the C4-2 cells suggest
that the regulation of AR signaling by ciglitazone varies between the LNCaP and C4-2 cell
lines. Yang et al noted that high concentrations of the PPARγ ligand troglitazone (> 60μM)
decreased AR protein levels in LNCaP cells [13]. Therefore, we compared regulation of AR
protein levels by ciglitazone in the two cell lines. Western blot analysis on whole cell lysates
was used to determine total AR protein levels following ciglitazone treatment. There was no
change in total AR protein levels in LNCaP cells treated with ciglitazone after 12, 24, or 48
hours (Fig. 5). There was no alteration in AR levels in C4-2 cells exposed to ciglitazone for
12 or 24 hours. Ciglitazone did induce a 20% decrease in AR protein levels in the C4-2 cells
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at the later 48 hour time period. The changes we see in AR driven luciferase activity and
PSA expression occur prior to this slight decrease. Therefore, our data suggest that
ciglitazone does not alter AR transcriptional activity in LNCaP and C4-2 cells by reducing
AR protein levels.

PPARγ is required for ciglitazone-mediated increases in AR activation
Since the level of functional PPARγ varied between the LNCaP and C4-2 cells, we
hypothesized that differences in PPARγ expression were responsible for the varying
response to ciglitazone noted in these cell lines. To define the role of PPARγ in the
ciglitazone- induced regulation of AR, we examined the effect of ciglitazone on AR
activation in C4-2 cells lacking PPARγ. For these studies we measured PSAE- luciferase
reporter activity in C4-2 cells transfected with either nonspecific control or PPARγ
SMARTpool siRNA oligonucleotides. Western blot indicated that PPARγ protein levels
were significantly reduced in C4-2 cells containing the PPARγ siRNA oligos (Fig. 6A inset).
Ciglitazone enhanced DHT- induced AR activation in cells exposed to control siRNA
oligos. However, the ability of DHT to enhance AR activity was not altered in C4-2 cells
transfected with the PPARγ siRNA (Fig. 6A). These data suggest that ciglitazone functions
through PPARγ to increase AR transcriptional activity in the androgen- independent C4-2
cell line.

To further characterize the role of PPARγ in the ciglitazone- mediated AR activity response,
we overexpressed PPARγ in the LNCaP cells, which do not express a significant amount of
functional PPARγ (Fig. 1). LNCaP cells were transiently transfected with either a pcDNA
3.1 vector control or a PPARγ cDNA expression plasmid, in addition to the AR responsive
PSAE- luciferase reporter plasmid. As shown by Western blot, we were able to detect more
PPARγ protein in the LNCaP cells transfected with the PPARγ cDNA (Fig. 6B inset).
Ciglitazone treatment reduced the DHT- induced increase in AR activation in the LNCaP
cells transfected with the control vector. In the LNCaP cells overexpressing PPARγ
ciglitazone did not inhibit the DHT- mediated AR activity (Fig. 6B). These data suggest that
the ability of ciglitazone to reduce AR activation in LNCaP cells is due in part to the lack of
functional PPARγ within this cell line. In addition, it further supports the idea that
ciglitazone, through activation of PPARγ, increases AR activity in androgen- independent
C4-2 cells.

Regulation of cyclin D1 by ciglitazone appears to enhance AR transcriptional activity
Cyclin D1 (CD1) is a known corepressor for the AR in LNCaP prostate cancer cells [22].
Our laboratory has previously shown that ciglitazone down- regulates CD1 protein
expression in the PC-3 prostate cancer cell line [17]. Western blots revealed ciglitazone also
decreases CD1 protein expression in C4-2 cells (Fig. 7A and [17]). However, ciglitazone did
not reduce CD1 protein levels in the LNCaP cells (Fig. 7A). Since reductions in CD1 can
result in elevated AR signaling, it is possible that ciglitazone enhances AR activity in C4-2
cells by regulating the expression of the corepressor CD1. To test this hypothesis, we tested
how overexpression of CD1 affects the ability of ciglitazone to increase AR activity in the
C4-2 cell line. In PC-3 cells, ciglitazone decreases CD1 level by increasing proteasome-
mediated degradation of CD1 protein [17]. Therefore, in these studies we transfected the
C4-2 cells with a plasmid that encodes a mutant form of CD1 (CD1- T286A) that remains
nuclear and is resistant to proteasomal degradation [23,24]. Western blot analysis
demonstrated that the level of CD1 protein expression in the C4-2 cells with the CD1-
T286A construct is dramatically higher than that present in cells containing the pcDNA 3.1
vector (Fig. 7B inset). In C4-2 cells transfected with the control pcDNA 3.1 vector,
ciglitazone enhanced DHT- induced AR transcriptional activity. However, ciglitazone did
not enhance DHT- induced AR activity in C4-2 cells expressing the CD1- T286A mutant
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(Fig. 7B). Taken together, these data suggest ciglitazone- induced decreases in CD1
contribute to the enhanced AR transcriptional activation produced by ciglitazone in the C4-2
cell line.

DISCUSSION
In this report, we examined the regulation of AR activation by one class of PPARγ ligands,
TZDs, in the androgen-dependent LNCaP cell line and an androgen-independent derivative
of the LNCaP cells, the C4-2 cell line. Several reports indicate that PPARγ ligands
troglitazone, pioglitazone and 15d PGJ2 inhibit AR transcriptional activation in the
androgen- dependent LNCaP cell line [12,19,25,26]. Consistent with these observations, our
data indicate the PPARγ ligand ciglitazone also inhibits DHT-induced AR transcriptional
activation in LNCaP cells. Like the parental LNCaP cell line, the androgen-independent
C4-2 cells express comparable levels of the mutated T877A form of AR ([18] and Fig 3A).
Ciglitazone also reduced proliferation of both the LNCaP and C4-2 cell lines. Therefore, we
expected that ciglitazone and other TZDs would be equally effective at reducing AR activity
in C4-2 cells. However, our data demonstrate that ciglitazone does not inhibit DHT-induced
AR activation in the androgen-independent C4-2 human prostate cancer cell line.
Ciglitazone increased AR activity in two luciferase reporter assays (PSAE- luciferase and
ARR2PB- luciferase). It also did not suppress DHT- stimulated increases in PSA protein or
mRNA expression in the C4-2 cells. It is important to note the PSAE- luciferase contains
only a portion of the endogenous PSA promoter. This difference might contribute to the fact
that ciglitazone increased DHT- induced AR activity in assays involving the PSAE-
luciferase reporter, but did not increase DHT- induced expression of the endogenous PSA
gene product. We do not know why the data obtained from the PSAE- luciferase assays does
not exactly mimic the regulation of PSA mRNA and protein produced by ciglitazone.
Nevertheless, the data from both types of AR activation assays suggest that ciglitazone does
not inhibit AR activity in the C4-2 cell line as it does in the LNCaP cell line. Our findings
suggest that ciglitazone regulates AR activity differently in the androgen-dependent LNCaP
cells versus the androgen-independent C4-2 prostate cancer cell line.

Our study is the first to note that PPARγ is expressed and transcriptionally active in C4-2
cells. In addition, the amount of functional PPARγ expressed in C4-2 cells is greater than
that found in the parental LNCaP cell line. Although PPARγ protein appeared to be
expressed in the LNCaP cells, we were unable to detect any increase in PPARγ activation
upon treatment with synthetic TZDs or proposed endogenous PPARγ ligands. This finding is
in agreement with a previous report by Yang et al which suggested LNCaP cells express
very little if any transcriptionally active PPARγ [19]. Previous reports have suggested that
PPARγ expression increases as normal prostatic epithelial cells develop into malignant cells.
PPARγ expression is increased in benign prostatic hyperplasia (BPH) and prostatic
intraepithelial neoplasia (PIN) as compared to normal prostate tissue [15]. In addition,
PPARγ mRNA and protein levels are expressed at higher levels in prostate cancer cells
relative to normal prostate epithelial cells [8,9]. It has been suggested that PPARγ
expression also increases with the development of androgen-independent prostate cancer, for
there are lower amounts of PPARγ present in the androgen-dependent LNCaP cells than in
the independently derived androgen-independent PC-3 and DU145 cells [10]. Since PC-3
and DU145 cells lack AR, it was not known whether PPARγ levels are also elevated in AR
positive, androgen- independent prostate cancers. Our data show that androgen- independent
C4-2 cells express higher levels of PPARγ protein than the androgen- dependent LNCaP cell
line. Additionally, we show that the minimal amount of PPARγ expressed in the LNCaP
cells is not functional. Thus our data provide evidence that further suggests increased
expression of PPARγ is associated with the development of androgen- independent prostate
cancer.
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Multiple reports from the C.S. Chen laboratory indicate that PPARγ ligands mediate AR
transcriptional activity independent of PPARγ activation in the LNCaP cell line [13,19,27].
They have demonstrated PPARγ-inactive analogues of ciglitazone and troglitazone are still
able to repress PSA protein levels and DHT- induced AR transcriptional activation in the
LNCaP cell line [19]. In this paper, we were unable to detect significant levels of functional
PPARγ in the LNCaP cells, but ciglitazone was effective at reducing AR activation in this
cell line. Therefore, our data support the idea that the decrease in AR transcriptional activity
induced by PPARγ ligands is independent of PPARγ in the LNCaP cell line. When we
overexpressed PPARγ in the LNCaP cell line, ciglitazone was not able to inhibit the DHT-
mediated increases in AR activity. However, ciglitazone enhances ligand- induced AR
activation in the C4-2 cell line, which expresses PPARγ. In addition, when PPARγ levels
were reduced in the C4-2 cell line, ciglitazone was not able to increase DHT- mediated AR
transcriptional activity. Therefore, the presence of functional PPARγ may be linked to the
differential regulation of AR activation by ciglitazone in the androgen- dependent versus
androgen-independent prostate cancer cell lines.

The level of coactivator and corepressor expression regulates transcriptional activation of
the AR and other nuclear receptors. Cyclin D1 (CD1) is a corepressor that inhibits AR
transcriptional activation by interacting with the amino terminal region of the AR [22]. It has
been shown that at concentrations greater than 40μM, the PPARγ ligand troglitazone
decreases CD1 protein expression in LNCaP cells [13,28]. However, under our experimental
conditions, we did not see a decrease in CD1expression with ciglitazone in the LNCaP cell
line. Our data show that there is differential regulation of CD1 by ciglitazone in LNCaP and
C4-2 cells. While ciglitazone did not modulate CD1 expression in the LNCaP cells, it
dramatically reduced CD1 levels in the C4-2 cell line. In addition, overexpression of CD1
prevented ciglitazone- stimulated increases in DHT- dependent AR activity. Thus
ciglitazone- induced increases in AR activity appear to be linked to the down- regulation of
the corepressor CD1 in C4-2 androgen- independent prostate cancer cells. SMRT, NCoR
[29–31] and SIRT1 [32] are other proteins that have been shown to function as AR
corepressors. siRNA- mediated knockdown of NCoR and SMRT has been shown to increase
ligand- mediated AR signaling in prostate cancer cells [31,33]. DHT- induced activation of
AR is also enhanced in the presence of nicotinamide, a chemical inhibitor of SIRT1 [32].
Thus altered expression or chemically induced inhibition of corepressors can also influence
the level of AR signaling within cells. We do not know if ciglitazone regulates expression
and/or activity of other corepressors. However, it is possible that the increase in AR activity
induced by ciglitazone in androgen- independent prostate cancer cells may be due not only
to the regulation of cyclin D1 but also other corepressors.

In summary, our findings suggest a novel mechanism of action for ciglitazone in the
regulation of AR activation in C4-2 human prostate cancer cells. While ciglitazone inhibits
AR activation in androgen-dependent LNCaP human prostate cancer cells, it does not lower
AR activity in the androgen-independent C4-2 cell line. The regulation of AR activity by
ciglitazone in C4-2 cells appears to require PPARγ and is linked to ciglitazone- induced
down- regulation of the corepressor CD1. Although ciglitazone did not suppress AR
activity, it effectively decreased the proliferation of androgen- independent C4-2 human
prostate cancer cells. This would suggest that inhibition of AR is not the primary mechanism
by which ciglitazone reduces the growth of androgen- independent C4-2 cells. It still needs
to be determined whether ciglitazone- induced reductions in AR activity are critical for the
anti- proliferative effect of ciglitazone in the androgen- dependent LNCaP cells.
Nonetheless, our data support the idea that PPARγ plays little if any role in the ability of
ciglitazone to reduce proliferation and suppress ligand- activated AR activity in LNCaP
cells. Additional studies need to be conducted in order to fully understand the signaling
pathways mediated by ciglitazone, as well as other PPARγ agonists, to prevent tumor
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growth in androgen- dependent and advanced stage, androgen- independent forms of
prostate cancer.
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Fig 1. C4-2 cells express functional PPARγ
(A) Nuclear extracts were prepared from the C4-2, LNCaP and PC-3 cell lines. The PPARγ
protein present in each nuclear fraction was detected using Western blot analysis. The
polyclonal PPARγ antibody used in these studies detects PPARγ (indicated by arrow) as
well as a smaller, non- specific band. The blots were stripped and reprobed with an antibody
against topoisomerase I (Topo I) to confirm purity of nuclear fractions. (B) LNCaP and C4-2
cells were transfected with the PPRE3-luciferase and CMV β-galactosidase plasmid
constructs. Transfected cells were then treated with vehicle control (EtOH or DMSO) or
PPARγ ligands at various concentrations for 24 hours. Luciferase activity was measured and
normalized to β-galactosidase activity. Each bar represents the mean ± SD of three wells. *,
P< 0.05 compared to vehicle control. A representative experiment is shown.
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Fig 2. Ciglitazone inhibits the growth of androgen- dependent and – independent human
prostate cancer cells
LNCaP and C4-2 cells were plated in 6 well plates and treated with ciglitazone (0 – 45 μM)
for six days. Following treatment, cells were detached using Trypsin- EDTA. Cells were
then counted using a Coulter Counter. Each bar represents the mean ± SD for three wells. *,
P < 0.05 compared to EtOH control. A representative experiment is shown.
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Fig 3. The ability of TZDs to regulate AR activation varies between LNCaP and C4-2 cells
Panel (A): Whole cell lysates were prepared from PC-3, C4-2 and LNCaP cells. Total AR
protein levels were assessed using Western blot analysis. The PC-3 cell lysate was used as a
negative control for AR protein expression. Blots were stripped and reprobed for β-actin to
confirm equal loading. Panels (B) and (C): Cells were transfected with CMV β-galactosidase
and the AR- responsive reporter PSAE- luciferase (B) or ARR2PB- luciferase (C) and
treated for 24 hours as indicated. Luciferase activity was measured and normalized against
β-galactosidase activity. Each bar represents the mean ± SD of three wells. *, P< 0.05
compared to DHT alone (DHT+, Cig-). A representative experiment is shown.
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Fig 4. Ciglitazone does not reduce DHT- mediated increases in PSA protein or mRNA within
C4-2 cells
(A) Whole cell lysates were prepared from LNCaP and C4-2 cells treated with ethanol
(DHT-, Cig-), DHT (1 nM), Ciglitazone (45 μM), or DHT + Ciglitazone. PSA protein levels
in treated cells were then detected using Western blot analysis. The blots were stripped and
reprobed for β-actin to confirm equal loading of the gels. (B) Total RNA extracted from
LNCaP and C4-2 cells treated with ethanol (DHT-, Cig-), DHT (1 nM), Ciglitazone (45
μM), or DHT + Ciglitazone. PSA mRNA levels were detected using qRT- PCR. The amount
of PSA gene product in each sample was calculated using the ΔΔCt method and normalized
to the amount of 18s control. Each bar represents the mean of two independent readings. A
representative experiment is shown.
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Fig 5. Ciglitazone does not alter total AR protein levels in androgen- dependent or -independent
prostate cancer cells
Whole cell lysates were prepared from LNCaP and C4-2 cells treated with ethanol or
ciglitazone (45 μM). Total AR protein levels were detected using Western blot analysis. The
blots were stripped and reprobed for β-actin to confirm equal loading of the gels. AR band
density was quantified and normalized to the β-actin. The AR/actin ratio was determined
and expressed as fold change relative to time matched EtOH controls.
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Fig 6. PPARγ is required for ciglitazone- mediated increases in AR transcriptional activity
In (A) C4-2 cells were transfected with the PSAE- luciferase reporter, the CMV β-
galactosidase plasmid, and either a non- specific control or PPARγ SMARTpool siRNA. In
(B) LNCaP cells were transfected with the PSAE- luciferase reporter, the CMV β-
galactosidase plasmid, and either a pcDNA 3.1 empty vector or PPARγ cDNA expression
vector. For both panels, following transfection, both C4-2 and LNCaP cells were treated for
24 hours with the indicated drugs. Luciferase activity in treated cells was measured and
normalized to β-galactosidase activity. Each bar represents the mean ± SD of three wells. *,
P< 0.05 compared to DHT alone. In parallel wells, PPARγ and actin protein levels were
measured using Western blot analysis (insets). A representative experiment is shown.
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Fig 7. Ciglitazone regulates the AR corepressor cyclin D1 in C4-2 but not LNCaP cells
(A) Each cell line was treated with ethanol vehicle (-) or ciglitazone (30 uM) over a 24 hour
time period. The amount of cyclin D1 (CD1) and actin expression was then measured by
Western blot. (B) C4-2 cells were transfected with the PSAE- luciferase reporter, CMV β-
galactosidase plasmid and either a pcDNA 3.1 control or cyclin D1 overexpressing vector
(CD1- T286A). Following transfection, the cells were treated for 24 hours with the indicated
compounds. Luciferase activity was measured and normalized to the level of β-galactosidase
activity in each well. Western blot analysis was performed with the samples from parallel
wells to assess the level of cyclin D1 expression in transfected cells (Fig. 6B inset). Each bar
represents the mean ± SD of three wells. *, P< 0.05 compared to DHT alone. A
representative experiment is shown.
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