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Abstract

Objective: Peroxisome proliferator-activated receptor γ (PPARγ) is aberrantly expressed in most breast tumors,
suggesting the potential of agents that target this receptor in treatment and chemoprevention of breast cancer.
However, whether PPARγ leads to the promotion or reduction of tumor formation has remained controversial and is
further complicated by the ability of its available thiazolidinedione (TZD) ligands to activate another PPAR subtype,
PPARδ.

Method: To examine the role of each receptor in breast cancer biology, we performed a systematic evaluation of
PPARγ and PPARδ agonists on the growth of human estrogen receptor (ER)-positive and -negative breast cancer
cells.

Results: In this manner we found that TZD-activated PPARγ was highly effective in suppressing the proliferation
of estrogen-dependent cancer cells. Activated PPARδ, however, displayed growth-enhancing effects independent of
estradiol and regardless of the ER status of the cells. Strikingly, in ER-negative cancer cells expressing a favorable
PPARδ/γ ratio, TZDs promoted growth in a PPAR γ-independent manner by direct activation of PPARδ. A screen for
ligands with increased receptor selectivity compared to TZDs revealed that GW7845 functioned as a full agonist of
PPARγ, yet this agent lacked the ability to activate PPARδ and elicit its associated mitogenic effects.

Conclusion: These studies indicate that selective PPAR γ modulators (SPPARγMs) that lack agonist activity on
PPARδ may be clinically useful in future cancer treatment and chemoprevention.

Keywords: PPAR γ; Thiazolidinedione (TZD); Breast cancer;
Estrogen; ER; Subtype-selective; Proliferation

Introduction
Breast cancer is currently the most prevalent malignancy among

women in industrialized countries, and one in eight women living in
the United States will develop the disease at some point in her lifetime.
It is estimated that over 230,000 women will be newly diagnosed with
breast cancer in the United States this year, accounting for 30% of
cancers found in women [1]. Despite the increase in diagnostic
technologies, incidence rates of distant-stage disease have remained
stable over the past several decades [2]. A series of mechanistically
distinct therapeutics are currently in clinical use, including those
targeting estrogen and growth factor signaling pathways [3-5].
Unfortunately, difficulties in mode of delivery, adverse cardiovascular
effects, associated bone loss and development of resistance over time
have provided limitations for sustained use of the many of these agents
[5-9]. To date there still exists an unmet need for novel breast cancer
therapeutics with improved tolerance, specificity and safety. Thus,
further molecular characterization of the disease should aid in guiding
both the most appropriate use of existing therapies and subsequent
identification of new drug targets [3,10].

The PPARs (α, δ, γ), are nuclear hormone receptors that regulate
lipid metabolism and homeostasis by regulating cell growth,

differentiation and survival [11]. In addition to normal physiology,
each receptor is associated with pathways linked to carcinogenesis, and
thus, emerging evidence indicates a role for PPARs in the etiology of
cancer [12]. While the link between each subtype and carcinogenesis is
unclear, there is notable aberrant expression of PPARγ and its
coactivator PGC-1α in both ER-positive and ER–negative human
breast tumors, where low levels of these factors are associated with
poor clinical outcomes [13].

Given these observations, it is not surprising that PPAR γ has
recently become a prospective target for prevention and treatment of
breast cancers [14]. While the available PPARγ ligands were developed
for their ability to normalize blood glucose levels in patients with type
II diabetes, analogous to the selective estrogen receptor modulator
(SERM) concept, it has been proposed that selective PPARγ
modulators (SPPARγ Ms) may be clinically useful in future cancer
chemoprevention [14]. However, the development of such agents has
been hindered by the uncertainty as to whether PPARγ activation or
inhibition is the desired effect. In vitro and in vivo studies have
revealed that PPARγ physiological ligands (prostaglandins; lipids) and
pharmacological ligands (thiazolidinediones (TZDs)) effectively
inhibit growth and induce apoptosis in human breast cancer cells and
tumors, yet not in normal breast epithelial cells [15-19]. Yet other
studies using several cancer cell lines, animal models, and a variety of
PPARγ agonists have shown discordant results, perhaps due to
differences in tumor type, grade, species and pharmacological dose
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[20,21]. Thus, despite early concurrence as to the protective effects of
the receptor, whether PPARγ leads to the promotion or reduction of
tumor formation currently remains somewhat controversial.

The apparent confounding effects of available PPARγ ligands on
PPARδ have the potential to further complicate the development of
SPPARγMs as breast cancer therapeutics. A biological impact of
‘receptor crossover’ was demonstrated in human macrophages.
Specifically, TZDs, which possess established anti-inflammatory
actions through activation of PPARy, were shown to display
unanticipated pro-inflammatory activities in a PPARγ-independent
manner through direct activation of PPARδ [22]. Whether similar,
nonspecific activities of PPARγ ligands could occur in breast cancers is
not clear, nor is it know whether this phenomenon might explain the
one clinical trial to date evaluating TZDs in metastatic breast cancer
patients, which failed to demonstrate efficacy of troglitazone as a
breast cancer therapeutic [23]. Regardless, the potential for ‘receptor
crossover’ suggests that the ratio of PPARγ to PPARδ expression could
alter both tumor biology and drug pharmacology. This is particular
alarming given that the two receptors are co-expressed in most breast
cancers and PPARδ has been implicated in promoting development
and expansion of tumors from several tissue origins [24-27]. Clearly,
an understanding of the role of each receptor in regulating growth of
cancer cells should allow for future development of safer, yet effective
PPAR modulators with potential therapeutic use for cancer. We
undertook these studies therefore with the intent to determine the
impact of PPARγ and PPARδ expression in breast cancer and to
evaluate the contribution of each receptor to breast cancer biology.

Materials and Methods

Biochemicals
PCR reagents were obtained from BIO-RAD (Hercules, CA). 17β-

estradiol and GW9662 were purchased from Sigma (St. Louis, MO).
Rosiglitazone, pioglitazone, troglitazone, ciglitazone, and
carbaprostacyclin were purchased from Cayman Chemical (Ann
Arbor, MI). GSK660 was a gift from Drs. Andrew Billin and Barry
Shearer (GlaxoSmithKline). The FluoReporter Blue Fluorometric
dsDNA Quantitation Kit, transfection reagents, and PCR oligos were
purchased from Life Technologies (Grand Island, NY).

Mammalian cell culture and ligand treatments
All cell lines were obtained from American Type Culture Collection

(Manassas, VA). MCF-7, ZR-75 and T47D (human ER-positive breast
cancer) cells and MDA MB-231 (human ER-negative breast cancer)
cells were maintained in DMEM F12 medium supplemented with 10%
fetal calf serum (FCS), 2 mM glutamine, 0.1 mM nonessential amino
acids, and 1 mM sodium pyruvate (Life Technologies). HeLa (human
cervical cancer) cells were maintained in MEM supplemented with
10% FCS. Cell were grown in a 37°C incubator with 5% CO2. For RNA
analysis, cells were plated at 60% confluency in 6-well culture dishes in
2 ml phenol red-free DMEM F12 containing 8% charcoal-stripped
FCS (HyClone Laboratories, Inc., Logan, UT) for 24 h prior to
treatment. Media was then replaced and supplemented with ethanol
(vehicle), 17β-estradiol, rosiglitazone, carbaprostacyclin, pioglitazone,
troglitazone, ciglitazone, GSK660 or GW7845. Note figure legends for
details on concentrations of agents used in specific experiments. For
some studies GW9662 (PPARγ antagonist) or GSK660 (PPARδ
antagonist) was co-administered with vehicle or treatments. For cell

proliferation assays, cells were induced with vehicle, 17β-estradiol or
other agents.

RNA isolation and quantitative PCR
RNA was isolated from cultured BG-1 cells using the RNeasy kit

(Qiagen, Valencia, CA). One µg of RNA was reverse transcribed using
the BioRad iScript cDNA synthesis kit. The ABI PRISM® 7900HT Real
Time PCR System was used to amplify and quantitate levels of target
gene cDNA. Quantitative PCR (qPCR) reactions were performed
using 0.1 µl of cDNA, 10 µM gene-specific primers, and 2x SYBR
Green Mastermix (Applied Biosystems). Data are the mean +/-STDEV
of three biological replicates performed in triplicate. All experiments
were repeated a minimum of three times. The following primers were
used: CXCL12,

5’-GTGGTCGTGCTGGTCCTC-3’ (for) and 5’-
GATGCTTGACGTTGGCTCTG-3’ (rev), Cyclin D1, 5’-
GCTGCGAAGTGGAAACCATC-3’ (for) and 5’-
CCTCCTTCTGCACACATTTGAA-3’ (rev), p21, 5’-
TGTCCGTCAGAACCCATGC-3’(for) and 5’-
AAAGTCGAAGTTCCATCGCTC-3’ (rev), pS2, 5’-
CGGGGAGTGAGAAACCCTC-3’ (for) and 5’-
CACTGGAGTCGAAACAGCATC-3’ (rev), PR 5’-
ACCCGCCCTATCTCAACTACC-3’ (for) and 5’-
AGGACACCATAATGACAGCCT-3’ (rev), ID3, 5’-
GAGAGGCACTCAGCTTAGCC-3’ (for) and 5’-
TCCTTTTGTCGTTGGAGATGAC-3’ (rev), and 36B4 5’-
GGACATGTTGCTGGCCAATAA-3’ (for) and 5’-
GGGCCCGAGACCAGTGTT-3’ (rev).

Cell proliferation assays
For standard assays, cells were seeded and adhered in 96-well plates

at 2.5 x 104 cells/well. Cells were incubated in the absence or presence
of ligands for 96 h in phenol red-free DMEM F12 containing 8%
charcoal-stripped FCS (100 µl/well). After 96 h, cell proliferation was
measured using the FluoReporter® Blue Fluorometric dsDNA
Quantitation Kit according to the manufacturers’ protocols (Life
Technologies). All values were corrected for fluorescence values read
from blank controls containing media with no cells. Sextuplicate
biological replicates were used for each treatment condition in each
experiment, and data are the mean +/-STDEV of the 6 replicates. All
experiments were repeated a minimum of three independent times.

Mammalian cell transfections
HeLa cells were used for transactivation and mammalian-two-

hybrid assays. For transient transfections, cells were plated in 24-well
plates 24 h before transfection. Lipofectin-mediated transfection has
been described in detail previously [22]. Briefly, prior to transfection,
the media was replaced with phenol-free MEM containing 8%
charcoal-stripped serum (Hyclone), 0.1 mM non-essential amino acids
and 1 mM sodium pyruvate (Life Technologies). A DNA-Lipofectin
mixture containing a total of 3 µg of plasmid for each triplicate sample
was added to the cells. For transactivation assays, each triplicate
contained 2 µg DR1-Luc, 0.1 µg pCMV-βgal, 0.1 µg pcDNA3-PPAR(γ
or δ), and 0.8 µg PBSII filler vector. For mammalian two-hybrid
assays, each triplicate contained 1.5 µg 5x-Gal4-TATA-Luc, 0.1 µg
pCMV-βgal, 0.7 µg pVP16-PPAR (γ or δ) and 0.7 µg pM-ASC-2.
Receptor ligands were added to cells 4 h following transfection. Cells
were assayed 40 h following transfection. Luminescence was measured
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on a Fusion luminometer (Perkin Elmer) and β-galactosidase activity
on a Multiskan MS plate reader (Thermo Labsystems). Results are
expressed as normalized luciferase activity (normalized with β-Gal for
transfection efficiency) per triplicate sample of cells in a representative
experiment; error bars indicate the S.E.M. of triplicate determinations.
Each experiment was repeated at least three independent times with
very similar results.

Results
It has been well established that gene expression patterns have the

ability to define clinically relevant risk factors in disease prognosis
[28-30]. The aberrant over-representation of PPARs in breast cancers,
together with their suspect roles in tumor biology, prompted us to
investigate the relationship between PPARγ and δ expression, receptor
activity, and associated impact on cancer biology. Thus, in the
following series of studies, human breast cancer cell lines, containing
endogenous expression of both PPAR subtypes, were used as a
simplified system to study the respective roles of the two receptors.

PPARγ agonists attenuate estradiol-dependent growth of
human breast cancer cells

The majority of human breast tumors over-express ERα and grow
in response to estrogens, making this signaling system a primary target
for therapeutic intervention [31]. Given that ER+ breast cancer cells
also express PPARγ, the impact of TZDs on the growth of ER-positive
breast cancer cells was examined. However, no effects of
pharmacological doses of rosiglitazone or other TZDs were observed
when administered in the absence of estrogen stimulation despite the
detection of biologically active PPARγ in all cell lines examined
(Figure 1A and not shown).

Given that the growth of ER+ cancer cells is estrogen-dependent,
agents that when co-administered display anti-estrogenic (anti-
proliferative) activity are of keen therapeutic interest. Thus, the effect
of rosiglitazone on estrogen-stimulated growth of three ERα/PPARγ-
positive breast cancer cell lines was next examined (Figure 1A). Each
of the MCF-7, ZR-75, and T47D cell lines displayed a mitogenic
response to estradiol that was partially (T47D-50% inhibition) to
completely (MCF-7) attenuated with co-administration of
rosiglitazone. Interestingly, the degree of inhibition positively
correlated with the expression levels of PPARγ in each of the three cell
lines. Co-administration of the PPARγ-selective antagonist GW9662
rendered cells resistant to the antiproliferative effects of rosiglitazone,
demonstrating the observed growth inhibitory effects were receptor-
dependent (Figure 1B). Annexin V staining confirmed that the
observations made in these experiments reflected changes in
proliferation rather than in apoptosis. Together these data indicate
that agonist-activated PPARγ can effectively attenuate the growth of
estradiol-dependent breast cancer cells.

PPARγ agonists oppose estradiol in modulating expression
of key regulators of growth

In most target tissues PPARγ expression is associated with cell
differentiation and ERα with proliferation [32,33], and these activities
are reflected in the gene expression profiles of each receptor [34,35].
Given that both receptors are expressed in breast cancer cells [13,31]
and were found to display opposing effects on cell growth (Figure 1), it
seemed possible that the signaling pathways of the activated receptors
might converge at the genomic level.

Figure 1: PPARγ agonists attenuate estradiol-dependent growth of
human breast cancer cells. A, Estradiol stimulation of breast cancer
cell proliferation is attenuated by PPARγ. MCF-7, ZR-75 and T47D
cells were seeded in 96-well plates and treated with vehicle (Veh)
(ethanol), 17β-estradiol (E2) (10 nM), rosiglitazone (Rosi) (1 µM),
or E2+Rosi for 92 h and then assayed for cell growth. Graphical
data are represented as % increase in cell number over vehicle (set
at 100%). Data points represent the average of quadruplicate
samples for each condition in a representative experiment.
Proliferation assays were optimized for each cell type as described
previously. B, MDA MB-231 cells were seeded in 96-well plates and
treated as above in the absence or presence of GW9662 (1 µM) for
92 h. Cell proliferation (quadruplicate samples per treatment) was
assayed as described above.

To address this possibility, the gene expression patterns of MCF-7
cells administered estradiol, rosiglitazone or both agents were
evaluated by microarray analysis. Quantitative real-time PCR (qPCR)
was used to verify the effects of each receptor on the expression of
several genes that exhibited differential expression profiles in the
microarrays. Figure 2 shows the qPCR results from MCF-7 cells
administered estrogen in the presence or absence of PPARγ agonist.
Strikingly, rosiglitazone completely suppressed estrogen-stimulated
induction of two known regulators of breast cancer growth, C-X-C
motif chemokine 12 (CXCL12) and Cyclin D1. Furthermore,
rosiglitazone displayed inverse agonist activity, decreasing CXCL12
and Cyclin D1 mRNA expression below that observed in vehicle
treated cells. This effect was not specific for rosiglitazone as all other
PPARγ ligands tested, both TZDs and others, displayed similar activity
on CXCL12 expression in this assay. Rosiglitazone and estradiol also
displayed opposing effects on the cell cycle inhibitor p21, although in
this instance the estradiol-mediated response was dominant when the
two agents were co-administered.

Although ER and PPAR signaling may converge in some aspects of
cell growth, the receptors likely have independent gene targets
associated with other cellular activities. This in fact was reflected in
our gene validation analysis, as the expression of the estrogen
responsive progesterone receptor (PR), pS2 and ID3 mRNAs remained
unchanged with the addition of PPARγ agonists (Figure 2B). These
data indicate that PPARγ agonists can oppose estradiol in modulating
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expression of key regulators of growth in human breast cancer cells, an
activity consistent with the suppressive effects of these agents on
estrogen-dependent proliferation.

Figure 2: PPARγ agonists oppose estradiol in modulating
expression of key regulators of growth in breast cancer cells. A,
Real-time PCR analysis of endogenous CXCL12, Cyclin D1 and p21
expression or B, endogenous pS2, PR and ID3 expression in MCF-7
cells. MCF-7 cells were grown for 48 h in phenol-red free DMEM +
10% stripped FCS and then treated with vehicle (Veh) (ethanol),
17β-estradiol (E2) (10 nM), rosiglitazone (Rosi) (1 µM), or
E2+Rosi. After 24 h, cells were harvested for total RNA, which was
used for real-time PCR. Graphical data are represented as fold
induction over vehicle (set at 1). Data points represent the average
of triplicate amplification reactions for each condition in a
representative experiment.

PPARγ promotes growth of human breast cancer cells
The effect of activated PPARδ on breast cancer cell growth was next

examined. Notably, the PPARδ agonist carbaprostacyclin (Carb)
enhanced proliferation of MCF-7 and T47D cells in a manner
comparable to that of estrogen (Figure 3A). Co-administration of Carb
did not enhance the effects of estradiol, however, additive effects of the
two agents were seen when assayed at lower, sub-efficacy doses (not
shown). The specific PPARδ antagonist GSK660 [36] completely
attenuated Carb-induced growth, demonstrating that the growth-
stimulatory effects were receptor-mediated (Figure 3A). Interestingly,
the inverse agonist effects of GSK660 suggest that PPARδ might have
constitutive growth-promoting effects. This possibility is supported by
previous findings that the receptor displays significant basal activity in
the absence of an added ligand [22,37]. As a control, HeLa cells, which
lack detectable activity of both ER and PPARs, exhibited no effects of
any of the agents tested; this further ensured that the observed growth
inhibitory activity of GSK660 were not due to a general effect on cell
survival (Figure 3B). Thus, PPARδ stimulates the growth of human
breast cancer cells, and this activity appears to be manifest in both a
ligand-independent and -dependent manner.

Rosiglitazone can stimulate breast cancer cell growth by
activating PPARδ.

The results thus far have suggested contrasting roles of the two
PPAR subtypes in breast cancer, whereas PPARγ may be protective,
yet PPARδ activity might be unfavorable.

In this context, previous observations that saturating doses TZDs
can activate PPARδ are concerning given that as agonists of PPARγ
one would expect TZDs to be protective in cancer [22]. Since whether
PPARγ-independent activities of these ligands could occur in breast
cancers is not clear, to test this possibility, the impact of different
pharmacological doses of TZDs on growth of breast cancer cells was
next examined. While Rosi administered at a subsaturating quantity
(100 nM) had no significant impact in the assay, at a micromolar dose
Rosi displayed growth-stimulatory effects in a manner comparable to
that of the PPARδ agonist Carb (Figure 3C). Co-administration of the
PPARδ agonist GSK660 completely attenuated these effects, suggesting
that the mitogenic activity of Rosi was in fact occurring by activation
of PPARδ. This was further supported by the inability of the PPARγ
specific antagonist GW9662 to block Rosi-stimulated proliferation.
Thus, at saturating concentrations Rosi can function as a PPARδ
agonist and elicit the growth-promoting activity of the receptor in
human breast cancer cells.

Figure 3: PPARδ promotes growth of human breast cancer cells.
(A) MCF-7, ZR-75 and T47D cells or (B) HeLa cells were seeded in
96-well plates and treated with vehicle (Veh) (ethanol), 17β-
estradiol (E2) (10 nM), carbaprostacyclin (Carb) (1 µM), GSK660
(1 µM) or a combination of agents for 96 h. Cells were harvested for
proliferation assays. Graphical data are represented as % increase in
cell number over vehicle (set at 100%). Data points represent the
average of quadruplicate samples for each condition in a
representative experiment. (C) MDA MB-231 cells were seeded in
96-well plates and treated as indicated for 48 h. Cell proliferation
(quadruplicate samples per treatment) was assayed and analyzed as
above.
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GW7845 is a PPARδ-Sparing PPARγ agonist
One of the key goals of this study was to assess whether drugs that

target PPARγ might have promise as future breast cancer therapeutics.
While it appears that activation of PPARγ would be the desired effect
of such agents, unfortunately, available receptor agonists have
undesirable feature of cross-reactivity with PPARδ.

We therefore undertook a screen for ligands with increased receptor
selectivity compared to TZDs. The ability of a series of 30 known
PPARγ agonists and SSPARγMs to activate PPARγ, PPARα and
PPARδ was evaluated in mammalian cells.

Specifically, PPAR negative HeLa cells were used for these assays,
enabling us to measure the transcriptional responses of each receptor
in isolation. HeLa cells were transfected with expression plasmids for
either PPARγ PPARα or PPARδ in combination with a DR1-luc
reporter. All results shown reflect receptor activity at maximal efficacy
for a particular agent (Figure 4A). None of the test compounds were
capable of activating PPARα (not shown); this was not entirely
surprising given the indications that this receptor is somewhat more
discriminatory in ligand preferences [38-40]. However, in evaluation
of PPARγ and PPARδ in the assay, one compound, GW7845,
functioned as a subtype-selective, full agonist of PPARγ (Figure 4A).
Specifically, while all 4 TZDs as shown previously were effective
activators of PPARδ, GW7845 displayed modest inverse agonist
activity on the receptor. Others, however, have also demonstrated that
GW7845 does indeed bind PPARδ and modulate its structure [41,42].

Classical nuclear receptor agonists function by binding to the
receptor and inducing an activating conformational change that
facilitates recruitment of transcriptional coactivators. The observation
that GW7845 was a PPAR subtype-selective agonist suggested that the
agent might differ in its ability to promote cofactor recruitment to
PPARγ and PPARδ. Mammalian two-hybrid assays were next used to
compare the ability of GW7845 and TZDs to facilitate an interaction
between the AF-2 domain of PPARγ/δ and the nuclear receptor
interacting domain (NR-box) of the coactivator Activating Signal
Cointegrator 2 (ASC-2) (Figure 4B). HeLa cells were transfected with
pM-ASC-2 (NR-Box), containing the yeast Gal4 transcription factor
DNA-binding domain fused to the ASC-2 NR-Box, and VP16-PPARγ
or VP16-PPARδ which are chimeras of the strong Herpes Simplex
virus VP16 activation domain fused to N-terminus of each PPAR.
Transcriptional readout, a measurement of protein-protein
interactions in the assay, was obtained by cotransfection of a luciferase
reporter vector containing five tandem Gal4 binding sites (5xGal4-
Luc). Notably, a substantial amount of ASC-2 interaction with both
PPARγ and δ was observed in the absence of ligand (Figure 4C). This
likely reflects the fact that in the absence of an added activating ligand
PPARs reside in an active conformation, as shown previously [22,37].
Despite the high basal level of ASC-2 binding, GW7845 enhanced the
interaction with PPARγ in a manner comparable to that of all four
TZDs (Figure 4C). Likewise, Carb and TZDs enhanced cofactor
binding to PPAR δ; these interactions were completely antagonized by
GSK660, indicating that all compounds were binding in the known
ligand-binding pocket of the receptor. GW7845, conversely,
demonstrated inverse agonist activity in the ability to partially disrupt
the basal interaction of PPAR δ with ASC-2. Thus, GW785 is
mechanistically and functionally distinct from other known PPAR
modulators, as the agonist activity of this agent is PPARγ-selective.

Figure 4: GW7845 is a selective PPARγ agonist. (A), PPAR
transcriptional activity was measured by mammalian cell
transfection assays. HeLa cells were transfected with a PPARγ or
PPARδ expression vector in combination with a DR1-Luc reporter
plasmid and a β-galactosidase normalization vector. After
transfection, cells were treated with vehicle (Veh) or 1 µM
carbaprostacyclin (Carb), or 1 µM TZDs: rosiglitazone (Rosi),
pioglitazone (Pio), troglitazone (Trog) or ciglitazone (Cig), or 100
nM GW7845 in the absence or presence of 1 µM PPARδ antagonist
GSK660 for 40 h. Cells were harvested and assayed for luciferase
activity; all luciferase assay values were normalized to β-gal
controls. Data points are the average of triplicate determinations in
a representative experiment, and the average coefficient of variance
for each value is <10%. (B) Schematic of mammalian two-hybrid
assay. (C) HeLa cells were transfected with VP16 and pM control
vectors, pM-ASC-2 (NR-box), and VP16-PPARγ (VP16-PPARδ or
VP16-PPARγ expression vectors in combination with a 5x-Gal4-
TATA-Luc reporter plasmid and a β-galactosidase normalization
vector. After transfection, cells were treated, assayed and analyzed
as in A.

GW7845 manifests the anti-proliferative effects of PPARγ
without inducing the proliferative effects of activated
PPARδ.

Given that TZD-activated PPARγ is effective at suppressing growth
in estrogen-dependent breast cancer cells (Figure 1), it would be
predicted that GW7845 as a full receptor agonist should behave
similarly. Thus, the effect of GW7845 on estrogen-stimulated growth
of two ERα/PPARγ-positive breast cancer cell lines was next examined
(Figure 5A). Both the MCF-7 and ZR-75 cells displayed a mitogenic
response to estradiol that was completely attenuated with co-
administration of GW7845. Furthermore, GW7845 displayed a modest
anti-proliferative activity when administered alone, further suggesting
that this compound might possess inverse agonist activity on PPARδ
as seen beforehand (Figures 4A, 4B and 5A).

Despite the apparent protective effects of TZDs, their ability to
activate the proliferative effects of PPARδ at high doses is concerning
(Figure 3B). If as our studies have suggested GW7845 is indeed
superior to the TZDs in receptor selectivity, at saturating doses this
agent should not display agonist activity through PPARδ. In
investigating this possibility, as seen before (Figure 3B), Rosi when
present at a micromolar concentration enhanced proliferation in a
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PPARδ-dependent in a manner that was comparable to that of full
agonist Carb (Figure 5B). Given the potency of GW7845 is 1-2 log
values superior to that of TZDs [18], 10-fold lower doses than those
used for Rosi were administered. Regardless, GW7845 failed to evoke a
proliferative response in the assay (Figure 5B). Thus the PPAR
subtype-selective activities of GW7845 are reflected in both its
receptor pharmacology (Figure 4) and biology in breast cancer cells
(Figure 5).

Figure 5: GW7845 manifests the anti-proliferative effects of PPARγ
without inducing the proliferative effects of PPARγ. (A) MCF-7
and ZR-75 cells were seeded in 96-well plates and treated with
vehicle (Veh), 17β-estradiol (E2) (10 nM), GW7845 (100 nM), or
E2+GW7845 for 96 h. Cells were harvested for proliferation assays.
Graphical data are represented as % increase in cell number over
vehicle (set at 100%). Data points represent the average of
quadruplicate samples for each condition in a representative
experiment. (B) MDA MB-231 cells were seeded in 96-well plates
and treated with vehicle (Veh), carbaprostacyclin (Carb) (1 µM),
rosiglitazone (Rosi) (100 nM or 10 µM), GW7845 (10 nM or 1 µM)
in the absence or presence of GSK660 (1 µM) for 96 h. Cell
proliferation (quadruplicate samples per treatment) was assayed
and analyzed as above.

Discussion

PPARγ–selective agonists as promising therapeutics for
breast cancer

Together, the observations made in this study suggest a potential
therapeutic value of subtype-selective PPARγ agonists in treatment of
breast cancer. This was evidenced by the efficacy with which GW7845
suppressed the growth of estrogen-dependent cancer cells. Clearly this
agent has an advantage over available PPARγ ligands such as TZDs,
which we show can manifest agonist activity through PPARδ and elicit
mitogenic actions of the receptor in breast cancer cells. In fact it
appears that PPARγ-selectivity need only be in regards to the agonist
activity of a compound, as GW7845, while acting as a PPARγ-selective
agonist could also display antagonist activity through PPARδ. This was
supported by observations that GW7845 promoted binding of
transcriptional coactivators to PPARγ and corepressors to PPARδ
[42]. Importantly, both the agonist and antagonist activities of
GW7845 contribute to its anti-proliferative role in breast cancer cells.

Thus, PPAR ‘pan-compounds,’ with dual PPARγ agonist/PPARδ
antagonist activities, could be highly effective as breast cancer
therapeutics as they would capitalize on the protective actions of
PPARγ whilst blocking both the constitutive and ligand-activated
proliferative effects of PPARδ. As a potent and highly selective PPARδ
antagonist has been characterized [36], it may be possible to use
structural information from this molecule to create a GW7845-like
chemical with enhanced antagonist activity on PPARδ. Additionally,
as the available PPARγ ligands were developed for their ability to
normalize blood glucose levels in patients with type II diabetes, it is
likely that anti-proliferative effects can be optimized further.

An important implication of our study was the potential to develop
PPARγ modulators in treatment of ER-positive breast cancer. Given
the high percentage (approximately 70%) of breast tumors that express
both ERα and PPARγ the effectiveness with which activated PPARγ
could interfere with ER signaling was striking. It was of further note
that with the complexity of the gene expression profiles induced by ER
in breast cancer cells [34] PPARγ influenced expression of only a small
handful of estrogen-regulated genes. Thus, the activated receptor
could completely attenuate estrogen-dependent cell proliferation
without interfering with other ER functions. This high degree of
process-specificity is something lacking in many of the currently
available breast cancer therapeutics that target ER signaling yet often
relay adverse side-effects. For example, the aromatase inhibitors (AIs),
anastrozole and letrozole (Arimidex, Femara), which block estrogen
biosynthesis in all tissues, are known to cause bone loss, hot flashes,
arthralgia and myalgia, and significantly increase the risk of
cardiovascular disease and osteoporosis [43-45]. While fewer side-
effects are generally associated with the selective estrogen receptor
modulator (SERM) tamoxifen (Nolvadex), this agent does markedly
increase the incidence of endometrial cancer, endometriosis,
thrombosis and stroke; furthermore, drug-resistance is a currently a
serious problem associated with both tamoxifen and the AIs [44-46].
Thus, while tremendous efforts have been made by the pharmaceutical
industry to create better AIs and SERMs, PPARγ agonists, in their
ability to function as process-targeted ER-modulators, may in fact
fulfill both the need for effective and safer therapeutics for ER-positive
breast cancers.

Unlike the available ER-targeted therapeutics for breast cancer,
PPARγ modulators may also have utility in prevention and treatment
of ER-negative tumors. Notably, GW7845 was shown to decrease the
incidence, number, and weight of tumors in a nitrosomethylurea-
experimental rat model of ER-negative mammary carcinogenesis [18].
In the current study, a modest yet significant effect of GW7845 on
growth of ER-negative cancer cells was observed. However, unlike the
studies with ER+ cells, which included stimulation with estrogen, the
ER-negative cancer cells studies excluded the use of growth activators
and rather examined effects of PPAR ligands only on basal
proliferation. This is may be an important oversight, as there is
emerging evidence that PPARγ may interfere with several signal
transduction pathways associated with growth activators that are over-
represented in ER-negative tumors. For example, HER-2/neu and
epidermal growth factor receptor (EGFR) are over-expressed in
20-30% breast carcinomas, the majority of which are ER-negative.
PPARγ agonists were shown to both cause dose-dependent decreases
in levels of HER-2/neu and EGFR in human breast epithelial cells and
to display inhibitory cross-talk with these receptors [47-49]. Increased
Wnt signaling is also implicated in the development of mammary
carcinomas, and notably, PPARγ can function to suppress
tumorigenesis and/or Wnt signaling by targeting phosphorylated ß-
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catenin to the proteasome [50]. As a follow up to the current study,
therefore, we intend to test the effects of PPARγ modulators on the
EGFR, HER2 and Wnt pathways of cell growth with anticipation that
in a scenario of “activated-proliferation” receptor agonists will
demonstrate much more dramatic inhibitory effects.

PPARs as predictive biomarkers in breast cancer
Previous studies noted that low levels of PPARγ are correlated with

decreased survival in breast cancer patients whereas PPARγ expression
is correlated with increased survival rate. Specifically, ligand-activated
PPARγ upregulates the tumor suppressor ‘phosphatase and tensin
homolog’ (PTEN), an event thought to help mediate the
antiproliferative effect of the receptor in breast and other cancer types
[51,52]. Furthermore, it seems that the mere presence of the receptor is
protective even in the absence of pharmacological intervention.
Whether the ligand constitutive activity of the receptor is adequate to
confer protection is not known, although it is also anticipated that
sufficient quantities of endogenous ligands for receptor activation
might be present in breast tissues.

Recently, clinical data has also revealed that PPARδ expression in
breast tumors is associated with poor prognosis (our unpublished
data). Likewise, there exists strong evidence linking the receptor to
related pathologies in other tissues. Analysis of PPARδ in matched
normal and tumor samples revealed a remarkable upregulation of the
receptor in colon carcinomas [53]. Others suggested a supporting role
of the receptor in events controlling initiation and progression of
cancers in the colon. Specifically, marked increases in PPARδ
expression are evident from normal intestinal mucosa to pre-
cancerous polyps to colorectal cancer cells, to cancer cells with
malignant morphology [54]. In contrast, PPARγ was demonstrated to
be protective in colon carcinoma cells, as the increases in receptor
expression induced by the tumor suppressor Zac, were associated with
anti-proliferative effects [55]. Together, these observations indicate
that association of PPAR and PPARδ with differing outcomes in
cancer may be more broadly applicable, and likewise, the two
receptors may be useful predictive biomarkers for other types of
cancers. Our observations also suggest factors that increased
expression of PPARγ or PPARδ has the potential to influence breast
cancer biology and patient survival rates.

The concept that PPARγ may function as a protective agent in some
cancers may explain some of the correlations that have been made
between diet and breast cancer. Interestingly, trans fatty acid intake at
levels of human consumption can decrease PPARγ levels in women by
40% in reproductive tissues. In fact, decreases in receptor levels in the
ovary due to high intake of trans fatty acids were recently associated
with a increased incidence of infertility. Apparently the changes in
PPARγ levels were sufficient to interfere with fertility, as when the
women began a treatment regimen of PPARγ agonists there was a
consistent and significant increase in ovulatory function [56]. In
addition to potential effects of dietary fats, α and γ tocopherol
(Vitamin E) can upregulate the expression of the receptor in colon
cancer cells, where PPARγ is considered an important molecular
target for chemoprevention [57]. There are reports that levels of HDL
cholesterol positively correlate with PPARγ expression; while a direct
association is not clear, it is known that cardiovascular health is often
associated with decrease risk of breast and other cancers [58].
Regardless, it will be interesting to determine whether dietary-related
changes in PPAR expression can significantly impact the incidence,
progression and reoccurrence of cancers.

In summary, in this study we report that at therapeutically relevant
levels TZDs can activate PPARδ and elicit its mitogenic effects,
whereas in the same contexts PPARγ-specific agonists can effectively
inhibit the growth of human breast cancer cells and tumors. These
discoveries provide an explanation for several puzzling observations
made previously, such as the ability of TZDs to manifest PPARγ-
independent effects and the controversy surrounding whether PPARγ
enhances or reduces cancer risk. Given the observed growth-
promoting activity of the human PPARδ, we suggest that PPARγ
modulators with increased specificity show promise as safer, more
effective therapeutics for breast tumors and perhaps other cancers.
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