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SPECIAL REPORT
GW9662, a potent antagonist of PPARY, inhibits growth of breast
tumour cells and promotes the anticancer effects of the PPARY
agonist rosiglitazone, independently of PPARY activation
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Peroxisome proliferator-activated receptor gamma (PPARy), a member of the nuclear receptor
superfamily, is activated by several compounds, including the thiazolidinediones. In addition to being
a therapeutic target for obesity, hypolipidaemia and diabetes, perturbation of PPARYy signalling is
now believed to be a strategy for treatment of several cancers, including breast. Although differential
expression of PPARYy is observed in tumours compared to normal tissues and PPARy agonists have
been shown to inhibit tumour cell growth and survival, the interdependence of these observations is
unclear. This study demonstrated that the potent, irreversible and selective PPARy antagonist
GW9662 prevented activation of PPARy and inhibited growth of human mammary tumour cell lines.
Controversially, GW9662 prevented rosiglitazone-mediated PPARy activation, but enhanced rather
than reversed rosiglitazone-induced growth inhibition. As such, these data support the existence of
PPARy-independent pathways and question the central belief that PPARy ligands mediate their

anticancer effects via activation of PPARy.
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Introduction Activation of peroxisome proliferator-activated
receptor (PPAR)y and regulation of gene transcription is a
multistep process that involves ligand binding, heterodimer-
isation with retinoid X receptor (RXR), interaction with
sequence-specific gene promoter elements (termed PPAR
response elements (PPREs)), and recruitment of coactivators
and other nuclear coregulatory proteins (Kliewer et al., 2001;
Gill & Roberts, 2003). As well as being central to the
regulation of lipid metabolism, PPARy is now believed to
have a role in tumorigenesis (Roberts-Thomson, 2000; Gill &
Roberts, 2003). In breast tissue, agonists of PPARy have been
shown to inhibit cell growth, reduce oestrogen production by
adipose tissue, inhibit oestrogen receptor (ER) activity and
play a role in tumour regression (Agarwal et al., 2000; Rubin
et al., 2000; Pighetti et al., 2001; Wang & Kilgore, 2002; Qin
et al., 2003). Similarly, in cultured breast cells PPARy agonists
can induce extensive lipid accumulation and reduce clonogenic
survival (Elstner et al., 1998). As such, PPARy agonists have
been proposed as anticancer therapeutics for breast cancer, a
theory currently being tested in clinical trials (Burstein et al.,
2003).

Although the therapeutic potential of PPARy agonists as
anticancer agents is clearly evident, the role of PPARy
activation in the process and thus their mechanism of action
remain unclear. For instance, no clear correlation is observed
between the sensitivity of the MT breast cell line panel to
PPARy ligands and their PPARy expression levels (Mueller
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et al., 1998). Similarly, studies using murine embryonic stem
cells and fibroblasts demonstrated the presence of PPARy-
independent pathways of growth inhibition by PPARy
agonists (Palakurthi et al., 2001). This study sought to
investigate whether PPARy activation was central to the
inhibition of human breast cancer cell growth induced by
PPARy ligands. Breast tumour cell growth and survival were
assessed using the potent irreversible PPARYy selective antago-
nist 2-chloro-5-nitrobenzanilide (GW9662) in the presence and
absence of the PPARy agonist rosiglitazone. Furthermore,
since PPARy agonists have already shown clinical worth for
other human diseases and are currently in clinical trials as
anticancer agents (Burstein ez al., 2003), this study may have
important implications for breast cancer therapy.

Methods Cell culture Human breast cancer cell lines
(MCF-7, MDA-MB-231, MDA-MB-468) were obtained from
the European Cell Culture Collection (ECACC). All cell lines
were grown in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine and 1 mM
sodium pyruvate in a humidified 5% CO, atmosphere at 37°C.
The media were changed every 3 days and the cells passaged
via trypsinisation before reaching confluency.

Western blotting  Cells grown in monolayer were harvested at
subconfluency, lysed and total protein isolated. Briefly, cells
were scraped from the flask, lysed in RIPA buffer (150 mMm
NaCl, 50 mM Tris—HCI, pH 7.4, 5mM EDTA, 1% NP40, 0.1%
SDS, 1mM phenylmethylsulphonyl fluoride (PMSF) and
proteinase inhibitor cocktail (1 x; Sigma, Dorset, U.K.)),
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sonicated and centrifuged. Protein concentrations of the
resultant supernatants were determined using the BioRad
protein assay (BioRad, U.K.). Cell lysates (30 ug protein per
lane) were separated on 10% SDS—polyacrylamide gels and
transferred to polyvinylidenedifluoride (PVDF) membranes
(Hybond-P; Amersham, U.K.). Nonspecific protein binding
was blocked using 2% ECL advanced blocking reagent
(Amersham, U.K.). Blots were incubated overnight with
anti-PPAR7y antibody (Santa Cruz; diluted 1:1000) or anti-
PPARu antibody (Santa Cruz; diluted 1:1000), followed by
horseradish-peroxidase-conjugated goat anti-rabbit total IgG
(Dako; diluted 1:2000) for 2h. Immunoreactive bands were
visualised using an enhanced chemiluminescence (ECL) detec-
tion kit (Amersham) according to the manufacturer’s instruc-
tions and images captured using a BioRad FX-Imaging
system.

MTT cell survival studies Rosiglitazone and GW9662 were
purchased from Cayman Chemicals (St Louis, MO, U.S.A.).
Cells (MCF7, MDA-MB-231, MDA-MB-468) were plated in
96-well plates at a density of 1 x 10* cells per well in RPMI
medium. After overnight incubation to allow for cell attach-
ment, the medium was removed and replaced with fresh
medium containing varying concentrations of rosiglitazone
(1-100 um), GW9662 (100nM-50 uM) or solvent (dimethyl
sulphoxide (DMSO)) alone. MDA-MB-231 cells were also
subjected to combinations of rosiglitazone (10, 50 uM) and
GW9662 (1, 10 uM) added simultaneously. The final concen-
tration of DMSO in all cases did not exceed 0.1% and was not
found to be cytotoxic in any of the cell lines tested at this
concentration. Chemosensitivity was assessed following a
continuous 72h exposure using a standard 3-[4, 5-di-
methylthiazolyl]-2,5-diphenyltetrazolium  bromide (MTT)
assay.

Cell growth assay MDA-MB-231 cells were seeded at a
density of 1 x 10° cells per 25cm? tissue culture flask. After
24h (day 0), the growth medium was replaced with fresh
medium containing rosiglitazone (50 uM), GW9662 (10 uM) or
both together. Control flasks received 0.1% DMSO. Cells were
harvested on days 0, 3, 5, 7, 10 for each treatment condition by
trypsinisation, stained using trypan blue, and the total and
viable number of cells per flask calculated using a haemo-
cytometer.

Preparation of nuclear extracts of treated cells for measurement
of PPARy and PPARo activity Levels of PPARy and o
activity following rosiglitazone (50 uM), GW9662 (10 uM) or
combination treatment were measured in the nuclear fraction
of MDA-MB-231 and MCF7 cells using the PPAR transfactor
kit (BD Biosciences Clontech, U.K.) as described below. Cells
were seeded at a density of 1 x 10° cells per 75cm’® tissue
culture flask. After 24h, culture medium was removed and
replaced with fresh medium containing the appropriate
treatment. Following 2, 4, 8, 24h of treatment, nuclear
extracts were isolated (five flasks per treatment condition)
using a transfactor extraction kit (BD Biosciences Clontech,
U.K.), as per the manufacturer’s instructions. The protein
concentrations of the resultant supernatants (nuclear extract)
were determined using the BioRad protein assay (BioRad,
U.K)).

Quantitative measurement of PPARy and PPARo activity
PPARy and PPARu activity was assayed in nuclear extracts
using the PPAR transfactor assay (BD Bioscienes Clontech,
U.K.), following the manufacturer’s instructions. Briefly,
following blocking of nonspecific binding to the PPRE-coated
wells, 50 ug of nuclear extract or positive control extract
(supplied with the kit) was added to the appropriate wells and
the plate incubated for 60 min at room temperature. Primary
anti-PPARy antibody or anti-PPAR« antibody was added to
each well and the plate incubated for 60min. Secondary
antibody (anti-rabbit IgG-HRP) was added to each well and
incubated for 30 min. Colorimetric detection of bound anti-
body was performed by addition of TMB substrate, incubation
at room temperature for 20 min, addition of sodium azide stop
buffer and measurement of absorbance at 655nm using a
microplate reader.

Statistical analyses Statistical analyses were undertaken
using the SPSS software package, version 11.0 (SPSS Inc.,
Chicago, IL, U.S.A.). Values represent mean +standard error
(s.e.) of replicate experiments. Data were analysed by Student’s
t-test for and the threshold for statistical significance was
assigned at P=0.05.

Results  Effect of the PPARYy agonist rosiglitazone and PPARy
antagonist GW9662 on cell survival ~All of the cell lines utilised
in this study were found to express PPAR?y protein (Figure 1),
in agreement with previous studies (Jiang er al., 2003). In
contrast, PPAR« protein was detectable in both MDA-MB-
231 and MDA-MB-468 cells, but not the MCF7 cell line
(Figure 1), a previously unreported observation. This expres-
sion profile was supportive of the use of these cells for this
study. To investigate the consequence of activation or
inhibition of PPARy upon survival of breast cell lines,
MCF7, MDA-MB-231 and MDA-MB-468 cells were sub-
jected to various doses of rosiglitazone or GW9662 for 72h
and cell viability analysed by MTT assay. Response to
rosiglitazone was similar for all the three cell lines, with an
ICy, of approximately 50 uM. Although this concentration
appears relatively high, it is in line with values observed with
other PPARYy agonists in breast cell lines (Clay et al., 2001; Yin
et al.,2001). GW9662 acts as a potent antagonist of PPARy in
both cell-free and cell-based assays by covalently modifying a
cysteine residue in the ligand-binding site of PPARy (Leesnit-
zer et al., 2002). Since GW9662 does not induce PPARy-
mediated transcription (Leesnitzer ez al., 2002) and exogen-
ously added PPARy agonists were not added to the culture
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Figure 1 Expression of PPARy and PPARo protein in human
breast cell lines. Each lane was loaded with 30 pg cell lysate. MB468:
MDA-MB-468; MB231: MDA-MB-231.
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media in this study, no response to GW9662 was expected as
measured by MTT assay. Surprisingly, all the three cell lines
demonstrated comparable loss of viability in response to
GW9662 (Figure 2; ICs, 20-30uM), suggesting either the
existence of PPAR?y agonistic properties of GW9662 or growth-
inhibitory mechanisms independent of PPARy. ER alpha and
beta (ERa, §) have been shown to inhibit PPAR transactivation
and exhibit signal crosstalk with PPARy (Wang & Kilgore,
2002). Therefore, to reduce complicating factors when evaluat-
ing the ‘true’ involvement of PPARy activation in the growth-
inhibitory response of rosiglitazone and GW9662, our sub-
sequent studies focused primarily on the ERo-negative and
oestrogen nonresponsive MDA-MB-231 cell line.

GW9662 does not prevent rosiglitazone-mediated growth sup-
pression The observation that GW9662 itself has growth-
inhibitory properties prompted us to investigate the effect of
GW9662 upon rosiglitazone-induced cell growth suppression
(Figure 3). As a consequence of GW9662 being a high-affinity
selective PPARYy inhibitor capable of fully abrogating PPARYy
activation and signalling (Leesnitzer et al., 2002), GW9662 was
expected to prevent rosiglitazone-mediated growth inhibition.
Surprisingly, co-treatment of MDA-MB-231 cells with both
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Figure 2 Effect of the PPARy antagonist GW9662 on viability of
human breast cell lines. MCF7, MDA-MB-468, MDA-MB-231 were
treated with GW9662 (0.1-50 uM) for 72h, and cell viability
measured by MTT assay. Results, expressed as % of solvent
control, are the mean +s.e. from three separate experiments.
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Figure 3 Effect of co-treatment of the PPARy antagonist GW9662
and the PPARy agonist rosiglitazone on viability of MDA-MB-231
cells. Cells were treated with rosiglitazone (0, 10, 50 uM) in the
presence or absence of GW9662 (0, 1, 10uM) for 72h and cell
viability measured by MTT assay. Results, expressed as % of solvent
control, are the mean+s.e. of three independent experiments.
*P<0.01 vs solvent control; TP <0.01 vs 50 uM rosiglitazone.

rosiglitazone and GW9662 resulted in an additive effect upon
cell survival rather than the predicted subtractive effects, as
measured by MTT assay (Figure 3). Analysis of the cellular
growth kinetics of MDA-MB-231 cells in the presence of
rosiglitazone and GW9662 further confirmed this observation,
in that GW9662 did not prevent rosiglitazone-induced growth
inhibition, but instead acted to enhance the effect of
rosiglitazone (Figure 4). Co-treatment with both 50uM
rosiglitazone and 10 uM GW9662 resulted in statistically lower
viable cell numbers after 7 days when compared to treatment
with either 50 uM rosiglitazone (P =0.001) or 10 uMm GW9662
(P=0.01) alone. Our data also indicated that cells in the
presence of rosiglitazone and GW9662 were reaching the
plateau phase of growth earlier than that observed in control
conditions (Figure 4). Although the reason for this observation
is currently unclear, it may suggest that the induction of cellular
differentiation by PPARy ligands, as reported previously
(Mueller et al., 1998), can occur independently of PPARy.

PPARYy activation is not involved in growth suppression induced
by rosiglitazone and GW9662 Since both rosiglitazone and
GW9662 had been shown to inhibit cell survival and retard cell
growth, it was important to determine whether these effects
were dependent upon activation of the PPARy receptor. Using
a modified ELISA assay (Shen ez al., 2002), the degree of
PPARy activation was determined in parallel to the cell
survival and growth study. As predicted, rosiglitazone (50 uM)
and GW9662 (10 uM) treatment resulted in an induction and
inhibition of PPAR?y activation, respectively (Figure 5). In
contrast, no activation or inhibition of PPAR« activity was
detected with either rosiglitazone or GW9662 (data not
shown), demonstrating that the observed effects were not
due to perturbation of PPAR« activation. Interestingly, levels
of PPARYy activation in cells exposed to GW9662 alone were
significantly lower than that observed in either the solvent or
untreated controls (Figure 5), suggesting a degree of back-
ground PPARYy activation. This background PPAR}y activity is
likely to be as a consequence of endogenous PPARy agonists
within the cell growth media, which also contains 10% fetal
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Figure 4 Effect of rosiglitazone and GW9662 on cell growth
kinetics of MDA-MB-231 cells. Cells were treated with either
50 uM rosiglitazone, 10 uM GW9662, combination of rosiglitazone
and GW9662 or solvent alone, and the total number of viable cells
calculated by trypan blue exclusion over a 10-day period. Error bars
are omitted for clarity.
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Figure 5 Levels of PPARy activation following treatment with
rosiglitazone and/or GW9662. MDA-MB-231 (white bars) and
MCEF7 (black bars) cells were treated with rosiglitazone (50 uM),
GW9662 (10 uM) or both for 4h and the level of PPARy activity
measured by the PPAR?y transfactor modified ELISA assay. Results
are expressed as fold change in activity compared to solvent control.
Results are the mean+s.e. of three experiments.

calf serum. Treatment of MDA-MB-231 cells with both
rosiglitazone (50 uM) and GW9662 (10 uM) simultaneously
did not result in activation of PPARy (Figure 5; P<0.01
compared to either treatment alone). In addition to the 4h
timepoint (Figure 5), similar activity responses were observed
at 2, 8 and 24h post-treatment (data not shown) and in the
MCF7 cell line (Figure 5). Taken together, these data strongly
suggest that PPARy activation may not be involved in the
inhibition of cell survival or cell growth.

Discussion PPARpY is central to cellular lipid metabolism and is
activated by a diverse range of compounds including fatty acids,
eicosinoids and insulin sensitisers (Kliewer er al., 2001; Gill
& Roberts, 2003). As such, PPARy has been identified as a
therapeutic target for obesity, hypolipidaemia and diabetes
(Kliewer et al., 2001). More recently, based on both in vitro and
in vivo studies, perturbation of PPARy expression and activity
has been suggested as a therapeutic strategy for several epithelial
tumour types, including breast (Elstner ez al., 1998; Roberts-
Thomson, 2000; Rubin et al., 2000; Pighetti et al., 2001; Wang
& Kilgore, 2002). Although this is an interesting concept and is
supported by a large number of primarily in vitro studies, the
involvement of PPARy activation and its subsequent signalling
pathway in such cases is purely implied based on parallel
observation in other cell systems, such as lipid metabolism, and
molecular studies demonstrating drug-receptor interaction.
Understanding the involvement and role of PPARy in breast
tumour growth inhibition has important implications for both
interpreting the results of current clinical trials (Burstein ez al.,
2003) and the pharmacology of such compounds.

In our study, the PPARy ligand rosiglitazone activated
PPARy (Figure 5) and inhibited growth and survival of breast
cell lines in vitro, independently of their reported oestrogen
receptor-o status, supporting the proposed therapeutic poten-
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