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Peroxisome proliferator-activated receptor c (PPARc) ligands have been identified as a potential source of
therapy for human cancers. However, PPARc ligands have a limitation for breast cancer therapy, since
estrogen receptor a (ERa) negatively interferes with PPARc signaling in breast cancer cells. Here we show
that ERa inhihits PPARc transactivity and ERa-mediated inhibition of PPARc transactivity is blocked by
tamoxifen, an estrogen receptor blocker. The activation of ERa with 17-b-estradiol blocked PPRE transac-
tivity induced by troglitazone, a PPARc ligand, indicating the resistance of ERa-positive breast cancer cells
to troglitazone. Indeed, troglitazone inhibited the growth of ERa-negative MDA-MB-231 cells more than
that of ERa-positive MCF-7 cells. Combination of troglitazone with tamoxifen led to a marked increase in
growth inhibition of ERa-positive MCF-7 cells compared to either agent alone. Our data indicates that
troglitazone enhances the growth inhibitory activity of tamoxifen in ERa-positive MCF-7 cells.

� 2008 Elsevier Inc. All rights reserved.
The peroxisome proliferator-activated receptors (PPARs), nucle-
ar receptors that regulate transcription, are members of the nucle-
ar receptor superfamily that includes steroid, retinoid, and thyroid
hormone receptors [1–4]. Three isoforms, PPARa, PPARd, and
PPARc, have been characterized, and each can form heterodimers
with retinoid X receptors (RXRs) [5–11].

PPARc is expressed by cell lines derived from primary and
metastatic breast tumors, and its activation may alter the growth
characteristics of breast cancer cells [12,13]. In addition, PPARc
critically mediates cellular events such as growth and differentia-
tion in cancer cells [10,11]. Indeed, PPARc ligands can induce apop-
tosis both in vitro and in vivo [13–16]. PPARc ligands in the form of
thiazolidinediones are commercially available as drugs with a
well-described and well-tolerated side effect profile. Unfortu-
nately, a phase II trial of troglitazone (TRO) as therapy for
advanced, refractory breast cancer failed to yield any clinical ben-
efit [17]. As a result, some have suggested that although the mech-
anism of action of thiazolidinediones in breast cancer cells is not
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fully understood, it involves interactions with other nuclear hor-
mone receptors and transcriptional co-activators and repressors,
as well as PPARc-independent effects. A better understanding of
these mechanisms is needed before PPARc ligands can be useful
in the treatment of breast cancer patients [12,18].

There is some important crosstalk among nuclear receptors,
including PPAR/estrogen receptor (ER) or PPAR/RXR/ER [19–21].
Recent reports indicate that estrogen receptor a (ERa) binds to
PPAR response element (PPRE) sequences and negatively interferes
with PPARc signaling in breast cancer cells [22]. This crosstalk
could be partly responsible for the failed application of TRO against
breast cancer. Accordingly, we investigated the impact of the anti-
estrogen tamoxifen (TAM) on the actions of a PPARc ligand (TRO) in
breast cancer cells, and explored the possibility of a PPARc ligand as
a supplemental agent for TAM therapy in breast cancer patients.

Materials and methods

Reagents. Anti-PARP, Bcl-2, and Bax antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HBSS (Hanks
balanced salt solution), MTT, propidium iodide (PI), 17-b-estradiol
(E2), TAM, dimethyl sulfoxide (DMSO), phenol red-free DMEM, and
anti-b-actin antibody were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). TGO was purchased from ALEXIS Biochemicals
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(Lausen, Switzerland). All stock solutions of drugs were stored at
�70 �C and further diluted to the appropriate concentrations with
cell culture medium immediately before use.

Cell culture. Human breast cancer cell lines (MCF-7, MDA-MB-
231) obtained from the American Type Culture Collection (Rock-
ville, MD, USA) were cultured in DMEM medium containing 10% fe-
tal bovine serum (FBS), 2 mM glutamine, and antibiotics (Penicillin
G, 60 mg/L; Streptomycin, 100 mg/L; Amphotericin B, 50 ll/L) in a
humidified atmosphere (37 �C, 5% CO2, 95% air). To elevate the
estradiol effect, the FBS in the medium was replaced with 10%
charcoal-dextran-treated FBS.

MTT assay. For the mitochondrial tetrazolium assay (MTT), the
cells were seeded on 96-well plates at a density of 1 � 104 cells/
well. After 24 h, the cell culture medium was changed to serum-
free phenol red-free DMEM and the cells were starved for 18 h
for synchronization. The cell growth assays were then per-
formed in phenol red-free medium containing 10% charcoal-
stripped serum to enhance the treatment with 100 nM E2. Dif-
ferent concentrations of TAM and TGO (alone or combined)
were also added to the culture medium. After incubation for
72 h, cultures were washed twice with phosphate-buffered sal-
ine (PBS), and MTT (100 lg/0.1 ml PBS) was added to each well.
Cells were incubated at 37 �C for 1 h, and 100 ll DMSO was
added to dissolve the formazan crystals. The plate was read in
a microplate reader (Model 3550, BIO-RAD, Richmond, CA,
USA) at 570 nm.

Transcription activity assay. MCF-7 cells cultured in six well
plates were transfected with 5 lg of PPRE-luciferase (tk-PPRE
�3-luciferase, Addgene) using the Lipofectamine reagent (Invit-
rogen, Carlsbad, CA) according to the manufacturer’s specifica-
tions. PPRE-luciferase construct contains three copies of the
PPRE (peroxisomal proliferators response element) found in the
thymidine kinase (tk) promoter upstream of the luciferase repor-
ter gene. After a 24-h transfection, cells were washed with PBS,
25 lM trogltitazone or 100 nM E2 was added in the medium,
and cells were incubated further for 24 h. The cells were har-
vested and lysed in Reporter Lysis Buffer (Promega, Madison,
WI, USA), and cell lysates were used for firefly and Renilla lucif-
erase activities using the Dual-Luciferase Reporter Assay System
(Promega). Luciferase activity was reported as relative light units
and is normalized to luciferase activity for each condition. Trans-
fection efficiency was determined by cotransfection of pRL null
vector using same protocol.

Cell cycle analysis. For cell cycle analysis, 5 � 105 cells were
seeded onto 6-well plates and treated as described above. At the
indicated times, cells were harvested by trypsinization, centrifuged
at 1500 rpm for 3 min, washed with PBS, and fixed for 1 h in 70%
ethanol at 4 �C. Next, the cells were collected by centrifugation,
resuspended in PBS containing 5 lg/ml RNase and 50 lg/ml PI,
and incubated at 4 �C for 1 h, protected from light. DNA content
was analyzed using a Becton–Dickinson FACScan and Cell Quest
software. Subsequent data analysis was performed using ModFit
software (Becton–Dickinson United Kingdom Ltd., Cowley, United
Kingdom).

Western blot analysis. After washing with PBS and harvesting,
cell pellets were lysed with lysis buffer (50 mM Tris–HCl (pH
7.6), 1% Triton X-100, 2 mM EDTA, 0.5% sodium dodecyl sulfate
(SDS), 150 mM NaCl, 1 mM sodium orthovanadate, 2 mM EGTA,
4 mM p-nitro-phenyl phosphate, and 100 mM sodium fluoride)
supplemented with protease inhibitors (0.5% leupeptin, 0.5% apro-
tinin, and 0.02% phenylmethylsulfonyl fluoride). After incubation
for 30 min at 4 �C, cellular debris was removed by centrifugation
at 10,000g for 30 min, and supernatants were analyzed by 12%
SDS–PAGE. Electrophoretic transfer from the slab gel to nitrocellu-
lose paper and subsequent immunoblotting was performed by
incubation with primary antibodies and followed by further incu-
bation with HRP-conjugated secondary antibody. Reactive proteins
were detected using enhanced chemiluminescence (ECL, Amer-
sham Life Sciences, Arlington Heights, IL).

Measurement of apoptosis with enzyme-linked immunosorbent as-
says (ELISA). Fragmented DNA was assessed as a specific measure-
ment of apoptotic cell damage. The cells were plated on 96-well
plates and allowed to attach for 24 h. Cellular DNA fragmentation
was measured with a commercially available cellular DNA frag-
mentation ELISA kit. Proliferating cells in 96-well microtiter plates
were labeled with 10 lm bromo-deoxyuridine (BrdU) overnight,
washed with sterile PBS, and treated with 0.1 lM E2 for 72 h with
TAM and TGO alone or in combination. After treatment, the cells
were washed with PBS and incubated with the kit lysis buffer [bo-
vine serum albumin (BSA), EDTA, and Tween 20] for 30 min at
room temperature, and soluble BrdU-labelled DNA fragments pres-
ent in the buffer were quantified using the ELISA kit following the
manufacturer’s instructions (Roche Diagnostics, Heidelberg, Ger-
many). DNA fragmentation was expressed by the fold increase over
the control values.

Data analysis. All experimental data are presented as mean ±
standard error (SE). Statistical analysis was performed using Stu-
dent’s t-test, and p < 0.005 was considered to be significant.
Results and discussion

Effect of ERa on cell viability and cell cycle in TGO-treated MCF-7 and
MDA-MB 231 breast cancer cells

In a previous study, we demonstrated that TGO induces
PPARc-dependent G1 arrest in breast cancer cells [16]. Although
there remains some controversy regarding PPARc dependency
[23–25], PPARc signaling is still an important factor in TGO-in-
duced anti-tumor actions in breast cancer cells. In contrast, ERa
inhibits PPARc signaling in breast cancer cells [22]. In this study,
we first investigated whether ERa inhibits TGO- induced cell cycle
arrest as well as cell death in breast cancer cells. To evaluate the
effects of ERa on cell viability and cell cycle in TGO-treated breast
cancer cells, ERa-positive MCF-7 cells and ERa-negative MDA-MB-
231 cells were cultured with various concentrations of TGO (0–
75 lM) in E2-free culture medium. Exposure to TGO for 48 h
produced a dose-dependent decrease in cell viability for both cell
lines, as measured by MTT assay. However, ERa-negative MDA-
MB-231 cells were more sensitive to TGO than ERa-positive MCF-
7 cells (Fig. 1A). ERa-negative MDA-MB-231 cells were also more
sensitive to TGO-induced G1 arrest (Fig. 1B). These results indicate
that ERa inhibited the TGO-induced decrease of cell viability and
G1 arrest in breast cancer cells. In addition, using luciferase assay
of a reporter gene containing PPAR response element (PPRE), we
found that PPRE transactivity was induced by troglitazone, but this
response was completely blocked by 17-b-estradiol treatment
(Fig. 1C). In agreement with a previous report [22], we also found
that ERa inhibited PPARc ligand signaling in breast cancer cells.
From these results, we speculated that TGO (a PPARc ligand) would
enhance the growth inhibitory and apoptotic activity of TAM (an
anti-ER agent) in breast cancer cells.
Effect of TGO on the growth inhibitory activity of TAM in 17b-E2-
treated MCF-7 cells

In order to investigate the effect of TGO on the growth inhibi-
tory activity of TAM in E2-treated ERa-positive breast cancer cells,
MCF-7 cells were seeded into 96-well culture plates at a density of
1 � 104 cells/well in culture medium containing 100 nM E2. MCF-7
cells were treated with various concentrations of TAM (0–5.0 lM)
in the presence or absence of 25 lM TGO. Cell proliferation was
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Fig. 1. ERa inhibits troglitazone activity in breast cancer cells. (A) Cells were
treated with the indicated concentrations of troglitazone for 48 h. Cell growth of
breast cancer cells was determined by MTT assay. (B) Flow cytometry analysis
demonstrating the effect of troglitazone on the cell cycle of breast cancer cells.
Cells were treated with troglitazone for 48 h at various concentrations. The cells
were harvested, stained with propidium iodide (PI) solution, and analyzed using
flow cytometry for cell cycle distribution. The means of four separate experiments
are shown (bars, SE). (C) Luciferase assay of a reporter gene demonstrating the
effect of troglitazone on PPARc activation of breast cancer cells. P values were
determined using Student’s t-test (*p < 0.005 versus MCF-7; **p < 0.002 versus
troglitazone).
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determined by BrdU-labelled ELISA kit. 100 nM E2 increased
growth of MCF-7 cells by 63% compared to no E2 treatment. TAM
inhibited E2-dependent growth of MCF-7 cells in a dose-dependent
manner, with complete inhibiting E2-dependent growth at a
concentration of 5 lM (Fig. 2). Interestingly, combination of 5 lM
TAM with 25 lM TGO reduced cell proliferation to approximately
50% of control cells (Fig. 2). These results indicate that TGO signif-
icantly enhanced the growth inhibitory activity of TAM in E2-trea-
ted MCF-7 cells. As expected, the combination of TGO and TAM
synergistically increased growth inhibition of breast cancer cells.

Effect of TGO on G1 arrest activity of TAM in 17b-E2-treated MCF-7
cells

To further investigate the combined effects of TGO and TAM on
cell cycle, MCF-7 cells were treated with 25 lM TGO and 0-5 lM
TAM alone or in combination for 48 h. The DNA content of the
cellular nuclei was analyzed by flow cytometry. TAM caused an
increase in G1-phase and a reduction in S-phase in a dose-depen-
dent manner (Fig. 3A). In TGO-treated cells, the percentage of cells
in G1 or S-phase was markedly different than in cells treated with
TAM alone. These results suggest that the combination of TGO and
TAM synergistically affected MCF-7 cell cycle.

The cell cycle is tightly regulated through a complex network of
positive and negative regulatory molecules such as cyclins
[25–27]. In particular, cyclin D1 is an important regulator of cell
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Fig. 2. Troglitazone enhances the growth inhibitory activity of tamoxifen in 17b-
estradiol–treated MCF-7 cells. To investigate the combined effect of TGO and TAM
on proliferation (A) and cell viability (B) in E2-treated ERa-positive breast cancer
cells, MCF-7 cells were seeded into 96-well culture plates at a density of 1 � 104

cells/well in culture medium containing 100 nM E2. MCF-7 cells were treated with
various concentrations of tamoxifen (0–5.0 lM) in the presence or absence of
25 lM troglitazone. Cell proliferation was measured with a BrdU-labelled ELISA kit
and cell viability was determined by MTT assay. The means of four separate
experiments are shown (bars, SE). P values were determined using Student’s t-test
(*p < 0.005 versus troglitazone alone).
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Fig. 3. Troglitazone enhances the G1 arrest activity of tamoxifen in 17b-estradiol–treated MCF-7 cells. To investigate the effects of combining troglitazone and tamoxifen on
cell cycle (A) and cyclin D1 expression (B) in MCF-7 cells, cells were treated with 25 lM TGO and 0-5 lM TAM alone or in combination for 48 h. The cells were then harvested,
stained with propidium iodide (PI) solution, and analyzed using flow cytometry for cell cycle distribution. For cyclin D1 expression, cell extracts were separated by SDS/PAGE,
followed by Western blotting. b-Actin was used as a loading control. Electrophoretic band analysis was performed with an LAS-1000 (Fujifilm, Japan).
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proliferation [27–29]. PPAR ligands have been shown to down-reg-
ulate cyclin D1 expression in breast cancer cells [13,30,31]. Accord-
ingly, we investigated the role of cyclin D1 in the change of cell
cycle induced by TGO and TAM in breast cancer cells. Protein ex-
tract was prepared from cells treated with 25 lM TGO and 0-
5 lM TAM alone or in combination for 48 h. Western blotting
was performed using antibody against cyclin D1. As shown in
Fig. 3B, TAM treatment dose-dependently caused a decrease in cy-
clin D1 expression. In TGO-treated cells, cyclin D1 expression was
markedly lower than with TAM alone. These results suggest that
the combination of TGO and TAM synergistically down-regulated
cyclin D1 in MCF-7 cells.
Effect of TGO on apoptotic activity of TAM in 17b-E2-treated MCF-7
cells

The underlying mechanisms of growth inhibition are cell cycle
arrest and/or apoptosis. Apoptosis is a distinctive form of cell death
that can result in the deletion of specific cell populations. Cell
apoptosis can be one of the consequences of cell cycle arrest. We
investigated whether the combination of TGO and TAM synergisti-
cally affected apoptosis of MCF-7 cells. To determine the effect of
combined TGO and TAM on apoptosis of MCF-7 cells, cells were
treated with 25 lM TGO and 0–5 lM TAM alone or in combination
for 48 h. The induction of apoptosis in MCF-7 cells was measured
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by a DNA fragmentation ELISA kit. As shown in Fig. 4A, TAM treat-
ment dose-dependently caused an increase in DNA fragmentation.
In TGO-treated cells, DNA fragmentation was significantly greater
than with TAM alone. These results suggest that the combination
of TGO and TAM synergistically enhanced apoptosis in MCF-7 cells.
To determine whether these synergistic effects involved apoptotic
signaling, we used Western blotting to show that MCF-7 cells
exposed to TGO exhibited the typical PARP cleavage or Bax expres-
sion of apoptosis compared to cells exposed to TAM alone (Fig. 4B).

In conclusion, we have demonstrated for the first time that the
combination of TGO and TAM resulted in a synergistic effect on
both growth inhibition and apoptosis induction. Our results
suggest that TGO could play a potent role in hormone therapy in
breast cancer patients, including hormone resistant or adjuvant
therapy. Further research is necessary to establish clinical
approaches using TGO or modified analogs of the thiazolidinedione
class of drugs and TAM or other anti-estrogens.
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